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Como nas edi¢cdes anteriores, a 6° Escola de Primavera de Transicdo e Turbuléncia (EPTT)
oferecera palestras ministradas por pesquisadores brasileiros e estrangeiros. As atividades
incluem também mini-cursos e sessoées técnicas.

Nesta edicao do evento, foram destacadas duas propostas: a primeira ligada aos escoamentos
bifasicos e a segunda, relacionada com aplicagdes aeronauticas. A decisao esta expressa na
formulagao dos temas das palestras e mini-cursos.

Outro viés privilegiado, foi o de contemplar tépicos com expressivo interesse e utilidade para a
comunidade. Em especial, em temas como a instabilidade, transicdao e controle, pouco
explorados nas edigoes anteriores da EPTT, assim como a abordagens tedricas, analiticas,
computacional e experimental.

Nas palestras nacionais, a intencao é apresentar os tépicos de forma acessivel para alunos de
graduacdo e poés. O objetivo é despertar neles o interesse pelas areas de instabilidade,
transicao e turbuléncia.

A apresentacao de tépicos mais avancados ficara a cargo dos convidados estrangeiros,
representando o estado da arte no nivel mundial. E por fim, as sessoes técnicas representam
oportunidade para grupos de pesquisa brasileiros apresentar trabalhos desenvolvidos no Pais.

Numero de participantes esperados: 200
Numero de sessoes técnicas: 27
Palestras convidadas nacionais: 6
Palestras convidadas internacionais: 7
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EPTT2008 PRELIMINARY PROGRAM

Time Monday Tuesday Wednesday Thursday
8:00 registration Savio Braga and Bigarella and
9:45 and opening Rodrigues Catalano Azevedo
10:15 Jorge Jeffrey Michel Jorn

12:00 Silvestrini Crouch Stanislas Sesterhenn
12:00 lunch lunch lunch lunch
13:45

13:45 papers papers papers papers
15:45

16:15 Marcio Vassilis Michael Hermann
18:00 Mendonca Theofilis Gaster Fasel

Note: The opening section on Monday morning will start at 9:45.

Friday

Oscar
Rodriguez

Luis
Portela

lunch

papers e
posters
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SOBRE OEPTT 2008

A primeira edicdo da EPTT foi realizada em 1998 por iniciativa do Professor Atila Silva
Freire, da Universidade Federal do Rio de Janeiro (UFRJ). Na época, o evento preencheu
lacuna importante no cenario nacional, a partir do grande amadurecimento do trabalho dos
grupos académicos nacionais envolvidos com pesquisas na area.

A comunidade cientifica comemorou a realizagao de um evento exclusivo para a area de
Transicao e Turbuléncia, em formato menor que o Encontro Nacional de Ciéncias Térmicas
(ENCIT).

Ao longo da década, a EPTT firmou-se como um férum de ensino, discussao e atualizacéo
de grande importancia. Motivou a criagao de painéis em outras areas do conhecimento,
como, por exemplo, a Rede Nacional de Combustao, ocorrida em 2007, em Floriandpolis
(SC).

A 62 EPTT sera realizada em Sao Carlos (SP). A organizagao € da USP Sao Carlos,
Universidade Federal de Sao Carlos (UFSCar) e Comando Geral de Tecnologia
Aeroespacial, o antigo Centro Técnico Aeroespacial (CTA). Mais uma vez reunira alunos,
pesquisadores e corpo cientifico nacional e estrangeiro para debater e divulgar trabalhos
na area de Transig¢ao e Turbuléncia.

Ano Local Instituicao Participantes
1998 Rio de Janeiro COPPE/UFRJ,IME/R 197
2000 Uberlandia UFU 176
2002 Florianopolis UFSC 216
2004 Porto Alegre UFRGS, PUC/RS 224
2006 Rio de Janeiro COPPE/UFRJ,IME/R 239




VI ESCOLA DE PRIMAVERA EM
TRANSICAO E TURBULENCIA

SEGUNDA FEIRA 22/09

13:45-14:05 SIMULACAO DE GRANDES ESCALAS DE ESCOAMENTOS TURBULENTOS
EM CAVIDADES CUBICAS Elie Luis M. Padilla, Felipe Pamploma Mariano,
Tiago de Assis Silva, Aristeu da Silveira Neto

14:05-14:25 EXPERIMENTOS EM TUNEL DE VENTO DA CAMADA LIMITE INTERNA
NO CENTRO DE LANCAMENTO DE ALCANTARA Luciana Bassi Marinho
Pires, Ana Cristina Avelar, Roberto da Motta Girardi, Gilberto Fisch

14:25-14:45 FLOW VISUALIZATION IN BANKS OF CYLINDERS OF TRIANGULAR AR-
RANGEMENT IN A WATER CHANNEL A. V. de Paula, L. A. M. Endres, S. V.
Moller

14:45-15:05 FLOW AROUND A CIRCULAR CYLINDER NEAR A WALL IN A CHANNEL
FLOW FOR LOW REYNOLDS NUMBER. Marcelo de Araujo Vitola, Edith Beat-
riz Camano Schettini, Jorge Hugo Silvestrini

15:05-15:25 SIMULAQAO NUMERICA DO ESCOAMENTO EM TORNO DE UM PAR DE
CILINDROS DE BASE QUADRADA DISPOSTOS EM DIFERENTES ARRAN-
JOS GEOMETRICOS Vinicius Souza Morais, SA@rgio Said Mansur, Rubens
Campregher

15:25-15:45 NONLINEAR REGIME OF A SPANWISE MODULATED WAVETRAIN IN A
PLANE POISEUILLE FLOW Homero Ghioti da Silva, Marcello Augusto faraco
de Medeiros

HOME PROXIMA




TERCA FEIRA 23/09

13:45-14:05 REYNOLDS AVERAGE NAVIER-STOKES SIMULATION OF HIGHLY ANISOTROPIC
TURBULENCE STRUCTURES AndrA© Luiz Tenério Rezende, Luiz Eduardo
Bittencourt Sampaio, Angela Ourivio Nieckele

14:05-14:25 MODELACAO DO ESCOAMENTO TURBULENTO EM COMPRESSORES CEN-
TRIFUGOS DE ALTA VELOCIDADE Rovanir Baungartner, César J. Deschamps

14:25-14:45 DIRECT COMPUTATION OF INCOMPRESSIBLE TURBULENT FREE SUR-
FACE FLOWUSING A NEW HIGH ORDER UPWIND SCHEME Rafael Alves
Bonfim de Queiroz, Fernando Akira Kurokawa, Valdemir Garcia Ferreira

14:45-15:05 PERFORMANCE OF THE REYNOLDS STRESS MODEL (RSM) IN THE PRE-
DICTION OF THE HEAT TRANSFER OF AN IMPINGING JET D. I. Maldon-
ado, A. O. Nieckele

15:05-15:25 ANALISE DE MODELOS SUBMALHA EM ELEMENTOS FINITOS Carla Mar-
ques Xavier, Adriane Prisco Petry

15:25-15:45 ESTUDO DO ESCOAMENTO EM TORNO DE UM CILINDRO DE BASE QUADRADA
POSICIONADO PROXIMO A UMA PAREDE PLANA Augusto Salomao Born-
schlegell, Sérgio Said Mansur, Rubens Campregher

PROXIMA



QUARTA FEIRA 24/09

13:45-14:05 SIMULACAO NUMERICA DE UM ESCOAMENTO AO REDOR DE UM PAR
DE CILINDROS EM TANDEM COM OSCILACAO FORCADA Eduardo Silveira
Molina, Luis Fernando Posada Cuadro, Jorge Hugo Silvestrini

14:05-14:25 NOISE GENERATED BY TURBULENT FLOW THROUGH SHORT LENGTH
TUBES Abraham A. Janssen, Andre Morriesen, Cesar J. Deschamps, Arcanjo
Lenzi

14:25-15:45 CONSTRUCTING THE DEPENDENCE OF THE REYNOLDS STRESS TEN-
SOR ON KINEMATIC TENSORS FROM DNS DATA Roney L. Thompson, Lau-
rent Thais, Gilmar Mompean

14:45-15:05 ANALISE DO MODELO DE LANGEVIN ESTENDIDO NA MODELAGEM DA
COMBUSTAO TURBULENTA USANDO A ABORDAGEM DE REATOR PAR-
CIALMENTE AGITADO Elder M. Orbegoso, Luis Fernando Figueira da Silva

15:05-15:25 SYMMETRY PRESERVING ADVECTIVE REGULARIZATION (SPAR) MOD-
ELLING OF TURBULENT FLOWS USING NON-STRUCTURED MESHES ON
PARALLEL COMPUTERS Oriol Lehmkuhl, Ricard Borell, Guillem Colomer,
C.D. Pérez Segarra

15:25-15:45 DIRECT NUMERICAL SIMULATION OF TURBULENT FLOWS USING LOW
COST PARALLEL COMPUTERS AND SUPERCOMPUTERS M. Soria, X. Trias,
A. Oliva

PROXIMA




QUINTA FEIRA 25/09

13:45-14:05 HISTERESE NO CONTROLE DE ESCOAMENTO USANDO JATOS SINTETI-
COS Bruno Henrique de Sena e Oliveira, Marcello Augusto Faraco de Medeiros

14:05-14:25 REDUCED ORDER MODELS FOR WAKE FLOWS AT LOW REYNOLDS
NUMBERS Juan D’Adamo, Ada Cammilleri, Guillermo Artana, Mémin Etienne,

14:25-14:45 CONTROLE DE ESCOMENTO EM UM DIFUSOR A PARTIR DE EXCITACOES
PERIODICAS Atila Antunes FranAg§a Barbosa, Bruno Henrique de Sena e Oliveira,
Marcelo Machado Bariani, Marcello Augusto Faraco de Medeiros

14:45-15:05 NUMERICAL AND THEORETICAL INVESTIGATION OF THE ASYMME-
TRY EFFECTS IN A WAKE PROFILE E. M. Gennaro, M. A. F. Medeiros

15:05-15:25 ESTUDO NUMERICO TRIDIMENSIONAL TRANSIENTE DA FORMACAO
DE CLUSTERS E ESTRUTURAS DE VORTICES EM UM LEITO FLUIDIZADO
CIRCULANTE TURBULENTO - METODOS DE IDENTIFICACAO DE CEN-
TRO DE VORTICES Ivan Carlos Georg, Ricardo V. P. Rezende e Clovis R.
Maliska

15:25-15:45 HYDRODYNAMIC STABILITY IN ELECTROCHEMICAL CELLS: THE NEU-
TRAL CURVE OF STATIONARY PERTURBATIONS José Pontes, Norberto
Mangiavacchi, Oswaldo E. Barcia, Oscar R. Mattos, Bernard Tribollet

PROXIMA



SEXTA FEIRA 25/09

13:45-14:05 CALCULO DIRETO DO RUIDO AERODINAMICO GERADO POR CAMADAS
DE MISTURA EM EVOLUCAO ESPACIAL Carlos Anissem Soares Moser

14:05-14:25 CELULAS DE CORRENTES EM ESCOAMENTOS GERADOS POR GRADES
OSCILANTES Carlos Eugénio Pereira, José Eduardo Alamy Filho, Nivaldo Apare-
cido Corréa, Harry Edmar Schulz

14:25-14:45 Airfoil Optimization for Business Aircraft Rafael Fernandes de Oliveira, Ricardo
Maiko Uehoka Entz, Luiz Guilherme Noujain Corréa, Anselmo Eduardo Jorge
Cortellazzi Filho, Rodrigo Polan Domingues, Bruno Giovaneti de Macedo, Marcello
Augusto Faraco de Medeiros

PROXIMA
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ESTUDO DO ESCOAMENTO EM TORNO DE UM CILINDRO DE BASE
QUADRADA POSICIONADO PROXIMO A UMA PAREDE PLANA

Augusto Salomao Bornschlegell, augusto.s.o@gmail.com
Sérgio Said Mansur, mansur@dem.feis.unesp.br
UNESP Ilha Solteira, Depto de Engenharia Mecanica, Av. Brasil Centro 56, Ilha Solteira, SP, 15385-000.

Rubens Campregher, rubenscamp@dal.ca
Dalhousie University, 1360 Barrington St., Halifax, NS, B3J 2X4, Canada.

Resumo. No presente trabalho, desenvolveu-se um estudo numérico do escoamento em torno de um cilindro de
base quadrada de secdo transversal BxB posicionado a uma distdncia y de uma parede plana. Mais
especificamente, foi investigada a influéncia que a distancia y existente entre o cilindro a parede exerce sobre a
configuragdo do escoamento e sobre a freqliéncia de emissdo de vortices na esteira do cilindro. Simulacdes
bidimensionais foram realizadas para nimeros de Reynolds inferiores a 700, com o auxilio de um programa
computacional proprio, que resolve as equacBes de Navier-Stokes em coordenadas cartesianas, empregando o
método dos volumes finitos. Os resultados obtidos mostram que, para nimeros de Reynolds iguais a 400 e 500, a
emissdo de vortices na esteira do cilindro é suprimida quando o corpo sélido aproxima-se da parede em menos
de 20% de sua cota lateral, ou seja y/B < 0,2. Quando o nimero de Reynolds eleva-se a 700, essa distancia cai
para 15% da cota lateral (y/B < 0,15).

Palavras-chave: Simulacdo numérica, volumes finitos, cilindro de base quadrada, emisséo de vortices.

1. INTRODUCAO

O escoamento em torno de um cilindro posicionado nas proximidades de uma parede constitui um problema de
consideravel interesse tecnologico, frequentemente encontrado em aplicagdes de engenharia. De fato, este tipo de
escoamento ¢ comum em sistemas de arrefecimento de componentes eletronicos, em torno de tubulagdes e cabos de
transmissdo posicionados no fundo do mar, ao redor de estruturas de pontes e plataformas off-shore e em varios tipos
de equipamentos industriais. Em todos estes casos, a presenga da parede altera a significativamente a configuracdo
do escoamento, modificando a freqiiéncia de emissdo de vortices, as cargas dindmicas sobre o cilindro e a
intensidade dos mecanismos de transferéncia de massa, energia ¢ quantidade de movimento nas imedia¢des do corpo
solido.

Em razdo de sua reconhecida importancia pratica, este problema tem sido objeto de varios estudos numéricos e
experimentais ao longo das ultimas décadas, com predominancia de trabalhos voltados para a investigagdo do
escoamento a numeros de Reynolds altos e moderados em torno de cilindros circulares. Artigos envolvendo cilindros de
base quadrada sdo bem mais raros na literatura, sobretudo quando baixos nimeros de Reynolds sdo considerados. A
Tab. 1 retne alguns dos principais artigos que tratam este problema, podendo-se observar que apenas um deles,
Bhattacharyya et al. (2006), aborda o escoamento com Re < 1.000.

Tabela 1. Estudos relacionados ao escoamento em torno de um cilindro de base quadrada
posicionado proximo a uma parede plana.

Referéncia Re Metodologia

Bailey et al. (2002) 18.900 Experimental
Bhattacharyya e Maiti (2004) 1.400 Numérica
Bhattacharyya et al. (2006) 500 e 700 Numérica

Bosch e Rodi (1996) 22.000 Numérica e experimental

Bosch et al. (1996) 22.000 Experimental
Campregher et al. (2003) 7.000 e 14.000 Numérica

Durdo et al. (1991) 2.000 e 18.000 Experimental
Liou et al. (2002) 22.000 Numérica

Martinuzzi et al. (2003) 18.900 Experimental

Park et al. (2001) 18.000 Experimental
Straatman e Martinuzzi (2003) 23.000 Numérica

No presente trabalho, simula¢cdes numéricas bidimensionais do escoamento incompressivel em torno de um
cilindro quadrado posicionado préximo a uma parede plana ¢ investigado numericamente, para nimeros de Reynolds
compreendidos entre 200 e 700.

PROXIMA




2. FENOMENOLOGIA DO PROBLEMA

As configuragdes assumidas pelo escoamento sobre um cilindro de se¢do transversal quadrada muito se assemelham
aquelas encontradas ao redor de um cilindro de base circular. Para um cilindro quadrado, entretanto, os pontos de
descolamento da camada limite sdo definidos intrinsecamente pela geometria do corpo e ocorrem exatamente sobre suas
arestas. De uma forma geral, esta tendéncia se aplica também a maioria dos corpos rombudos dotados de arestas vivas.

I — T TN~
=

Re <30-40 50-60 < Re < 100-150

30-40 < Re <40-50 100-150 < Re <200

40-50 < Re < 50-60 Re > 200

Figura 1. Regimes do escoamento em torno de um cilindro de base quadrada para nimeros de Reynolds moderados.

A Fig. 1 ilustra as diferentes configuragdes apresentadas pelo escoamento ao redor de um cilindro de base quadrada,
na auséncia de obstaculos soélidos em sua vizinhanga. Para nimero de Reynolds inferiores a 30-40, ainda que possa
ocorrer um pequeno descolamento da camada limite nos bordos de fuga, o escoamento se mantém simétrico em
relagdo ao seu eixo médio horizontal e as linhas de corrente permanecem estaveis e bem comportadas. No intervalo
30-40 < Re <40-50, duas bolhas de recirculagdo contra-rotativas sdo observadas junto a base do cilindro, que tendem a
aumentar em tamanho com o acréscimo do nimero de Reynolds. Com o subseqiiente aumento do niimero de Reynolds,
estas bolhas crescem em tamanho e o escoamento perde sua simetria horizontal. A esteira passa, entdo, a oscilar
periodicamente. Na faixa de Reynolds compreendida entre 50-60 e 100-150, tem inicio o processo de formacdo de
instabilidades de Kelvin-Helmholtz, em ambas as camadas cisalhantes que caracterizam a esteira de um corpo
cilindrico. Na seqiiéncia, estas instabilidades se desenvolvem completamente, ocasionando a emissdo de vortices
alternados, que consiste numa etapa importante do processo de transi¢do a turbuléncia. Os primeiros indicios de
turbuléncia surgem aos arredores das estruturas coerentes, geralmente naquelas que estdo mais afastadas do cilindro. A
transi¢do caminha em dire¢ao do cilindro e, em um segundo momento, para o centro dessas estruturas.

Quando o cilindro se encontra préximo a uma parede plana, como indicado na Fig. 2, a dindmica do escoamento pode
ser radicalmente modificada. Segundo Bhattacharyya et al. (2006), esta alteragdo se da essencialmente em virtude dos
seguintes fatores: a) o perfil de velocidade a montante do cilindro ¢ ndo uniforme; b) a impermeabilidade da parede
restringe a rotacdo do fluido na esteira do cilindro; c¢) vortices secundarios sdo produzidos junto a parede plana e; d) ocorre
separagdo ndo permanente da camada limite junto a parede. Além disso, se o cilindro for colocado numa posigdo
suficientemente proxima a parede, a emissdo periddica de vortices pode ser totalmente interrompida. O espagamento
relativo parede-cilindro (y/B) a partir do qual este efeito se verifica é conhecido na literatura como distancia critica.

Figura 2. Cilindro de base quadrada posicionado proximo a uma parede plana.
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3. EQUACOES GOVERNANTES E PROCEDIMENTO NUMERICO

De maneira geral, o escoamento isotérmico, incompressivel e ndo permanente de um fluido newtoniano pode ser
matematicamente bem representado pelas equacdes de conservagdo da massa e de Navier-Stokes, escritas na forma
indicial cartesiana como:

Conservagao da massa:

—J -0 (M

an
an

Navier-Stokes:

ou; ou; u; ou;
o AT top 9| 0T Q)
ot aXI anJ 8x| 8x|

onde p representa a massa especifica do fluido; v sua viscosidade cinematica, t é o tempo, X as coordenadas espaciais,
u as componentes do vetor velocidade e p a pressao.

No presente trabalho, tais equagdes foram tratadas com o auxilio do método dos volumes finitos, empregando-se um
codigo computacional proprio, escrito em linguagem FORTRAN90. O esquema de diferengas centrais foi utilizado para
representar os fluxos difusivos das equagdes de transporte, enquanto que, para o tratamento dos termos advectivos,
empregou-se o esquema QUICK consistente, proposto por Hayase et al.(1992), a partir de uma adaptagdo do esquema
QUICK desenvolvido originalmente por Leonard (1979). O método SIMPLEC foi escolhido para resolver o
acoplamento pressdo velocidade e uma formulagao totalmente implicita foi adotada para todas as variaveis, o que leva a
solucdo de um sistema linear, obtida interativamente por intermédio do algoritmo de Thomas (TDMA), com varredura
linha a linha e coluna a coluna.

O dominio computacional, ilustrado na Fig. 3, ¢ composto por uma malha bidimensional ndo uniforme, mais
refinada nas proximidades da parede e do cilindro quadrado. Suas dimensdes foram arbitradas com base nos trabalhos
de Bhattacharyya (2006) e de Campregher (2002). As condi¢des de contorno foram prescritas da maneira como segue:
a) escoamento uniforme com velocidade U,, na entrada do dominio — face oeste; b) escoamento plenamente desenvolvido
na saida (AU / &k = 0); ¢) corrente ndo perturbada na fronteira superior (v= A1/ & = 0) e; d) condi¢do de impermeabilidade
e ndo deslizamento na fronteira inferior (U = v = 0). Na regido ocupada pelo cilindro, viscosidade infinita foi imposta. Uma
sonda numérica, ajustada para capturar as velocidades U e Vv com uma freqiiéncia de 100 Hz, foi posicionada 1 mm a
jusante da base do cilindro.

5B B 40B

60 vol. 52 vol. 25ivol. 107 vol. 8B

31 vol.

Posigdo das sondas
deuev.

Figura 3. Anatomia da malha computacional M25.
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Testes preliminares foram realizados para garantir independéncia entre a malha computacional adotada e os
resultados obtidos. Com este proposito, simulagdes para Re = 200 foram executadas com 25, 50, 100 €150 volumes de
controle na regido do cilindro, referenciadas, nesse trabalho, como M25, M50, M100 e M150, respectivamente. Estas
mesmas densidades de malha foram empregadas na regido entre a parede e o cilindro, com uma descompactagdo de 3%
nas dire¢des norte, leste e oeste do cilindro. Os tempos de CPU obtidos para as malhas M25, M50, M100 ¢ M150
foram, respectivamente, de 2, 4, 8 ¢ 120 horas. Comparando-se as freqiiéncias de emissdo de vortices fornecidas por
estas diferentes simulagdes, concluiu-se que a malha M50 ofereceu a melhor relagdo custo beneficio, proporcionando a
mesma freqiiéncia obtida com a malha M100, com a metade do tempo computacional.

4. RESULTADOS

Simulagdes definitivas foram realizadas para os valores de Re =200, 250, 350, 400, 500 ¢ 700, com distancias
relativas y/B de 0,10, 0,15, 0,20 e 0,25.

Nas Figs. 4 a 9 sdo mostradas a evolucdo temporal das velocidades U e v capturadas pela sonda numérica
posicionada junto a base do cilindro, para diferentes nimeros de Reynolds e diferentes espacamentos y/B. Todas as
simulac¢des foram realizadas fixando-se um tempo de 100 s de escoamento.

Para Re =200, Fig. 4, observa-se que s6 ocorrem oscilagdes de velocidade a jusante do cilindro para y/B =0,25 e
que estas oscilacdes sdo amortecidas a medida que o tempo avanga. Com o acréscimo do nimero de Reynolds para 250,
Fig. 5, este padrdo de comportamento se mantém, mas a amplitude destas oscilagdes para o mesmo espacamento
relativo y/B = 0,25 cresce consideravelmente, permanecendo as demais curvas ainda sem oscilagdes. O novo aumento
no numero de Reynolds para 350, Fig. 6, induz flutua¢des também nas demais distancias relativas e, para y/B = 0,25, as
oscilagdes ndo sdo mais inteiramente amortecidas nos cem primeiros segundos de escoamento.

Para um mesmo espagamento y/B, esta tendéncia oscilatoria vai se estendendo aos demais sinais de velocidade, na
medida em que o nimero de Reynolds aumenta, como mostram as Figs. 7 e 8.

Para Re=700 e y/B=0,20, Fig. 9, observa-se que a amplitude das oscilagdes permanece aproximadamente
constante a partir do instante t~ 50s, indicando que um regime estatisticamente permanente se estabeleceu. Isto
acontece também para y/B = 0,25. Este sinal, entretanto, é claramente mais irregular que o anterior, indicando uma fase
mais adiantada de transigdo a turbuléncia.

No que tange a configuragdo do escoamento, diferentes regides podem ser identificadas em torno do cilindro, como
mostra a Fig. 10. A montante, tem-se o desenvolvimento da camada limite sobre a placa plana. Ao encontrar o cilindro, um
ponto de estagnagdo ¢ gerado e o escoamento divide-se, entdo, em duas por¢des. Na por¢do inferior, no espago
compreendido entre a face sul do cilindro e a parede plana, o escoamento assume uma forma paraboélica, que muito se
aproxima do escoamento entre duas placas planas paralelas. Na por¢do superior, por sua vez, observa-se o descolamento da
camada limite no bordo de ataque, sem recolamento posterior ao longo da face superior do cilindro. O perfil de velocidades
sobre esta face apresenta um ponto de inflexdo, favorecendo a amplificagdo de instabilidades. A jusante do cilindro forma-
se a esteira, onde as por¢oes de fluido separadas a montante se reencontram e interagem fortemente entre si.
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Figura 4. Evoluggo temporal das componentes U e vV da velocidade, para Re = 200.
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Figura 10. Campo de velocidades nas adjacéncias do cilindro, para Re =700 e y/B = 0,25.
Os mapas de isovorticidade apresentados nas Figs. 11 a 14 permitem visualizar a evolucdo temporal do

escoamento, para os valores de Re iguais a 200, 400, 500 e 700 e para diferentes espagamentos y/B. Todas as
seqiiéncias foram montadas para um mesmo intervalo de 0 a 100 segundos, sendo que as imagens colocadas lado a

PROXIMA




EPTT2008 Escola de Primavera de Transi¢cdo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Séo Carlos, SP

lado correspondem a um mesmo instante.

Para Re =200, Fig. 11, observa-se que a esteira ¢ bem comportada, sem a emissdo periddica de vortices. Para
y/B = 0,25, verifica-se que, nos primeiros instantes, o vortice gerado na aresta sudeste do cilindro é atraido pela
estrutura turbilhonar gerada no bordo superior, com dimensdo caracteristica equivalente ao lado B do cilindro. O
escoamento entre o cilindro e a parede ocorre em espaco confinado, e o fluido que passa por essa regido ndo atinge a
mesma velocidade das particulas que passam sobre o cilindro. Dessa forma, as estruturas geradas na porgdo inferior
tendem a ser arrastadas em dire¢do as estruturas formadas na porg¢do superior. Depois de atingido o regime
estatisticamente permanente, observa-se, a partir da aresta noroeste do cilindro, uma regido de cisalhamento intenso,
que se estende por uma distancia aproximada de 5D.
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Figura 11. Mapa de isovorticidade para Re =200, de 0 a 100 segundos.

Dobrando-se o valor do numero de Reynolds de 200 para 400, o escoamento torna-se bem mais complexo,
sobretudo para y/B = 0,25, como mostra a Fig. 12. Embora o escoamento ainda seja laminar, nesta nova condigdo, a
emissdo de vortices periddicos é observada na regido da esteira. A freqiiéncia de desprendimento de vortices depende,
neste caso, da magnitude das interagdes entre as estruturas turbilhonares formadas nas regides superior e inferior do
cilindro. De fato, tais estruturas possuem vorticidade de sinais opostos e, ao interagirem, uma forte dissipagdo ocorre,
resultando no desprendimento de vortices periddicos.
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Figura 12. Contornos de isovorticidade para Re = 400, de 0 a 100 segundos.
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Para Re = 500, Fig. 13, a interagdo entre as estruturas que concentram vorticidade ¢ intensificada, ocasionando, em
alguns casos, o emparelhamento de dois ou mais vortices. Com efeito, quando um vortice advectado pelo escoamento se
aproxima da regido da parede, além de perder circulagdo, ele passa a se deslocar mais lentamente que os demais, sendo
alcancado por outras estruturas geradas depois dele.

(a)yB=0,15 (b) y/B=0,20 (c)y/B=0,25
Figura 13. Mapas de isovorticidade para Re = 500, de 0 a 100 segundos.
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Quando o niimero de Reynolds ¢ elevado a 700, Fig. 14, um ntimero maior de emparelhamentos passa a acontecer,
tornando o escoamento ainda mais intrincado. No processo de coalescéncia entre duas ou mais estruturas turbilhonares
de mesmo sinal, uma sé estrutura resultante é formada, com tamanho duas ou trés vezes maior do que as que lhe deram
origem, mas com velocidade angular nitidamente menor. Esta dindmica particularmente ativa que decorre dos
mecanismos de intera¢do entre estruturas turbilhonares justifica as oscilagdes irregulares de velocidade captadas
proximo a base do cilindro, observadas na Fig. 9.
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Figura 14. Mapas de isovorticidade para Re = 700, de 0 a 100 segundos.
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Uma analise simultaneamente dos dados quantitativos obtidos com o auxilio da sonda numérica (Figs. 4 a 9) com os
resultados qualitativos apresentados nas Figs. 11 a 14, permite verificar que a esteira mostra comportamento oscilatorio
para y/B = 0,25 e Re >400. A supressdo da emissdo de vortices para Re iguais a 400 e 500 ocorre com y/B = 0,20 e para
Re = 700 para y/B = 0,15. Estes resultados podem ser facilmente comprovados realizando-se uma Transformada Rapida de
Fourier (FFT) dos sinais de velocidade apresentados nas Figs. 7, 8 ¢ 9. Os resultados decorrentes deste processo sdo
apresentados na Fig. 15, mostrando que, para valores de y/B inferiores a 0,2, s6 ocorre a emissdo de vortices para Re = 700.
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Figura 15. Freqiiéncia de emissao de vortices para diferentes distdncias da parede.

A partir destes resultados, pode-se obter os seguintes valores para o numero de Strouhal: a) para y/B=0,25 e
Re =400, 500 ¢ 700, St=0,1953; b) para y/B = 0,20 ¢ Re =700, St =0,2093. Estes resultados ndo concordam bem com
os dados de Bhattacharyya et al. (2006), onde nao foi identificada a emissdo de vortices para Re <500, para
espagamentos y/B menores que 0,25. A principal causa para este desencontro nos resultados pode ser atribuida a forma
do perfil de velocidades prescrita na entrada do dominio de calculo — uniforme, no caso do presente estudo, ¢ cisalhante
linear no trabalho de Bhattacharyya et al. (2006).

5. CONCLUSAO

No presente trabalho, o escoamento em torno de um cilindro de base quadrada posicionado nas imediagdes de uma
parede plana impermeavel foi investigado numericamente. Simulagdes bidimensionais, realizadas para numeros de
Reynolds relativamente baixos, permitiram a obtengao de resultados qualitativos e quantitativos, a partir dos quais as
distancias y/B criticas, correspondentes a supressao do regime de emissdo de vortices, puderam ser identificadas. Os
dados obtidos sdo fisicamente consistentes, embora apresentem certa divergéncia com dados disponibilizados na
literatura.
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Resumo. Compressores centrifugos sdo comumente adotados para a compressdo de gases em diversas aplicagoes de
engenharia. Este tipo de compressor possui usualmente geometrias complexas, tornando dificil a caracteriza¢do do
escoamento através do emprego de modelos semi-empiricos, principalmente quando uma geometria ndo usual deve ser
analisada. De fato, para a avaliagdo do desempenho do compressor torna-se necessdaria a caracterizagdo do
escoamento ao longo do rotor e de eventuais regioes de separagdo. Embora grande parte dos estudos sobre
compressores centrifugos seja apoiada em investigacées experimentais, recentemente tem havido uma tendéncia para
0 uso da simulagdo numérica do escoamento turbulento para o dimensionamento preciso de rotores. Neste trabalho, o
escoamento turbulento no rotor de um compressor centrifugo de alta velocidade é simulado com o emprego do modelo
de turbuléncia RNG k-¢. Resultados para os campos de pressdo, velocidade e grandezas turbulentas sao apresentados
para uma andlise detalhada do escoamento, de forma a permitir o entendimento dos parametros globais de
desempenho.

Palavras chave: compressor centrifugo, escoamento sob efeito de rotag¢do, modelagdo da turbuléncia.
1. INTRODUCAO

O compressor centrifugo € a aplicagdo mais comum de maquinas de fluxo de alta rotagdo, sendo utilizado para a
compressdo de gases em sistemas de alimentacdo de motores de combustio interna e em sistemas de refrigeracdo
industrial. Construtivamente o compressor centrifugo ¢ semelhante a uma bomba centrifuga. O fluido sofre a acdo
centrifuga das pas do rotor e, apos ser succionado na regido central do rotor, é obrigado a se deslocar para a regido
periférica. Do rotor o fluido se dirige para um difusor, responsavel por reduzir a velocidade do escoamento e, por
conseqiiéncia, aumentar a pressdo. Em casos onde a razéo de pressdo ¢ baixa, o compressor pode ser constituido de um
unico rotor. No entanto, na maioria dos casos adota-se a compressdao por multiplos estagios, sendo o nimero destes
diretamente ligado a razdo de pressdo requerida.

De acordo com Came e Robinson (1999), a disponibilidade atual de recursos de processamento computacional
adequados tem permitido a utilizagdo de modelos mais realisticos para a simulacdo e o projeto desses compressores,
considerando o padrdo tridimensional de escoamento nos rotores. De fato, o uso tradicional de modelos semi-empiricos
€ muitas vezes impraticavel, principalmente quando se objetiva a analise de uma geometria ndo usual.

Uma série de escoamentos turbulentos ¢ caracterizada pela condi¢dao de ndo-equilibrio e por efeitos de inércia,
originados pela rotagdo ou curvatura do escoamento. Modelos de turbuléncia baseados no conceito de viscosidade
turbulenta geralmente falham na previsdo de tais situagdes de escoamento, como detalhado em diversos estudos
experimentais ¢ numéricos. A forma mais natural para incorporar o efeito da rotagdo consiste na adogdo de um modelo
baseado em equagdes de transporte para as tensdes de Reynolds, uma vez que as mesmas possuem as formas exatas dos
termos que descrevem tal fendmeno. No entanto, embora essa abordagem seja fisicamente mais atrativa do que a
oferecida pelos modelos de viscosidade turbulenta, modelos de transporte para as tensdes de Reynolds ndo tiveram o
desenvolvimento, ou a aceitagdo, como inicialmente previsto ha mais de dez anos atrds. A razao desta situacdo se deve
em parte a0 maior custo computacional associado a solugdo numérica de um sistema bem mais complexo de equagdes,
além de dificuldades com a estabilidade numérica do procedimento iterativo de calculo. Por esta razdo, os modelos de
viscosidade turbulenta sdo ainda a opg¢do mais adotada na solugdo de escoamentos complexos. Uma vez que esses
modelos sdo intrinsecamente insensiveis a efeitos de rotagdo, suas equagdes sdo usualmente modificadas de forma a
incluir termos dependentes da rotacdo (Howard et al., 1980).

Segundo Yuan et al. (2003), o modelo RNG k-¢ (Yakhot e Orzag, 1986) ¢ um modelo de viscosidade turbulenta que
fornece previsdes consistentes para escoamentos sob efeitos de curvatura e de gradientes adversos de pressdo, o que
explica sua representacdo adequada de escoamentos com rotagdo. Além disto, 0 modelo RNG £-¢ oferece estabilidade
numérica ¢ taxa de convergéncia satisfatoria, necessitando somente de um pequeno esforco computacional adicional
quando comparado com versoes de modelo k-¢ tradicionais.

Neste trabalho, o escoamento turbulento no rotor de um compressor centrifugo de alta velocidade ¢ modelado com o
emprego do modelo de turbuléncia RNG £-¢, considerando uma formulaggo tridimensional. Resultados para os campos
de pressdo total e de grandezas turbulentas sdo apresentados para uma analise do escoamento.
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2. METODOLOGIA DE SIMULACAO
2.1. Equac0es governantes do escoamento

Ao se aplicar o conceito de média de Reynolds, as equagdes de conservagdo da massa, quantidade de movimento e
energia podem ser reescritas da seguinte forma (Versteeg ¢ Malalasekera, 1995):
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Analisando a equacdo referente a quantidade de movimento (Eq. 2), observa-se que a média do produto das
flutuagdes de velocidade u';u'j, denominada tensor de Reynolds, representa o transporte de quantidade de movimento

adicional devido a turbuléncia. A mesma interpretagdo pode ser dada ao fluxo de energia turbulento u'; h'.

Como a solugdo das equagdes de Reynolds depende do conhecimento do tensor de Reynolds u';u' i do fluxo

turbulento de energia u';h', a avaliagdo desses termos € o principal objetivo dos modelos de turbuléncia. Geralmente,

esses modelos fazem uso da hipdtese de viscosidade turbulenta, s, proposta originalmente por Boussinesq. Esta
hipotese ¢ uma analogia direta as relagdes constitutivas para fluidos newtonianos, nas quais as tensdes sdo proporcionais
a deformagdo do escoamento. Desse modo, o tensor de Reynolds ¢ avaliado através da introdugdo de uma viscosidade
turbulenta:

— ou; oUj || 2 U, 2
o S G S e S @

Analogamente ao que se realiza para a transferéncia de quantidade de movimento, a contribui¢do da turbuléncia no
transporte de energia térmica pode ser modelada através de uma difusdo turbulenta, /;, relacionada com y; através da
defini¢do de um numero de Prandtl turbulento Pr, (= 1,C,/T)):

- i [ 0T
g Seth [ 0T 5
pu'; Pr ( ) (5
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O parametro C, representa o calor especifico do fluido a pressdo constante. Usualmente os modelos de turbuléncia
assumem valores para Pr,em torno de 1, mas, segundo Wang e Komori (1998), um valor mais apropriado para gases
fica em torno de 0,90. O modelo de turbuléncia adotado neste trabalho para as simula¢des do escoamento, assume Pr, =
0,85. Para investigar a eventual importancia deste aspecto, foram realizadas simulagdes com valores para Pr, iguais a
0,85 ¢ 0,90, ndo sendo encontradas diferencas significativas nos resultados.

Como o escoamento presente ao longo dos rotores centrifugos ¢ de natureza compressivel torna-se necessaria ainda
uma equacdo de estado que relacione a massa especifica com a pressdo e a temperatura. Neste trabalho, por
simplicidade, adotou-se a equacdo de estado para gas ideal:

Pzﬁ (6)

2.2. Modelacao da turbuléncia
Kunz e Lakshiminarayana (1992) utilizaram o modelo k-& para simular o escoamento em um rotor centrifugo,

encontrando uma concordancia satisfatoria com dados experimentais. O modelo RNG k-¢ (Yakhot e Orzag, 1986) ¢
uma das diversas versdes de modelo k- Orzag et al. (1993) defendem que o modelo RNG £-¢ permite a previsdo de
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escoamentos com regides de separacdo, linhas de corrente curvas e regides de estagnacdo; caracteristicas comuns em
rotores centrifugos.
A viscosidade efetiva, 1., é definida como a soma das viscosidades molecular e turbulenta:

Hep = 1+ 1y ™

O modelo RNG £-¢ utilizado neste trabalho permite que o efeito da rotag@o sobre a turbuléncia seja avaliado, através
da seguinte relagdo para a viscosidade turbulenta:

k
Ht = Heo f(ozs, Q, Z) ®

Em que ©Q € um parametro de rotagdo e o, ¢ uma constante igual a 0,07. Para nimeros de Reynolds elevados o valor da
viscosidade turbulenta y,y que aparece na Eq. (8) € avaliado de:

k2
tyg = pC ’ ©)

sendo que C, = 0,0845.
A energia cinética turbulenta, £, e sua dissipagdo, & necessarias na avaliagdo da viscosidade turbulenta, sdo obtidas
das seguintes equagdes de transporte:

0 0 0 ok

a(pk)+gi(pkui):§j[ayef EJJFMSZ_’OE_Y (10

0 d d d :

E(W)*g(/?&li )= K[aﬂef gg_}cgl Eﬂtsz —ngp%—R (1n
1 J J

sendo que os valores de C,, e C,, sdo iguais a 1,42 e 1,68, respectivamente.

O inverso do niimero de Prandtl, a, que aparece nos termos de transporte por difusdo das equacdes acima, ¢ dado
pela seguinte relacdo:

la-13029 "7 @ =23920 " _ p 12
lag —13929]  |ay —2,3929] Her

em que ay = 1,0.
O termo Y na Eq. (10) representa efeitos de compressibilidade do escoamento sobre a turbuléncia, sendo avaliado de
acordo com a proposta de Sarkar e Balakrishnan (1990):

y = 2Pk (13)
RT

O termo R na Eq. (11) é relacionado a taxa de deformagéo do escoamento, sendo expresso por:
C,n’(-n/ 2

R o St A=nlm) &= 4

1+ pn? k

emque =Sk/¢&, 7, =438, f=0,012, S’ =28;S;.

O parametro Sj; representa o tensor taxa de deformac@o do escoamento médio. Em regides de pequenas deformagdes
do escoamento, o termo R tende a aumentar um pouco o valor da viscosidade efetiva, ,;, mas mesmo nessas situagoes o
valor de 1,5, ainda é menor do que se fosse avaliado pelo modelo k-¢ padrdo. Em regides de grande deformagdo o sinal
de R, torna-se negativo e ,, é reduzido consideravelmente. Esta caracteristica do modelo RNG k-¢ é principal
responsavel pelas melhorias verificadas na previsao de escoamentos com regides de separagao.
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2.3. Condig¢des de Contorno

Devido a natureza eliptica das equagdes de transporte apresentadas nas segdes anteriores, condi¢des de contorno
para todas as variaveis dependentes devem ser especificadas em todos os contornos. No presente trabalho, quatro tipos
de condi¢des de contorno foram adotados: i) condi¢do de entrada; ii) condicdo de saida; iii) condigdo de parede solida;
iv) condigdo de periodicidade.

Usualmente, perfis de velocidade e de quantidades turbulentas sdo obtidos de dados experimentais, no entanto, neste
trabalho estas informagdes ndo estdo disponiveis. De acordo com Versteeg ¢ Malalasekera (1995), é comum a solugao
de escoamentos avaliando as quantidades turbulentas a partir da intensidade turbulenta / (= u/V,.) e da escala de
comprimento L (=L/D).

Neste trabalho, adotaram-se em todas as simulagdes valores de 0,03 para a intensidade turbulenta, 7, e de 0,07 para a
escala de comprimento, L". Na intensidade turbulenta, u’ representa uma média aritmética entre os desvios padrdes das
flutuagdes de velocidade nas trés dire¢des do escoamento e V., € uma velocidade de referéncia, neste trabalho
representada pela velocidade média do escoamento na entrada do rotor. Por outro lado, a escala de comprimento L ¢
adimensionalizada pelo comprimento caracteristico da geometria na entrada do rotor, neste caso pela diferenga entre
raios da entrada do rotor.

A entrada do dominio de solugdo ¢ posicionada um pouco a montante da entrada do rotor, conforme representada
pela superficie azul na Fig. 1. Assume-se que o escoamento seja axial nesta regido, sendo entdo especificadas a presséo
e a temperatura de estagnacdo. Ao se posicionar a regido de entrada do dominio desta forma, buscou-se garantir a
estabilidade numérica do procedimento iterativo e, além disto, prever eventuais regides de recirculagdo na entrada do
rotor.

Superficie de entrada
do dominio

Superficie de entrada do rotor

Limites de simetria do
dominio (Periddica)

- do rotor

Superficie de
saida do rotor
Pa divisora

Superficie de
saida do dominio

Figura 1. Representagdo do dominio computacional adotado, com as superficies de interesse (a esquerda) e a
representagdo da condi¢do de contorno periddica (2 direita).

De maneira andloga a regido de entrada, estabelece-se a regido de saida do dominio de solugdo também afastada da
saida do rotor, representada pela 4area amarela na Fig. 1. Na regido de saida ¢ especificada uma condi¢do de contorno de
pressdo estatica. No caso de ndo haver recirculagao através da fronteira de saida, a condi¢do de contorno para as demais
quantidades recai em uma situacdo de escoamento localmente parabdlico. Caso contrario, prescrevem-se valores para as
quantidades turbulentas e a temperatura de estagnacdo. Os valores para a intensidade turbulenta e a escala de
comprimento sdo avaliados da mesma forma como descrito para a se¢do de entrada, com o comprimento caracteristico
sendo a largura da superficie de saida do dominio computacional.

A fim de reduzir o tempo computacional, e aproveitando a simetria da geometria do escoamento, a simulagdo nao
foi feita para o rotor completo, mas sim para um canal formado entre duas pas, regido compreendida entre as superficies
vermelhas na representagdo da Fig. 1. Assume-se, portanto, que o escoamento seja idéntico entre todos os canais
internos formados pelo rotor e a carcaga. Esta hipotese ¢ representada pela condigdo de periodicidade entre as
superficies ao longo rotor e das regides prolongadas na entrada e na saida.

Para a velocidade foi assumida a condi¢do de ndo deslizamento e de parede impermeavel. Além disto, as paredes
solidas foram consideradas adiabaticas. O movimento de rotacdo do rotor ¢ modelado através de um sistema de
referéncia movel. Nao menos importante para a modelagdo da turbuléncia, ¢ a maneira como sio tratadas as regides
proximas a paredes. A condicdo de ndo deslizamento junto a parede implica que, na vizinhanga imediata de uma
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superficie solida, os efeitos viscosos sdo predominantes, afetando o campo de velocidades e a turbuléncia. A fim de
evitar o uso de malhas extremamente refinadas nas proximidades das paredes, reduzindo assim os custos
computacionais, foram utilizadas fun¢des-parede de ndo-equilibrio (Kim e Choudhury, 1995)

2.4. Metodologia de Solugdo Numérica

A metodologia de volumes finitos foi escolhida para a solugdo numérica das equagdes governantes, empregando o
codigo comercial Fluent 6.3.26 (ANSYS, 2006). O sistema de equagdes para as variaveis do escoamento foi resolvido
pelo método segregado, com a linearizacdo das equagdes sendo realizada através de uma formulagdo totalmente
implicita em um arranjo de malha co-localizado. O sistema de equagdes algébricas foi resolvido com o emprego do
método de Gauss-Seidel em conjunto com o método Multigrid (AMG).

Pelo fato das equagdes ndo serem lineares e, além disto, serem acopladas, a solucdo do problema deve ser obtida
através de algoritmos iterativos. Para minimizar eventuais efeitos de instabilidade numérica, fatores de sub-relaxacdo
foram empregados para reduzir a variagdo do valor das propriedades de uma iteracdo para outra. O algoritmo PISO, em
particular, ¢ sugerido para a aplicagdo em problemas compressiveis (ANSYS, 2006), sendo entdo o utilizado neste
trabalho.

Em escoamentos complexos encontrados em maquinas de fluxo, muitas vezes passiveis de regides de recirculacdo e
estagnacdo, ha a necessidade do uso de esquemas de interpolagdo de precisdo elevada para a avaliagdo dos valores nas
faces dos volumes, em malhas ndo estruturadas. Dentre os esquemas de interpolagdo de maior precisdo disponiveis,
optou-se pelo uso de um esquema upwind de segunda ordem (Barth e Jespersen, 1989).

Para escoamentos que envolvam rotagdes elevadas e/ou sejam dominados por efeitos de curvatura, é recomendado o
uso do esquema PRESTO! (PREssure STaggering Option) para a interpolacdo da pressdo. O esquema PRESTO! utiliza
um balango discreto da massa em um volume de controle desencontrado sobre a face, de forma a encontrar o valor da
pressdo na face do volume.

Quando a fronteira externa no dominio computacional do fluido se encontra em movimento, € conveniente alterar o
sistema de referéncia para expressar as equagdes. O método MRF (Moving Reference Frame) € aplicado com o intuito
de simplificar o calculo do escoamento no dominio computacional em rotagdo, permitindo transformar um problema
transiente, em relagdo a um sistema de referéncia estacionario, em um problema estacionario, quando formulado para
um sistema referencial em rotagdo.

Uma etapa importante, sendo essencial, da simulag@o de escoamentos ¢ a andlise de erros de truncamento devido a
discretizacdo das equagdes na malha computacional e a valida¢do dos resultados numéricos através de comparagdes
com dados experimentais ou resultados de outras referéncias. Neste trabalho, devido a ndo existéncia de dados
experimentais para compressores centrifugos operando nas condi¢cdes de baixa capacidade de refrigeracdo aqui
analisada, realizou-se uma andlise dos erros de truncamento por refino de malha.

3. RESULTADOS

A simulagdo do escoamento foi realizada para o canal formado entre duas pas do rotor de um compressor centrifugo,
do 1° estagio de um compressor projetado para operar com o fluido R601a, em uma capacidade de refrigeragdo de 17,6
kW, na condi¢do HBP (High Back Pressure). Um aspecto que deve ser mencionado ¢ o fato de que a espessura das pas
foi negligenciada na simulagdo numérica. A Tab. 1 apresenta as principais caracteristicas geométricas e operacionais do
compressor em questdo, chamando-se a atengdo para a velocidade do compressor que gira com 61.000 rpm.

Tabela 1. Principais pardmetros geométricos e condi¢cdes de operagao do rotor analisado.

Razao de
pressao

61.000 rpm 8 mm 19,3 mm 77,9 mm 1,9 mm 125,6 kPa 60,75 g/s 2,43

Rotagzﬁo Dlh Dlt D2 b2 P02 m

O valor da pressao prescrito na saida do dominio de solugdo foi avaliado de tal forma que o escoamento, apos passar
pelo difusor, produzisse a razdo de pressdo de projeto. Assim, este procedimento recai em um processo iterativo, pois
ndo se conhece inicialmente a velocidade na saida do rotor. Deve ser salientado que pelo fato de o difusor ndo ser
incluido no dominio de solucdo, a pressdo na saida do estdgio de compressdo foi avaliada através de um coeficiente de
recuperacdo de pressdo de 65%.

Devido aos elevados gradientes das propriedades do escoamento em determinadas regides do compressor centrifugo,
tais como junto a superficies solidas ¢ nas regides de entrada e saida do rotor, a malha computacional deve ser
suficientemente refinada para resolver tais gradientes de forma adequada. Apesar de boa parte dos trabalhos
computacionais na area de turbo maquinas valer-se do uso de malhas hexaédricas, tais como os trabalhos de Kunz e

PROXIMA




HOME

Lakshiminarayana (1992) e Tang (2006), ou malhas hibridas como em Michael ef al. (2004), neste trabalho optou-se
por utilizar uma malha com elementos tetraédricos.

Para a grande variagio geométrica existente em compressores centrifugos de dimensdes reduzidas, a malha
tetraédrica foi capaz de caracterizar o compressor adequadamente, com um niimero de volumes inferior ao que seria
requerido pela malha hexaédrica. De fato, devido a altura reduzida do canal na saida do rotor e do pequeno raio interno
na regidao de entrada, torna-se dificil a obteng¢do de razdes de aspecto adequadas para os volumes de uma malha
hexaédrica, comprometendo a qualidade da solugdo e o custo computacional envolvido.

A fim de quantificar a influéncia do refino de malha sobre o resultado numérico, bem como no custo computacional
envolvido, foram testadas quatro malhas computacionais, conforme o dominio computacional anteriormente
mencionado. Os resultados para a vazdo de massa, velocidade média e pressdo nas regides de entrada e saida do rotor
sdo apresentados na Tab. 2.

Tabela 2. Variagdes das propriedades para diferentes refinos de malha.

Malha Computacional (nimero de volumes)

Variaveis de Interesse I I I VI
(634.076) (765.053) (916.813) (1.091.449)
Fluxo de massa [g/s] 58,83 58,64 58,68 58,56
Velocidade na entrada, Cy; [m/s] 47.36 47,27 49,18 48,89
Velocidade na saida, Cy, [m/s] 173,47 173,49 173,06 173,20
Pressdo total na saida, Py, [kPa] 115,17 115,22 115,03 115,18

Partindo do dominio computacional mencionado, com uma malha de aproximadamente 630.000 elementos (malha
I), foram realizados refinos adaptativos com base nos gradientes das propriedades do escoamento. Inicialmente, foi
realizado um refino da malha no rotor, notadamente para melhor caracterizar os gradientes de velocidade na regido
entre a carcaga e o rotor (malha II). Na seqiiéncia, a fim de melhor caracterizar eventuais regides de recirculagao, foi
realizado um refino, tomando como referéncia os gradientes de grandezas turbulentas (malha III). Finalmente, a malha
IV promove um refino do caso III a partir de gradientes de niimero de Mach, de forma a caracterizar regides com a
possivel ocorréncia de escoamento supersonico.

Conforme pode ser observado nos resultados da Tab. 2 para as se¢des de entrada e saida do rotor, de interesse no
projeto do compressor centrifugo, ndo ha uma diferenca significativa nos resultados obtidos com as diferentes malhas.
Da mesma forma, para a regido de saida do rotor (Fig. 1) os resultados para contornos de nimero de Mach obtidos para
as quatro malhas foram também similares, conforme lustrado na Fig. 2.

Malha =) B00= T — =]
0 U——Q Y. uE
—
-~ iy AN

| J
' 0
W&f%—/(_/,—'/ .B?ﬁ—-..__[}_iﬁ'ﬂ % S as0]
30y
“E )
Q QT?M
11
-75.: \_.‘___\__:-—_\‘_ e s, '_:_ — ]

" ——

Figura 2. Numero de Mach na saida do rotor, para diferentes niveis de refino de malha.
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No entanto, analisando os resultados para contornos de energia cinética turbulenta [m%/s’] na saida do rotor,
apresentados na Fig. 3, percebe-se que a caracterizagdo da turbuléncia é afetada pelo refino da malha. De fato, os
refinos das malhas III e IV produzem niveis de turbuléncia um tanto diferentes daqueles obtidos com as malhas I e II.
Contudo, em fun¢do da concordancia mostrada na Tab. 2 para resultados de vazdo e velocidades médias nas segdes de
entrada ¢ saida do rotor obtidos com as diversas malhas, pode-se afirmar que essa variagdo nos valores das grandezas
turbulentas ndo afeta de forma significativa os pardmetros globais do escoamento.

Em fun¢ao dos resultados para os campos do escoamento, concluiu-se que a diferenga originada pelo maior refino
da malha IV nio justifica o custo computacional extra de cerca de duas vezes maior do que o necessario para a malha I.
Para os resultados apresentados a seguir optou-se pelo uso da malha III, com um custo computacional 55% superior a
malha I.

Para uma melhor compreensdo da localizagdo das se¢des do rotor em que os resultados serdo apresentados, a Fig. 4.
foi preparada com a identificacéo das principais superficies de interesse no rotor. Neste sentido, a superficie do rotor é
representada pela area delimitada pelas linhas em azul e a superficie da carcacga externa ao rotor pela area marcada pelas
linhas em verde. Além disto, a pa do rotor esta identificada pela cor amarela.

Malha

Entrada
do Rotor

Saida
do Rotor

Superficie
da Carcaca
Externa

Figura 4. Localizagdo das principais superficies de interesse.

Os resultados apresentados na Fig. 5 mostram que a viscosidade turbulenta junto as superficies do rotor e da carcaga
externa € praticamente constante, muito embora os seus valores na regido de entrada do rotor sejam ligeiramente
menores. Deve ser mencionado que a viscosidade absoluta do fluido refrigerante R601a foi considerada constante ao
longo do rotor ¢ igual a 8,3 x 107 Pa.s.
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O parametro y' (=u*y/v) é usualmente utilizado para verificar se o refino da malha computacional junto as paredes
solidas ¢ adequado para a aplicacdo das fungdes-parede e do modelo de turbuléncia selecionados. De fato, esse
pardmetro, representativo da intensidade turbulenta junto as paredes, ¢ fundamental para a correta caracterizagdo do
efeito da parede sobre a turbuléncia. Conforme mostrado na Fig. 6, as diferencas mais significativas nas magnitudes de
y' sdo observadas junto a superficie do rotor, com os valores na regido de entrada se aproximando do limite estipulado
para a aplicagdo do modelo (y'= 11,2). Na regido de saida do rotor, valores de y" entre 70 e 80 sdo previstos em ambas
as superficies do rotor e da carcaga externa.

(b)

Figura 5. Razdo entre viscosidade turbulenta, 4, e a viscosidade do fluido, z (a) superficie do rotor; (b) carcaca
externa.

Y+

100
80
60
40
20

Figura 6. Valores de y' na superficie do rotor: (a) superficie do rotor; (b) carcaga externa.

Como pode ser observado na Fig. 7, os campos de velocidade e pressdo, referentes a um corte transversal na secéo
média do rotor apresentam uma variacdo consideravel na regido de saida do rotor. Esses gradientes na saida do rotor
originam um desvio da trajetoria do escoamento na saida do rotor. A medida que este desvio aumenta, o mesmo
acontece com as perdas no difusor do compressor devido ao surgimento de regides de separacdo. Para reduzir esses
gradientes de pressdo, adotam-se comumente pas divisoras na saida dos rotores centrifugos. O uso dessas pas resulta em
uma maior uniformidade do escoamento na regido de saida, aumentando a area efetiva de passagem do escoamento e,
desta forma, a vazdo gerada pelo rotor.

Evidentemente, metodologias integrais sdo incapazes de prever alguns aspectos importantes do escoamento. A Fig.
8 representa, por exemplo, o campo de velocidade do escoamento na regido de entrada do rotor. Observa-se que o
campo de velocidade ¢ muito diferente da hipotese de escoamento uniforme, geralmente adotada em formulagdes
integrais. Verifica-se de fato que existe uma variagcdo nas magnitudes da velocidade entre 10 m/s, na aresta de pressdo
no raio interno do rotor, € 90 m/s, no raio externo.

Outro aspecto ndo contemplado pela analise integral € a avaliagdo da presenca de escoamento supersdnico ao longo
do rotor. Os resultados para o niimero de Mach junto & superficie do rotor na Fig. 9 mostram uma regido de escoamento
supersonico (M = 1,1) na jungdo entre a pa e a superficie do rotor. No entanto, o valor médio do nimero de Mach na
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saida do rotor permanece abaixo da unidade (M = 0,87), evitando a formagdo de choque de pressdo na entrada do
difusor.

Velocidade (m/s) Pressio Total (Pa)
200 160000
150000
150 140000
100 20000
110000
50 100000
0 90000
80000
70000
80000
50000

40000 5000

zﬁﬂ_,wﬁ\\ 110000
&

-

(a) (b)

Figura 7. Campos de velocidade (a) e de pressdo total (b) em um corte transversal ao longo do rotor.

Velocidade (m/s)
100

75

50

25

0

Figura 8. Resultado para velocidade do escoamento na entrada no rotor.

Numero de Mach
1.10

0.82
0.55
0.27
0,00

Figura 9. Resultado para valores de nimero de Mach junto a superficie do rotor.

PROXIMA




4. CONCLUSOES

O presente trabalho considerou a simulagdo do escoamento através do rotor de um compressor centrifugo de alta
velocidade. Uma vez que o regime de escoamento em rotor é turbulento, com niimeros de Reynolds tipicamente acima
de 100.000, um modelo de turbuléncia foi utilizado para a previsdo do escoamento.

As simulagdes numéricas foram realizadas para o escoamento através do rotor do 1° estagio de um compressor
centrifugo, projetado para suprir uma capacidade de refrigeragdo de 17,6 kW, utilizando o fluido R601a, na condigdo de
operacdo HBP. As equagdes governantes foram resolvidas numericamente através da metodologia dos volumes finitos,
com o emprego de um codigo comercial. Uma andlise de erros de truncamento foi realizada através do refino
sistematico da malha computacional.

Resultados para os campos de pressdo total e de velocidade foram apresentados e possibilitaram uma andlise
detalhada do escoamento. Além disto, resultados para grandezas turbulentas junto as superficies do rotor e da carcaga
externa permitiram uma complementagdo desta analise e uma verificagdo da aplicagdo correta das condigdes de
contorno. A simulagdo tridimensional do escoamento no rotor permitiu identificar uma série de fenomenos que ndo
podem ser previstos por formulagdes integrais, tais como regides de ndo uniformidade nos niveis de velocidade na
entrada e na saida do rotor.
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Abstract: Este projeto visa estudar uma forma de controle da separacdo da camada limite, que € o controle de escoamento
a partir de excitagbes periodicas, diferindo dos tradicionais métodos atualmente empregados na aviagdo, como por
exemplo, 0 emprego de slots, wing fences e geradores de vortices.

Dentre as vantagens do uso de excitacao periddicas no controle de escoamento, pode-se citar: grande eficiéncia no atraso
da separacdo da camada limite, permitindo coeficientes de sustentacdo maiores e reducdo do arrasto; consideravel
diminuico de peso quando confrontado a varios métodos convencionais, a possibilidade de modificacBes de
carregamentos sem produzir esforgos excessivos aos componentes estruturais do avido e a possibilidade de desligamento
do sistema.

O objetivo deste trabalho é aprofundar o conhecimento sobre essa forma de controle de escoamento, sendo empregado
para tal fim um instrumental especifico. Foi construido um mini-tinel com um difusor na saida e as excitagcdes foram
aplicadas paralelamente ao escoamento, junto a uma das paredes do difusor. O efeito do jato sintético no escoamento e foi
medido por meio de um tubo de Pitot ligado a um sistema de aquisi¢éo de dados.

Keywords: camada limite, controle de escoamento, excitagcdes periodicas, excitacdo hidrodinamica, jatos sintéticos,
transigao.

1. INTRODUCAO

A separacdo da camada limite é geralmente relacionada ao descolamento do fluido da superficie sélida, causado por
certos fatores, como por exemplo, um gradiente adverso de pressdo severo, analisado por Simpson (1989), ou uma
aberracdo geométrica, como relatado por Bradshaw e Wong (1972). A separagdo esta quase sempre associada a depreciacao
de alguns parametros aerodinamicos, incluindo perdas de sustentacdo e aumento do arrasto.

O controle dessa separacdo por excitacdo periodicas apresenta importancia significativa em dareas relacionadas a
engenharia, em campos como mecanico e aeroespacial, por isso vem sendo amplamente estudado nas Ultimas décadas. Por
exemplo, o controle de separagdo da camada limite de escoamento externo foi estudado por Béra et al (2000) para cilindros,
e por Seifert et al (1993) e MacManus e Magill (1997) para asas. Nos Gltimos casos, o controle aplicado proximo a parede
proporcionou um atraso na separacdo da camada limite e um aumento da sustentacéo.

Quando o fluxo é controlado por meio de oscilagdes periddicas, estas podem ser obtidas através de fendas bi-
dimensionais por onde atuam equipamentos acusticos/alto-falantes (Béra et al, 2003), pistbes, sistema de valvulas ou por
atuadores piezelétricos acoplados a diafragmas (Pack e Seifert, 1999 e Smith e Glezer, 2002). Além disso, perturbacdes no
escoamento também podem ser geradas por atuadores montados sobre a superficie analisada, como € o caso dos fliperons
(Greenblatt e Wygnanski, 2000).

As excitagdes periddicas aceleram e regulam a formacdo de estruturas coerentes, principalmente quando o escoamento
principal é instavel, transferindo quantidade de momento linear (momentum) através da camada de mistura, como
observado por Oster et al (1978) e Browand e Ho (1983). O coeficiente de momentum (Cu) para uma configuragéo de fenda
bi-dimensional é definido de acordo com a Eq. (1):

Cu=pUiG/0.5p,. UL (1)

onde p é a densidade do ar, U é a velocidade do jato, ] refere-se ao jato 2D promovido pela excitagdo, oo indica o
escoamento vindo do duto, G é a largura da fenda por onde é inserida a excitagdo e L € o comprimento do corpo tomado em
consideracdo, como a corda de um flap ou o comprimento da parede do difusor.

Em aplicacdes especificas em aerofélios, alguns experimentos mostraram que as excitagcdes periodicas podem atrasar a
separacdo da camada limite, fazendo com que a variagdo do coeficiente de sustentacdo maximo (ACpnax) aumente em até
120%, e que a variacdo do coeficiente de sustentacdo (AC.) ap6s o estol seja elevado em 240%, como pode ser observado
por meio dos resultados obtidos por Smith et al (1998) e Amitay et al (1998).
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O presente trabalho busca a andlise das modificages que excitacdes periddicas proporcionam a um escoamento, mais
especificamente a avaliagdo do comportamento de um difusor bi-dimensional de grande angulo. Os atuadores nédo
adicionam massa de maneira significativa ao escoamento, pois caso isso ocorresse estaria sendo produzido um mecanismo
semelhante ao de sucg¢do/sopro, o qual ndo é de interesse deste estudo.

Dentre as vantagens do uso de excitagdo periddicas no controle de escoamento, pode-se citar: grande eficiéncia no
retardo da separacdo da camada limite, permitindo coeficientes de sustentacdo mais altos e menor do arrasto; consideravel
diminuicéo de peso quando confrontado a varios métodos convencionais, a possibilidade de modificacdes de carregamentos
sem produzir esforgos excessivos aos componentes estruturais do avido, a possibilidade de desligamento do sistema e maior
eficiéncia ao ser comparado a sistemas de succao/sopro uniforme.

2. APARATO EXPERIMENTAL
2.1 Instalages do duto

Para realizacdo do experimento foi montado um duto em MDF com comprimento igual a 1450 mm, se¢do interna
retangular de altura 190 mm e largura 25 mm. Na entrada do duto esta acoplada uma contracgéo, que apresenta na saida uma
secdo com as mesmas dimensoes internas do duto, e na sua entrada uma se¢do quadrada com lado de 120 mm. Neste ponto
esta instalada uma ventoinha, responsavel por produzir o escoamento.

Na saida do duto foi montado um difusor com &ngulo de abertura varidvel, mostrado na Fig. 1. Os componentes fixos
aos eixos de rotagdo, em destaque na Fig. 1, podem girar, promovendo a mudanga do angulo do difusor. Ja todas as outras
estruturas que aparecem na Fig. 1 sdo fixas as paredes superior e inferior do duto.

As paredes representadas em cinza na Fig. 1 tém a mesma altura da se¢do interna do duto, 190 mm, e comprimento total
igual a 53 mm, sendo que a circunferéncia possui raio igual a 7,5 mm (detalhes na Fig. 2).

Para realizacdo das medidas dos angulos de abertura do difusor foi instalado sobre a parede superior do duto um
conjunto de transferidores, mostrados na Fig. 3, ligados diretamente aos eixos de rotacdo.

Figura 1: Difusor de Geometria Variavel (corte com vista superior)
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Figura 2: Vista superior da parede do difusor (dimensfes em mm)

Figura 3: Transferidores usados para medicao do angulo de abertura do difusor

Em ambos os lados da porc¢do final do duto, existe uma fenda, destacadas na Fig. 1, ao longo de toda altura das paredes
laterais, com largura de 1 mm. Em uma destas fendas esta instalado um canal, mostrado na Fig. 3, por onde séo inseridas as
excitacdes periddicas senoidais, geradas a partir de um subwoofer. A freqiiéncia de excitacdo reduzida F*, descrita na Eq.
(2), seré& escolhida de modo que seu valor seja proximo de 1, ja que nesse caso obtém-se a freqliéncia reduzida 6tima, de
acordo com Greenblatt e Wygnanski (2000), proporcionando a maior perturbacdo ao escoamento do duto principal

F'=Xefe/ Uy, 2

onde X € a distancia do atuador ao bordo de fuga da parede do flap, neste caso a parede do difusor, f.é a freqiéncia de
excitacdo e U,, é a velocidade do escoamento do duto principal.

As perturbacdes produzidas pelas excitagbes perioddicas serdo adicionadas ao escoamento na dire¢do tangencial ao
escoamento principal, pois assim proporcionam maior eficacia na atuagdo, de acordo com Pack e Seifert (1999)

Os perfis de velocidade do escoamento foram medidos por meio de um tubo de Pitot, em diferentes pontos da saida do
difusor, com o auxilio de um posicionador, construido no laboratério, controlado por meio de um circuito eletronico e por
um programa computacional montados neste projeto.
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3. RESULTADOS E INTERPRETACOES

As excitacOes utilizadas no experimento foram geradas pelo movimento do diafragma do alto-falante em sua camara, ao
qual era aplicado um sinal senoidal de tensdo. As excitacdes eram, portanto, senoidais no dominio do tempo.Efetuaram-se
varreduras nos casos de jato sem excitagdo ou excitado nas freqiiéncias 50 Hz, 100 Hz ou 202 Hz, sendo que em todas as
medicdes a abertura do difusor foi mantida fixa, com meio-angulo igual a 45°.

A Tab.1 contém, para cada caso, os valores de pressdo atmosférica (Pym), temperatura (T), densidade (p) e vazéo (Q).

Tabela 1: Pressdo atmosférica, temperatura, densidade e vazao.

Frequéncia (Hz) Patm (KPa) T(K) p (kg/m?) Q (x 102md/s)
Sem excitacdo 91,7 301 1,07 2,0
50 91,9 301 1,07 2,6
100 91,7 301 1,07 3,1
202 91,7 299 1,07 2,8

Figura 4: Saida do duto, em destaque o sistema de coordenadas adotado no experimento
A Fig. 5 exibe os perfis de velocidade obtidos nas medicdes de velocidade. Os valores de y (coordenadas destacadas na

Fig. 4) foram adimensionalizados dividindo-os por yt = 25 mm, a largura do duto, enquanto a velocidade foi dividida pela
velocidade méaxima, Unax, igual a 4,286 m/s.
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Figura 5: Perfis de velocidade do jato

Comparando-se os perfis de velocidade obtidos para os casos “Sem excitacdo”, “50 Hz” e “100 Hz” nota-se evidente
mudanca da velocidade do escoamento: ao se excitar o jato, mediram-se velocidades maiores, nos pontos préximos a regiao
de excitacdo para os mesmos pontos (valores de y/yt), que no escoamento ndo-excitado. A introducdo de excitacdo a 202
Hz, porém, resultou em discreta alteracdo das velocidades. Alem disso, nos trés casos 0s jatos sintéticos promoveram a
vetorizacdo do escoamento principal para o lado onde a excitacdo era inserida.

Tabela 2. Frequiéncias reduzidas equivalentes, para as freqliéncias usadas no experimento

Freqliéncia de Excitacao Freqliéncia Reduzida
50 Hz 0.53
100 Hz 1.06
202 Hz 2.14

Pode-se perceber, pela Tab. 3, a consisténcia do modelo escolhido, ja que a freqiiéncia reduzida mais efetiva é aquela
mais proxima de 1, e em 2 ela ja perde eficiéncia, de acordo com Nishri e Wygnanski (1998).

Greenblatt e Wygnanski (2000) concluiram que a quantidade de movimento inserida no escoamento com as excitagdes
desempenha importante papel na eficicia da vetorizagdo. Esta quantidade de movimento é composta por uma parcela média
e uma oscilante no tempo. A primeira, também chamada de “permanente”, é obtida a partir da média temporal da
velocidade dos sopros e sucgdes constituintes da excitacdo. Obtém-se a parcela oscilante, ou “oscilatéria”, a partir da RMS
da componente oscilatoria da excitagao.

E preciso lembrar que tubos de Pitot apresentam grande imprecisio ao medirem velocidades de escoamentos
desalinhados em mais de 20° com a direcdo axial do tubo. Neste experimento, em que o meio angulo do difusor é de 45° e
constata-se vetorizagdo do jato, as medidas de velocidade ndo sdo de precisdo confidveis. Contudo, as diferencas de
velocidade encontradas, associadas a visualiza¢do do escoamento da saida do duto, sdo suficientes ao convencimento sobre
a existéncia da vetorizacao.

De acordo com a Tab. 1, a quantidade de movimento do escoamento sofreu alteracdo de até 55% ao se excitar o jato.
Sabe-se que diferentes configuragcbes do escoamento em difusores acarretam diferentes vazdes de escoamento, mas a
imprecisdo das medidas de velocidade nédo permite atribuir a variacdo de vazdo somente aos efeitos decorrentes da excitacdo
do escoamento.

Foram fixadas tiras de fitas adesivas na saida das fendas com o objetivo de, vendado-as, verificar que se a vetorizagdo do
jato nédo era causada pela excitagao acustica do escoamento. Foi empregada uma freqiiéncia de excitagéo igual a 100Hz, sob
as mesmas condicOes ambientes da excitagdo de 100Hz com as fendas desobstruidas.
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Figura 6: Comparacéo dos perfis de velocidade do jato sem excitacdo e a 100Hz com as fendas obstruidas

Ao se analisar a Fig. 6, pode-se perceber que o perfil de velocidades do escoamento praticamente ndo sofreu alteracéo
quando a frequiéncia das excitacdes periddicas foi de 100Hz e as fendas foram cobertas por fitas. 1sso mostra que os jatos
periddicos sdo responsaveis pela mudanca de velocidade do escoamento do duto principal.
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Abstract. A deeper understanding of the limitations of RANS methodology is gained through a series of numerical
simulations of the incompressible flow around a thin flat plate of infinite wingspan at small incidences. In this flow, a
thin recirculation zone with highly anisotropic turbulent structures is formed close to the leading edge after boundary
layer separation. The importance of capturing anisotropy is thoroughly examined and quantitatively accessed in this
paper, through a number of simulations employing several RANS approaches with different levels of anisotropy
representation, ranging from the x— SST 2-equation model, to the more complex Reynolds Stress Tensor Model
(RSM). Because two equation RANS models, such as the k- SST, assumes isotropic modeling of the Reynolds tensor,
they fail to reproduce some important features of this particular flow. To account for the anisotropy, the Reynolds
Stress Tensor Model (RSM) solves an additional set of transport equations for the Reynolds stress tensor, which
provides better results for both first and second order statistics, at the expense of increased computational cost and
convergence difficulties. Intermediate alternatives that attempt to better represent anisotropy without a specific
transport equation for the Reynolds tensor, such as v’f, are also presented to provide a broader perspective on how
much is gained by the different levels of anisotropy representation.

Keywords: flat plate, shallow incidence, RANS, LES, reattachment.
1. INTRODUCTION

Turbulent numerical simulations with the Reynolds Averaging Navier-Stokes methodology (RANS) present three main
inherent weaknesses. The first one relates to its steady state regime, in which every transient evolution is sumarely
supressed from the simulation and left to be modeled by transport equations involving a lot of heuristic assumptions, not
rarely leading to unphysical behaviors. The second weakness regards its unability to capture three dimensional vortex
brakedown, whose role in turbulent evolution is well know and too important to be discarded. In fact, for a flow with a
homogeneous direction in the statistical sense, like an airfoil with an infinite wingspan, even if a three dimensional mesh is
employed, RANS simulations will never be able to predict different evolutions for each of the cross-sections, simply
because it is a steady state methodology which only deals with statistical fields. Since this kind of flow is statistically
homogeneous in one direction, say, the wingspan, every cross-section of the geometry will have the same resulting field
from RANS. Therefore, with traditional assumptions that relates transport of momentum and other physical quantities to
the gradient of the fields, no variable can be transported in the wingspan direction, and no vortex brakedown can be
correctly captured. A third weakness inherent to many RANS models is related to the Boussinesq hypotheses, by which the
Reynolds stress tensor is supposed aligned with the strain rate by means of a turbulent viscosity. In two dimensional flows,
it can be mathemathically shown that this implies that, discounting the homogeneous direction elements, the remaining
Reynolds stress is isotropic. This latter issue means that those RANS models based on the Boussinesq hypotheses are not
expected to correctly predict situations involving flows with strong anisotropy.

The first and second of the above mentioned weakness can be only overcome if a transient formulation of the RANS
equations is employed, which is known in the literature as Unsteady Reynolds Averaging Navier-Stokes methodology
(URANS). Very often, however, the dissipation levels provided by the modelling are too high to allow the development
of transient structures, and URANS reverts to traditional RANS converging to a steady state field solution.

The third of the above mentioned weakness is overcome by a class of models known as Reynolds Stress Models, in
which, instead of the Boussinesq hypothesis, a transport equation for the Reynolds stress tensor is derived, which at least in
principle allows the correct prediction of turbulent anisotropies. Some intermediate models, like the v*f from Durbin
(1991), still assumes a turbulent effective viscosity, but use different components of the velocity fluctuations to calculate
how much turbulent mixing should be added to the original equations. Although in this latter case no improvement is
expected regarding the limitations to capture anisotropic structures, Durbin claims that at least the correct near-wall
damping, which is directely influenced by the near-wall anisotropy of fluctuations, can be better represented.

The goal of this work is to isolate and understand the implications of each of these inherent limitations presented by
RANS methodology. In order to do so, we chose the incompressible flow over a thin flat plate at small incidence as the
test case, which is a very challenging scenario for turbulence modelling with its strong anisotropies.

The mesh for RANS solutions investigated here was chosen after a careful convergence study so that it is fine
enough to resolve near wall structures, with the maximum value of y* equal to 1.

Three different levels of RANS modelling were tested and compared to both LES and experimental data available in
the literature: firstly, the simple two equation k-o SST model was employed to help understand the limitations of this
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basic and traditional model; secondly, an intermediate step towards complete Reynolds Stress Model (RSM) was
investigated, using Durbin’s v*f model; finnaly the complete RSM from (Launder, 1989) was tested to give an idea
about what can ultimately be achieved before breaking the barrier of 2D steady-state simulations to invest in a more
expensive transient or even 3D simulation.

2. TEST CASE -FLOW OVER A THIN FLAT PLATE

The understanding of the flow around thin flat plate at shallow incidence can help in the design of airfoils and sails
(Cyr, Newman, 1996), as well as flexible wing-based micro air vehicles (Lian and Shyy, 2005). The flow around an
inclined flat plate with a sharp leading edge, as shown in Fig. 1, results in a long and thin bubble, denominated “thin
aerofoil bubble” (Gault, 1957). At zero incidence angle, the stream is laminar and attached on both sides, generating
zero lift (assuming equal surface profiles). If the plate has an incidence angle, the stagnation point moves to the inferior
surface. The boundary layer around the leading edge is very thin, and it is expected to separate immediately, due to the
flow direction change. The fixed separation point leads to the hypothesis that the flow will be insensitive to a change in
Reynolds number, as long as laminar to turbulent shear-layer transition occurs soon after separation. According to
experimental data (Crompton, 2001) this happens for Reynolds numbers above 10°.

SEPARATED
SHEAR LAYER

DIVIDING STREAMLINE

SEPARATION

STAGNATION

Figure 1. Simplified model of a thin aerofoil separation bubble.

The thin aerofoil bubble created on a plate with a sharp leading edge is characterized by a flow separation at the
leading edge with a consequent reattachment to the upper surface at a point which moves gradually downstream with
increasing incidence. If the incidence angle is sufficiently small (usually smaller than 5 degrees), the flow reattaches. As
shown in Fig. 1, there is a dividing streamline which demarcates the bubble from the outer flow and which rejoins the
surface at the reattachment point. For angles greater than 5 degrees, there is no reattachment point, and the bubble
enlarges downstream into the wake (Newman and Tse, 1992).

Subsequent to separation, the lack of a wall viscous damping and the intrinsic instability of the curved streamlines
make the shear layer suffer a quick transition to turbulent regime very close to the leading edge. The turbulent shear
layer thickens rapidly and has a high entrainment rate; it then reattaches further downstream where the streamlines
bifurcate. One branch goes back towards the leading edge to feed the shear layer. The resultant backflow reduces the
pressure at the surface and in turn helps to bend the shear layer back to the reattachment point. If the chord is long
enough to allow a reattachment, the other branch is driven downstream in the form of an attached turbulent boundary
layer until it reaches the trailing edge.

From an academic point of view, this flow configuration provides an interesting and challenging test case where
several aspects of turbulence modelling and numerical schemes can be examined. Because of its rich variety of
important turbulent phenomena, specially its strongly anisotropic structures, several traditional turbulence modelling
fail to predict even the simpler first order velocity statistics, pressure coefficients, and crytical characteristics such as the
reattachment length. In some ways, it can be considered the external version of the classic backward facing step
benchmark test case (Choi, Moin, 1994). In fact, both test cases present a very well-defined point of separation,
determined by a sharp edge in the geometry from where a stream of vortices are shed, a principal recirculating structure,
and not rarely further separations and reattachments are observed in the mean velocity field, in the form of secondary
recirculation bubbles. However, the level of turbulence anisotropy that can be obtained in the flow around thin flat plate
is not achievable by simple backward facing step configuration. Added to the larger computational domain, which
requires several compromises in the mesh design to obtain correct representation of structures of different sizes while
keeping the total computational cost feasible, this external version of the backward facing step can be considered a lot
more challenging and an important tool for validate and develop better turbulence modelling approachs.

This complex flow around a plate at the shallow incidence has been experimentally investigated by Crompton
(2001). Detailed velocity and turbulence statistics were measured in wind tunnel for the leading edge bubble with the
use of Laser Doppler Anemometry (LDV) for inclination angles of the flat plate varying from 1 to 5 degrees with a
Reynolds number chord of 2.13 x 10°. Following the work of Crompton, numerical studies based on Reynolds Average
Navier-Stokes methodology (RANS) with the x—® and SST models were developed by Collie (2005). Sampaio et al.
(2006a, 2006b) examined the same configuration employing the expensive Large-Eddy Simulations. The mesh for LES
(Sampaio et al., 2006a, 2006b) had a maximum value of y* equal to 10, in order to keep computational costs down.
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Notwithstanding this small relaxation regarding general recommendations for LES, the results were accurate enough to
serve as a basis for the present numerical study.

2. MATHEMATICAL MODEL

The Reynolds-averaged approach is based on decomposing the velocity as u = u+ u’ where u is the average
velocity vector and u' the velocity vector fluctuation. The average continuity and momentum equation (RANS), for a
steady state incompressible flow is given by

Veu=0 ; Ve(uu)=-VE)+oV2u+Ve(-u u) 1)
P

where @ is the mean velocity vector, p is the density, v=u/p is the cinematic viscosity, x is the molecular viscosity, p
is the pressure. Equation (1) has the same form of the Navier-Stokes equation, but now it has an additional term, the
turbulent Reynolds stress term,— u' u', representing the influence of the fluctuation on the average flow. In order to
close Eq. (1), the turbulent Reynolds stress must be determined. It can be modeled based on the Boussinesq hypothesis,

where the turbulent stress is obtained through an analogy with Stokes law, i.e., the stress is proportional to the
deformation rate,

—u'u':ut(Vﬁ+Vﬁ)T—§K6 )

where « is the turbulent kinetic energy and v, is the turbulence viscosity, which is defined in accordance with the
models, or —u' u' is directly determined through the solution of its conservation equations.

2.1. SST k-0 MODEL

The Shear-Stress Transport (SST) x—« model (Menter, 2003) model was proposed for aeronautical flows
simulations with strong adverse pressure gradients and separation with the best behavior of the x—¢and x—o models.
For boundary layers flows, the x—» model is superior to the x—& model in the solution of the viscous near-wall region,
and has been successful in problems involving adverse pressure gradients. Nevertheless, the x—» model requires a non-
zero boundary condition on @ for non-turbulent free-stream, and the calculated flow is very sensitive to the value
specified (Menter, 1992). It has also been shown (Cazalbou et a/ , 1993) that the x-& model does not suffer this
deficiency.

The SST model blends the robust and precise formulation of the x—® model close to walls with the free-stream
independence of the x—smodel outside the boundary layer. To accomplish this, the x—emodel is written in terms of w.
Then the standard x—o model and the transformed x—< model are both multiplied by a blending function and both models
are added together. This blending function F; is zero (leading to the standard x—w model) at the inner edge of a turbulent
boundary layer and blend to a unitary value (corresponding to the standard x—s model) at the outer edge of the layer.

The turbulent eddy viscosity is formulated as follows:

2k 5000

0.09 w y’ y2w

; Sji
max (1 3 S Fp /(0.31 a))) vo2

) ()

u, Ou;
v, = xklo l[au, L oY

; Fo =tanh(¢2j ; @ = max (
8Xj ax,-

where S = (2 S, S;)*° is the modulus of the mean rate-of-strain tensor Sj, and F; is the blending function for the
turbulent eddy viscosity in the SST model. The turbulent kinetic energy x and specific dissipation rate o of the SST
model (Menter, 2003) can be determined by the solution of the respective conservation equation, where the set of closure
constants for the SST model ¢are calculated using a blend between the constants ¢, of the standard x—w and and ¢, of
the x—¢ model as ¢=F1 ¢1 +(l - F]) ¢2.

2.2. THE v’-f MODEL

As mentioned before, the Boussinesq hypothesis is expected to fail wherever the flow turbulence presents high
levels of anisotropy. In this context, near-wall regions always present a challenge since the impermeable condition
imposes stronger damping to the wall-normal component of the second order fluctuations in comparison to the others.
Two alternatives that take into account this near-wall anisotropy are possible. One is to completely abandon the
Boussinesq hypothesis and try to predict directly the complete Reynolds tensor. Another idea consists of keeping the
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isotropic viscosity assumption, but using some information about the anisotropy when deriving an expression to
calculate the turbulent viscosity. This latter possibility still implies that the resulting tensor is isotropic but at least the
turbulent viscosity is not tied to the isotropic component, but captures the correct anisotropy development as one
approaches the wall.

Durbin (1991) has explored this latter idea by using, in addition to the traditional equations for the kinetic energy «

and dissipation rate & a new equation for an imaginary turbulent normal stress, v'> and an elliptic equation for a field
to account for the pressure wall-reflection.

2 2 2 2
AN R o | B R A &)
ot oxp  Ox Ok ) Oxp K
20 f alv? 2 V2 o1 v o
1
L ———-f=—|—-=|-2Cyp C,—TS —-=|6—-= 5
o 2 / T| x 3 2 Mpr e T K 3 ®)
Xk
The time scale 7 and length scale L are given by:
© L K3/2 03/4
T =max| —, 6 ,[— ; L = C; max , C 6
e P L c n 174 ©

Finally, after a modification proposed Sveningsson and Davidson, aiming to guarantee that v/~ < 2/3 x and to
improve numerical stability, the viscosity is given by

2 J—
. K '
Hy = m"{p Cu,ke P PCuy2f v ’ T] @)

2.3. THE REYNOLDS STRESS MODEL (RSM) MODEL

Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the Reynolds-averaged Navier-Stokes
equations by solving transport equations for the Reynolds stresses, together with an equation for the dissipation rate.
This means that five additional transport equations are required in 2D simulations. The Reynolds stress transport
equation can be derived from the Navier-Stokes equation as

ou: u'; ou: u'; ou: u';
ot 0 x, 0 xj, Ok ) Oxp 3
where
ou; ou:
P = u uj Lou's u) ! 9
ij { i Uk an j Yk aka ( )

P; is the stress production, y; is pressure strain, which needs modeling and ¢ is the dissipation, obtained by the solution
of its conservation equation, like the traditional k—< model.

3. RESULTS

The thin flat plate proposed by Crompton (2000) was modeled with the geometry described in Fig. 2. The plate has a
chord length ¢ of 160 mm and a span of 800 mm giving an aspect ratio of 5, which is sufficient to assume nominally
two-dimensional flow.

The reattachment length was found by Crompton (2000) to be independent of Reynolds number for Re above 10°,
where Re is defined as Re= U, ¢ /v, U, is the free stream velocity, and ¢ the chord length. The wind tunnel
investigation was carried at Re = 2.13 x 10° and this Reynolds number is used to compare the turbulence models and
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the experiments. Attack angles, o = 1 to 5 degrees, are available in experimental data in 1 degree intervals. At
inclination of 5 degrees the flow is separated for the majority of the length of the plate. The LDV measurements for the
mean velocity and a few turbulent quantities over the plate are available at Crompton’s study (2000).

Figure 3 shows the computational domain used in simulations, which was defined based on the work of Collie
(2005). At the inlet, the Cartesian components of velocity are set according to the angle of attack and the turbulence
intensity of the freestream defined as

l(ﬁ+w+w'w’) 2
4/:— > = —
3 U4 3

|

(10)

8N

U

where z is set as 0.05%, as measured in wind tunnel (Crompton, 2000). Constant pressure equal to the freestream p.,

was set at the outlet.
QUTLET

— 160mm — -

20° 6mm

INLET

Figure 2. Thin flat plate dimensions. Figure 3. Domain details.

The mesh was created in the software GAMBIT with 1.5 x 10° cells, a slightly larger number of points than
employed by Collie (2005), based on a grid convergence study performed by him. The distance of first node above the
plate was designed as 6.25 x 10 ¢ (c is the length of the chord) to guarantee y*=(7/p)° y/v around 1, which is the
value indicated for both RANS models selected, where z, is the wall shear stress.

The flow field was determined with the commercial software Fluent (2006) for models k—® SST and RSM and with
the open source FOAM for the v>-f model. Both codes are based in Finite Volume Method. The QUICK scheme (Leonard,
1979) was employed in all cases to discretize the governing equations. The pressure-velocity coupling was handled by the
SIMPLE algorithm. The system of algebraic equation was solved with the Multgrid method (Hutchinson and Raithby,
1986). The problem was considered converged when the maximum residue of all equations was smaller than 10,

3.1. Mean velocities profiles

Due to the abrupt geometry at the main extremity, a long and thin bubble is created at the leading edged just after
the separation of the boundary layer. If the inclination angle is positive, the stagnation point will be located below the
surface of the plate and due to the high inertial forces (high Reynolds number) the particles do not follow the abrupt
curvature of the extremity and separation occurs. The separated shear layer is unstable and transition rapidly occurs.
After transition, a rapid development of the shear layer occurs due the high rate of turbulence entrainment, which bends
the streamlines toward the surface of the plate at the reattachment point X;. Now, due to the favorable pressure gradient
existent between the larger pressure point in the reattachment point and the minimum pressure point close to the bubble
center, the portion of the flow that goes back to the leading edge suffers a relaminarization process. The boundary layer
of this portion of the flow moves forward to the leading edge becoming again laminar and ready to suffer a second
separation, generating a secondary recirculation bubble, since there is another adverse pressure gradient at the minimum
pressure point in the center of the bubble to the leading edge. This second very small bubble is very hard to be
predicted, and it was not captured by any RANS models.

The numerical prediction of the reattachment lengths (X;) obtained with the different turbulence models are
presented in Table 1. The results obtained by Collie (2005) with the x—@ and SST models employing the CFX software
(Ansys, 2007) are also presented in the same table. The SST, which is formed by a blending of the x—« model with the
x—e model, provided a better result. The present SST model predictions differ from Collie’s results by approximately
2%, due to more refined mesh than the Collie’s mesh, as well as software's implementations. The v>-f model over
predicts the experimental reattachment length and RSM model under predicts this value. The LES (Sampaio et al.,
20064, 2006b) methodology was able to predict a reattachment length with excellent agreement with experimental data,

in spite of the coarse mesh employed for a LES model.
HOME PROXIMA




EPTT 2008 6% Escola de Primavera de Transic&o e Turbuléncia
Copyright © 2008 by ABCM 22 a 26 de setembro de 2008, Séo Carlos, SP

Table 1 — Normalized reattachment lengths (X) and respective errors.

Experimental SST RSM ve-f K- SST Sampaio et al.
Crompton (2000) (Collie, 2005) | (Collie, 2005) (2006a)
Xr/c 0.14 0.147 0.116 0.183 0.184 0.149 0.139
error 540% | 17.14% | 31% 24% 5.80% 0.40%

The mean velocities profiles obtained with «—o SST , v?-f and RSM models are compared with the experimental
data of Crompton (2000) at four stations in Figs. 4. The first two stations are located inside the bubble, while the third
and forth stations are outside the bubble. The results obtained with the SST model by Collie (2005) were very similar to
the present SST results and are omitted for clarity reason. LES results obtained by Sampaio et al. (2006a, 2006b) are
also included in Fig. 4.

0.1 : ‘ ‘ 0.1
* exp | |
0.08f """ | B 0.08) "
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B B
0.04 0.04
0.02 0.02
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* exp * exp | |
0.081 """ LES 0.081"""LES L. |
v2f ;
0.06f =~ SST 0.06! |
g l=rem] T
0.04f - T T : 0.04
0.02 - - = 4 0.02
8s 0 )
(c) x/c = 0.250 (d) x/c=0.375

Figure 4. Velocities profiles for incidence angle 6 =1°.

The reversed flow in the leading edge bubble experiences relaminarisation and the boundary layer begins to show
laminar features. The velocity profiles, in the two initial stations ( x/c = 0.031 ; 0.125) of Fig. 4, which are inside the
bubble, show that the experimental data has a more laminar profile in comparison with the prediction of the RANS
turbulence models, which experience a sharp increase in velocity over the near-wall region. To simulate the process of
relaminarization an appropriate transition model is required which is not provided by the RANS models investigated,
consequently these models predicted greater velocity gradient in this wall region. On the other hand, the LES results
showed a good agreement with experimental data for the two first stations inside the bubble (Figs. 4a and 4b). However,
the agreement deteriorates at station 3, outside the bubble (Fig. 4c), where the velocity recovery is slower, while the RANS
models predicted a faster recovery. Downstream from the bubble, it also seems that there is too much slipping in the RSM
simulation, as if the layers of fluid adjacent to the wall experience less friction than the above layers. The result is a
distortion of the profile, where the near wall layer gets a bit of more acceleration compared to other models. Collie (2005)
attributes the discrepancies between the turbulence models and experimental results to the influence of wind tunnel in the
boundary layer, however, this assessment is difficult to quantify. Sampaio et al (2006a) attributed the discrepancy of the
LES model with the experimental data at this station to the mesh refinement. The present paper prefers to explain the

discrepancies of the RANS models to their inability to capture the anisotropy of flow near the wall.
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3.2. Pressure Distributions

The pressure distribution is analyzed through the pressure coefficient defined as
Cp = (P = P) 05 p UZ) (11)

where p is the static pressure, p., and U,, are the freestream pressure and velocity.

Figure 5 presents the variation of the pressure coefficient along the plate for & =1°. Again the RANS models k-
SST, vA-f and RSM are compared with the experimental data. These results confirm the discussion of the previous
section, i.e., the turbulence models overpredicted the velocity magnitude near the wall, therefore, as expected the
pressure distribution is underpredicted. In Figure 5, the LES results by Sampaio et al. (2006a, 2006b) were also
included. It is worth noticing that the pressure coefficient was almost perfectly predicted by Large-Eddy Simulations.
None of the RANS models were able to correctly capture the formation of the recirculation zone, with a distinguished
suction right inside this region. Apparently, all RANS presented the same sort of intrinsic weakness that resulted in a
minimum of pressure too close to the leading edge, followed by a rapidly drop in the pressure coefficient, which should
otherwise be sustained a bit longer. All RANS models also underpredicted the pressure coefficient downstream of the
reattachment point, where the LES was quite good.

In the interior of the thin airfoil bubble the pressure is mainly determined by the shear layer curvature, in other
words, stronger streamline curvature will lead to smaller pressure. Due to the difficulty of the turbulence models to
predict with accuracy the transition position and resolution of the secondary bubble, these models demonstrate an
inferior and flatter suction peak. These results encourage the investigation of these higher angles with LES, in spite of
being much more expensive.

1
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Figure 5. Pressure Coefficient for angle of attack 1°
3.3. Second order statistics

Turbulence is known to exert significant influence over development of downstream flow, most notably when
separation is imminent. Although it is not the case in this particular study because the plate is flat, in future simulations one
may be interested in simulating curved airfoils which may be prone to stall. In that case, the correct prediction of turbulent

fluctuations is of paramount importance and for this reason we also present the main results for the component ' u".

Figure 5 presents the component «'u" for the same four stations located along the plate. It is clear that both LES
and RSM were satisfactorily accurate, compared to the other models. Although the curve tendency at the first station
and its quick changes in derivative near the wall were not correctly captured by RSM, it can be said that the general
behavior, magnitude of the peaks and other aspects were reasonably well predicted, even if compared to much more
expensive LES. In fact, in the other three stations, RSM results seems even superior to LES.

For turbulent boundary layers the SST model uses standard x—w in the near-wall region and then blends to the
standard x—s model across the outer region of boundary layer. Nevertheless inside the thin airfoil bubble the SST
model blends x—¢ across the inner region of the bubble so that the s—equation is solved across the shear layer. Therefore
it appears that the e—equation predicts a lower dissipation of turbulence which leads an over prediction of turbulence in
the separated shear layer. Thus the increase of turbulence is a direct result of the e-equation which actually improves
SST results. This effect is partially compensating for the model’s inability to predict the increase in the turbulence
entrainment.

The performance of v>-f was a little disappointing. As a more expensive and convergence sensitive model, one
would expect it to represent a clear improvement when compared to the x—@ SST model, which was never the case.
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Figure 6. Reynolds stress tensor, component u' u'

4. CONCLUSION

In the present work, the turbulence models of SST (Menter, 1994), v>-f (Durbin, 1991) and RSM (Launder, 1989)
were applied to determine the incompressible flow over a flat plate with a sharp leading edge, with small inclination
angles. The results were compared with experimental data of Crompton (2000) and LES simulations by Sampaio et al.
(20064, 2006b).

The mean profiles velocities presented reasonable agreement with the experimental results; however the details of
the recirculating bubble were underpredicted in size and over predicted in magnitude. The LES model prediction was
superior in relation to the pressure distribution for 8=1°, as well as the second order statistics.

No RANS model showed a clear advantage over the others, the only exception being the RSM, for the specific case
of second order turbulence, where the model presented very good results. This is by no coincidence, as the original idea
was to try to predict and follow the evolutions of the tensor. That said, it is not clear that the additional costs involved in
the RSM simulations, not to mention the difficulties to get a converged solution, did pay off in the end. In fact, the
quality of the predictions of second order statistics did not translate directly towards improvements of quantities of
practical engineering interest, like first order statistics reattachment length, Strouhal number, etc.

Durbin’s v?-f could correspond to the high expectations around it, fed by the claims that it is an intermediate model
that tries to make use of some information about anisotropy, without incurring in the higher costs associated with a full
RSM transport equation. The performance of the model was surprisingly inferior to the SST model for instance, and at a
considerable higher cost despite claims that it is a cheap model. Although it is true that it does not need a new set of six
equations, one for each of the Reynolds tensor components, it actually requires two additional equations compared to
traditional x—m, one of which is of elliptic nature.

Overall, among RANS models and considering cost-accuracy compromises, results from the SST were better. No
significant and clear advantage is brought by the use of more expensive models, unless one is really interested in second
order statistics.

The difficulty to capture the entrainment of the separated shear layer, encourage the investigation of the problem
with more demanding models such as LES and DNS.

It seems that not much can be done in this limited context of 2D steady state simulations, and if one really needs
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more accurate results, one of these constraints must be broken. Potential improvements maybe obtained by either
transient simulation or three dimensional one, as have been demonstrated by the LES results.
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Abstract. The present work shows the technique used in the turbulent flow visualization of banks of cylinders of
triangular arrangement, with the purpose of verifying the presence or not the bistable characteristic. Cylinder
arrangements submitted to turbulent cross flow are very usual in several engineering applications, as in heat
exchangers, transmission lines and pipelines. Bistability occurs in flows over sets of bluff bodies forming a flip-
flopping wake characterized by a biased flow switching at irregular intervals. As the bistability can represent an
additional source of dynamic instabilities, a study concerning this phenomenon is very important. The visualizations
were performed in a closed circuit water channel. The tube banks, compound for up to 9 cylinders of 60 mm of
diameter and 300 mm height are disposed up to 2 rows, with 5 or 4 cylinders each. The aspect ratio (p/d) chosen was
of 1.6, where “p” is the pitch or the distance between the centers of adjacent cylinders and “d” the diameter. Results
for Reynolds numbers of 7.5x10° and 1.5x10* will be shown, for tube banks with 1 and 2 rows.

Keywords: flow visualization, turbulent flow, tube banks, bistable flow.

1. INTRODUCTION

In many engineering applications a very common configuration are circular cylinders nearly disposed, like heat
exchangers, pipelines and transmission lines. Tube banks are the most used configuration for the analysis of the
phenomena that occur in various arrangement types.

According to Zdravkovich and Stonebanks (1988) the leading feature of flow-induced vibration in tube banks is the
randomness of dynamic responses of tubes, and even if the tubes are all of equal size, have the same dynamic
characteristics, are arranged in regular equidistant rows and are subjected to an uniform steady flow the dynamic
response of tubes is non-uniform and random.

As flow induced vibration and structure-fluid interaction are very dependent of the arrangement or configuration of
the cylinders (side-by-side or tandem), new studies are necessary to improve its understanding.

Flow visualizations techniques are indispensable to aid in the comprehension of the phenomena that are measured in
laboratory.

Ziada (2006) presents a flow visualization study about the vorticity shedding, acoustic resonance and turbulence
excitations in tube bundles in triangular arrangements of cylinders at various Reynolds numbers and pitch-to-diameter
ratios.

Alam et al. (2005) present a flow visualization study to the determination of flow configurations and fluid forces
acting on two staggered circular cylinders of equal diameter in cross-flow.
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2. THE BISTABLE EFECT

Bistable flow is characterized by a floppy and random phenomenon that change the flow mode, as their present in
circular cylinders placed side-by-size submitted to a turbulent cross flow.

As bistability has been found at two side-by-size cylinders classical geometry, and more recently at aligning tubes
geometry, the triangular geometry was chosen, because of its large utilization in many engineering applications, and a
need of new information about this phenomenon, that can be an addition excitation mechanism on the tubes.

Olinto (2005) determined experimentally the presence of biased and bistable flow mode of two cylinders placed in a
side-by-size arrangement in a water channel.

According Sumner et al. (1999), depending on distances between the centers of the cylinders, called pitch (p),
different flow behaviors can be found for different pitch-to-diameter ratios p/d. At intermediate pitch ratios
(1.2<p/d<2.0) the flow is characterized by a wide near-wake behind a cylinder and a narrow near-wake behind the
other, as shown in Fig. 1a and Fig. 1b. This phenomenon generates two dominants vortex-shedding frequencies, each
one associated with a wake: the narrow wake is associated with a higher frequency and the wide wake with a lower one.

Trough the gap, flow is biased towards the cylinder, and has a narrow wake. Bistable flow is characterized by switch
of this gap flow, from one side to other at irregular time intervals. According to previous studies, this pattern is
independent of Reynolds number, and it is not associated to cylinders misalignment or external influences, what suggest
an intrinsically flow feature.

(a) Mode 1

| Flow direction>

(b) Mode 2

| Flow direction>

Figure 1. Bistability scheme for (a) mode 1 and (b) mode 2.

3. OBJECTIVES

The purpose of the present paper is to describe the experimental technique applied in the flow visualizations in
banks of cylinders of triangular arrangement in a water channel, to identify or not the presence of the bistable effect.
The aspect ratio chosen was of 1.6.

4. THE EXPERIMENTAL TECHNIQUE

The flow visualizations were performed in the closed circuit water channel of Hydraulic Research Institute of
Federal University of Rio Grande do Sul (Fig. 2). As can be seen, the closed circuit water channel is compound by a
settling chamber with a honeycomb that uniforms the flow, a nozzle, a long open channel (with 10 m upstream and 20
m downstream the test section) with constant cross section of 0,5 m of length by 0,6 m height , a lock gage that controls
the level of water, and a discharge circuit.

In the lateral of the test section there is a glass wall, where some features of the flow and the experiments can be
observed. The maximum possible work height is 0.5 m that is controlled through the flow rate, by a set of valves in the
feeding pipeline, and by the lock gage placed in the discharge. The values of the flow rate are reading by an
electromagnetic meter. The water height is controlled trough 8 level meters (three upstream and five downstream the
test section).

The feeding system is provided by a pump, controlled by a frequency inverter, and it takes water from a buried tank,
of about 600,000 liters, by a pipeline of 0.25 m of diameter. The system flow rate can vary from 0,6 I/s until a
maximum of 220 I/s, that results in velocities from 3x10° m/s until 1,1 m/s, with a water level of 40 cm in the test
section.

To avoid that some undesirable effects happen, due the fact that the flow is of free surface, and can present a severe
velocities gradient, a visualization section was mounted inside the test section (Fig. 3). This visualization section is
compound of acrylic plates (two sides, a base and a ceiling). The sides are at 475 mm far one to other, and have 340 mm
of height by 1 m of length. The base is 1 m length and is at 40 mm far from the bottom of the channel, and provides the
support of the cylinders (that are rigidly attached to this plate). The ceiling is 1 m length, is at 340 mm of the bottom of
the channel, and the water level ever passes 30 mm though it. This means that the water level is ever of 380 mm in the
test section.
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Figure 2. Closed circuit water channel of Hydraulic Research Institute of Federal University of Rio Grande do Sul.

Figure 3. Visualization section mounted inside the test section.

The cylinders are building with commercial PVC tubes, with 60 mm of diameter, and are covered by a very fine
film of white plastic, also made of PVC. This covering adds more contrast to the obtained movies, instead the original
coloration of the cylinders, which are brown.

In the interior of each cylinder, there are six hoses of nylon, with 2 mm of diameter, distributed from the following
mode: 2 hoses at 60 mm below the ceiling plate of acrylic, 2 hoses at the middle plane of the visualization section (at
150 mm from the base or the ceiling plate) and 2 hoses at 60 mm above the base plate of acrylic. These positions will be
called of z; = 60 mm, z, = 150 mm and z; = 240 mm, respectively. Each one of the exits of these pairs of hoses have an
inclination of 10° with the horizontal plane (one hose in relation to another). So, visualizations can be performed in
these three planes, with different ink colors.

The complete tube bank is composed by 9 cylinders: 5 in the first row and 4 in the second one (Fig. 4a).

In each raw there is a special cylinder, with an inclined mirror and built for observe the angle that the ink flow that
exits from the neighbor cylinder performs when it passes through the gap. This special cylinder can be moved from

above to below trough a steel cable and it returns with aid of a spring (Fig. 4b).
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Figure 4. (a) The complete tube bank. (b) The special cylinder with an inclined mirror.

An ink distribution system was mounted to provide an adequate ink injection in the cylinders (Fig. 5a). It consist of
three ink tanks, of red, green and blue ink color (referent to the inferior plane, middle plane and top plane of
visualization, respectively) with a volume about 2 liters, that distribute the ink to 30 registers that control the ink
distributions to the cylinders (each 2 registers control the ink distribution of one row of cylinders). From these registers,
the ink flows trough hoses of 8 mm of diameter until the bottom of the channel, and is connected to the base plate of
acrylic.

The base plate hides a complex system of ink distribution, which redistributes the ink that came from the hoses to
connectors (Fig. 5b). These connectors complete the union ink system distribution-cylinder. Finally, the base plate is
covered by a fine white plate of PVC, with 1 mm thickness. This way, the camera can film the flow in a vertical plan,
without perceive the ink distribution that happens below this plate. The only features that the camera films are the
cylinders and the ink, that sweeps the periphery of the cylinders, from upstream to downstream.

(@) (b)

Figure 5. (a) Ink distribution system of the cylinders. (b) Detail of the base plate.

PROXIMA




EPTT2008 Escola de Primavera de Transigéo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

A hot film probe (type DANTEC 55R42), were used to measured the velocity of flow by means of the DANTEC
StreamLine constant hot-film anemometry system to determine the profiles velocity of the cross visualization section.

A 12 bits data acquisition board (NATIONAL AT-MIO-16E-10) with ISA interface was used to convert the
analogical signal to digital series. The mean error of the flow velocity determination with a hot wire was lesser than
12%.

The profiles velocities were obtained inside of the visualization section, in a vertical plane placed 50 mm upstream
this end. Figure 6 shows the profiles velocity for flow rate values of 10, 30 and 50 //s. These results are viewed from an

upstream position.
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Figure 6. Profiles velocity of the visualization section for flow rate values “Q” of (a) 10 I/s, (b) 30 //s and (c) 50 I/s.
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As can be seen from these profiles velocity, the flow presents some velocity distribution asymmetries. Chow (1959)
explains that this is the case for prismatic channels, where the flow is in fact three-dimensional, and in spiral. This
movement can be originated for small perturbations in the inlet of the channel.

The registers of the visualizations were performed with a digital camera, placed above the visualization section that
allows that movies with a resolution of 640 x 480 pixels at 30 frames per second can be done.

5. RESULTS

The results of the flow visualizations are presented trough static pictures, obtained from takes of the movies.

All the Reynolds numbers of for the experiments were calculated with the percolation velocity. This is the mean
velocity of the tube bank in a top view, and depends of a reference velocity and the areas of the bank tubes and the
cylinders (in a top view). For flow rates of 10 I/s, 30 I/s 50 I/s, the mean velocities, calculated by the multiplication of
the velocity by the area element are of 0.059 m/s, 0.156 m/s and 0.232 m/s, respectively.

Endres and Moller (2001) present a more complete study of the use of this parameter in tube-bank flow analysis.

In all visualizations, the flow direction is from the left to right side.

5.1. A singler cylinder
In order to verify if the purpose technique produces reliable results, a preliminary test was performed. It consists in

the flow visualization around a single circular cylinder, at various Reynolds numbers. The results were compared with
the schematic regimes of vortex shedding characterized by Blevins (1990), and are shown in Fig. 7.

Re =30

\AA/

Re =150

() (b)

Figure 7. Flow visualization around a single circular cylinder, at various Reynolds numbers (a), in comparison with
schematic regimes of vortex shedding (b).
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5.2. Two cylinders side-by-side

Figure 8 shows the results of the flow visualization for two cylinders side-by-side with p/D=1.26 and Fig. 9 shows
the results for p/d=1.6.

(a) (b)

Figure 8. Flow visualization for two cylinders side-by-side with p/d=1.6.
Reynolds number 7500: (a) Mode 1 and (b) Mode 2. Reynolds number 15000: (c) Mode 1 and (d) Mode 2

From these results is possible to verify the presence of biased and bistable flow mode of two cylinders placed in a
side-by-size arrangement. This is the same pattern flow show in the Fig. 1. The time between two changing modes is
irregular and to capture this phenomenon the camera must be acquire images for a long period of time (more than 2
minute). Similar results were found for the middle plane (z, = 150 mm).

The analysis of the results of the flow visualizations consist in to detect patterns of the flow based in the ink
deflection when it passes through the gaps between the cylinders. Knowing where the ink is deflected is possible to
identify the possible patterns of the flow and the bistable effect by the presence of a wide near-wake behind a cylinder
and a narrow near-wake behind the other that change with the time.

The quantity of ink that is injected in each tape of the cylinders is practically the same; so, the narrow near-wakes
present a bigger concentration or contrast of their colors than the wide near-wakes, because they have lesser area for the
same quantity of ink.
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5.3. One row of cylinders

Figure 10 shows the results of the flow visualization for one row of cylinders, at Reynolds number of 7500 and
15000 (Figs. 10a and 10b, respectively), for p/d=1.6. The pattern found for this case is illustrated in Fig. 11, and agreed
with one of the regimes found by Zdravkovich (1997) and Olinto (2005). No other patterns were obtained for the other
two planes (z; = 60 mm and z, = 150 mm).

Figure 10. Flow visualization for one row of cylinders for p/d=1.6: (a) Re = 7500 and (b) Re = 15000.

Wide near-wake

Narrow
near-wake

Wide near-wake

Narrow
near-wake

Wide near-wake

Flow direction >

Figure 11. Flow pattern for one row of cylinders and p/d=1.6 at Re = 7500 and Re = 15000.

For all the visualizations, the flow near of the lateral wall was not used in the identification of the patterns.

One interesting topic about the analysis of the purpose technique is about the view of the flow deflection by the
inclined mirror. Depending on the position of the camera, the angle of the ink flow shown by the mirror will be
misunderstanding. To emphasize one special feature of the flow, as the vortex street, the focus of the camera can be
directed not perpendicularly to the cylinder with the mirror and this can cause this misunderstanding result.

Figure 12a shows a zoom of the inclined mirror of the Fig. 10a, where two traces of ink are present. The ink trace
indicated as A is deriving from the neighbor cylinder, and that indicated as B is deriving from the own cylinder with the
mirror. As the camera is not focused at the cylinder with the mirror, these two traces appear. One way to solve this
inconvenient is to direct the camera at the cylinder with the mirror and turn of the ink distribution to this cylinder. Fig.
12b and Fig. 12c show the results when using this technique, where the flow is basically bi-dimensional.
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(b) ()

Figure 12. View trough the inclined mirror of the ink flow of the neighbor cylinder. Same case of Fig. 10.

From the Fig. 12a is also possible to see one another important topic. The view of the neighbor cylinder is softly
inclined by the left (detail C). Due to the fact that the flow present pressure fluctuations, sometimes the ink flow that
emanates from one of the ink tapes is completely deflected to only one side of the cylinders, making impossible the
visualization in the remainder side. This way, the affected cylinder is softly rotated to a side that solve this problem
(Fig. 13), previously the visualization, but, if this cylinder was that with the mirror, the neighbor one will also present
an inclined appear in the mirror, and this not meaning that they or the mirror are not align.

Flow direction>

Figure 13. Detail of the rotation of the cylinders to avoid that the ink flow can be completely deflected to only one side.

Figure 14a and Fig. 14b show a view trough the glass window of the water channel, for one row of cylinders and
p/d=1.6 at Re = 7500 and Re = 15000, respectively, where is possible to see all the three planes of ink injection in the
cylinders by the side. From these pictures the flow is basically bi-dimensional next to the cylinders, but downstream
them the flow acquire a three-dimensional characteristic.

(a) (b)

Figure 14. Lateral view of the cylinders trough the glass window of the channel: (a) Re = 7500 and (b) Re = 15000.
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5.4. Two rows of cylinders

Figure 15 shows the results of the flow visualization for two row of cylinders, at Reynolds number of 7500 and
15000 (Figs. 15a and 15b, respectively), for p/d=1.6.

=

@ g\ﬁ;ﬁ o ﬁ

Figure 15. Flow visualization for two row of cylinders for p/d=1.6: (a) Re = 7500 and (b) Re = 15000.

From the Fig. 15a, the cylinder with the mirror in the second row presents a wide near-wake, and the pattern
presented by this case is shown in Fig. 16a. For Fig. 15b, the both cylinders of the middle of the second row present a
narrow near-wake deflected to the right side (down side in the paper). The pattern presented by this case is shown in
Fig. 16b.

Similar results were obtained for the other planes of ink injection (z; = 60 mm and z; = 240 mm).

No bistable effect was detected for this configuration until the present moment.

Narrow
near-wake
(a) (b)
X o
Wide near-wake

near-wake

7

Narrow
near-wake

OOO0OO
PSS

QOO0
7

Figure 16. Flow pattern for two row of cylinders and p/d=1.6. (a) Re = 7500 and (b) Re = 15000.
5.5. Three rows of cylinders

Preliminary tests were performed to detect the flow mode of three rows of cylinders. As the flow that emanates from
the first two rows of cylinders reaches the third one and produces a distortion of the ink flow, this prevent each one of
the ink tapes of the 3™ row to flow though the periphery of the cylinders, causing a disorder in the ink flow.

So, in the actual stage of the work, after the 3™ row of cylinders, the angular position of the ink tapes does not allow
that the bistable effect could be identified.
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6. CONCLUSIONS

In this work is described in details the experimental technique used to visualize the bistable effect in banks of
cylinders of triangular arrangement.

As could be seen from the results, the bistable effect is clearly visible in the case for 2 cylinders side-by-side (p/D =
1.6).

Due to the fact that the flow that emanates from the first two rows of cylinders reaches the third one and produces a
distortion of the ink flow, this prevent each one of the ink tapes of the 3™ row to flow though the periphery of the
cylinders, causing a disorder in the ink flow. So, in the actual stage of the work, after the 3™ row of cylinders, the
angular position of the ink tapes does not allow that the bistable effect could be identified.

Although, this work is in the beginning, and some more changes may be done to improve better results, like add
other ink tapes in distinct angular positions of the periphery of the cylinders, to allow that the effects that happen after
the 3™ row can be visible. Also, the mirror apparatus can be change to avoid that the relative position of the camera can
present dubious interpretation of the results of the flow angle that in the gaps.

New visualizations will be performed to trying to overcome these difficulties and also for the fourth and fifths rows
of cylinders. One another pitch-to-diameter ratios p/d will be studied (1.26), and this results will be compared with that
found through hot wire anemometry technique in aerodynamic channel.
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Abstract. O controle de escoamento é um campo de pesquisa moderno. O uso de excitagdes periddicas pode ser
aplicado para atrasar a separacéo da camada limite, permitindo coeficientes de sustentacdo maiores, e também pode
ser usado para a diminuicdo do arrasto. Esse projete visa estudar a histerese nesse sistema quando aplicado em um
difusor com excitagdes periddicas aclsticas, sem a adicdo de massa ao sistema. A metodologia nesse projeto é
fundamentalmente experimental. Foi construido um tdnel com dois difusores na saida e as excita¢fes serédo aplicadas
paralelamente ao escoamento, junto a um dos difusores. O efeito do jato sintético serd medido por meio de
anemometria de fio quente ligado a um sistema de aquisi¢do transiente de dados.

Palavras - chave: Camada Limite, Jatos Sintéticos, Excitacfes Periddicas, Transi¢do, Excitacdo Hidrodinamica.
1. INTRODUCAO

Em aerodindmica, a separacao da camada limite estd quase sempre associada a perdas de algum tipo, como diminui¢ao
da sustentag@o e aumento do arrasto, portanto um dos objetivos da engenharia aerondutica ¢ retardar essa separagdo, ou
evita-la completamente. Existem muitos meios propostos para o controle da camada limite (“boundary layer control” -
BLC), mas as excitagdes periodicas vém se destacando entre eles por oferecer grandes resultados mesmo com atuadores
leves, e devido a versatilidade de se poder ligar ou desligar o sistema de acordo com a conveniéncia. Esse estudo se
limita ao trabalho com excitagdes hidrodinamicas, que se mostram muito promissoras (Greenblatt ¢ Wygnanski, 2000).
Dentro das excita¢des periddicas ha varios tipos de atuadores, como pequenos “flaps” mecanicos, mas estudaremos os
atuadores acusticos pela facilidade maior de projeto.

O mecanismo que governa esse sistema, embora no seja conhecido completamente, se baseia na aceleragdo da criagao
das estruturas grandes e coerentes (“Large Coherent Structures” - LCSs) que transportam momento pelo escoamento, na
camada de mistura (“mixing layer”). Esse método é comprovadamente mais eficiente que o sopro continuo, que
adiciona momento diretamente na camada limite, mesmo com coeficientes de momento 10 vezes menores (Greenblatt e
Wygnanski, 2000).

O desenvolvimento dessa tecnologia ndo s6 nos permitira aumentar o coeficiente de sustentagdo e diminuir o de arrasto
das aeronaves, mas também nos permitira manipuld-los, abrindo portas para usa-los, além de como dispositivos hiper-
sustentadores, como dispositivos de controle do avido, podendo chegar a substituir os ailerons, por exemplo. Fora isso,
aumentando o coeficiente de sustentagdo, essa tecnologia permite aumentar a carga util do avido, tornando-o mais
eficiente.

Para entendermos melhor essa tecnologia, o estudo da histerese nesse sistema ¢ fundamental, ja que, com o estudo do
tempo de resposta, ou seja, do tempo que leva para a camada limite aderir & asa a partir do comego das excitagoes,
poderemos verificar a viabilidade desse sistema, visto que para uso no controle da acronave esse ¢ um topico essencial.
Além disso, esse estudo nos permitird aperfeigoar o sistema, evitando gastos dispensaveis de energia, pois a energia
necessaria para aderir a camada limite a asa provavelmente ¢ maior do que a energia necessaria para manté-la aderida.

2. EXPERIMENTO

Esse trabalho ¢ de natureza essencialmente experimental. Para isso foi escolhido o uso de um tinel de vento com
difusores, principalmente pela facilidade de construgio e de aquisi¢do dos dados, ja que uma varredura unidimensional
das velocidades na saida nos dara informagdo com a qualidade necessaria, mas de facil interpretacao.

2.1. Aparato Experimental

Para estudar o efeito dos atuadores foi construido um tinel de 1,5 m de comprimento, 19 cm de altura ¢ 2,5 cm de

largura. O bocal foi montado baseado no de outro trabalho (Béra e al. 2003), o aparato ficando como o ilustrado pela
seguinte figura:
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Figura 1. Esquema da saida do tnel

Os bocais na saida do escoamento sdo moveis, e a saida dos atuadores mede cerca de 2 mm de espessura. Nesse projeto,
no entanto, apenas um atuador serd usado. O atuador se trata de um Subwoffer que, ao ser ligado em uma onda senoidal
ira alternadamente soprar e sugar o ar de forma que assim atingiremos uma excitacdo periddica sem a adi¢do de massa
ao sistema. Para a aquisicdo dos dados serdo usados anemdmetros de fio quente, presos em um posicionador
eletromecanico que nos permitira fazer uma varredura do perfil do escoamento. Tanto o atuador quanto o anemometro
estardo ligados a um sistema de aquisi¢do de dados transientes que nos permitira fazer leituras precisas da resposta do
escoamento a diversas condi¢des de excitagio.

Figura 2. Desenho em CAD de esquema da saida do tinel

2.2. Metodologia

Serdo feitas diversas medidas usando esse aparato. Primeiramente serdo feitas medidas basicas para verificar a
efetividade do efeito do sistema de excitagdo. Depois serdo realizados testes para determinagdo da freqiiéncia 6tima do
sistema, para que seja usado nos outros testes. Serdo em seguida realizados testes para verificar o angulo do difusor para
o qual a camada limite se separa, e até quando o sistema ¢ efetivo para promover o recolamento dela.

De acordo com a literatura (Greenblatt ¢ Wygnanski, 2000), espera-se que a freqiiéncia reduzida 6tima fique em torno
de 1, para a seguinte equagao:

F‘Jr = Xte fe / Uoo

Sendo que X, ¢ a distancia do atuador ao bordo de fuga do flap, f, ¢ a freqiiéncia de excitagdo e U, ¢ a velocidade do
escoamento no tinel.

Ap6s a determinagdo dessas caracteristicas do sistema, serdo feitas as medidas que testardo a histerese no sistema, com
a entrada de rampa e a subseqiiente rampa decrescente para podermos verificar a existéncia de alguma histerese no
bocal. Também mediremos a resposta transiente do sistema a uma entrada rampa ¢ a uma entrada “rampa invertida”,
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cortando a excitagdo e vendo os efeitos imediatos na direcao da deflexdo do escoamento. Essas rampas serdo bem lentas
para que possamos verificar os efeitos em cada etapa.

2.3. Resultados e Discussao

Foram realizadas medidas simples, usando instrumentagao basica, de regime permanente para verificar a efetividade do
sistema (fig. 3), com os difusores instalados a 45°. Usando um tubo de pitot conseguimos verificar a deflexdo e

desenhar a variagao da efetividade do sistema com a mudanga da freqiiéncia
1'_3‘].1 o 2k ":-;f‘sj,'j. K ' ™ .I\-'{:'.‘.-'\'.’;:"ij- ;‘3‘ o
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Figura 3. Mudanca na dire¢do do escoamento como resultado da excitagdo

A partir das medigdes foi construido o seguinte grafico:

Perfis de velocidade
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Figura 4. Perfis de velocidade para diferentes freqiiéncias de excitagao
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Sendo que a velocidade do tinel era de 4,3 m/s, podemos calcular as freqiiéncias reduzidas equivalentes:

Tabela 1. Freqiiéncias reduzidas equivalentes, para as freqiiéncias usadas no experimento:

Freqiiéncia de Excitagdo  Freqiiéncia Reduzida

50 Hz 0.53
100 Hz 1.06
202 Hz 2.14

Vemos a consisténcia do modelo escolhido, ja que vemos que a freqiiéncia reduzida mais efetiva ¢ aquela mais
proxima de 1, e em 2 ela ja perde eficiéncia (Nishri e Wyngnanski, 1998). Tendo garantido a validade do modelo,
podemos aplicar os testes ja mencionados e medir a histerese.

Esperamos, depois de interpretagdo dos dados obtidos, encontrar uma resposta imediata aos estimulos, assim como a
rampa, ja que comandando o sistema que permite o recolamento da camada limite estdo as LCSs, que, espera-se,
respondam imediatamente aos estimulos (Greenblatt e al., 1999).
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Resumo. Quando um fluido escoa em torno de um corpo solido, uma regido perturbada surge ao seu redor. A extensao
desta regido e a magnitude das instabilidades ali presentes dependem das propriedades do escoamento incidente e
varios outros fatores, tais como a forma geométrica, a orientacao e as dimensées do obstaculo. Em inimeras situagdes
de interesse pratico, dois ou mais corpos sao colocados suficientemente proximos uns dos outros, de tal forma que o
escoamento em torno de cada um deles interfere no movimento do fluido ao redor dos corpos adjacentes. Este trabalho
apresenta um estudo numérico do escoamento na esteira de um par de cilindros de base quadrada, afastados entre si
de uma distancia d, e dispostos de maneira que a linha imaginaria que une os centros dos dois corpos forme diferentes
angulos 6 com a dire¢do do escoamento. Para cada arranjo considerado, a influéncia do nimero de Reynolds sobre o
nimero de Strouhal e as alteracdes na estrutura do escoamento é investigada. Como ferramenta de trabalho, foi
utilizado o programa de computacional préprio, que resolve as equagdes de Navier-Stokes 2D em coordenadas
cartesianas, empregando o método volumes finitos. As simulacGes foram realizadas para numeros de Reynolds
inferiores a 1000, sem a presenca de bloqueio sélido. Os resultados das simulag@es foram comparados com
informacdes experimentais e dados de outros autores, apresentando razoavel concordancia.

Palavras-chave: Simulagao numérica, escoamento externo, agrupamento de cilindros, cilindro quadrado.

1. INTRODUCAO

Apesar de constituir um problema classico da mecéanica dos fluidos, o escoamento ao redor de corpos
cilindricos ainda representa um tema de forte apelo cientifico, uma vez que muitos dos mecanismos presentes
neste tipo de escoamento permanecem, ainda hoje, mal compreendidos. Além disso, pela freqliéncia com que
ocorre em diferentes campos da engenharia, este tipo de escoamento apresenta, também, consideravel interesse
tecnolégico. De fato, diversas estruturas empregadas em situages praticas atuam como cilindros imersos num
escoamento. Por exemplo, pilares de pontes da engenharia civil; tirantes e longarinas de asas da engenharia
aeronautica; cabos de transmissdo da engenharia de infra-estrutura elétrica; elementos externos de automoveis da
engenharia automotiva; linhas de ancoragem da engenharia naval; plataformas e tubulagbes da engenharia
offshore; dentre muitas outras.

Em muitas aplicagdes, dois ou mais cilindros encontram-se suficientemente proximos uns dos outros, de
modo que o escoamento ao redor de um deles interfere significativamente no movimento do fluido em torno dos
demais — Zdravkovich (1977), Zdravkovich (1987). A configuracdo assumida pelo escoamento depende de
diferentes fatores, dentre os quais se incluem as propriedades do escoamento incidente, bem como a forma da
secdo transversal dos cilindros e disposicdo geométrica dos corpos so6lidos dentro do arranjo. Ao longo das
Gltimas décadas, vérios trabalhos que tratam desta classe de problema tém sido publicados, com nitida
predominéncia de estudos envolvendo pares de cilindros circulares posicionados em tandem ou side-by-side —
Zdravkovich (1987), Kim & Flynn (1995), Ng et al. (1997), Sumner et al. (1999), Zhou et al. (2000),
Meneghini et al. (2001), Itoh & Himeno (2002), Alam et al. (2003), Jester e Kallinderis (2003), Xu &
Zhou (2004), Alam & Sakamoto (2005), Wang & Zhou (2005), Carmo & Meneghini (2006), Deng et al. (2006),
Papaioannou et al. (2006), Alam & Zhou (2007), entre varios outros. Artigos envolvendo agrupamento de
cilindros com secdo transversal ndo circular sdo bem mais escassos na literatura, sobretudo quando nimeros de
Reynolds relativamente baixos sdo considerados. Dentre os poucos trabalhos que tratam especificamente de
arranjos de cilindros de base quadrada, incluem-se Sakamoto et al. (1987), Luo et al. (1999), Lankadasu &
Vengadesan (2007) e Sugin et al. (2000).

O presente trabalho é dedicado a investigacdo numérica do escoamento ao redor de dois cilindros quadrados
separados de uma distancia fixa 2d, dispostos de diferentes maneiras, um em relagdo ao outro, como representado
na Fig. 1. Simulaces 2D foram realizadas para numeros de Reynolds moderados, na faixa de 50 a 1000, com
diferentes valores do angulo 6. Em termos geométricos, os dois casos extremos sdo representados pelo arranjo

tandem, onde 6= 0° e pelo side-by-side, onde = 90°.
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Figura 1. Definicdo geométrica o problema estudado no presente trabalho.

E interessante observar que, de acordo com Monkewitz and Nguyen (1987), a aproximacdo 2D representa
adequadamente as principais propriedades do escoamento em torno de corpos rombudos, uma vez que as instabilidades
primarias na esteira sdo essencialmente 2D. Entretanto, estudos experimentais empreendidos por Szepessy and
Bearman (1992) mostram que tratamentos bidimensionais, em geral, superestimam as caracteristicas flutuantes do
escoamento. Isto faz sentido, posto que alguns importantes mecanismos dissipativos que caracterizam os escoamentos
turbulentos e transicionais s6 podem ser representados diretamente em trés dimensdes. Por outro lado, é bem sabido que
simulagBes 2D com malhas suficientemente refinadas sdo capazes de produzir melhores resultados que calculos 3D que
empregam malhas grosseiras. Assim, na indisponibilidade de recursos computacionais apropriados a realizacdo de
simulag¢bes 3D, célculos 2D permanecem, ainda, um importante instrumento de analise de escoamentos em torno de
corpos rombudos.

2. ASPECTOS FENOMENOLOGICOS

Sakamoto et al. (1987) descrevem trés diferentes regimes de escoamento ao redor de um par de cilindros quadrados
em tandem, quais sejam: a) regime de corpo Unico, onde os cilindros sdo posicionados suficientemente proximos um do
outro, de modo que uma so esteira é gerada a jusante do segundo cilindro; b) regime sincrono, onde os vdrtices se
desprendem de ambos os cilindros de maneira sincronizada e; c) regime de esteira dupla, onde o espagamento entre os

cilindros é relativamente grande, com a formacdo de esteiras independentes atrds de ambos os corpos. Estas trés
configuraces estdo ilustradas na Fig. 2.

ER.° OE° ER6mRg

(a) Regime de corpo Unico. (b) Regime sincrono. (c) Regime de esteira dupla.
Figura 2. Regimes de escoamento em torno de dois cilindros de base quadrada em tandem (& = 0°).
Como mostra o estudo de Williansom (1985), a sincronizacdo da emissdo de vOrtices entre as duas esteiras
pode ocorrer, também, quando o arranjo entre os cilindros é do tipo side-by-side. Neste caso, 0 autor mostra,

ainda, através de visualizacdes de escoamento, que o desprendimento de vértices pode ocorrer em fase ou em
antifase, como ilustrado na Fig. 3.
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(a) Emissdo em fase. (b) Emissdo em antifase.

Figura 3. Emissdo alternada de vdrtices na esteira de dois corpos rombudos em arranjo side-by-side (9 = 90°).

Na regido da esteira, uma forte interacdo entre os vortices acontece, atribuindo grande complexidade ao escoamento.
Em particular, as trés situacGes representadas na Fig. 4 merecem especial consideracdo: a) a formacdo de dipolos,
quando duas estruturas turbilhonares contra-rotativas se aproximam; b) o emparelhamento de vértices, caracterizada
pela interacdo entre estruturas com circulagdo de mesmo sinal e; ¢) a distensdo (tearing), que se da quando uma
pequena estrutura turbilhonar se interpde entre duas outras de maiores dimensdes, girando no mesmo sentido.
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(a) Dipolo. (b) Emparelhamento. (c) Distenséo.

Figura 4. Interacdo entre estruturas turbilhonares.

3. EQUACOES GOVERNANTES E PROCEDIMENTO NUMERICO

De maneira geral, o escoamento isotérmico, incompressivel e ndo permanente de um fluido newtoniano pode ser
matematicamente bem representado pelas equacbes de conservacdo da massa e de Navier-Stokes, escritas na forma
indicial cartesiana respectivamente como:

ou;

J
—J -0 1
Ty 1
J
ou; ou: u; ou;
_J+#: —lap+v 0 J (2)
ot GXI anJ aXI 6X|

onde p representa a massa especifica do fluido, v sua viscosidade cinematica, t € o tempo, x as coordenadas espaciais, u
as componentes do vetor velocidade e p a pressao.

No presente trabalho, tais equagfes foram resolvidas com a ajuda de um codigo computacional proprio, escrito em
linguagem FORTRANO0, que se baseia no método dos volumes finitos. O esquema de diferencas centrais foi utilizado
para representar os fluxos difusivos das equacfes de transporte, enquanto que, para o tratamento dos termos advectivos,
empregou-se 0 esquema QUICK consistente, proposto por Hayase et.al. (1992), a partir de uma adaptacdo do esquema
QUICK desenvolvido originalmente por Leonard (1979). O método SIMPLEC foi escolhido para o acoplamento
pressdo velocidade e uma formulacdo totalmente implicita foi adotada para todas as varidveis, o que leva a resolucao de
um sistema linear, realizada com a ajuda do algoritmo de Thomas (TDMA).

Como mostrado na Fig. 5, o dominio computacional é composto por uma malha bidimensional ndo uniforme, mais
refinada na regido ocupada pelos cilindros. Suas dimensBes foram definidas apds uma exaustiva etapa de testes
preliminares, realizados com o objetivo de garantir a independéncia dos resultados com relagdo a malha utilizada. As
condicdes de contorno foram prescritas da maneira como segue: a) escoamento uniforme com velocidade U, na entrada do
dominio; b) escoamento plenamente desenvolvido na saida (cu/ c =0) e; c)corrente ndo perturbada nas fronteiras
superior e inferior (cu/ & =v =0). Além disso, para simular a presenca dos cilindros no interior do dominio de calculo,
viscosidade da ordem de 10* foi imposta dentro das regies por eles delimitadas. Como discutido por Patankar (1980),
este artificio permite prescrever, de forma indireta, as condi¢des de impermeabilidade e ndo deslizamento sobre as faces
dos cilindros. Sondas numéricas, ajustadas para capturar a evolugdo temporal dos sinais de velocidade e de pressao,
foram posicionadas em diferentes pontos do dominio.
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Figura 5. Dominio de calculo para diferentes angulos @e malha computacional para = 90°.
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4. RESULTADOS E DISCUSSAO

As primeiras simulagbes foram realizadas para as duas configuragbes geométricas extremas, quais sejam, 6= 0°
(arranjo tandem) e &= 90° (arranjo side-by-side). Em seguida, escoamentos ao redor de arranjos com diferentes dngulos
@ foram considerados. Os resultados sdo aqui apresentados nesta mesma seqiiéncia.

A Fig. 6 mostra os mapas de isovorticidade obtidos para o arranjo tandem, com Re = 100 e Re =500, depois de
atingido o regime estatisticamente permanente. Os mapas de isovorticidade mostram que a configuracdo da esteira é
bastante estavel e, para este arranjo e esta distancia entre cilindros, o regime de escoamento de corpo Unico predomina.
Pode-se observar também que, com o aumento do ndmero de Reynolds, a formacdo dos vortices alternados ocorre a
uma distancia cada vez menor a jusante do segundo corpo, aumentando a freqiiéncia de emissédo de vdrtices. Para baixos
ntmeros de Reynolds, apenas a oscilacdo periddica da esteira é observada proximo a base do segundo cilindro.

(a) Re = 100 (b) Re = 500

Figura 6. Mapas de isovorticidade para o escoamento em regime estatisticamente permanente em
torno de dois cilindros posicionados em configuragdo tandem (8= 0°).

A Fig. 7 apresenta, para Re =500, o sinal temporal da componente vertical da velocidade (v), captado por uma
sonda posicionada a jusante do segundo cilindro, juntamente com sua correspondente transformada de Fourier (FFT).
Neste caso, a freqiiéncia de emisséo de vortices na esteira é de aproximadamente 10,9 Hz, resultando em um nimero de
Strouhal de 0,155.
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Figura 7. Evolucdo temporal da componente vertical da velocidade (v) a jusante do segundo cilindro
para a configuracéo tandem (&= 0°) e respectiva FFT, para Re = 500.

O mesmo procedimento foi adotado na determinagdo do nimero de Strouhal para outros valores de Reynolds,
na faixa de 50 a 1000. Os resultados sdo apresentados na Fig. 8, onde sdo confrontados com os dados
experimentais de Duarte (2001), obtidos em um tanel hidrodindmico para o0 mesmo arranjo das simulagdes, e com
dados de Lindquist (2000), obtidos numa campanha de ensaios conduzida nesse mesmo equipamento, mas para um
cilindro de base retangular com razédo de aspecto 3:1.

Estes resultados mostram que a curva de Strouhal apresenta um comportamento monotonicamente crescente até
Re =500, estabilizando-se, a partir de entdo, em 0,155. A comparacdo com 0s resultados de Duarte (2001) e
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Lindquist (2000) permite observar que, para baixos nimeros de Reynolds (Re < 100), os trés resultados sdo muito
proximos. E provavel que isto ocorra porque, neste regime de escoamento, o fluido confinado no espago entre os
cilindros pouco se movimenta e o0 escoamento em torno do arranjo de cilindros quadrados acontece como se fosse ao
redor de um Gnico cilindro retangular. Para nimeros de Reynolds mais elevados, diferencas que chegam a 20% podem
ser observadas entre os resultados numéricos e experimentais, indicando que efeitos tridimensionais, ndo considerados
nas simulagdes numéricas, possam estar presentes nos ensaios experimentais.

0,22
0,20
o
o o o O
0,18 0 A A
o A A
A A
0,16 % R - ]
_ R
[
= 014 4 /
= .-_\/-
e A?
0,12 A
@ o n — Hl : odqus2000)
0,10 4 —> ] B © Duarte 2001
0.08 4 —). . —B— Presente Trabalho
0,08

' ! ' I T I ' I ' 1 4 1 v ! i I d I '
0 100 200 300 400 500 600 700 800 900 1000
Reynolds

Figura 8. Curva de Strouhal vs Reynolds para cilindro retangular com razéo de forma 3:1 e dois
cilindros quadrados em formagéo tandem (&= 0°).

A Fig. 9 mostra, para dois diferentes nimeros de Reynolds, 100 e 500, os mapas de isovorticidade obtidos em
regime estatisticamente estabelecido para o arranjo side-by-side. Neste caso, pode-se observar que, para Re = 100, o
desprendimento de vortices se da em antifase, embora o sincronismo néo seja perfeito. Para Re = 500, pode-se observar
que as esteiras produzidas por cada um dos cilindros apresentam larguras bastante distintas. Em comparagdo com 0s
resultados apresentados na Fig. 6, pode-se constatar que, para um mesmo nimero de Reynolds, a esteira gerada em
arranjo side-by-side € significativamente mais complexa, caracterizando-se pela intensa interacdo entre estruturas
turbilhonares, com emparelhamentos, estiramentos e formacdo de dipolos. Além disso, como relatado por Alam &
Sakamoto (2005), entre outros autores, este tipo de escoamento pode caracterizar-se pela biestabilidade da esteira.

(a) Re =100 (b) Re =500

Figura 9. Mapas de isovorticidade para o escoamento em regime estatisticamente permanente em
torno de dois cilindros posicionados em configuragdo side-by-side (8= 90°).

Os sinais de velocidade registrados pela sonda 14 (Fig. 5), para Re = 500, podem ser observados na Fig.10, enquanto
o grafico da Fig. 11 permite observar o comportamento do ndmero de Strouhal em fun¢do do ndmero de Reynolds.
Comparando-se os resultados das simulagGes com os dados experimentais de Fogal (2002), observa-se que, embora
sejam encontradas discrepancias de até 16% entre eles, as duas curvas apresentam a mesma tendéncia, com um pico no

namero de Strouhal por volta de Re = 100.
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Figura 10. Evolucdo temporal da componente vertical da velocidade (v) a jusante dos cilindros em
configuragdo side-by-side (6= 90°) e respectiva FFT, para Re = 500.
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Figura 11. Curva de Strouhal vs Reynolds para um cilindro isolado e dois cilindros quadrados em
formagao side-by-side (9= 90°).

Para os arranjos intermediarios, 0°< #< 90° o escoamento torna-se ainda mais assimétrico, e as frequéncias de
emissdo de vortices dos dois cilindros sdo bastante diferentes. Nestes casos, alids, 0 nimero de Strouhal passa a variar
consideravelmente, segundo a posicdo na onde o sinal de velocidades é coletado, indicando perda de estabilidade da esteira.

A Fig. 12, 13 e 14 mostram os mapas de isovorticidade num instante qualquer depois de atingido o regime
estatisticamente permanente, para angulos 6= 225° 45° 67,5° respectivamente, em dois diferentes nimeros de
Reynolds, 100 e 500.

Para 6= 22,5° Fig. 12, observa-se que a formagdo da esteira inferior do cilindro 1 é inibida e o escoamento é
desviado para a parte superior do cilindro 2. Assim, a interagdo entre estruturas turbilhonares no entorno dos cilindros
torna-se ainda mais complexa, favorecendo sobretudo a formacdo de dipolos e o estiramento de vértices a jusante do
conjunto. Além disso, de tempos em tempos, observa-se uma interrupcao brusca dos vortices emitidos na parte superior
do cilindro 2, devido a uma queda periddica de pressdo na base do cilindro 1. A medida que o nimero de Reynolds
cresce, 0 tamanho dos vortices na esteira préxima diminuem, aumentando a frequéncia de emissdo do cilindro 2.
Simulages complementares mostraram que, na faixa 0°< #< 22,5°, a interferéncia dos vértices provenientes do
cilindro 1 sobre o escoamento na parte inferior do cilindro 2 diminui em intensidade, na proporcdo em que o angulo
entre 0s corpos aumenta, qualquer que seja o nimero de Reynolds considerado.
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As imagens da Fig. 13 mostram que, para 6= 45° a emissdo de vortices na parte inferior do cilindro 1 volta a
acontecer, ainda que de maneira razoavelmente timida. Aumentando-se o angulo para 67,5°, Fig. 14, as duas esteiras
podem ser novamente distinguidas.

Cilindro 1
Cilindro 2

(a) Re =100 (b) Re =500

Figura 12. Mapas de isovorticidade para 0 escoamento em regime estatisticamente permanente em
torno de dois cilindros posicionados com um angulo = 22,5°.

(a) Re = 100 (b) Re = 500

Figura 13. Mapas de isovorticidade para 0 escoamento em regime estatisticamente permanente em
torno de dois cilindros posicionados com um angulo = 45°.

(a) Re = 100 (b) Re = 500

Figura 14. Mapas de isovorticidade para o escoamento em regime estatisticamente permanente em
torno de dois cilindros posicionados com um angulo 8= 67,5°.

SimulagBes realizadas para 20°< < 40° e Re =500 permitiram identificar que o desvio da esteira inferior do
cilindro 1 para a regido superior do cilindro 2 ocorre entre = 28° e = 31°, como mostra a Fig. 15. Fixando-se o
angulo @ em 30 ° e variando-se o nimero de Reynolds, pode-se observar que o aumento da velocidade do escoamento
incidente acentua o descolamento da camada limite nos bordos de ataque do cilindro 1. Com isto, diminui o desvio do
escoamento para a parte superior do cilindro 2, resultando em uma esteira mais larga.

(@) 6= 28° (b) = 31°

Figura 15. Mapas de isovorticidade para o escoamento em regime estatisticamente permanente a
Re =500, em torno de arranjos de cilindros com diferentes angulos 6.
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5. CONCLUSAO

Neste trabalho, foi apresentado um estudo numérico do escoamento ao redor de cilindros de base quadrada dispostos
em diferentes arranjos geométricos, para nimeros de Reynolds inferiores a 1000, desconsiderando-se o efeito do
bloqueio sélido. Além das curvas de Strouhal vs Reynolds, graficos de velocidade e freqiiéncia também foram
apresentados, bem como imagens do escoamento para as varias angulagdes, que revelam diferentes padrdes de
escoamento.

Os resultados obtidos indicam que, a medida o angulo entre os cilindros aumenta, as esteiras tornam-se assimétricas
e ganham complexidade, favorecendo as interagdes entre estruturas turbilhonares. As simulagdes realizadas para
arranjos intermediarios (0°< @< 90°) mostram que, a partir de um determinado angulo @, diminui sensivelmente a
interferéncia direta da esteira a jusante do primeiro cilindro 1 na formacdao de vortices junto a face inferior do cilindro 2.

No que tange & sincronizacdo da emissdo dos vortices, observou-se que, 0 aumento da angulacdo entre 0s corpos
pode desencadear o processo de migracéo das esteiras do modo em fase para 0 modo antifase, independentemente do
namero de Reynolds.

6. AGRADECIMENTOS

Os autores expressam seus agradecimentos & Fundacdo de Amparo & Pesquisa do Estado de S&o Paulo — FAPESP e
a Fundacdo para o Desenvolvimento da UNESP — FUNDUNESP, pelo apoio concedido a realizacdo deste trabalho.

7. REFERENCIAS

Alam, M.M., Moriya, M., Takai, K., Sakamoto, H., 2003, "Fluctuating fluid forces acting on two circular cylinders in a
tandem arrangement at a subcritical Reynolds number", Journal of Wind Engineering and Industrial Aerodynamics,
vol.91, pp.139-154.

Alam, M.M., Sakamoto, H., 2005, "Investigation of Strouhal frequencies of two staggered bluff bodies and detection of
multistable flow by wavelets", Journal of Fluids and Structures, vol.20, pp.425-449.

Alam, M.M., Zhou, Y., 2007, "Dependence of Strouhal number, drag and lift on the ratio of cylinder diameters in a two-
tandem cylinder wake, Proc. 16th Australasian Fluid Mechanics Conference, Gold Coast, Australia, pp.750-757.

Carmo, B.S., Meneghini, J.R., 2006, "Numerical investigation of the flow around two circular cylinders in tandem",
Journal of Fluids and Structures, vol.22, pp.979-988.

Deng, J., Ren, A.L., Zou, J.F., Shao, X.M., 2006, "Three-dimensional flow around two circular cylinders in tandem
arrangement”, Fluid Dynamics Research, vol.38, pp.386-404.

Duarte, M., 2001, “Estudo experimental do escoamento ao redor de arranjos de cilindros retangulares”, Relatério
Cientifico FAPESP, UNESP, llha Solteira.

Fogal, M.L.F., 2002, “Estudo experimental do escoamento ao redor de cilindros retangulares posicionados em linha”,
Relatdrio Cientifico FAPESP, UNESP, llha Solteira.

Hayase, T., Humphrey, J.A.C., Greif, R., 1992, "A consistently formulated QUICK scheme for fast and stable
convergence using finite-volume iterative calculation procedures”, Journal of Computational Physics, vol.98,
pp.108-118.

Itoh, Y., Himeno, R., 2002, "Numerical simulation of three-dimensional flow around two circular cylinders in tandem
arrangement”, RIKEN Review, vol. 48, pp.3-6.

Jester, W., Kallinderis, Y., 2003, "Numerical study of incompressible flow about fixed cylinder pairs", Journal of Fluids
and Structures, vol.17, pp.561-577.

Kim, T., Flynn, M.R., 1995, "Numerical simulation of air flow around multiple objects using the discrete vortex
method", Journal of Wind Engineering and Industrial Aerodynamics, vol.56, pp.213-234.

Lankadasu, A., Vengadesan, S., 2007, "Interference effect of two equal-sized square cylinders in tandem arrangement:
with planar shear flow", International Journal for Numerical Methods in Fluids, Published online in
www.interscience.wiley.com, pp.1-17.

Leonard, B.P., 1979, "A stable and accurate convective modeling proceed based on quadratic upstream interpolation”,
Computational Methods in Applied Mechanical Engineering, vol.19, pp.59-97.

Lindquist, C.,2000, “Estudo experimental do escoamento ao redor de cilindros de base quadrada e retangular”,
Dissertacdo de Mestrado, UNESP, Ilha Solteira.

Luo, S.C., Li, L.L., Shah, D.A., 1999, "Aerodynamic stability of the downstream of two tandem square-section
cylinders", Journal of Wind Engineering and Industrial Aerodynamics, vol.79, pp.79-103.

Meneghini, J.R., Saltara, F., Siqueira, C.L.R., FerrariJr., J.A., 2001, "Numerical simulation of flow interference
between two circular cylinders in tandem and side-by-side arrangements”, Journal of Fluids and Structures, vol.15,
pp.327-350.

Monkewitz, P.A., Nguyen, L.N., 1987, "Absolute instability in the near-wake of two-dimensional bluff bodies", Journal

of Fluids and Structures, vol.1, pp.165-184.
HOME PROXIMA




EPTT2008 Escola de Primavera de Transi¢cdo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Séo Carlos, SP

Ng, C.W., Cheng, V.S.Y., Ko, N.W.M., 1997, "Numerical study of vortex interactions behind two circular cylinders in
bistable flow regime", Fluid Dynamics Research, vol.19, pp.379-4009.

Papaioannou, G.V., Yue, D.K.P, Triantafyllou, M.S., Karniadakis, G.E., 2006, "Three-dimensionality effects in flow
around two tandem cylinders", Journal of Fluid Mechanics, vol.558, pp.387-413.

Patankar, S.V., 1980, "Numerical heat transfer and fluid flow", Hemisphere Publishing Co., New York, 1980.

Sakamoto, H., Haniu, H., Obata, Y., 1987, "Fluctuating forces acting on two square prisms in a tandem arrangement"
Journal of Wind Engineering and Industrial Aerodynamics, vol.26, pp.85-103.

Sumner, D., Price, S.J., Paidoussis, M.P., 1999, "Tandem cylinders in impulsively started flow", Journal of Fluids and
Structures, vol.13, pp.955-965.

Sugin, C., Ming, G., Ziping, H., 2000, "Numerical computation of the flow around two square cylinders arranged sid-
by-side", Applied Mathematics and Mechanics, vol.21, pp.147-164.

Szepessy, S., Bearman, P.W., 1992, "Aspect ratio and endplate effects on vortex shedding from a circular cylinder",
Journal of Fluid Mechanics, vol.234, pp.191-217.

Wang, Z.J., Zhou, Y., 2005, "Vortex interactions in a two side-by-side cylinder near-wake", International Journal of
Heat and Fluid Flow, vol.26, pp.362-377.

Williamson, C.H.K., 1985, "Evolution of a single wake behind a pair of bluff bodies", Journal of Fluid Mechanics,
vol.159, pp.1-18.

Xu, G., Zhou, Y., 2004, "Strouhal numbers in the wake of two inline cylinders" Experiments in Fluids, vol.37, pp.248-
256.

Zdravkovich, M.M., 1977, "Review of flow interference between two circular cylinders in various arrangements"
Journal of Fluids Engineering (ASME), vol.99, pp.618-633.

Zdravkovich, M.M., 1987, "The effect of interference between circular cylinders in cross flow", Journal of Fluids and
Structures, vol.1, pp.239-261.

Zhou, Y., So, R.M.C., Liu, M.H., Zhang, H.J., 2000, "Complex turbulent wakes generated by two and three side-by-side
cylinders", International Journal of Heat and Fluid Flow. vol.21, pp.125-133.

PROXIMA




EPTT2008 6¢ Escola de Primavera de Transi¢éo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

Constructing the dependence of the Reynolds stress tensor on kinematic
tensors from DNS data

Roney L. Thompson, rthompson @mec.uff.br

Grupo de Escoamento de Fluidos Complexos - LMTA - PGMEC, Department of Mechanical Engineering, Universidade Federal Flu-
minense, Rua Passo da Patria 156, Niteroi, RJ 24210-240, Brazil

Laurent Thais, laurent.thais @polytech.lille.fr

Gilmar Mompean, gilmar.mompean @ polytech.lille.fr

Université des Science et Technologies de Lille, Polytech’Lille Laboratoire de Mécanique de Lille, UMR-CNRS 8107 Cité Scientifique,
59655 Villeneuve d’ Ascq Cedex, France

Abstract. Turbulent models provide closure equations that relate the Reynolds stress with kinematic tensors. Nowadays,
not only experimental but DNS data can be a source of testing the closure equations proposed. In the present work
we apply decomposition theorems using DNS data to decouple the Reynolds stress into parts that are correlated and
uncorrelated to certain kinematic tensors for two problems: the channel flow and the flow through a square duct. In
particular we have conducted three approaches. The first one extracts from the anisotropic Reynolds stress tensor (b)
the part that is proportional to the strain rate tensor, D. The second approach extracts from b the part of the Reynolds
stress that is in-phase (coaxial) with the strain rate. The third one, expresses the out-of-phase part as a function of
a non-persistence-of-straining tensor D - (W - QD) — (W - QD) - D, where W is the vorticity tensor and QP is
another skew-symmetric tensor related to the rotation of the eigenvectors of D. In this article, appropriate norms are
used to quantify how consistent are such hypothesis depending on the region of the flow domain. The results show that
the tensorial form of the Boussinesq hypothesis is not a good assumption even for the channel flow far from the wall.
Besides that, the set of tensor basis composed by D, D? and D - (W — QD) — (W — QD) - D is able to describe well
the anisotropic Reynolds stress but further investigation is needed to construct the scalar coefficients of this new general
tensorial formulation.

Keywords: Reynolds stress, DNS, channel flow, square duct, tensor decomposition, Boussinesq hypothesis
1. INTRODUCTION

In the contemporaneous perspective, there are mainly four approaches to attack a turbulent flow problem. Three that
are numerical, namely RANS, LES, and DNS and the fourth which is experimental. When Newtonian fluids are the
subject of interest, DNS and experimental results are more related to the each other, although its obvious difference of
approaches. This happens because RANS and LES provide huge backbones of turbulence models while in DNS and
experiments there is no need to model the fluid and its interaction with turbulence.

The problem with DNS and experimental approaches is their cost. They can be extremely expensive. DNS requires a
hardware capacity and memory that turns prohibitive its use in complex flows. To run an experiment is also very expensive
and to change from an experiment to another in order to solve a new problem is not comparable to run a new simulation
with a turbulent model. Therefore, RANS and LES are used to solve engineering problems and DNS and experimental
analysis can help to formulate more accurate RANS and LES models.

The idea of the present work is to apply tensor decomposition theorems, presented in Thompson (2008) in order to
have guidelines to construct RANS models. Generally speaking they decompose a tensor ) with respect to another one,
U, in a part which is in-phase and another out-of-phase with respect to this second tensor. These decompositions are better
explained in section 2. Next, we show how to construct normalized indices used here to quantify how DNS data fits the
hypotheses considered related to an specified tensor basis.

Those ideas are applied to two cases: the channel flow and the flow through a square duct.

2. THEORETICAL ANALYSIS
2.1 Decomposition of a tensor with respect to another
2.1.1 General

Let us consider two second order tensors U and V. There is a family of decompositions of tensor V with respect to U
that is relevant in the present analysis. This family of decompositions decompose V into two additive parts as

V= P% 4+ PY (1)
- v %

that enjoy the following properties
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~u
i) P§} and P, are orthogonal'.
ii) U and P% are coaxial®

~U
iii) U and P, are orthogonal.

If U and V were first order tensors, there would be an unique pair {P%, ﬁg} that could satisfy properties (i)-(iii).
Since U and V are second order tensors, these properties do not decompose V in an unique manner. Essentially this
happens because it is possible for a tensor to commute with and be orthogonal to a second tensor at the same time. A
simple example that can illustrate this fact is the pair rate-of-strain tensor, D, and the identity tensor, 1 for the case of
an incompressible fluid. The identity tensor commutes with any other tensor and tr (D - I) = trD = 0. Therefore, to
construct the family of decompositions indicated, we can start from splitting tensor V into three parts as

u+ ut u-
V=¢y +¢y +¢y 2)
. . . + . .
where cp%f is a part of V that commutes with, but is not orthogonal to U, go% commutes with and is orthogonal to U,
and (p%,r does not commute with but is orthogonal to U. To enjoy the properties listed above, it can be shown that the

quantities { P}, 133} obey the following relations
G C P C b+l 3)
S CPy A @
In other words, uniqueness of the decomposition depends on a criterion of inclusion of tensor cpz{,’i, or parts of it, in

= . . . . .
each group P% or P,,. The two extreme cases of this decomposition constitute the basis of the present analysis and are
explored next.

2.1.2 Decoupling a tensor into a proportional and an orthogonal parts

In the scope of the present work, where turbulence modelling is considered, the analysis is catrried out with the
particular case where U and V are symmetric tensors. This is justified by the symmetry of the Reynolds stress and the
kinematics tensors that compose the basis used to represent it. The first possible decomposition considered is when

-L +

Py =al " =l 4)
~Uu L + _

Py =8 =¢f +¢Y (©)

where @%L and i’%ﬂ are, respectively the orthogonal and the non-orthogonal parts of V related to U.
This form of partition was employed by (e.g. Rajagopal and Srinivasa (2005)). Since every tensor commutes with
itself, U is part of the basis of tensors that are coaxial to itself. In other words we can write V as

V=U+W (7

Besides that, U is a symmetric non-zero tensor and, therefore, it cannot be orthogonal to itself (t]rI/l2 # 0). On the
other hand, we can choose ¢ in such a way that W is orthogonal to U. If we take the inner product of Eq.(7) with respect
to tensor U and impose tr (W - U) = 0 we have that

o t(v-u) v:u
U U:U

S ®)

In the case of this decomposition, P,Lf is the part of V that is proportional to U or P% =qU.
2.1.3 Decoupling a tensor into a coaxial and an orthogonal parts

In Thompson (2008) a decomposition theorem was presented. Here we give a particular aspect of it as follows. Let us
consider two second order symmetric tensors U and V. Let us call e and A the (real) unit eigenvectors and eigenvalues
of tensor U, respectively. Let us define a fourth order tensor 14¥ as

3
144 — g etleltelle! )
k=1

'Two tensors A and B are orthogonal if (and only if) tr (A . BT) = 0, where tr is the trace operator and the superscript 1" denotes transposition.
2Two tensors are coaxial if (and only if) they share the same eigenvectors. This condition is satisfied if (and only if) they commute.
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and a decomposition of tensor V, such that

u U
where
oY =144y (11
g 55 _ quu
e, =(17°-1"): v (12)
and 1% is the fourth order identity tensor that when applied to any second order tensor maps this tensor to itself, as
follows
1% .B=RB (13)

In this case, from Eqs.(3) and (4) we can identify
+ +

Py =@ = ol +¢ (14)
~U ~U u-
Py =®y, = ¢y (15
Then, the decomposition given by Eqgs.(10), (11), and (12) have, besides properties (i)-(iii), the following ones
o U:V=U:BY

~ ~ ~U
o ZU, V=2 [u, @V}

where the second order tensor-valued function = [U, V] denotes the Lie product between any two second order tensors,
defined as
ZUV=U-V-V-U (16)

In a matrix form Eq.(10) is written as

., 1% R LR Ve 0 0 0 V4 VY
[v } - szl v% v%, - 0o w 0 |+ szl 0 Vi, (17)
Vai V52 Vi 0 0 Vi Vi Va0

~U
Because of the above properties, tensors ‘I’Z{,{ and ®,, were called (Thompson (2008)) the in-phase and out-of-phase
parts of V with respect to U. The following properties are important in the present context

~u
1. When tensors U and V commute, &% = V and ®,, = 0.
2. When V = A% . B — B" . AS, where A® is symmetric tensor which commutes with & and B" is skew-

~U
symmetric, % = 0 and ®,, = V.

~U
It is worth noting that since ®%f and @, are orthogonal (or uncorrelated), the norm of V, ||V| = V'V - V7 is given
by

~ ~un\T ~
VYT - J(@% +8y) (B +By) = V@Y + B2 (8)

A normalized parameter that measures how tensor V is in-phase with tensor U can be constructed by the relation

3 2 (1125
u_ 4 = 1 v
P =1 - cos ( VI (19)

@% € [0, 1], where 6% = 0 being the case where U and V are uncorrelated and &)‘Lj = 1 when U/ and V are coaxial,
i.e. share the same eigenvectors.
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2.2 The three approaches of the present analysis
2.2.1 Boussinesq hypothesis

The Reynolds stress tensor, R, is defined through

R = uju’e;e; (20)

L)

where u) are fluctuations of the i-component of the velocity and the overline, () indicates the average operation. The
Boussinesq hypothesis (Boussinesq (1877)), is based on the the assumption that the turbulent shear stress is linearly
dependent on the velocity gradient. Therefore the structure of the relation between molecular shear stress and kinematics
is maintained for the turbulent shear stress. Hence, for a 2-D cartesian flow where x is the coordinate along the wall and
y is orthogonal to this wall

—u/v' = vp ou (21)

dy

where v is a “turbulent viscosity".

The generalization of this hypothesis was done by Komolgorov (1942). Let us considered tensor b, the anisotropic
Reynolds stress defined as

b= — (R = ;trR> (22)

Therefore, a tensor version of Eq.(21) can be written as
b = 2urD (23)

where D is the symmetric part of the mean velocity gradient. Let us suppose we have obtained the Reynolds stress
(and therefore b) from a DNS or experimental data. Let us suppose this same source has provided us with some kinematic
information such as the velocity profile. Therefore, one can calculate D. How can we test if Eq.(23) holds? Or, what is a
better approach, how can we quantify how Eq.(23) adheres to the data in a general flow? And how can we obtain vp?

The approach used here, in this first analysis is to decompose tensor b into a tensor which is proportional to D and a
tensor which is orthogonal to D, D-<L. Hence,

b = aD + gD+ (24)
If we take the inner product of Eq.(24) with respect to D and impose that tr (D+ - D) = 0, we have that

tr(b- D)
o= ——7=
tr (D - D)
Therefore, « is the best scalar that can be related to the turbulent viscosity defined by Eq.(23). The idea here is to

present this scalar in the usual dimensionless form (C),) where the kinetic energy and dissipation are used to compose a
quantity with the viscosity dimension. Therefore

(25)

2
o= 20#]% (26)

An important index of the present analysis is a global measure of how important is the term oD when compared to b,
in other words, how Komolgorov’s Eq.(23) can fit DNS or experimental data.
Based on Eq. (19), this parameter, index;, is given by

) 2 tr («?D?2)
index; =1 — = cos ( “ubl 27

and, by construction, index is a normalized parameter (index; € [0, 1])
2.2.2 How D can explain the Reynolds stress

The second approach is to use the other extreme case of the in-phase-out-of-phase concept discussed previously: the

decomposition of the Reynolds stress into a part which is coaxial to D, ‘I>{,D , and another which is orthogonal to D, ;Iv>b .
Mathematically, this is represented by

D ~D
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The in-phase part, @{? , is the part of the Reynolds stress that can be explained by D. In other words, if the only
information we had about kinematics were tensor D, <I>l? is the largest part of the Reynolds stress that could be modelled.
Therefore, ‘I’E captures a larger part of b then D where « is given by Eq.(25). As discussed previously, <I’bD can be
written as an isotropic function of D. Using dimensionless quantities for the coefficients, we have that

k2 k3
o) = Crkl + Cp=—D + Cpe 6—2D2 (29)

Since b is traceless we have, in general, that
/{32 k3

3C1k + Cp—trD + Cp2 —trD* = 0 (30)
€ €

For incompressible fluids

kS
3Crk 4 Cpe 6—2trD2 =0 (31)

We can also construct a global index, index;, to measure the importance of @1? on b, as in Thompson (2008)

! (32)

. 2 _
indexrr =1 — — cos
T

and indexs is also a normalized parameter not less then index; (0 < index; < indexy; < 1) since it captures the
total influence of D on the Reynolds stress and not only its linear influence. In fact, from the Cayley-Hamilton theorem,
it can be shown that ‘I’? is of the following form

¢bD = 0401 + OélD + 042D2 (33)

2.2.3 Third approach

This approach comes from identifying an important tensor basis that is orthogonal to D that can be used to explain
the Reynolds stress: the tensor D - W — W - D. Where W is the vorticity tensor, the skew-symmetric part of the mean
velocity gradient and the overline indicates that this tensor is computed relative to the QP the rotation of the eigenvectors
of D, defined through

QP =ePel (34)

where ekD are normalized eigenvectors of D. This symmetric traceless tensor was called by Thompson and Souza
Mendes (2005) the persistence-of-straining tensor and appears on representation tensor theorems that represent a general
isotropic symmetric tensor as a function of D and W. As shown by Thompson (2008) this tensor captures the first
(infinitesimal linear) tendency of a generic flow to depart from a general extensional kinematic, an extensional motion
which is not necessarily a motion with constant stretch history. Obtaining tensor D - W — W - D can be a difficult task
since from the definition of Q7 given by Eq.(34) the rate of change of the eigenvectors of D have to be calculated. This
difficulty has sometime made some researchers to use tensor D- W — W - D instead, although this tensor is non-objective,
i.e. depend on the chosen frame of reference.

Here we have used a simpler approach, based on the decomposition, defined by Eq.(28), of the time derivative of D
with respect to D. Therefore,

. D ~D
D =®p + &y 35)
As shown by Thompson (2008),

D /
¢, =D (36)
where D’ is the natural convected time derivative of D and

&5 =— (D QP —QP. D) (37)
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~D
Therefore, if we apply the decomposition defined by Eq.(28) and find @y, we can find the persistence-of-straining
tensor through

D W-W.D—-D-W-W.D+dg (38)

This approach is more interesting not only because it comes from a calculation of D but also because Q2 is not always
uniquely determined although D - QP — QP . D is, as discussed by Huilgol (1979).
— ~D
Since D - W — W - D is orthogonal to D, it is a subset of ®; . In other words, the decomposition stated by Eq.(28)
can be written in another form as

b:¢5+g(D.W_W.D)+<’1§ﬂ (39)

c

~D ~D - o
where ®, } =¢, —¢ (D W -W. D) is mutually orthogonal to D and D - W — W - D. The determination of

¢ follows the sa?ne lines as Eq.(25) or

u[8, (D-W-W.D)

tr[(D-W-W.D)’|
Having found ¢ we are able to define a third index, ¢ndex s as
o 2
r [(‘I)E—i—f(D-W—W-D)) }
indexrr =1 — - cos™! 7 41)

and 0 < index; < indexr; < indexyr; <1
3. DNS DATA
3.1 Channel flow

The channel flow direct numerical simulations (DNS) were conducted in a rectangular channel at an imposed moderate
zero-shear frictional Reynolds number Re, = 180, corresponding to a Newtonian bulk Reynolds number Rey,,;;, = 2800
based on the channel half-height h. The channel size is L, = 4nh, L, = 2h, L, = 4/3rh. In the homogeneous
directions, these amount to L+ ~ 2300 and L,+ ~ 750 in wall units.

The DNS grid has 128 x 129 x 128 points in the respective streamwise, wall-normal, and spanwise directions, i.e.
Az, ~ 17 and Az, ~ 6 in the homogeneous directions. The grid in the wall-normal direction has a tanh distribution
such that 0.2 < Ay, < 7 and incorporates about 20 points in the first 10 wall units, which is enough to resolve the
smallest turbulent structures in the near wall region. The time step used on this grid is At = 0.001 h/ugqe.

The numerical code which was developed for the present study is a direct extrapolation of the code described in
detail by Tejada-Martinez and Grosch (2007). The code uses the Message Passing Interface protocol following the same
parallel structure presented by Winters et al. (2004). Only a brief description will be given below. The momentum
equations are solved with a hybrid spectral finite-difference scheme. A two-dimensional Fourier-spectral discretization
is used in the homogeneous directions (z, z) whereas 6-th order compact finite difference formuli are used in the wall-
normal direction y (Lele Carpenter (1992)), downgraded to 5-th order at the first two boundary points (Carpenter (1993)).
The time advancement of the solution consisted of the second order time-accurate pressure correction scheme on a non-
staggered grid analyzed by Armfield and Street (2000). This procedure uses the implicit mid-point trapezoidal rule for
viscous terms and the explicit second-order accurate Adams-Bashforth rule for advection. Furthermore, the three half rule
is used for de-aliasing all the non-linear terms, along each one of the periodic directions.

3.2 Square duct

The basic flow statistics of the turbulent flow through a straight duct of square cross section at low Reynolds number are
available through a number of independent direct simulations of this bounded flow Huser and Biringen (1993), Gavrilakis
(1992), Gavrilakis, S. (1993). There is good qualitative agreement in the statistics extracted from these simulations, thus
enabling the study of the duct flow with some confidence. The simulation database that will be used in this paper is that
obtained by Gavrilakis in Ref. Gavrilakis, S. (1993). Briefly, the main characteristics of the simulation are as follows. For
spatial approximation of the Navier-Stokes equations, a mixed Fourier and finite difference approximation scheme is used.
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The flow variables are expanded into discrete Fourier series along the homogeneous streamwise direction (z), Figure 8,
whereas second-order centered difference approximations are used for the inhomogeneous directions (y, z). The disparate
convergence properties of the two types of numerical approximation are partly offset by the unavoidable use of the largest
grid spacing along the streamwise (Fourier) direction. This arises from the need to employ a relatively long domain in
the streamwise direction in order to secure sufficient decorrelation of the turbulent field. The time marching method is
based on the second-order Adams-Bashforth scheme for all terms of the equations of motion. This allows the resolution
of all convective and viscous time scales carried by the simulation and ensures that time stepping errors are negligible.
The Reynolds number based on the mean flow velocity, U, (the overbar will henceforth be used to denote the ensemble
average which in the case of the simulation is assumed to be equivalent to streamwise, time and octant averaging), and

the duct hydraulic diameter is 4800. Additional data on the simulation are given in table 1.
4. PRELIMINARY RESULTS

4.1 Channel flow

4.1.1 General

Before doing our specific analysis, we have first compared our mean results with the data basis of Moser et al. (1999)
and found a very good agreement between the data of that basis and the data obtained with the present approach. In the
present work we use a more complete data basis including all components of the Reynolds stress and the mean velocity
gradient tensors.

Another general result is the production over dissipation (%) as a function of position in wall units. This is presented
on Fig.(1). There is a peak where the dissipation is minimum at y™ ~ 15. We can also see what it seems to be a beginning
of plateau where production and dissipation reach an equilibrium in the range of y™ € [50, 100] where g ~ 0.84. After
y* = 100, the power of the flow, due to its low Reynolds number makes the production to diminish its strength till the
center of the channel where there is no production.

4.1.2 Analysis of the Boussinesq hypothesis

The result concerning a dimensionless viscosity coefficient, C),, as stated by Eq.(25) is shown in Fig.(2). The peak of
this graph corresponds to a value C,, ~ 0.215 at y* ~ 50. After that, C), decreases monotonically till a value around
0.09 near the center of the channel. Figure (3) shows the profile of index, the importance of aD on the Reynolds stress
tensor, as given by Eq.(27). We can see that the maximum value is less then 0.44. There is a large part of the domain,
yT € [60, 150], in which the index is around this value.

4.1.3 Analysis considering the complete influence of tensor D

The dimensionless coefficients that appear in Eq.(29) are shown in Fig.(6). We can see that they have an almost
constant behavior in the range y™* € [50, 150].

The global parameter index;; is depicted in Fig.(4). The increase in the capability of explanation of the anisotropic
Reynolds stress tensor by tensor D stated by Eq.(29) in comparison with its linear form given by Eq.(24) is patent since
indexrr =~ 0.9 all over the domain.

4.1.4 Analysis adding the tensor basis D - W — W - D

When tensor D - W — W - D, which is orthogonal to D, is added to the kinematic tensor basis, the whole Reynolds
stress tensor is captured. This is shown in Fig.(7), where index;; ~ 1.0 all over the domain.

4.2 Square duct
4.2.1 General

We show some preliminaries results concerning the flow through a square duct. The geometry of this flow is explained
in Fig.(8).

The field of production over dissipation is shown in Fig.(10). We can see that greater values of this quantities are
located near the wall, where turbulent dissipation is minimum and the lower values are concentrated near the diagonal line
that communicates the corner to the center of duct. We can see that there is a large portion of the domain, labelled with a
green, where the value of production over dissipation is around unity. The result of the middle of the square duct are in

accordance to what is found for the channel flow with the same level of Reynolds number.
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4.2.2 Analysis of the Boussinesq hypothesis

The field of the dimensionless viscosity coefficient, C, defined by Eq.(25), in the square duct domain is depicted in
Fig.(11). Here, as in the case of production over dissipation, we see that the result of the middle of the square duct are
in accordance to what is found for the channel flow with the same level of Reynolds number. The portion of the domain
where C, ~ 0.9 is coincident to the equilibrium value between production and dissipation.

It is interesting to see the field of index!, a quantification of the part of the anisotropic Reynolds stress tensor that
is linear with the rate-of-strain tensor, D. Figure (12) shows this field. We can see that there is no part of the domain
where the value of this quantity is above 0.5. This result is an indication of the poorness predictability of the Boussinesq
hypothesis.

5. FINAL REMARKS

We have performed some tensorial filtering on DNS data for the turbulent flow in a channel and in a square duct. We
have shown for the channel flow that the tensorial basis composed by D, D? and D - (W — QD) - (W — QD) -Dis
able to fully describe the anisotropic Reynolds stress tensor, b. On the parts of the domain where which are favorable,
the Boussinesq hypothesis leads to a prediction of only half of the total Reynolds stress, which turns out to be a poor
hypothesis. However, when an anisotropy is introduced and the Reynolds stress is written as an isotropic function of D
then the ability of prediction increases significantly.

The general results obtained with the square duct geometry are in accordance to the one obtained with the channel
flow if we compute the values in the middle section of the square.

Further investigation is needed. The next step is to apply the fully approach to the square duct.
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Figure 1. Production over dissipation.
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Figure 3. Index I. A normalized measure of how the Boussinesq hypothesis adheres to the DNS data.
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Figure 4. Index II. A normalized measure of how the rate-of-strain tensor can explain the Reynolds stress tensor
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Figure 5. Coefficients of the basis 1, D, and D? non-dimensionalized by the kinetic energy and dissipation

03

- PRI SR -
50 75 100 125 150
v+

Figure 6. Coefficients of the basis 1, D, and D? non-dimensionalized by the kinetic energy and dissipation.
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Figure 7. Index III. A normalized measure including the non-persistence-of-straining tensor to the kinematic basis of
tensors that can explain the Reynolds stress tensor.
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Figure 8. Geometry and coordinate system.

Re = U,,2h/v 4800

Ret =wu.2h/v 320

Domain size in x,y,z 167h x 2h X 2h

Grid size 768(xz) x 127(y) x 127(2)
Resolution in v /u, units 10.5in x ; 0.48-4.6 in y and z
Length of flow sample 44 h/u,

U,/Un 1.33

Friction factor 0.036

<k>/uZ 22

Maximum Re) 205

Centerline Re) 32

Minimum Kolmogoroff scale 1.5 v/u,

Table 1. Numerical and physical parameters of the simulation : U,, mean centerline velocity; U,,, bulk velocity; .,
average friction velocity over the duct perimeter; < k£ >, volume and time averaged turbulent kinetic energy; A, Taylor
microscale based on the streamwise velocity u.
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Figure 9. Grid of the square duct.
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Figure 10. Production over dissipation on the square duct.
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Figure 11. Dimensionless viscosity coefficient on the square duct.
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Figure 12. Index I, a measure of how consistent is the hypothesis that the anisotropic Reynolds stress is a linear function

of the rate-of-strain tensor on the domain of a square duct.
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Abstract. In this paper we apply a new high order bounded convectioemehfor direct computation of 2D and 3D
incompressible turbulent free surface flows. The full NaSikes equations are solved by using the finite difference
methodology on a staggered grid system. The numerical métlam adaptation of the SMAC methodology for calculating
free surface fluid flows at high Reynolds numbers. The methicsi verified/validated in two flows, namely: a 2D
turbulent free jet impinging onto flat surface and the 2D/3DKen dam. The method is then employed to simulate a 2D
jet penetrating a quiescent fluid from an entry port beneléiftee surface, a 2D sluice gate and a 3D circular hydraulic
jump.

Keywords. Free surface flow, upwinding, finite difference method, mpressible turbulent fluid flow

1. INTRODUCTION

Concerning investigations of complex free surface flowssaterable progress has currently done in the application
of both finite difference method and high order upwindinge(der example, Ferreira et al. (2004, 2007, 2008), Castelo
et al. (2000) and Tomé et al. (2000)). In particular, in thesgnt study, a new high order boundedness upwind advection
scheme, called TOPUS (Third-Order Polynomial Upwind Soékgris applied in an attempt of simulating 2D and 3D
incompressible turbulent free surface flows for “almostedt numerical simulation technique (Wilcox, 1993; Leahar
1995).

The basic idea underlying the TOPUS scheme, which is theroobjeling used in this work, is to derive a fourth degree
polynomial using the recommendations of Leonard (1988)reMyenerally, in uniform grids, this scheme determines a
family of third order accurate polynomial upwinding for cpating predominantly convective flows. The derivation & th
scheme is based on NVD (Normalized Variable Diagram) r&girs of Leonard (1988), and the TVD (Total Variation
Diminishing) constraints of Harten (1983). Consequeritlgatisfies the CBC (Convection-Boundedness Criterion) of
Gaskell and Lau (1988).

For direct computation of free surface flows, the full Nax&tokes equations are solved by using the finite difference
methodology on a staggered grid system, and the numerice¢dure is an adaptation of the explicit SMAC (Simplified
Marker-And-Cell) methodology of Amsden and Harlow (197@) ¢alculating free surface fluid flows at high Reynolds
numbers. The calculations are performed using the 2D ande38lons of the Freeflow simulation system of Castelo et
al. (2000). Numerical experiments confirm the ability of I@PUS scheme in solving complex free surface flows.

We describe the fundamental equations and the numericalothét Section 2. In Section 3, the mathematical for-
mulation of the TOPUS scheme is outlined. In Section 4, twé3ZDnumerical examples are performed for the veri-
fication/validation of the present numerical method. Thapplications are investigated in Section 5. Conclusioes ar
presented in Section 6.

2. FUNDAMENTAL EQUATIONS AND THE NUMERICAL METHOD
2.1 Full Navier-Stokes equations

The general mathematical equations that model transiemtdyéan incompressible flows are Navier-Stokes and mass
conservation equations, which in conservative and noredsional forms, these equations can be written, respégtive

as
ou 1, 1
E"‘V(UU)—-V})—FEV U+Wg, (1)
V.u=o0, )

where the velocity is the vector consisting of the velocity components, theguesp is a scalar, and is the gravitational
acceleration|g| = 9, 81 m/s?). The non-dimensional parametdts = (LU )/v andFr = U/(+/L|g|) are, respectively,
the Reynolds and Froude numbers, in whicls length scale and@ is characteristic velocityr is kinematic viscosity

HOME PROXIMA




EPTT2008 6¢ Escola de Primavera de Transi¢do e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sdo Carlos, SP

coefficient (constant) of the fluid. Together with approfgipoundary and initial conditions, the Egs. (1) and (2) are
solved by using the finite difference method implementetiéé2D and 3D versions of the Freeflow code of Castelo et al.
(2000). This code uses a explicit version of the SMAC methagimally proposed by Amsden and Harlow (1970). The
details of the discretization procedure have been preddmyté&erreira et al. (2004, 2007).

2.2 Initial and boundary conditions

Equations (1) and (2) are coupled non-linear PDEs and afieisut, in principle, to solve for the unknowmisandp
when appropriate initial and boundary conditions are sj@etiFor initial conditions, a Dirichlet condition is useat fll
variables. There are four types of boundaries to be coreigdaamely: inlet, outlet, solid walls and free surfacesthat
inlet section, the velocity is known. At the outlet sectibmmogeneous Neumann (fully developed flow) conditions are
specified for all variables. On the solid walls, it is assurtied the fluid adheres to (no slip) or slips at (free slip) thies
surface. The appropriate free-surface boundary congitioa the vanishing of the normal and tangential stresseshyhi
in the absence of surface tension, are (see Ferreira el08l4(2007) for details)

n-o-n=0, 3
ml-oc-n=0, (4)
m2-0-n=0>0, %)

wheren is the local unit normal vector, external to the free surface&lm1 andm2 are the local tangent vectors to the
free surface. The viscous stress tens@ given by

o= —pl +2uD, (6)
wherel is identity tensory is dynamic viscosity coefficient, aridl is tensor of deformations average

D =0.5((Vu) + (Vu)"). (7)
2.3 Numerical method

The PDEs (1) and (2) have been solved numerically by usingttmggered grid finite difference methodology, pre-
sented by Tomé et al. (2000). An important factor in the choitthe spatial differencing strategy, a topic of this paper
is the order of accuracy. In the present study, the diffutséams have been approximated by second order central dif-
ferencing, while for the advection terms the TOPUS schenusésl. Details of the scheme will be presented in the next
subsection. The Poisson equation (see Eq. (12)) is digetktising the usual five-point Laplacian operator, and the
associated symmetric linear system is solved by the cotgugradient method. The complete numerical algorithm is
summarized below.

When calculating the tilde velocityy, we employ an adaptive time stepping procedure to comptenximum
permissible time step.

In this work, the Eqgs. (1) and (2) are discretized in time bpgishe explicit Euler method, giving the system

1 1
(n+1) _ (n) Std—_v. (n) (n) = 24(n) - ~n) 8
u u + { V - (uu) Vp'™ + Rev Ut 59 }, (8)

Vv -u™ =0, 9)

wheredt is the time step. The solution procedure for solving Eqsa(®) (9) can be accomplished by means of the frac-
tional step procedures, first suggested by Chorin (1968&dcprojection methods. The basic idea behind this apgroac
is to use the Eq. (8) to solve for an intermediate velocityfiethat is not required to be divergence-free, that is,

a=u™ 44t {—v (uu)™ — Vp + év%& + %g(”)} , (10)

wherep = p(™ is a tentative pressure. Then, using Helmholtz-Hodge th@dodge, 1952; Denaro, 2003), this interme-
diate velocity vector field is projected to ensure mass lz@amd obtain a gradient field that is,

a=u" + V. (11)
By applying the divergence in Eq. (11) and using Eq. (9), dotaio the following Poisson equation fgr

V)=V -1 (12)
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For the computational approach, it is supposed that, atengimet = ¢, the solenoidal-velocity field(x, ¢o) is
known and suitable boundary conditions for the velocity pressure are given. The updated velocity field, ¢), at
t = to + Jt, is calculated by the following sequence of the steps:

STEP 1: Update the variables on the boundaries: the conditions letsinoutlets and rigid walls are discussed in
subsection 2.2 in the case 3D, the velocity field at the fuefase is explicitly computated using the following eqoas

1 [.0 ov 0 0 0
— {2 unTml +2—n,ml, + Z—wnzmlz + (_u + —U> (nymly +ngmly)
e

Re | 0x Jy 9z Oy Oz
and
% {Q%Tlmm2w + Qg—Znmey + 2(2 nam2; + <gz + %) (nym2 + nym2y)
+ <% + é;_w) (n-m2; +nzm2.) + <% + g—j) (n.m2y, + ”ym2z)} =0, (14)

wheren = (n,,ny,n;) is the local unit normal vector, external to the free surfac®lml = (ml,, ml,, ml.) and
m2 = (m2,, m2,,m2;) are the local tangent vectors to the free surface. The mefisid is explicitly computed using
the following equation

p+ 5 2 0u s O e, 0w g (0w 00 (20 o (2299 | = 0 15
P 9r ' Ty T a2 oy Tox) " T\ oz T ar )T 0 Ty ) T

STEP 2: Calculate the auxiliary velocity field from Eqg. (10);

STEP 3: Solve the Poisson equation (12) for potential function The appropriate boundary conditions for this
equation are homogeneous Dirichlet-type on the outletshamidogeneous Neumann-type on the fixed boundaries and
inlets;

STEP 4: Compute the velocity field from (11);

STEP 5: Compute the pressure. It can be shown that the pressureeis lgyv

. (Xt

pix 1) = i, 1) + 220, (16)

STEP 6: Update the positions of the marker particles. This stepli@gomoving the marker particles to their new
positions. These are virtual particles (without mass, nauor other properties), whose coordinates are stored and
updated at the end of each computational cycle by solvingttimary differential equatio = v by Euler's method.
This provides a discrete particle, convected in a Lagrangianner, with its new coordinates, allowing us to determine
whether or not it has moved into a new computational cell f dr has left the containment region through an outlet
boundary. And go back to th&TEP 1

3. TOPUS SCHEME FOR CONVECTIVE TERMS DISCRETIZATION

Various monotone upwind polynomial schemes into the CB@regassing through the three critical poid§0, 0),
Q(0.5,0.75) andP(1, 1) (see Fig. 2) and that satisfy the CBC restriction of Gaskelllzau (1988) have been appeared in
the literature. Zhu (1992), for instance, proposed a quediticalled HLPA (Hybrid - Linear Parabolic Approximatipn
scheme also known as Harmonic by van Leer (1977). Whilerdiffeauthors (Pascau and Perez, 1995; Choi, Nam and
Cho, 1995; Zhou, Davidson and Olsson, 1995; Zijlema, 19868¢ladopted a cubic polynomial (under a variety of names
and tangential to QUICK aby = 0.5) that was referred as SMARTER by Waterson and DeconinckR08owever,
the SMARTER scheme violates the monotonicity preservatmmdition of Sweby (1984), because the CBC is weaker,
and more flexible, than Sweby’s TVD criterion (Zijlema, 199é addition, a majority of these scheme is not entirely
contained in the Harten’s TVD region (Harten, 1983).

In this context, the philosophy of the TOPUS scheme is to dedifourth degree polynomial that passes through the
O, @ and P critical points, that is tangential to the QUICK and that tzons a free parameter in its formulation. In
short, in NV the general TOPUS scheme can be defined as

7 a¢4 + (=20 +1)0f + (22722) 6 + (=22) v, Q}U € [0,1]; 17
?1 = { v, ou ¢ [0,1]; an

wherea € [—2, 2] ensures that the TOPUS scheme satisfies the CBC criteriamigiinal variables, this new scheme can
be rewritten as (see Fig. 1)

by = { ¢r + (oD — éR) [OK%J + (=20 + 1) ¢ + (22712) 67, + (=2H0) (bU} ., du €[0,1]; (18)

¢U7 QEU ¢ [Oa1]7
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wheregy = % is the NV of Leonard (1988). The neighboring nodes D (Dowesstn), U (Upstream) and R
(Remote-upstream) of Aface are defined according t§ at this face.

R

1
D !
1
1
1
1V
=
1
1
1
I
—— 9 *—
D f U R

Figure 1. Original variables.

In the case ofvr = 2, it can be shown that TOPUS is entirely contained in the TV§iae of Harten (1983) (see Fig.
2) and it is given by

ng:{ %Qgé_g(&?}""QQBU’ Q}UG[O’”’
ou, ou ¢ [0,1].
In this work, the TOPUS will be used with = 2. If « = 0, then TOPUS corresponds to the SMARTER scheme of

Waterson and Deconinck. Itis important to inform to the m¥atat the TOPUS scheme is a generalization of the upwind
polynomial scheme (“Esquema 11”) constructed by Queircal e€2007).

(19)
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Figure 2. TOPUS witlw = 2 in the region TVD.

For the spatial advection terms of Navier-Stokes equatitiesapplication of this scheme is as follow. For simplicity
only the discretization of the nonlinear termsifrcomponent of the 3D Navier-Stokes equations will be pressenThe
discretization of the other nonlinear term is made in a simitanner. In positioi + 1, j, k) of the 3D mesh, this term
can be approximated by the following conservative scheméh{s example, thg face corresponds to thet % in Fig.

1):
O(uu)  O(uv) = O(uw) Wit 1,5,k Wit1,5,k — Wi kWijk
Ox * 0 * 0z o
Yy i+ 5.k
+“z‘+%7j+%,k“i+%7j+é7k Vil - kWit -1k
oy
Wit g gkt gtitsikts — Wit g jh—gUitsik—3
+ 5z ’

where the advection velocities; 1 j k, Wik Uiyl j11 g Vitd j— 1k Wiyl jeyd @Ndw; 1 5, 1 are obtained by

averaging. For instanc@,gr%’j,%’k is approximate by
PROXIMA

Uitd,j-4 .k F 05 (”v:,j—ak + ”v:+1,j—%,k) :
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The velocitiesu; ; , andu;41,; 1 are calculated (the other velocities follow similar progess) by:

u,

i— 3.5k Y-

5.0,k

3
° T 7 X — 2 :
If @ 5, > 0andi, 1 ; TR then
. _ 4 _ an3 . . .
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4. NUMERICAL EXPERIMENTS

The validity of the present numerical method in simulatifizyZD high Reynolds incompressible turbulent flows is
assessed in this section. Verification is made against alarbjet impinging onto a flat surface and validation is made
against the broken dam problem. These problems were sglbetsause there exist analytical and experimental data
available in the literature.

4.1 Turbulent free jet impinging onto a rigid wall

The first result is a 2D jet impinging normally onto flat sudaat high Reynolds number. This free surface flow in
turbulent regime has been chosen as a representative telsebause there is (see Watson (1964)) an analytical solutio
for the total thickness of the fluid layer flowing on the flatidigvall. It is difficult to simulate because the free surface
boundary conditions must be specified on an arbitrarily mgwioundary (see an illustration in Fig. 3).

. \ -
— /") R

free surface g ot =

outflow 1 e B T——— —— | outflow 2

rigid surface

Figure 3. Configuration of a free jet impinging onto a rigidfage.

The Freeflow code, equipped with TOPUS scheme, run this @nolt Reynolds number 5010%, which was based
on the maximum velocity/,,,... = 1.0 m/s and diameter of the inlét = 0.01 m. Three meshes were used, namely: the
coarse mesh 208 50 (5, = ¢, = 0.001 m); the medium mesh 400 100 ¢, = J, = 0.0005 m); and the fine mesh 800
x 200 (@, = d0, = 0.00025 m) computational cells. By using these meshes, a compawasmmade between the free
surface height (the total thickness of the layer), obtain@ah numerical method and from the analytical viscous $otut
of Watson (1964). This is displayed in Fig. 4. One can see ftumfigure that the numerical results on fine mesh are
generally in good agreement with the analytical solutiaspldying small differences in some regions of the flow. We

believe that most of this difference may be attributed tafficient grid points used near the rigid wall.
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Figure 4. Comparison on three meshes between numericéiosoand analytical solution of Watson (1964).

4.2 Broken dam problem

Results are presented now for the collapse of a column ofrveai® a horizontal wall for 2D and 3D cases. This
free surface flow problem was first studied experimentallgiétail by Martin and Moyce (1952), and more recently by
Koshizuka and Oka (1996) to investigate the spreading itgland the falling rate of water columns. By using the TOPUS
scheme implemented into the 2D and 3D versions of the Freeffddastelo et al. (2000), we performed a simulation
of this unsteady free surface flow. The geometry used is a €oildmn @ = 0.05m wide and2a = 0.1m high) in 2D
case and a fluid bloclb(= 0.05m length,a = 2b wide andc = 2b high) in 3D case, both in hydrostatic equilibrium and
confined between walls. At the beginning, a wall is instaaetarsly removed and the fluid is subject to vertical gravity
and is free to flow out along a rigid horizontal wall. In ordercompare with the experimental data given by Martin and
Moyce (1952) and Koshizuka and Oka (1996), the free-slipmdany condition was used to correctly model the flow at
walls. The Reynolds number based on the characteristitHehg= 2a and the characteristic velocity = \/L|g| was
Re ~ LU/v = 99 x 10% (|g| = 9.81ms~2). The meshes used in this problem were: 35@5 (5, = J, = 0.002m)
computational cells in the 2D case; and 660 x 75 (0, = J, = 6, = 0.002m) computational cells in the 3D case.

Figure 5 shows the 2D/3D numerical results and experimelatal for the position of the fluid front{(/max) versus
time (the 3D numerical results were obtained by a cuttingélat positiony = 0.05m). As shown in this figure, both
2D and 3D calculations agree fairly well with the experinatdiata specially in the comparison with the results of Marti
and Moyce, giving confidence in the numerical solutions,

6

551 Experimental data by Koshizuka and Oka (1996) —— ii T

Experimental data by Martin and Moyce (1952) ---e---
2D Numerical results = i
3D Numerical results ------ .

5

45

4+

35

xmax/a

3+

25

2k

15

Il Il Il Il Il
2 25 3 35 4 4.5
t*(2g/a)"0.5

Figure 5. Comparison between present computations andimgrgal data for the surge front positictimaa versus

non dimensional time.
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The pressure field obtained at, respectively, 0.05s,t = 0.10s, t = 0.15s andt = 0.20s is presented in Fig. 6.
(@) (b)

-0.001 0.087 0.175 0.2683 0.352 0440 0.528 0.B1B

-0.001 0117 0.235 0.352 0470 0.588 0.70E 0.824

-0.001 0.074 0.148 0.223 0.298 0.372 0447 0.522

-0.001 0049 0.088 0.148 0197 0.247 0.297 0.252 0.303

Figure 6. Pressure contours of the free surface in diffdner@s for the broken dam flow: (a) 2D case; (b) 3D case.

5. 2D/3D APPLICATIONS

In the following, three applications involving turbulentf regime are investigated.

5.1 Sluice gate

In order to show that the numerical method presented in tlidkwan, in fact, capture large scale structures, we
present the simulation of another type of broken dam flow Kmdow (1965)), which corresponds to a strong free sur-
face motion generated by a sluice gate. This problem is gépeised as a model to study flows in hydraulic structures,
where the effects of the free surface, turbulence fluctnatend pressure distribution are usually required to ber-dete
mined (Sankaranarayanan and Suresh Rao, 1996; Mouazeyivamd Chaplin, 2005). The parameters employed in our
simulation are the same as that for the collapse of fluid coltonthe 2D case (subsection 4.2). The numerical solution
using the TOPUS scheme is shown in Fig. 7. From this figuresibig the formation of coherent structures (large-scale
vortical) on the flow. Particularly, this figure depicts timerraction of these large structures (large eddies) witrie
surface.
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-0.095 0.044 0.182 0.320 0458 0.597 0.736 0.874 -0.073 0.010 0.093 0178 0.258 0.343 0426 0.508

0.10 0.40s

-0.16B -0.0688 0.028 0.1268 0.223 0.321 0418 0.515 -0.158 -0.050 0.058 0166 0.274 0.381 0489 0.597

0.50

0.30s

Figure 7. Numerical simulation of the sluice gate, showargé eddies and their interaction with the free surface.

5.2 Horizontal jet penetrating a quiescent fluid

In this section, we apply the numerical method for the dim@nhputation of another turbulent free surface flow.
The problem consists of a horizontal jet penetrating a geiesfluid from an entry port at deptH beneath the free
surface. The geometrical configuration and parametersi®flow are shown in Fig. 8. In this numerical simulation, the
associated Reynolds and Froude numberstare- DUy /v = 5.0 x 10* andFr = Uy /+\/gD ~ 12.77, respectively. The
mesh used wal)0 x 100 computational cellséx = dy = 0.010 m) andH = 6.0 m.

f outflow 4D
o free surface ! -
fluid
H igid bounded-———-~ 160
l inflow
—_ D | —— U
1
2D

Figure 8. Geometry and parameters for flow of a penetratiagasljet in a pool/ = 2.0 ms~! andD = 0.05 m.

The development of pressure and velocities distributitogether with the free surface elevation at various times,
are presented in Fig. 9. One can see from these figures thaitéraction with the free surface occurs only at the
later stages of the flow development. Initially, one can oles¢he growth of the instability of the boundary layers
between the jet and the stagnant fluid and, subsequentlypthmation of a pair of counter-rotating eddies. Later on
the first pair of eddies propagates towards the free surfate. flow obtained in this simulation is an unsteady flow
with some small scale structures, in which the effect of tlee fsurface is larger. Furthermore, the result obtained in
this simulation should be interpreted as representingwioedimensional motion of one realization occurring at esal
greater than the discretization scale. In other words, tiwtiree surface position and the pressure fields computed he
may be regarded as the deterministic motion at these lacgégss Turbulent flow simulations using the direct numérica
simulation technique have been performed by other autbatsare mostly restricted to very low Froude numbers. The
ability to perform simulations for high value of the Froudember is a distinct advantage of the present numerical rdetho
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Figure 9. Evolution of the pressure contours of a jet in a fhodion.
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5.3 Turbulent circular jump

The circular hydraulic jump may arise when a free jet of wé#ing vertically at moderate Reynolds number strikes
a horizontal rigid surface. Fluid is spread radially in antlayer, until reaching a radius (sudden discontinuity) hiclv
the layer depth increases abruptly. A better understarafittge phenomenon and the instabilities, at least in itsuiiert
form, is of commercial interest, since jet impingement iepfused in cooling systems and the flow of the fluid beyond
the jump can degrade the efficiency of the system. Probdi@yfitst author to study the influence of fluid viscosity on
the jump radius was Watson (1964). A 3D turbulent hydrawlimp constitutes an excellent test for validating codes
based on front tracking techniques. In order to simulate tbimplex free surface flow, the Reynolds number based
on the maximum velocity/,,,.. = 1.0 m/s and diameter of the inlef(= 0.05m) was1.0 x 103. The mesh used
was 120<120x 10 computational cells. Figure 10 shows a qualitative catepa between the experimental results of
Ellegaard et al. (1996) (on the left) and the results obthimigh our numerical method (on the right). One can clearly se
from this figure that our numerical method captured the cetegbhysical mechanism in this flow.

Figure 10. 3D qualitative comparison between the experiai@md numerical results for a turbulent hydraulic jump.

6. CONCLUSION

A new high order polynomial upwind scheme (called TOPUS)b&en applied for the direct computation of incom-
pressible turbulent free surface flows. It has been impléateimto the finite-difference Freeflow simulation system on
staggered grid system. Two test cases has been solved apduaahwith existing experimental and analytical data. In
general, the numerical simulation results demonstrated ggreement. Three complex free surface flow problems were
also simulated, namely: a sluice gate, a horizontal jet {patieg a quiescent fluid from an entry port beneath the free
surface and the circular hydraulic jump. The results fosé&#ows shown to be consistent with the physical phenomena.
Future work will be devoted to the application of the TOPUBesne in compressible and non-Newtonian incompressible
flows.
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Abstract - This work describes part of the development of a Multidisciplinary and Multiobjective Optimization Framework for
the conceptual design and optimization of a business aircraft, through the use of probabilistic and gradient-based algorithms.
This framework is capable of estimating many parameters of an aircraft, based on semi-empirical algorithms for Weight
Estimation, in-house codes for Performance and Mission Analysis, and Commercial and Open-Source software for evaluation of
important characteristics of each aircraft, such as Aerodynamics, Propulsion and Static and Dynamic Stability Derivatives.
Specifically, this paper presents the work done in this framework regarding airfoil optimization. This optimization takes place by
changing the airfoil geometry, and can improve parameters such as lift, drag, efficiency, transition point, among others.

Keywords: Aircraft Design, Airfoil Design, Multiobjective Optimization, Multidisciplinary Optimization, Genetic Algorithm
1 INTRODUCTION

The process of designing an aircraft is generally divided into three main phases: conceptual, preliminary, and detail design.
Each phase has its own unique characteristics, involving aerodynamic, propulsion and structural design, and influence on the
final product. It has been shown that the final cost of the aircraft is usually locked in the first two phases of this design process.

CONCEPTUAL DESIGN
*Explore widest possible design space
1 *Design numerous alternative aircraft concepts

\_ +Extensive design trade studies
*Assess and improve requirements

PRELIMINARY DESIGN
«Starts when single concept selected
*Study it to find improvements, fix problems

*Expert assessments, sophisticated analysis & test
N}!&’ milestone: Configuration Freeze

DETAIL DESIGN
*Design Actual Pieces to Be Built
*Design Tooling and Fabrication Process

*Test Major Ttems - Structure, Landing Gear, ...
+Finalize Weight & Performance Estimate:

\ FABRICATION |

Figure 1 - Three Phases of Aircraft Design, from Raymer @

During the phase of Conceptual and Preliminary Design of a new airplane, there is a crescent need of software tools that
helps the designer to achieve a good aircraft configuration with good confidence. Many separated tools exist to analyze each
sub-area of aircraft design, such as Aerodynamics, Structures, Performance and Weight, among others. But an integrated tool,
that provides analysis in many of these sub-areas are rare, and generally restricted to aircraft manufacturers. Examples of such
tools are Piano from Lissys Ltd ®, Advanced Aircraft Analysis from DARCorp ©, and RDS Aircraft Design and Analysis from
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Raymer . The aim of the project being conducted in our university is to develop a similar project framework, but including
more advanced and flexible optimization techniques.

1.1 History of Multidisciplinary Optimization in Aircraft Design

Usually, the design process in an aeronautic industry starts with some feasible aircrafts, based on historical data, which are
then sent to different teams. Each team will be in charge of developing, improving and judging one design, in a parallel process:
Then, the “best” design is sent to groups that will analyze each specific area of the process, such as aerodynamics, propulsion or
structures. The aerodynamics engineers would select the shape of the fuselage and wing, and next the structural experts would
have to fit their design within the specified shape. If some problem was found, the design process was stopped and reversed,
until the final aircraft layout was considered good within some constraints (from the authorities regulations, such as FAA’s FAR
25) and requirements, generally performance-related, such as maximum speed, maximum aerodynamic efficiency, maximum
range and minimum structural weight, and economic-related, such as direct and indirect operational costs, maintenance
characteristics, and so forth.

1.2 Genetic Optimization in Aircraft Design

The Genetic Algorithm is applied in aeronautic engineering usually by associating each chromosome to a specific parameter
of the final aircraft, in a bit-string variable that will represent the value of the parameter within a feasible range. Members of a
randomly generated starting population are then analyzed and evaluated, giving each one a value of fitness, based on their
performance and economic results. Reproduction occurs by crossing their genes pair-wise, and then the next generation is again
evaluated as to fitness. The process continues until the population all resembles each other or the fitness is no longer improving
(or the computational time is exceeded). This is presumed to represent an optimum.

2 AERODYNAMIC ANALYSIS AND OPTIMIZATION

In order to optimize an aircraft, most of time is spent in reducing the drag penalty of the process of generating lift. The
effects of reducing drag appear directly in many optimization goals, such as fuel consumption, noise and NOx generation, and
indirectly in others, such as cargo and passengers capacity vs. range and direct operational costs.

Before the optimization methods could be chosen, a careful study on how to calculate the aerodynamic properties of an
airfoil has to be carried out. Unlike classical projects, modern optimization methods may require hundreds of burdensome
iterations to converge, and this specificity conducts the criteria to choose the method.

For aeronautical purposes, there are basically two types of codes used in computational fluid dynamics. The first, namely
Panel Methods, is widely used for cases where steady, potential-flow is representative. Panel Methods use Biot-Savart equations
to find intensities of vortices and sources based on no-penetration boundary conditions to describe surfaces.

XFoil, a well known code for airfoil parameters estimation, uses a linear-vorticity stream function panel method for the
inviscid calculations. Karman-Tsien corrections are available, allowing subsonic compressibility corrections. Integral boundary
layer formulation and e" transition model are used, allowing reasonably accurate prediction of the drag by calculating the wake
momentum thickness downstream the airfoil.

The second type of method finds an approximate solution for Navier-Stokes equations. This method has a potential of
providing accurate results for turbulent, non-stationary or compressible flow. Problems in this method appear when it is
considered that they are computationally onerous, making it unviable for complex simulations. Most of the approaches rely on
turbulence models to simplify the solutions, with the drawback of sometimes compromising the accuracy (and sometimes
physical validity) of the solution.

Given the necessity of evaluating a great number of airfoil geometries, XFoil was chosen as the most suitable code for
optimization methods.

2.1  Airfoil Optimization

Fuel consumption is a critical item to be optimized in any kind of airplane design, not only because the reduction in Direct
Operational Cost (of which fuel represents more than 33% excluding ownership costs - Figure 2) and the increase in fuel prices (

Figure 3), but also because future aircrafts will have to follow strict regulations regarding NOyx and CO, emissions (Figure
4). This reduction of fuel consumption is usually accomplished by either minimizing drag or by improving engine efficiency.
Choosing an efficient airfoil one of the most effective ways of improving aerodynamic efficiency and reduce drag.
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Figure 2 - Direct Operating Cost (DOC) Breakdown for a Regional Jet
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Figure 3 - Traffic is increasing despite the fuel price growing up
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Figure 4 - Aviation Commitment for Reduction in Environmental Impact

One of the most difficult tasks in any kind of optimization is to define a consistent set of objectives and constraints. The
quantification of fitness in this work has aimed in having an efficient airfoil for a regional jet airplane, where cruise drag is
critical for costs saving. Besides, a high lift-to-drag ratio in flight conditions is desirable, as well as increasing the critical Mach
number, to avoid formation of shock waves that increase significantly the drag during cruise flight.

2.1.1  Classic versus Modern Airfoil Optimization Techniques

Inverse methods for airfoil design have been used for many years for airfoil projects and optimization. One of the most
prominent codes was developed by Eppler (1980) and allows the determination of potential-flow field, or at least some of its
properties, for a given boundary-layer development.

With these codes, it is possible to obtain the shape of an airfoil for a given inviscid pressure distribution (Drela and
Youngren, 2001). Using an adequate distribution, a laminar boundary layer and a high critical Mach number can be obtained,
maximizing airfoil performance.

However, it is difficult to specify the boundaries of a laminar bucket or fulfill the criteria of an intricate fitness function
based only on pressure distribution. Modern optimization methods, either mathematical (i.e. gradients methods) or biomorphic
(i.e. genetic algorithms), can be a valuable approach for problems with a big number of constraints and complicated fitness
functions. Unlike the inverse method, modern methods are usually automated, so that there is no need of vast knowledge on the
behavior of the problem, making implementation easier.

The obvious drawback of this approach is that it requires solid knowledge on potentialities and limitations of the methods.
However, the possibilities of finding betters and solutions for a given problem have made it extremely popular.

Although three-dimensional effects, as induced drag and wing-fuselage interaction, are not considered in an airfoil
optimization, an adequate aerodynamic section represents a consistent step towards the efficiency of the airplane design.
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3 OPTIMIZATION METHODS
3.1 Genetic Algorithm

The genetic algorithm is implemented in this framework by the use of bit-string or real-value chromosomes, each one
attached to a specific parameter of the aircraft or the airfoil. The population is initialized by selecting an initial guess, and by
setting a random variation of each parameter.

After the full fitness evaluation, the population is then given the chance of evolution, by applying crossover and mutation
operators, each one driven by a probability. The selection schema consists of four different methods: the classic fitness
proportionate selection and tournament selection, and the Raymer  suggested Breeder Pool (like the tournament selection, but
applied only to some percentage of the best individuals) and Killer Queen (selection of the best individual, and further extreme
mutation).

3.2  Levenberg-Marquardt Algorithm

The Levenberg—Marquardt Algorithm (or LMA) is a well-known nonlinear optimization method that provides numerical
solutions to the problem of minimizing a function. It is a pseudo-second order method, partially derived from the gradient
descent and conjugate gradient methods, that estimates the Hessian Matrix using a sum of the outer products of the gradients of
the objective function.

The LMA interpolates between the Gauss-Newton algorithm (GNA) and the method of gradient descent. The LMA is more
robust than the GNA, which means that in many cases it finds a solution even if it starts very far off the final minimum. On the
other hand, for well-behaved functions and reasonable starting parameters, the LMA tends to be a bit slower than the GNA.

The LMA is a very popular curve-fitting algorithm used in many software applications for solving generic curve-fitting
problems.

3.3  Simulated annealing technique

Simulated Annealing (or SA) is a global probabilistic optimization meta-algorithm, often used when the search space is
discrete. Each step of the SA algorithm replaces the current solution by a random nearby solution, chosen with a probability that
depends on the difference between the corresponding function values and on a global temperature parameter, which is gradually
decreased during the process. The dependency is such that the current solution changes almost randomly when the temperature
is large, but as its value decreases, the probability of accepting a worse solution goes to zero. The allowance for accepting worse
solutions provides the method a way of not becoming stuck at local minima.

4  AIRFOIL OPTIMIZATION RESULTS
4.1 Fitness Criteria

One of the biggest challenges in airfoil optimization is to find a criterion that can best lead to a truly representative airfoil.
The aim was an optimized airfoil for regional airplanes, from 50 to 70 passengers. A good fitness function for this kind of
airplane will have some kind of restrictions, that will heavily penalize that airfoil, and other that will give some kind of score, so
that the airfoils could be compared.

One of the best well known equations in aircraft performance is the Breguet formula for range.

VoL W,
R= —In
SFCD (W, -W, @

This formula calculates the range(R) for a given velocity (V), specific fuel consumption (SFC), the parameter Lift to drag
(L/D) and the variation of the airplane mass. So, for a given range, the higher the L/D the lowest will be the fuel consumption.
Reduction in fuel consumption is desired, not only because it reduces the aircraft flight cost but also it minimizes the
environmental impact. In order to give higher grades to airfoils that have higher L/D and low drag, two formulas were set as
follow:

F o= ch=0.7-cLMéx+o.05 cL
17 Jep=0.7-Cpp4,,-0.05 cp

L. 3
(€AC, Fy = —prmglritical___ (2) and (3)

cr=0.4 Cp(CL)ICL
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F, will represent the cruise part of the flight. It considers the Misica @5 compressibility heavily affects this part of the
flight. Moreover, we used another integral, this time for Cp , through a region of the C_ that is believed for cruise. This integral
divides the Mciical because the lower the value of Cp calculated the best is aircraft performance.

F, will find the airfoil with the best performance (L/D) near the maximum C_ range. An integral is employed to make
this optimization act on an operation region of the airfoil and not on a single point, which can lead to results that are not
practical. For example, if an airfoil is optimized for a single point, just it may have very poor performance in other conditions
due to abrupt changes in the characteristics of the boundary layer.

Regional jets usually have greater periods of climb and descend than cruise. During takeoff and climb, a great amount
of fuel is consumed. For regional jets this can represent up to 50% of the flight fuel consumption. In order to optimize this part
of the flight, high C_n.x is needed, so a minimum C, .« Of 1.8 was set. If the airfoil doesn’t achieve this Cpnay, it Will be
disqualified. The following criterion is evaluated for Mach = 0.

>1.8

I max <18 (4)

I max

1,C
*lo,C

Due to structural issues, the airfoil was set to have a minimum of 15% of maximum thickness, so that the inertia of the
wing spars and the volume in the wing fuel tanks are reasonable. If the algorithm produces an airfoil that has less than 15% of
maximum thickness, there will be a penalization as follows:

100‘y70.15‘ t
F, =05 "¢ , <0.15
4 A (5)

In order to achieve good flight performance, it is almost certain that a laminar flow airfoil will have a good score. This
kind of airfoil may have a great C, that is undesirable, because of the large tail volume needed to stabilize the airplane. So, a
maximum |C,| = 0.15 is set. If the airfoil has a greater value it will be penalized as follow:

F. = 1,if max(|Cy|) < 0.15 6
> {0.25100‘(‘“3"“61‘4')‘0'15),otherwise ©)
The final score to the airfoil is calculated as:

F = H751=1 Fn (7)

4.2  Optimization Methodology
4.2.1  Airfoil Parametric Modification by the use of Genetic Algorithms

In this technique, the airfoil is modified by changing its camber and thickness through the use of special functions, shown in
Figure 5 and Figure 6, and equations (12) through (19). These functions have the property of changing specific points of the
normalized airfoil coordinates, without disrupting its continuity. The final airfoil coordinates are given by the sum of each
function weighed by the genetic information of each chromosome, as in equations (8), (9), (10) and (11).

Vimiied (o) = 3 - Yinuiat () + 2 - v/itial (x) ®
ThkMitiel (x) = Yyuitial (x) — yinitisl (x) ©
Ve, () = V2R () + X CiF; + 22 5 G(1 - Fy) (10)
Vhew, () = YARGA () + X CiF; - 22 5 Gi(1 - Fy) (11)
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Figure 5 - Airfoil Modifying Functions
F; = sin(m - (1 — x)11:2923) (12)
F, = sin(m - (1 — x)*9773) (13)
F; = sin3®(ir - x94307) (14)
F, = sin3(m - x07565) (15)
Fs = sin3(mr - x13569) (16)
Fy = sin3(r - x31063) (17
F, = sin(m - x*9773) (18)
Fg = sin(r - x11:2023) (19)

The initial setup of the genetic algorithm was based on the NACA 64A415 airfoil, which has appeared, in a preliminary
analysis, as the best airfoil in a database of more than 103 airfoils, regarding the established fitness function. The algorithm was
run until convergence was achieved, and then it was re-initialized with the new airfoil, so the modifying process could be
redone. This iteration continued for four times, and improvements in the order of 50% could be found, with a final count of
approximately 10* different airfoil evaluations.

Thickness Distribution 7 Py I

+
+

Modified Airfoil

Original Airfoil T\ i ,
//—\ [ . :'/_\

= :]// \-\ —3_. I
01 . 0 o o o 1 2 ' X A l
Camber Distribution

Figure 6 — Breakdown of the process of Parametric Airfoil Modification
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4.2.2  Levenberg-Marquardt Algorithm

In spite of the discontinuities, non-convergences and local minima that can greatly affect the final results, this method has
proven quite efficient for touchups, when changes are small enough to avoid problems with inherent-to-the-problem
discontinuities in the fitness function. Improvements in the order of 2% were achieved with this method. The main advantage
of this algorithm is the number of iterations required for this improvement. While genetic algorithms created improved features
in a quasi-stochastic manner, LM accelerated these modifications.

The improvements of this algorithm were mainly based on improving the camber position, so that the laminar-turbulent
transition could be retarded (Schlichting, 1955), thus reducing drag. Some changes in the leading edge radius and maximum
thickness position could improve the effect cited above.
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after

01r B

D L 4

'D1 C_1 1 1 1 1 1 1 1 1 1 1

a ot 02 03 04 05 0B 07 08 09 1

Figure 7 - Airfoil before and after passing the LM algorithm
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Figure 8 - Pressure distribution for C_ =0.6

From Figure 8, it is possible to infer that the algorithms heads toward a flat pressure distribution from 20% to 60% of the
chord, both on the upper and on the lower surface.

4.2.3  Simulated annealing Algorithm

The airfoil obtained with Levenberg-Marquardt algorithm was then submitted to the simulated annealing technique. As LM
just changed geometric parameters, the simulated annealing code was conceived especially to change directly the pressure
distribution, giving the airfoil its final shape. The results were fairly satisfactory given that some improvement could be
achieved with little iteration (producing improvements of 12% in less than 50 iterations.).

After the initial changes, some results proved to be result of XFoil imprecision on calculations. A closer look on the process
revealed that direct modifications in the pressure distribution created numerical instability in XFoil. An austere version of the
XFoil post-processing routine was needed. The new routine calculated the same airfoil three times, each with random panel
refinements and compared the results, if the error was above 1% the routine was repeated up to three times, so that the results

could be trusted.
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An interesting characteristic produced by this method is the unusual shape of the airfoil near its trailing edge.
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Figure 9 - Trailing edge device (above) and trailing edge with device omitted (below)

This geometry is a result of cumulative changes in the pressure distribution made by the algorithm. Its size (less than 1% of
the chord) masks its importance in the optimization. This shape can affect greatly the angle of attack needed for a given C, it
affects the pressure distribution and can retard the laminar-turbulent transition. If this geometry is omitted, the performance of
the airfoil sharply drops about 5%. Some changes in the geometry were tried, with no success for this airfoil, but with a great
potential for adjusting the laminar bucket position in other laminar airfoils.

The accumulated changes in the airfoils also produced bumps that needed to be smoothed between iterations so that
convergence could be improved.

The evolution of the airfoils performance is shown below:
Table 1 - Evolution of the Airfoil Fitness

Airfoil Mcr F1 F2 Fitness
Original Airfoil (NACA 64A415) 0,631 14,23 315,80 4493,83
First Iteration - Parametric Genetic Optimization 0,647 14,85 358,92 5329,96
Second Iteration - Parametric Genetic Optimization | 0,649 13,12 419,84 5508,30
Third Iteration - Parametric Genetic Optimization 0,655 13,37 435,27 5819,56
Fourth Iteration - Parametric Genetic Optimization | 0,661 12,87 520,81 6702,81
Optimized Airfoil without trailing edge device
Levenberg-Marquardt Algorithm
Optimized Airfoil with trailing edge device
Simulated Annealing Technique

0,669 12,94 571,84 7399,61

0,668 13,07 574,38 7507,15
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Confirming the tendency of flattening the pressure distribution, the final airfoil presents a very flat Cp near C_=0.6, as shown

in Figure 10
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Figure 10 - Pressure distribution of the optimized airfoil

The behavior of the boundary layer, as expected by the characteristics of the pressure distribution, is predominantly laminar
in a reasonable part of the airfoil that is a solution for minimizing the drag, as can be seen in Figure 11, a plot of the transition
point versus lift coefficient:
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Figure 11 - Transition point versus lift coefficient of the optimized airfoil

The transition point on the upper surface is near 80% of the chord up to lift coefficients between 0.5 and 0.6, which is a very
good behavior for a laminar airfoil. This characteristic is dominant from very early stages of the genetic algorithm, showing that
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the fitness is improved mainly with drag reduction. A quite surprising point is the reduction of drag (given a lift coefficient)

when Mach number is increased. This can be caused by the changes in pressure due to compressibility corrections, bringing the
transition point aft. Actually, by analyzing the polar curve of the airfoil:

x10°
T

Drag Coefficient

2, 4

1 1 1 1 |
0.3 0.35 0.4 0.45 0.5 0.55 06 0.65 0.7
Lift Coefficient

Figure 12 - Polar curve of the airfoil at Mcyitica

One can see the preeminent laminar bucket on the region defined by F;. This characteristic too appeared early in
genetic optimization, but the simulated annealing algorithm fine tuned the placement of the bucket, so that the fitness could be

maximized. Another important point is the width of the laminar bucket that probably can be changed to some degree, according
to the fitness function.
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Figure 13 - Airfoil Optimization: Sequence of Results
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5 CONCLUSIONS

The optimization results were fairly satisfactory and are likely to generate a class of reasonable airfoils for regional jets.
Some specificities of each project, however, must be considered before the airfoil can be implemented, and some validation of
the results using wind tunnels is highly recommended.

Perhaps, the most important result of this work is the analysis of several airfoil optimization techniques, which may also be
employed for wing and aircraft optimization as a whole, given an efficient and representative parameterization.

A proposal for classifying the algorithms is based on the variations it can implement. Genetic algorithms using modification
functions can be used either to choose better airfoils for refined optimization methods discussed above, or to validate the
concept of the fitness function. A procedure for optimization is suggested:
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Figure 14 - Proposed optimization procedure

The algorithms themselves are of secondary importance for this very problem, their choice in this work can even be
contested, but were adopted owing to of ease of implementation and, sometimes, iteration speed. However, the procedure as a
whole, with the guidelines on where to make changes, appears to be valid, and is then recommended by the authors.
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Abstract. In the companion paper, a summary of the work carried out in Centre Teconlogic de Transferencia de Calor
(CTTC) in the area of DNS (Direct Numerical Simulation) is presented. This paper deals with the continuation along two
different lines:

(i) Implementation of a parallel code for DNS-LES of turbulent flows using non-structured meshes. To do so, the
symmetry preserving discretization formulation has been extended to non-structured collocated meshes and an
efficient Poisson solver has been developed. The resulting code allows to solve problems up to 32 million nodes on
a conventional PC cluster with 50 processors.

(ii) Implementation and extension of the SPAR method to non-structured meshes for the modelling of turbulent flows.

Using this formulation and modelling, some numerical simulations of a circular cylinder flow for a Reynolds number of
3900 will be presented, together with a detailed validation using our numerical results and experimental results.

Keywords: DNS, parallel computing, Poisson equation, turbulence modelling of complex flows, unstructured non-
dissipative discretization

1. INTRODUCTION

Traditionally turbulence modelling of industrial flows in complex geometries have been solved using RANS models
and unstructured meshes based solvers. The lack of precision of RANS models in these situations and the increase of
computer power together with the emergence of new high-efficiency sparse parallel algorithms, make the use of more
accurate turbulent models such as Large Eddy Simulation models (LES) possible

LES models have been tested under cartesian and body-fitted discretization schemes and simplified boundary condi-
tions. Unfortunately, these models have not been widely tested under complex 3D situations and the discretization of LES
under unstructured meshes remains an open problem.

The most widely used LES model under unstructured meshes is the Smagorinsky model. In this model , the propor-
tionality factor Cs in the SGS stresses is a constant value that must be specified priori to a simulation. The weak point of
this model is that is not suitable to use a constant that is not really a single universal constant. This model is also always
dissipative and cannot account for backscatter. Dynamics models, which are capable of removing some of drawbacks of
the Smagorinsky model, are suitable alternatives. Under unstructured meshes, the weak point of Dynamics models is the
numerical instability associated with the negative values and large variations of the C's coefficient. Traditionally to avoid
numerical instabilities, spatial averaging in homogeneous directions are performed on Cs. This is not possible under
complex geometries.

Recently, relevant improvements on turbulence modelling based on symmetry-preservin g regularization models for
the convective (non-linear) terms have been developed. They basically alter the convective terms to reduce the production
of small scales of motion by means of vortex-stretching, preserving all inviscid invariants exactly. To do so, symmetries
and conservation properties of the convective terms are exactly preserved. This requirement yields a novel class of regu-
larizations that restrain the convective production of smaller and smaller scales of motion by means of vortex stretching
in an unconditional stable manner, meaning that the velocity can not blow up in the energy-norm (in 2D also: enstrophy-
norm). The numerical algorithm used to solve the governing equations must also preserve the symmetry and conservation
properties too. Up to now, they have been successfully tested for a differentially heated cavity at high Rayleigh (Ra)
numbers using staggered meshes [Trias et al., 2006a]. At this stage, results using regularization models in relatively com-
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plex geometries under general unstructured meshes are of extreme importance for further progress. The main idea behind
this is to assess the validity of turbulence models in more realistic configurations, understand their limitations and finally
improve them. Therefore, this is really a crucial issue since turbulence modelling is an essential tool for engineering
applications.

The paper is organised as follows. In section 2, we present a symmetry preserving discretization of Navier Stokes
equations on general unstructured meshes. Some direct algorithms for the solution of Poisson equation on Parallel com-
puters are presented and tested in section 3. In section 4, the symmetry preserving advective regularitzation modelling,
our choice of the filter, and numerical discretization are explained. The results are discussed in section 5.

2. SYMMETRY PRESERVING DISCRETIZATION OF NAVIER-STOKES EQUATION ON GENERAL UN-
STRUCTURED MESHES

2.1 Discrete Navier-Stokes equations

The finite volume discretization of the Navier-Stokes and continuity equations on an arbitrary mesh can be written as

dug
dt

P8 + C(us) us + Dus + Q,Gp, = 0, (1)

Mu, = 0, 2

where us € R™ and p, € R” are the velocities vectors and pressure respectively. The matrix 2, € R™*™ is a diagonal
matrix of velocity cell control volumes. The matrices C (us), D € R™*™ are the convective and diffusive operators
respectively. Note the u,-dependence of the convective operator (non-linear operator). Finally, G € R™*™ represents the
discrete gradient operator, and the matrix M € R™*™ is the divergence operator.

Up to now, no assumption about the grid (structured/unstructured) or the location (centred/staggered) of the discrete
variables on such mesh have been considered yet. Hence, this discrete operator representation is generic and fits for almost
all the existing spatial discretization based on a finite volume (finite differences and finite elements also) formulation.

The conservative nature of the Navier-Stokes equations is intimately tied up with the symmetries of the differential
operators. In the following sections, we will see that retaining the symmetry properties of the continuous operators when
discretizing equations is necessary in order to exactly conserve the inviscid invariants in a discrete sense. It is exam-
ined how such symmetries constrain the choice of the variable arrangement (staggered or collocated) and the operators
discretization.

2.2 Kinetic energy conservation

The global discrete energy is defined as

[lun||* = wj Quun, 3)
The evolution equation of ||uy,||? can be obtained by left-multiplying Eq.(1) by w} and summing the resulting expres-
sion with its conjugate transpose
d 2 * * * * * * ok
PQS%H’uhH = —uj, (Cup) + C (un)) up — up (D + D7) up — wp QuGrpy, — PR GLQnun “)

In absence of diffusion, that is D = 0, the global kinetic energy ||uy,||? is conserved if both the convective and pressure
terms vanish (for any u,, Mpup = 0p) in the discrete energy equation, i.e.,

Wl (C(un) + C (wn))un = 0 (5)
u, .Gy, + PG Qun = 0 (6)

These conservation properties are held if and only if the discrete convective operator is skew-symmetric and if the
negative conjugate transpose of the discrete gradient operator is exactly equal to the divergence operator.

Clun) = —C (up) ™)
— (Q,Gr)" = My, (8
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Therefore, if the convective and gradient operators are properly chosen, the global kinetic energy equation (4) reduces
to:

d * *
%||uh||2:—uh(D+D )uh 9

As the diffusive terms must be strictly dissipative,

’U,Z (D—l—D*)uh >0, Yuy, (10)
and, therefore, the diffusive operator, D, must be symmetric and positive-definite.
2.3 Solving the pressure-velocity coupling. Checkerboard problem

In order to simplify the notation, spatially discrete momentum equation (1) can be rewritten as

du,
dt

=R () - Gep, (an

where R (u.) represents the right-hand-side terms of the momentum equation except for the pressure gradient,

R (u.) = —C(us) u. — Du, (12)

For the temporal discretization, a central difference scheme is used for the time derivative term, a fully explicit
second-order one-leg scheme [Verstappen and Veldman, 2003] for R (u.) and a first-order backward Euler scheme for
the pressure-gradient term. Incompressibility constraint is treated implicit. Thus, we obtain the fully-discretized Navier-
Stokes equations

Mu+! =0 (13

(B+1/2) ug™ —2Bug + (8 —1/2) ug ™"
At

=R((1+8)ul — Bul™") — Gep ™ (14)

where the parameter (3 is computed each time-step to adapt the linear stability domain of the time-integration scheme to
the instantaneous flow conditions in order to use the maximum At possible. For further details about the time-integration
method, the reader is referred to [Trias et al., 2007].

To solve the velocity-pressure coupling, a classical fractional step projection method [Chorin, 1968, Yanenko, 1971] is
used. In the projection methods, solutions of the unsteady Navier-Stokes equations are obtained by first time-advancing the
velocity field u. without regard for its solenoidality constraint (13), then recovering the proper solenoidal velocity field,
u” T (Mu?t! = 0). This projection is derived from the Helmholtz-Hodge vector decomposition theorem [Chorin, 1993],
whereby the velocity 7! can be uniquely decomposed into a solenoidal vector, 2, and a curl-free vector, expressed as

S
the gradient of a scalar field, Gp,. This decomposition is written as:

u? =ult! +Gp, (15)

where G € R3%X" is the staggered gradient operator which is related with the divergence operator:

=-Q 'M* (16)

and u? is related with the cell-centred predictor velocity u? via

u?l =T ul a7
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28u? — (B —1/2)ulr! At

L= R((1 v — Bul ! 18
ug EESYE TR (A ud = fuz™) (18)
and the pseudo-pressure is p, = At/ (3 + 1/2) p**+!. Taking the divergence of (15) yields a discrete Poisson equation
for p,:

Mu? = Mu"*! + MGp*! — MGp, = Mu? (19)

Finally, using the definition of G (Eq. 16) previous equation becomes

Lp, = Mub (20)

where discrete laplacian operator L € R™*" is by construction a symmetric positive definite matrix

L =MQ;'M* 1)

Once the solution is obtained, u?*l results from the correction

ul™ = u? - Gp, (22)

Finally, cell-centred velocity at the next time step, w1 is related to w” ! via a linear shift interpolation

u?“ = Fs_w'u,’;+1 (23)

using a linear shift transformation I'._, 5 € R3nx™,
In summary, the algorithm for the integration of each time-step is:

1. Evaluate R ((1+ ) u — Bul™!).
2. Evaluate the predictor velocity ©? from Eq.(18, 15).
3. Evaluate Mu? and solve the discrete Poisson (19) equation.

4. Obtain the new velocity field with Eq.(22).

It is well-known that due to stability reasons explicit temporal schemes introduce severe restrictions on the time-step,
while implicit discretization would improve the overall stability. However, the use of implicit methods in turbulent flows
using DNS gives computational costs rather high compared to those of explicit methods. This is because of the underlying
restrictions to time-step that are required to fully resolve all temporal scales in the NS equations [Xin and Le Quéré, 1995,
Soria et al., 2004, Verstappen and Veldman, 2003]. Therefore, we have only considered the explicit method in the view
of the lower computational costs.

2.3.1 Constraints on the shift operator I'._.

According to previous expressions and staggered gradient definition (Eq. 16), cell-centred discrete gradient operator
results

Ge =T,_.Q;'M* (24)

Therefore, face-to-cell shift operator I's_, . is restricted by (16)

(Q?)CFS—wQ;lM*)* =Mlemy — Lo = Q?’_Clr*

HOME
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2.3.2 How the cell-center predictor velocity u? is corrected. Origin of checkerboard problem.

Once the cell-center predictor velocity field is calculated by (18)

u" =w? T, Q7 MLTIMT, P (26)

introducing definition of face-to-cell operator (25)

wl™ = w? - QT MFLTIMD . uf 27)

cC—S

(1— Q3. P) u? (28)

where matrix P € R37*3" is, by construction, symmetric positive definite.
The origin of checkerboard problem is related with the unrealistic components of cell-centred velocity field which
projection matrix cannot eliminate,

uf® = (1 - Q3 P) ul”? (29)

(&

that means that u$' B lies in the kernel of P matrix

ulP € Ker (P) (30)

Hence, those velocity components that lie on the kernel of matrix P cannot be corrected. The most common way
to tackle this problem is to slightly modify matrix P. Such modifications are generally introducted in the divergence
operator M as in the traditionally used Rhie and Chow [Rhie and Chow, 1983]. Our approach is to change the equation
(24) with a Least Squares gradient reconstruction method. Doing so, the properties of matrix P are slightly changed
and the system is conditioned without any modification in the convective operator like in the Rhie and Chow tech-
nique [Rhie and Chow, 1983].

3. EFFICIENTS DIRECT ALGORITHMS FOR THE SOLUTION OF POISSON EQUATION USING GEN-
ERAL UNSTRUCTURED MESHES ON PARALLEL COMPUTERS

On the context of the time-accurate LES and DNS simulations, the Poisson equation which arises from the incom-
pressibility constraint, which has to be solved at least once at each time step, is usually the main bottleneck from a parallel
point of view. In these circumstances, it is important to use efficient and scalable algorithms for the solution of the Poisson
equation on a wide range of parallel systems.

There are different factors that can affect the efficiency of a parallel algorithm. However, considering the limited
communication capacity of PC clusters, one of the major factors that contributes to the degradation of the efficiency of
the parallel implementation is the overhead due to the exchange of data among the different processors.

In order to overcome this problem, some variants of the Schur complement algorithm to unstructured meshes and
general sparse matrices have been developed. The algorithm can be divided in two parts: setup and solve. If the matrix
system does not change, the setup does not have to be repeated when the rhs changes. In the numerical algorithm used
to solve the pressure-velocity coupling (section 2.3), the Poisson equation remains constant form one iteration to another,
only the right hand term (rht) changes. Commonly the number of time steps is very large, therefore it is suitable to spend
long time on the setup process if the solve time is reduced.

As aresult of the discretization, the linear system of equations to be solved is:

Az =b 31)

where A is an n x n sparse matrix, symmetric and positive definite.

It is necessary to divide the problem into p parts, being p the number of processors used on the iterations. A partition of
the unknowns set ) is carried out. After this process an unknowns subset );, called local unknowns, and the corresponding
equations are assigned to each processor. Some equations may link variables of different processors making exchange of
data between them necessary.

A good distribution of data between processors is a crucial point for the efficiency of the parallel algorithms. Some
characteristics that are required for the partition are: 1) similar size of the partition elements ), ...,},—1 to ensure load bal-
ance; 2)minimum size of communication load. The partition is carried out by means of a graph partitioner such as METIS
[G.Karypis and V.Kumar, 1998] applied to the adjacency graph of matrix A. METIS minimises the communication costs

(edge-cuts) and balances the computational load (number of vertices for subgraph).
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[

Figure 1. Left: Block distribution of system matrix after Schur Decomposition reordering. Right: Block distribution of
system matrix after 2-level Schur Decomposition reordering.

3.1 Schur Complement Decomposition

The main idea of Schur complement methods is to decompose the initial system of equations into internal and interface
systems, verifying that the internal equations do not link variables of different processors. As a consequence, the internal
equations are separated from the distributed system and solved by each processor independently.

First of all, a set of independent subsets of unknowns is evaluated D := {U, ..., U,—1 }. This means that any variables
of two different subsets are not coupled by the system equations. The unknowns belonging to these subsets are here named
internal variables U := |, {0,.p—1} U;. If D was a partition of the unknowns set the system is diagonalisable by blocks.
However, in general a subset of unknowns, named inferface unknowns S, is necessary to decouple the internal subsets.

There are different options to choose the internal and interface sets. One option is to determine the interface variables
as the local variables that are coupled with variables of other processors. This option is convenient because the interface
can be determined locally by each processor, but the global size of the interface set is not minimal. In this work it is
tried to reduce the global size of interface variables in order to reduce the complexity of the interface system. A partition
{yo,...,yp,l} of the unknowns set is computed using a software such as METIS. Then, if two variables of different
processors are coupled the variable that belongs to the processor of higher rang is fixed as interface variable, while the
other is maintained as internal variable. After this process each processor has a subset of interface variables S; and
internal variables U;, ; = S; LIU;, and each internal set is uncoupled form the others. However, the sizes of the interface
subsets Sp,....Sp—1 can be very different. Thus, it has been developed an algorithm to balance the interface variables. The
main step of this algorithm is switch an interface variable of one processor to internal variable and the variables of other
processors couplet with this to interface variables.

Therefore, reordering the variables in a proper way the system matrix has the following block structure (see left part

of Fig. (1)):
Auo 0 s 0 Fz,{o T, buo
0 Az,{l s 0 FZ/{1 Ty, bl/ﬁ
: : : = : (32)
0 0 s Aup71 Fz,{IHl 331,{1)71 bup71
Ey, Eu, - By, As rs bs

where A are the linear dependences between variables in the set KC, F; € U; x S the linear dependences between internal
and interface variables and Ly, = Fgﬁ . Gaussian elimination is applied to (32) and the Schur Complement matrix is

derived:
p—1
C=As =Y Eu Ay Fy, (33)
i=0

On the solution stage the internal systems are solved twice: the first time to obtain the new rht for the interface variables
bs=bs— Zf;ol Ey;, Az;il bu, , and the second time, after the Schur complement system C'zs = b s is solved, to obtain
the inner values Ay, 2y, = by, — Fuy, .xs.

The different algorithms proposed are based on Schur complement decomposition methods depending on the solvers
used for the interface and internal systems. In this paper sparse Cholesky factorisation is used for the internal systems
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and, for the interface system, two options are used depending on the characteristics of the case: CG preconditioned via a
Sparse Approximation of the Inverse (SAI) or a complete explicit evaluation of the inverse of Schur complement matrix.
In the first option the solution method is direct for the internal variables and iterative for the interface variables, while the
second option gives a totally direct method.

3.2 A multilevel approach

The principal restriction for the use of these methods with a large number of computers is the growth of the interface
subset S, and the Schur Complement system, when the number of computers is increased. On the other hand the internal
variables size decreases with the number of processors.The main goal of this work is to reduce the load of the interface
system to extend the use of the Direct Schur Decomposition Method to bigger systems and a larger number of processors.
To do so, a multilevel approach is considered.

The multilevel decomposition is carried out using METIS software recursively. The internal and interface subsets
obtained on the first decomposition are named U, := | i€{0,.p1y—1} Uy, and S;;. On a second level, the subsets U, ;
are decomposed again and this process is continued up to the last level. The independent subsets obtained on the last
level of decomposition are assigned one to each processor. Therefore, all processors have a subset of interior variables
corresponding to the last level, and part of the interface variables of each level.

As an example, in the right part of Figure 1, it is represented the block structure of a two level decomposition, the
internal subsets of the first level are decomposed into two subsets. The matrix system is:

Aulo.o 0 e O FZ/{IO,O 172/{10,0 bl/{lo,o

0 Aulo,l T 0 Fuz0,1 LUy 1 bulo,l
: : = : (34)

e A, F
0 0 ulo%*l ulo:%*l xulo,%—l bulo,g—l
Euloﬁ Eulo,l Euzo,g—l ASlo LS, bszo
where
Aull,Qi 0 Full,2i

Aulo,i = 0 AU11,2¢+1 Ful1,2i+1 (35)

EULI,% EU11,27:+1 ASll,q‘,

Gaussian Decomposition is applied to systems 34 and 35, and the following Schur Complement matrices are derived:

5-1 1
_ -1 — A -1
Culo - ASlo - Z Eulu:iAUlo,iFulo,i Cuh - Aslvl ZEZ’IZLM Alxlzl,lxj Fullyi-]‘ (36)
=0 7=0

As it is described on the previous section, the infernal systems of the first level, with matrices Ay, , are solved twice.
These systems are decomposed in an other level, so this implies that the internal systems and the Schur Complement
systems of the second level, with matrices Asll . and Cull , are solved four times and two times respectively.

3.3 Fourier-Schur decomposition

When, as in the simulation of a flow around cylinder, the domain of the problem is constructed by the extrusion of a
2-dimensional geometry, if the mesh has a uniform step on the spanwise direction and periodic boundary conditions are
used, Fourier diagonalization can be applied to the initial matrix. As a result of this, the problem is decoupled by planes.
This reduces dramatically the RAM memory requirements and the arithmetical complexity of the algorithm.

The parallelisation is done on two-levels. On the spanwise direction by partitioning the set of planes [Trias et al., 2006b],
and on each plane using parallel Schur decomposition method to obtain a solution. After Fourier diagonalization, the ma-
trices of the planes have the same sparcity pattern, in fact they only differ on the diagonal elements. Thus, the pattern of
the processors communication episodes on the solution of each plane are equal so they can be carried out together. This
improves the speed up of the algorithm become on the same communication episode data for different planes is transferred
at the same time.

In figure 2, the speed up for Direct Schur and Fourier-Schur decomposition solvers is presented. The systems solved
are the velocity coupling Poisson equation (section 2.3), discretized in a 1 milion triangular cells 2D mesh, and the same
mesh extruded on 16 planes. These tests have been performed in JFF cluster, in the CTTC center. The components of this
cluster are: Intel Core2 Duo E6700 (2’67 Ghz) nodes linked with a 1 Gb/s Ethernet. The results show that grouping the
communication episodes of the different planes improves highly the speed up of the method.
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Figure 2. Speed up for Schur and Fourier-Schur solvers in a 2-dimensional 1 milion mesh and a 16 milion extruded mesh
respectively

4. SYMMETRY PRESERVING ADVECTIVE REGULARIZATION MODELLING OF TURBULENT FLOWS
ON GENERAL UNSTRUCTURED MESHES

In the quest for a correct modelling of Navier Stokes equations, they can be filtered spatially as in Large Eddy Simu-
lation (LES). Doing so, the filtered non-linear convective term must be modelled,

T+C(W)W+DW+GE = C(m) s — C(us) us = model(us) (37)

P82

where the filtered velocity is denoted by w;. An appropriate model is hard to accomplish for several reasons. In practice,
closure models are often based on phenomenological arguments that cannot be derived formally from the Navier Stokes
equations. As a result, this methodology usually has severe numerical instabilities (these difficulties are more relevant
under non-structured discretization), and is not the best alternative for turbulence modelling of engineering applications.
Recently, relevant improvements on turbulence modelling based on symmetry-preserving regularization models for
the convective (model(ws) in Eq. (37)) term have been developed. They basically alter the convective terms to reduce
the production of small scales of motion by means of vortex-stretching preserving all inviscid invariants exactly. To
do so, symmetries and conservation properties of the convective terms are exactly preserved. This requirement yields a
novel class of regularizations that restrain the convective production of smaller and smaller scales of motion by means
of vortex stretching in an unconditional stable manner, meaning that the velocity can not blow up in the energy-norm (in
2D also: enstrophy-norm). Up to now, they have been successfully tested for a channel flow at different Reynolds num-
bers [Verstappen, 2007] and a differentially heated cavity at high Rayleigh numbers [Trias et al., 2006a] using staggered
meshes. As a first step in application of the symmetry preserving advective regularization modelling under unstructured
and collocated meshes, the approximation C4 is tested for a flow over a circular cylinder at Re = 3900 (see section 5.

4.1 C4 Regularization modelling

In general, Eq. (37) relates the approximation given by the regularization modelling (see Eq. (39)) one-to-one to
LES-models if the filter is invertible. The approximation C,, may be seen in relationship to the approximate deconvolution
method. If argument u of C(u,u) is replaced by the following approximate deconvolution of the filtered velocity field:
@ = F~'% ~ u, where [} approximates the inverse of the filter F'u = u. The approximate of the inverse can be
constructed by truncating the formal series expansion of the inverse. In our case,

di I
pQSdi; + FYRC(4,3) + Di+ Ap =0 (38)
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if we take u = u, p = p, and Cp,(u,u) = F-1FC (u, w), it is mathematically evident that any direct modification of
the convective term in the Navier-Stokes equation is implicitly related to an approximate deconvolution operator. From a
physical point of view, however, not all, but only some modifications constitute a proper approximate model.

We restrict ourselves to the C4 approximation [Verstappen, 2007]: the convective term in the Navier-Stokes equations
is then replaced by the following O(A})-accurate smooth approximation Cy(u,v) given by

Cs(u,v) = C(u,v) + C(u,v’) + C(v', D) (39)
where a prime indicates the residual of the filter, e.g. v/ = u — w and U represents a symmetric linear filter with filter
length Aj. Two filters are used in conjunction with the C, approximation: a differential Helmholtz filter and a second
order Gaussian filter.

The first one, is based on the elliptic differential operator:
82

Glu=(1 —afa—xi)ﬂzu (40)
where G is the transfer function of the filter. Fixing «y; as an isontropic case (o = «), Eq. (40), becomes the inverse
operator of the differential (or Helmholtz) filter, proposed by Germano [Germano, 1986]. The second filter is a nonuniform
Laplace filter based in a Gaussian filter, which is always self-adjoint [Vreman, 2004]. The second term in the Taylor
expansion of Gu for a Gaussian convolution filter is the Laplace operator [Germano, 1986]:

10,50

19 )u = (41)

gl

This filter is normalised, conservative and also self-adjoint. Notice than both the elliptic filter and the gaussian filter,
are discretizated in an identical manner than the diffusive term in Navier-Stokes equations. In both filters the grid cutting
length is evaluated using Deardorff’s proposal [Sagaut, 2001]. This method is the most widely used today. It consists
of evaluating the cutoff length as the cube root of the volume {2 of the filtering cell. Introducting the ratio e = Ay /A,
where A\ is the filter cutoff length and A; is the grid cutting length, our final turbulence model only contains one
parameter (e). For further details about filters properties and how to construct them the reader is referred to [Vreman, 2004,
Verstappen, 2007, Sagaut and Grohens, 1999].

5. FLOW AROUND A CIRCULAR CYLINDER AT Re = 3900

Flow around cylindrical structures is of relevance for many practical applications e.g. bridge piers, chimneys, towers,
antennae, wires, etc. Knowledge about flow-related unsteady loading of such structures is crucial for hydro and aerody-
namic control and design. Two-dimensional calculations have been routine for a long time and are often used to validate
numerical techniques and computer codes. However, it has been recognised that at Reynolds numbers higher than 250,
two-dimensional calculations yield incorrect values of flow parameters such as the drag coefficient or Strouhal number.
Three-dimensional effects are important at these Reynolds numbers, and three dimensional calculations are needed for
accurate predictions of flow statistics.

With the aim of a correct numerical validation of the presented formulation, some simulations of a flow past a circular
cylinder for a Reynolds number of 3900 are presented, together with a detailed validation using experimental data from
Lourenco and Shih [Kravchenko and Moin, 1996]. The computational domain to be simulated is a rectangular box of
dimensions [-4D, 20D],[-4D, 4D],[0,7D] with a circular cylinder of a diameter D at (0,0,0). At the inflow (u,v,w) =
(1,0,0) is prescribed. Periodic boundary conditions are used for the spanwise direction, being Fourier used transformed in
this direction. [Trias et al., 2006b]. At all other boundaries, pressure based conditions are used (outflow boundaries).

Two different grids are used to evaluate the accuracy of the symmetry preserving formulation. The first one is a coarse
grid of 160.000 Control Volumes (CV) and the last one a medium sized grid of 1.5 M CV. In order to solve the Eq. 19 a
Fourier decomposition method is used (see section 3.3). For the first case only 2 CPU’s are used, in the last one 22 CPU’s
of the cluster JFF at the CTTC center are needed.

The study has been divided in two blocks. First, only the accuracy and stability of the symmetry preserving discretiza-
tion under non-structured meshes are evaluated. To do so, two simulations using the coarse and fine grids have been
carried out without the aid of regularization modelling. In the second part of the study, the accuracy of the regularization
modelling is tested. For this case, only the coarse mesh is used.
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Figure 3. Instantaneous velocity magnitude (||w||/Uint) isosurfaces in the near wake of a flow over a circular cylinder: 15
countours from 0.9 to 0

LN e e e s e 1.5 0.5

x/D = 1.54
e

4 DS Drége (13ef ov)

- \ I
25k I | I 25 E
-3 2 -1 ] 1 2 3 -3 -2 -1 0

Figure 4. Streamwise velocity (Left) and cross-flow velocity (Right) at three locations in the wake of a circular cylinder.
[0: Experimental Data, A: DNS data, black line: fine mesh, green line: coarse mesh
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Figure 5. Comparison of the Reynolds stresses at 1.54D behind the cylinder. See the caption Fig. 4
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5.1 Testing the symmetry preserving discretization

Coutours of instantaneous velocity magnitude (||w||/Uint) isosurfaces of the fine grid are shown in Fig. 3, where the
development of the Karman vortex street can be clearly seen. The vortices arising from the instabilities of the shear layers
mix in the primary Karman vortex before propagating downstream, which is consistent with the observations of Chyu and
Rockwell [Chyu and Rockwall, 1996] in their PIV experiments and with numerical experiments from Kravchenko and
Moin [Kravchenko and Moin, 1996].

In Fig. 4 streamwise velocity and cross-flow velocity at three different locations in the wake of a circular cylinder
is plotted together with experimental data from Lourenco and Shih [Kravchenko and Moin, 1996] and DNS data from
[Droge, 2007]. Rather good agreement is obtained for the current results and the DNS data. Even for the simulation with
the coarse mesh the results are reasonable good. It should be kept in mind that the used meshes are really coarse compared
with the cutting cell mesh from the DNS simulation (which is over 13 M CV [Droge, 2007]), and no SGS model is used.

The presented results all describe the mean flow, which is steady in the time. However, the variation of the flow is
important and the Reynolds stresses are mostly used to quantify the fluctuations of the flow. In Fig. 5 some comparison
of Reynolds stresses at 1.54D behind the cylinder between different meshes and the DNS data is showed. There is a good
agreement with DNS data for the fine grid, but in this case the coarse does not perform well. It is important to remark that
the results of the fine mesh (which is similar in size to the one used for LES simulations [Kravchenko and Moin, 1996]),
are excellent taking into account that not SGS model is used.

5.2 Testing the regularization modelling

Two different simulation have been performed in order to test the regularization modelling on general unstructured
meshes. The first one using the Gaussian filter (see Eq. 41) with a filter ratio e = 1, and the second one using the
Helmholtz filter (see Eq. 40) with a filter ratio e = 4. As a first remark, we have observed that the stability of the
Gaussian filter is restricted by the filter ratio, in this aspect the Helmholtz filter seems to be less dependent. This is the
reason for the lower value of the filter ratio e used for the Gaussian filter.

In Fig. 6, streamwise velocity and cross-flow velocity at three different locations in the wake of a circular cylinder
are plotted togather with DNS data from [Droge, 2007]. A good agreement with the reference data is observed for the
simulation using the Helmholtz filter. The simulation using the Gaussian filter does not perform badly, but it seems to be
in worst agreement than those with the Helmholtz filter. Second-order statistics are shown in Fig. 7. As in the first-order
statistics, the simulation using the Helmholtz filter agree well with the reference data. But for this kind of statistics, the
Gaussian filter seems to be inaccurate.

As a conclusion, the simulation using Helmholtz filter and the 160.000 CV mesh is in good agreement with DNS
data from [Droge, 2007]. These results are excellent taking into account that this case has been solved traditionally using
1.5-2.5 M CV meshes, e.g., the numerical studies by Kravchenko and Moin which were performed using a conventional
Dynamic LES model[Kravchenko and Moin, 1996].
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Figure 6. Streamwise velocity (Left) and cross-flow velocity (Right) at three locations in the wake of a circular cylinder.
Comparison between DNS data and results from regularization modelling.
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Figure 7. Comparison of the Reynolds stresses at 1.54D behind the cylinder

6. CONCLUSIONS

In this paper a numerical approach for an accurate simulation of Navier-Stokes equations under turbulent complex
flows has been presented. As a first step, the symmetry preserving discretization metodology has been extended to non-
structured meshes. In section 3, some direct algorithms for the solution of Poisson equation using parallel computers have
been discused and tested. After this, the regularization turbulence modelling has been described giving special attention
to the different filters to be used. Finally, using this formulation and modelling, some numerical simulations of a circular
cylinder flow for a Reynolds number of 3900 have also been presented. A detailed validation using our numerical results
together with experimental and DNS results from the literature have been also presented. As a conclusion, overall good

agreement between regularization modelling using a 160.000 CV mesh and reference data have been observed for both
first- and second-order statistics.
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Abstract. The flow around a circular cylinder near a wall in a channel flow has a quite different behavior compared
with the unbounded case. The last one has been studied quite a lot, both numerically, experimentally and analytically.
Two main features differs the unbounded case and the flow near a wall in a channel: i) the confinement effect induced
by the channel wall and ii) the shear in the incoming flow. In the present work this two effects have been studied nu-
merically considering the two and three-dimensional configuration. The numerical model integrates the time-dependent
non-dimensional Navier-Stokes equation considering an incompressible and Newtonian fluid. The solver was imple-
mented in a finite difference scheme, using sixth-order compact centered scheme for spatial derivative, while the temporal
integration was performed with an explicit third-order low-storage Runge-Kutta method. The no-slip boundary condition
for the channel wall and for the cylinder were modeled using the immersed boundary method based on the feedback
Sformulation. Numerical simulations were performed for Rep = 300 and for the range of 0.4 < G < 2.5, where Rep
and G are the cylinder Reynolds number and the non-dimensional gap ratio, respectively. The two-dimensional results
have shown a reduction of the Strouhal number with the gap ratio and the suppression of vortex shedding below a critical
gap ratio. The vortex suppression was also confirmed in the analysis of vorticity fields. It has also been observed that the
asymmetry on the incoming flow produces a reduction of the mean and rms drag coefficient with the gap reduction. The
mean lift coefficient changes it signal with the reduction of the distance between the cylinder and the wall, from a attrac-
tion force to a repulsive one. The vortex shedding suppression was associated with the variation of the local Reynolds
number. Three-dimensional simulations were performed only for G = 2.5;0.8 and 0.5. The results indicated a delay in
the development of stream-wise vortices, with the suppression of these structures below the critical gap.

Keywords: Circular Cylinder; Near wall; Channel Flow; Vortex Suppression

1. INTRODUCTION

The flow around an isolate circular cylinder has been widely studied in the last decades, both theoretically, exper-
imentally and numerically. Much of theses previous works have been focused on the flow around an isolated cylinder
placed in an uniform flow, where the main influence parameters are the Reynolds number, turbulence intensity, aspect
ratio, blockage and roughness of the cylinder surface. However, in many different practical application in engineer the
cylinder is near another structure or a wall, as the flow around a pipeline near the seabed, a group of riser in an offshore
facility and in heat exchangers. The presence of other structure near the cylinder affects the vortex shedding process, the
development of the near wake, as well, modify the forces acting upon the cylinder.

The flow around a circular cylinder near a plane wall is a particular case of the problem described previously. This
kind of flow is complex due the increase of the governing parameters. Beyond the parameters which control the flow
around an isolate circular cylinder, this kind of flow is also affected by the boundary layer characteristics (the boundary
layer thickness and the velocity gradient), the cylinder position in respect to the boundary layer thickness and the distance
between the cylinder and the wall.

In the last decades some research have been developed with the main objective of understanding the influence of theses
parameters in the vortex shedding process and in the forces acting upon the cylinder (Bearman and Zdravkovich, 1978;
Grass et al., 1984; Zdravkovich, 1985; Taniguchi and Miyakoshi, 1990; Lei et al, 1999; Lei et al., 2000; Price et al., 2000).
The main feature observed is the vortex shedding suppression as the gap ratio is reduce below a critical value, although
Price et al. (2000) still have some doubts about this phenomenon. Others divergent aspects related to the vortex shedding
suppression are: the value of critical gap, the physical mechanism which induce it and the behavior of the vertical force
acting on the cylinder. Most of the earlier works agree that the vertical force tend to push the cylinder away from the wall.
However experimental results obtained by Zdravkovich (1985) have shown that the vertical force behavior is directly
related with the boundary layer characteristics.
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The present work aims to study the influence of the asymmetry blockage, due the wall presence, in the vortex shedding
process from a circular cylinder, as well as the modification observed in the cylinder wake and the forces acting on it, for
a set of reduced parameters. The flow configuration is presented in section 2. while the mathematical formulation and the
numerical method are described in section 3. Numerical results for two-dimensional and three-dimensional simulations
are presented and discussed in section 4. The main conclusions of the present work are presented in section .

2. FLOW CONFIGURATION AND PARAMETERS

The flow around a circular cylinder of diameter D in a channel, with rectilinear and parallel walls separated by a
distance 2H are considered in a Cartesian frame of reference (z,y, z). The horizontal and vertical axis (x and y) are
oriented along the bottom and the inlet of the channel, while the cylinder axis is set normal to the xy plane (Fig. 1). The
cylinder position in the channel is defined by the minimal distance between the cylinder surface and the nearest wall (G),
referred as the gap ratio (G/D), and the distance from the inlet boundary (X¢). At the inflow section of the channel a
parabolic mean velocity profile is imposed between the walls, defined as

2
y—0.5H
1— | ¥—F 1
( 0.5H > ] b
where Uyy,q, is the maximum mean flow velocity. In this flow configuration four non-dimensional parameters are impor-
tant, one associated with the channel defined as the channel Reynolds number (Rec = U H /v, where the U is the mean

channel velocity) and three associated with the cylinder: the blockage ratio (B = D /2H), the gap ratio (G/D) and the
cylinder Reynolds number (Rep = UD/v).

U(y) = Umax

Figure 1. Schematic view of the flow configuration.

In the present paper, the channel Reynolds number adopted was in the laminar regime according the stability theory(Rec ~
1200). The blockage used have little or no influence in the flow (B ~ 8%) and the cylinder Reynolds number used was se-
lected after the three-dimensional transition of the flow observed in the case of an isolated circular cylinder (Rep = 300).

All these previous parameters were set constant for all the simulation in the present work. Two-dimensional simulations
have been carried for gap ratio from 0.4 to 2.5, while three-dimensional simulations have been done for selected gaps
ratios (G = 2.5, 0.8 and 0.5) based on the results of the 2D results.

3. NUMERICAL METHODOLOGY
3.1 Governing equations

The governing equations for unsteady incompressible and Newtonian fluid are the Navier-Stokes and mass conser-
vation equations. These equations written in a non-dimensional forms in Cartesian coordinate system can be written

as:
ou 1,
E+w><uf—Vp+§Vu+f 2)
V-u=0 3)
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where p(x,t) is the modified pressure field; u(x,t) and w(x,t) are the velocity and the vorticity fields, respectively;
f(x,t) is an external force field, used to represent the cylinder and the channel walls and Re is the Reynolds number,
based on the cylinder diameter (D) and the mean average velocity of the inlet velocity profile (/). These set of equations
were directly solved in a non-staggered uniform mesh.

3.2 Numerical Method

The differential equations 2 and 3 were solved using the finite difference methods. All spatial derivatives were eval-
uated using a compact difference scheme (Lele, 1992). A sixth-order formulation was used for all interior mesh point.
Near of the inflow and outflow boundaries, a single sided compact schemes of third/fourth order were employed for
r—derivative. The temporal integration of the Navier-Stokes equation (Eq. 2) were performed using a fractional time
step method. A third-order low-storage Runge-Kutta method was used to evaluated the temporal derivative (Williamson,
1980), while a Poisson equation for the pressure was solved to ensured the incompressibility equation (Eq. 3). For all the
simulation, free-slip boundary condition were used at y = 0 and H and a periodic boundary condition was applied in the
z—direction for 3D cases.

The outflow boundary condition (x = L,) was defined solving a simplified convection equation

Ju ou

ot +Ue or 0 @
where U, is an approximation of the velocity convection of the main structures. This equation was choose to ensure that
any disturbance created by the vortex shedding leaves the computational domain with minimum reflection. In this work
the value of the mean velocity at the outflow boundary U, was estimated at each sub-time step.

The no-slip boundary condition over the circular cylinder surface and the channels wall were imposed using the
immersed boundary method. Since the pioneer work of Peskin (1972) different formulations have been proposed to
represent the immersed boundary, all then add an external force field to the Navier-Stokes equation, the main different
between then is how the force is calculate and add to the Navier-Stoke equation. The virtual boundary method proposed
by Goldstein et al. (1993) have been adopted in the present work, where the forcing term is given as

f= {a/ot[uus(xs,t)]dt+muus<xs,t)]} 5)

where ¢ is the time, z; is cylinder coordinate; us is the cylinder velocity; « and § are negative constants, which need to
be adjusted depending on the flow case. More details about the numerical code can be found in Lardeau et al. (2002) or
in Silvestrini (2002) and about the immersed boundary method in Lamballais (2002).

For all 2D simulations, no perturbation was superposed to the mean inflow velocity. On the other hand, for 3D
simulations a weak white noise (£1%) was superposed in all directions to accelerate the transition process.

4. RESULTS
4.1 Two-Dimensional Simulations

Two-dimensional simulations were performed to test the influence of the gap (G) reduction in the vortex shedding
process, the near-wake structures and the forces acting on the cylinder. All the simulations were done with the same set
of computational parameters: computational domain of 19D x 12D with the cylinder located at X ¢ = 8D from the inlet
boundary; an uniform grid with Az = Ay = D/32; virtual boundary parameters « = —10.000 and 3 = —100; time step
At = 0.0121 and simulation were done for a non-dimensional period of 7" ~ 300. This set of parameter were chosen
based on previous numerical validations of the numerical methodology presented by Vitola et al.(2005) for an uniform
flow around an isolated circular cylinder.

4.1.1 Vorticity Fields

The vorticity field for the unsteady periodic vortex shedding regime for six different gap ratio values are shown in Fig.
2. All the figures were obtained at the end of each simulation. The darker color indicate negative vorticity (blue) while
the lighter one indicate positive vorticity (red). For all the gap ratio greater than 0.4 the vortex shedding can be identified.
The wake structures are analogous to the classical von Kdrman vortex street with some remarkable difference induced by
the asymmetric blockage and the shear of the incoming flow. The vorticity fields also shows that the gap reduction deflect
the wake away from the wall, which consequently affect the force acting on the cylinder, as will be discussed in sec. 4.1.4

Figure 2a shows that presence of the cylinder near the wall induce the development of a boundary-layer of negative
vorticity on the wall. Although the positive vorticity shed from the lower side of the cylinder has a week interaction with
the wall vorticity. During the shedding process this lower vortices is stretched between two consecutive negative vortices
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shed from the upper side of the cylinder. The resulting structure resemble more a vorticity sheet than a vortices. Similar
structures have been found in the wake of an isolate circular cylinder immersed in an uniform shear flow (Vitola, 2005),
as consequence these structures were associated with the shear present in the upcoming flow and not with the blockage
induced by the wall presence.

Figure 2. Instantaneous vorticity fields for different gap ratios (Rep = 300, negative vorticity is blue and positive vorticity
is red).

Reducing more the gap ratio it intensify the flow between the cylinder and the wall, which increase the wall vorticity
sheet and the interaction between it and the vortices shed from the cylinder. At gap ratio 1.5 (Fig. 2b) it is possible to
observe the detachment of wall vorticity as consequence of this interaction. The detach point is displaced upstream with
the gap reduction, resulting in a stronger deformation of the inner vortices (Fig. 2c). The roll-up process of the lower
vortices is delayed (Fig. 2d) and the its intensity is reduced (Fig. 2e). The vortex shedding suppression is observed for
gap ratio lower than 0.4 (Fig. 2f).

4.1.2 Mean Fields

The mean flow velocity and the Reynolds stress components fields are reported in Fig. 3, for three selected gaps
values. For G = 2.5 the mean streamlines field resemble the flow around an isolate cylinder with an almost symmetric
bubble in the near wake. Gap reduction breakout this symmetry and a slight deflection of the mean streamlines away
from the wall can be observed. This agree with previous observation of the instantaneous vorticity field of the wake.
The front stagnation point deflects in the same direction of the mean wake velocity field. These changes observed in the
mean velocity fields modify the pressure distribution around the cylinder, resulting in changes of the forces acting upon
the cylinder (See sec. 4.1.4). It is also observed in Fig. 3a the development of a recirculation bubble on the near wall,
consequence of the detachment of wall vorticity observed in the instantaneous vorticity fields (FIg. 2). The recirculation
bubble growth and displace downstream with the gap reduction.

The mean Reynolds stress fields are shown in Fig. 3b — d. They seems to be more sensible to the presence of the wall,

HOME PROXIMA




EPTT2008 6¢ Escola de Primavera de Transicao e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3 M3
Figure 3. Mean velocity fields an mean Reynolds stress components for choose gap ratio. (a) mean velocity field; (b)
< u'v’ > Reynolds stress component (isolines 0,005 — 0,30 step 0,005); (c) < v'v’ > Reynolds stress component

(isolines 0, 05 — 0, 60 step 0, 05); (d) < u'v" > Reynold stress component (isolines 0,05 — 0, 60 step 0, 05).
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once the deflection of the wake is observed for G = 2.5. For gap ratio less than 0.4 no structures were observed with
intensity greater than 0.05, indicating the vortex shedding suppression.

The mean Reynolds stress fields are frequently used to define the formation length, this is defined based on the location
of the maximum value of these parameters. A wide dispersion of this parameter is frequently observed in the literature
for the uniform flow around an isolate cylinder. This observation is consequence that each variable represents different
physical process. In the present work the choose of variable used to define the formation length is more complicate due
the lost of wake symmetry caused by wall proximity. The results obtained for the formation length using each of the mean
stress Reynolds fields are shown in Fig.3b — d. It is possible to observe the dispersion of value obtained depending on
the variable choose. For G = 2.5 the formation length range is from 1.25 to 1.61, while for gap 0.8 it is from 1.94 to
2.19. Based on this results and in the wake asymmetry, the results indicate that the use of the mean vertical Reynolds
stress component to define the formation length is the best choose, once it has one possible maximum value which avoid
misunderstood in the definition of this parameter.

4.1.3 Strouhal Number

The influence of the gap ratio reduction in the vortex shedding frequency is shown in the Fig. 4. The results indicate
that the vortex shedding decrease with the gap ratio reduction, consequence of the interaction between the inner vortices
shed from the cylinder and the wall vorticity. This retard the vortices interaction increasing the formation period. For gap
ratio lower than a value between 0.5 and 0.6, defined as the critical gap, the Strouhal number is null indicating the vortex
shedding suppression. This result agree with the instantaneous vorticity fields presented in the previous section.

0.25

0.2

0.15

St(C,)

0.1

0.05

% " os 1 15 2 25
el

Figure 4. Strouhal number (St) function of the gap ratio (G).

4.1.4 Hydrodynamic Coefficients

The forces acting on the cylinder were calculated by integration of the pressure and the shear stress over a control
volume around the circular cylinder. The velocity gradient of the upcoming flow and the presence of the wall modifies the
pressure distribution on the cylinder, as consequence of flow symmetry lost. The drag and lift forces are also influenced
by the Reynolds number. Nevertheless, in the present work only the influence of the gap ratio was studied, the Reynolds
number is held constant for all simulations (Rep = 300).

The mean and the fluctuation drag coefficient (Cp = Fp/ % pU D, where U is the channel mean velocity and D the
cylinder diameter) are shown in Fig. 5 as a function of the gap ratio. Both parameter has the same behavior, they decrease
with the gap ratio reduction. The minimum value of the mean drag is 0.5 and occur at G = 0.2. The drag coefficient
fluctuation are null for gap ratio less the 0.4, it is consequence of the vortex shedding suppression.

The variation of the mean lift and its fluctuation (C, = Fr,/ % pU D, where U is the channel mean velocity and D the
cylinder diameter) are shown in Fig. 6. The mean lift changes its sign with the gap reduction. It has a positive value for
gap ratio lower than 0.5 and negative greater values than this. These results suggest the existence of competition of two
process which result in a positive and a negative mean lift value.

Results presented by Vitola (2005) for an uniform shear flow around an isolate circular cylinder have indicated that
a positive shear flow, as the one present in the lower channel wall, tend to induce a negative lift force. This force tend
to shift the cylinder toward the low velocity, i.e. toward the near wall in the present case. On the other hand, results by
the same researcher for the case of a cylinder near a moving wall tend to induce a positive mean lift force induced by the
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Figure 5. Drag coefficient variation with the gap ratio (G). (a) Mean value; (b) Fluctuation value.

wall blockage. Using these observation it is possible to suggest that for gap ratio greater than 0.4 the shear present in the
incoming flow control the lift forces while for smaller gap ratios the blockage is the main process. The lift fluctuation has
the same behavior as the drag fluctuation, both decrease with the gap ratio reduction and suppress for gap ratio less than

0.4.
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Figure 6. Lift coefficient variation with the gap ratio (G). (a) Mean value; (b) Fluctuation value.

A more appropriate analysis of the variation of the mean drag and lift coefficient can be obtained analyzing these
coefficients based on the cylinder velocity (Cpeyi = Cp /U, fyl, where U,y is the velocity at the center of the cylinder far
upstream), once these parameters normally depends on the cylinder Reynolds number. Figure 7a shows different behavior
of the mean drag coefficient when compared with results presented in Fig. 5a. The mean drag value based on cylinder
velocity increase with the gap reduction. This behavior can be explained analyzing the variation of the local cylinder
Reynolds number, which is Rep.,; ~ 300 at G = 2.5 and reduce to Rep¢y ~ 45 at G = 0.4. The Reynolds number
reduction increase the influence of the viscous term of drag force, which explain the behavior observed for the mean
drag. The use of local velocity change the intensity of the mean lift coefficient, but do not affects its behavior observed
previously in Fig. 6a.

4.2 Three-Dimensional Simulations

Three-dimensional simulations were performed for three cases of gap ratio based on results presented in section 4.1
These simulations aim to test the influence of the gap reduction in the development of three-dimensional structures in the
near wake. All the simulations were performed with the same set of computational parameters: computational domain of
19D x 12D x 4D with the cylinder located at X ¢ = 8 D from the inlet boundary; an uniform grid with Az = Ay = D/16;
virtual boundary parameters & = —100.00 and 3 = —100; time step At = 0.0121 and the simulations were done for
a non-dimensional period of 7' ~ 150. All three-dimensional simulations were initialized using two-dimensional results
and a small white noise (+1%) was superposed to accelerate the transition process.
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Figure 7. Variation of the drag and lift coefficients based on local velocity function of the gap ratio(G). (a) Mean drag
and (b) Mean lift.

All the presented simulations were done for cylinder Reynolds number greater than the critical value for vortex shed-
ding (Rep > 47) considering an isolate one. A summary of the main parameter for the selected gaps ratios are presented
in Tab. 1, where can be observed that the gap ratio reduction decrease the local Reynolds number (RRep.,:) at the center,
top and bottom of the cylinder, but increase the shear parameter (5; = K U%’ where U, is the velocity at the center of the
cylinder and K is the velocity gradient given by %—g). It is also possible to observe that for G > 0.8 the local Reynolds
number is greater than the critical value found for the development of three-dimensional structure in the case of an isolate
cylinder.

Table 1. Main parameters for the select gap ratio (G).

ReDcyl Z:zeDcyl ReDcyl
G (bottom) | (center) (top) 0O

2,50 298 339 374 0,22
0,80 110 173 228 0,69
0,50 72 139 198 0,91

4.2.1 Vorticity Fields

The temporal development of three-dimensional wake structures can be evaluated indirectly using the temporal evo-
lution of the axial enstrophy (Z ) or directly analyzing the instantaneously field of Q criterion. The axial enstrophy is

defined as
Z t = 1 t 2 t 2 6
1 = a3+ ey (B)13) o
1
= 3 (/ ww(x,%z,t)dxdydz—k/wy(x,y,z,t)dxdydz> ™
Q o

where ||w, (t)||3 and ||w, (¢)||3 are the two-dimensional L2 norm of the streamwise and transverse vorticity, respectively.
This parameter indicate the amount of vorticity outside the xy plane, representing amount of three-dimensional structures
present in the wake, while for two-dimensional cases it is null.

The temporal axial enstrophy evolution for the select gap ratio are shown in Fig. 8. It is possible to identified
three different regions in Fig. 8b. The limits for each region is shown in Tab. 2. In the first region the enstrophy is
null, indicating the absence of any three-dimensional structure in the cylinder wake. After some time it is possible to
observe an exponential growth of the enstrophy, this is associated with the growth of three-dimensional instability and
the development of the streamwise structures. Finally in region 171 the enstrophy reach an almost constant value, which
indicate the saturation of the instability and the flow is completely developed. The same behavior is observed for G = 2.5
and 0.8, while for G = 0.5 the enstrophy is null during all the simulation, suggesting a 2D flow.

A strong variation of the axial enstrophy can be see in Fig. 8a for T" > 40 (Region III of Fig. 8b) for G = 2.5. This
indicate that even after the transition has finished the amount of streamswise structures present in the wake variate with
time. Figure 8 also shows that gap reduction attenuate the amount of three-dimensional structure present in the wake for
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Figure 8. Temporal axial enstrophy evolution (Re = 300).

G = 0.8, due the reduction of the enstrophy intensity and the delay in the instabilities growth, and for G = 0.5 they are
completely absent.

Table 2. Region limits observed during temporal evolution of axial enstrophy.

Region I 17 117

5| T<15 | 16<T <35 | T>35
8| T'<40 |40<T <70 | T >170
5 | T > 145 - ——— - ———

A critical aspect to analyze three-dimensional results is how to identify three-dimensional structures. Different meth-
ods have been used, as isosurface of vorticity, Q criterion or A criterion (Dubief and Delcayre,2000). In the present work,
the Q criterion was chosen and is given by

1 82ui 8uz 8’[1]‘
Q_2<8x? e &ri) ®

The temporal evolution of the three-dimensional structures for G = 2.5; 0.8 and 0.5 are shown in Fig. 9 for a top view
of ) = 0.1. The isosurfaces of Q are colored using the streamwise component of the vorticity, where positive vorticity
are indicated by the darker color (blue) and negative vorticity by the lighter color (red).

Results for G = 2.5 (Fig. 9a) shows a two-dimensional structures for 77 = 10 and 15 , although it is possible to
observe the streamwise vorticity impress on the Karman vortices. For G = 0.8 (Fig. 9b) the two-dimensional structures
are observed for a longer period (I' = 10 — 45) and the appearance of streamwise vorticity is delayed. Instantaneous
field for G = 2.5 (Fig. 9a) and 0.8 (Fig. 9b) in region I/ shows the spanwise deformation of the Kdrmén vortices and
the development of streamwise structures 1" = 15 — 30 and 7" = 45 — 90, respectively. Three-dimensional structures are
fully developed for G = 2.5 at T' > 30, while for G = 0.8 it is possible to observe the deformation of two-dimensional
structures in the spanwise direction and a only a few small streamwise structures for 7" > 60. For G = 0.5 (Fig. 9¢) no
evidence of transition from two to three-dimensional flow is observed for the total period of the simulation.

Once all the simulation was initialized using two-dimensional velocity fields and have the same white noise superposed
on it, the delay in the development of streamwise vorticity observed in Fig. 9 for G = 0.8 and the suppression got G = 0.5
was associated with the reduction of the local Reynolds number as was shown in Tab. 2.

5. CONCLUSION

The flow around a circular cylinder placed near the inferior wall of a plane channel, has been studied numerically
using DNS and immersed boundary methods for different distance between the cylinder and the near wall. Two and
three-dimensional configuration have been studied for Reynolds number 300 (based on cylinder diameter) corresponding
to the vortex shedding regime and after the appearance of three-dimensional structures for an isolate circular cylinder. The
Reynolds number used allowed to investigate the influence of the near wall in the vortex shedding and in the development
of three-dimensional instabilities.

The two-dimensional results has shown a reduction of the Strouhal number with the gap ratio reduction, caused by
the interaction of the inner vorticity shed from the cylinder and the wall vorticity. The continuum reduction of the gap
result in the vortex shedding suppression for gaps lower than 0.4. The asymmetry flow induced by the near wall also
affects the mean drag and lift coefficients. The behavior of the mean drag is influenced by the velocity used for obtain
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Figure 9. Temporal evolution of instantaneous field of () criterion. (Top view of isosurfaces of ) = 0, 1; Temporal
variation from top to bottom - 7" = 10, 15, 30, 45, 60, 90, 120 and 142).

PROXIMA




EPTT2008 6¢ Escola de Primavera de Transi¢éo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

the drag coefficient. Using the velocity at the center of the cylinder this coefficient increase with the gap reduction. The
results for the lift coefficient indicate the competition of two different process, which have been identified as the shear of
the upcoming flow and the blockage induced by the near wall. For gap ratio greater than 0.4 the shear seems to be the
dominant process, while for lower gaps the blockage start to dominate the flow. The two-dimensional results have also
demonstrated the influence of the criterion used to define the formation length, and indicated that the used of the value
obtained based on the < v’v’ > stress Reynolds component to define this parameter could reduce the dispersion observed
in the literature, once it avoid the misunderstood of the maximum location.

The three-dimensional results has shown that the gap reduction delay the transition from two to three-dimensional
flow and completely suppress then for gap ratio lower than 0.5. This was also related with the local Reynolds number
reduction.
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Abstract. In this paper, a summary of the work carried out by the Centre Tecnologic de Transferencia de Calor (CTTC) in
the area of DNS (Direct Numerical Simulation) of turbulent flows using low-cost parallel computers (such as PC clusters)
and then on supercomputers is presented. The goal of the work has been to be able to use low-cost hardware for the
simulation of turbulent and transition flows with DNS and/or LES methods. Discretizations based on finite control volumes
have been choosen (and not spectral methods or other approaches restricted to special geometries). Both decisions were
taken in order to be able to use such tools for industrial applications, were low-cost computing and arbitrary geometries
are mandatory. To do so, the work was focused in three areas:

o The development of efficient parallel algorithms for the solution of the Poisson equations on low cost, loosely
coupled parallel computers. Most of this paper is devoted to the description of these algorithms.

o The implementation of symmetry-preserving fourth-order numerical schemes, allowing a good description of the
physics of the flow preserving all the inviscid invariants exactly even on coarse meshes.

o The enhancement of time-integration methods, allowing to keep them unconditionally stable using larger time steps
than standard integration methods.

The resulting codes were used for DNS of natural convection flows in a low cost cluster. Then, a supercomputer and
sufficient computing time was available, so the code was adapted to be able to use a large number of processors (up
to 1024 CPUs). The methods presented here are extended to more realistic geometries, using non-structured meshes on
the companion paper, where SPAR (Symmetry-Preserving Advective Regularization) method to model turbulent flows is
described.

Keywords: DNS, parallel computing, Poisson equation, turbulent natural convection

1. INTRODUCTION

Due to the limitations of current sequential processors, that most likely won’t be overcomed in next years, parallel
computers are already a crucial tool for Computational Fluid Dynamics (CFD). In this paper, a summary of the work
carried out to develop and implement new algorithms for Direct Numerical Simulation (DNS) and Large Eddy Simulation
(LES) in Centre Tecnologic de Transferencia de Calor (CTTC) is presented.

Initially (about 1999) the work was oriented to the use of low cost parallel computers such as PC clusters for DNS.
At that time, the emergence of the Beowulf clusters was identified as a very good opportunity, as they provided very high
computing power at a low cost. However, it was a problem: their slow network, and specially their high latency, caused
standard parallel algorithms to perform poorly.

To avoid this problem, an algorithm allowing to solve the Poisson equation with a single message was developped.
First the method was restricted to two-dimensional problems and structured meshes [Soria et al., 2002]. Then, it was
extended to three-dimensional problems, with one periodic direction, but allowing arbitrary mesh concentrations and
boundary conditions [Soria et al., 2003]. The next step was to extend the algorithm to allow the solution of fourth order
Poisson equations, with 19 diagonals, still with a single message [Trias et al., 2005]. Then, a supercomputer was made
available so the algorithm was combined with a Krlov solver and extended to be able to run efficiently with hundreds of
procesoors [Gorobets et al., |, with several messages per iteration.

The long term goal was to develop a code suitable for general geometries, so finite control volumes methods were
used instead of other formulations more suitable for DNS. The algorithms and codes described here are the foundation for
the TermoFluids general purpose CFD code, described in the companion paper.

1.1 Governing equations and numerical aspects

In this paper, we restrict out attention to the behaviour of a fluid imcompressible, Newtonian and of constant physical
properties. To account for the density variations, the Boussinesq approximation is used. Thermal radiation is neglected.
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Under these assumptions, and without using any turbulence model, the governing equations are

V-u = 0
Gu = —u~Vu+VV2u—1Vp—|—f
ot p
%—f = —u-VI+aVT (D)

Where the body force f is g8(T — Tp). Governing equations (1) are discretized on a staggered grid in space by
second- and fourth-order spectro-consistent schemes by [Verstappen and Veldman, 1997, Verstappen and Veldman, 1998,
Verstappen and Veldman, 2003]. Following the same notation, the symmetry-preserving discretization of the Navier-
Stokes equations becomes

Mu, = 0 )
d
% = —C(up)uy + Duy, + £, — M'py, ©)

where u;, stands for the discrete velocity vector, €2 is a positive-definite diagonal matrix representing the sizes of the
control volumes, the convective coefficient matrix C (uy) is skew-symmetric, the discrete diffusive operator D is a
symmetric negative-definite matrix and M is the discrete divergence operator. The discrete gradient operator is the
transpose of the discrete divergence multiplied by a diagonal scaling G = —§2~'M. Such discretization preserves the
underlying symmetry properties of the continuous differential operators. These global discrete operator properties ensure
both stability and that the global kinetic-energy balance is exactly satisfied even for coarse meshes if incompressibility
constraint is accomplished. Therefore, kinetic energy is not systematically damped by the discrete convective term or
does not need to be damped explicitly to ensure the stability of the method. This is a crucial point because an artificial
dissipation would interfere with the subtle balance between convective transport and physical dissipation, especially at
the smallest scales of motion. Energy transport equation is also discretized using a spectro-consistent scheme.

The main difficuly of the incompressible Navier-Stokes system, from a parallel computing point of view, is the Poisson
equation that arises from the mass conservation equation, even using a explitit time integration scheme. In a standard
explicit time integration method (that here is used for clarity, but in next paragraphs is reconsidered to increase stability),
momentum equation can be written as %—‘; = R(u) — %Vp, where R is the right-hand-side terms of the momentum
equation except the pressure gradient. For the temporal discretization, a central difference is used for the time derivative
term, a fully explicit second order Adams-Bashforth scheme for R and an implicit first-order Euler scheme for pressure-

gradient term and mass-conservation equation. Assuming a constant time-step, we obtain:

un+1 —u” 3 1 1
ZR" — 7Rn—1 S v/ n+1 4
Al 2 2 » P @
vV-ourtl = 0 4)

The unknown velocity u™*! is isolated from Eq. (38) to obtain:
un+1 =uP — vﬁ (6)

Where the predictor velocity u? is:

lRTL—1:| (7)

3
P—u" + At |ZR" —
u u + [2 5

and the pseudo-pressure is p = %p”“

. To determinate p , Eq. (39) is imposed:
V-ut'=v.u’-V-(Vp) =0 ®)
Combining gradient and divergence operators, we obtain the well-known Poisson equation :

V=V u? 9)

The algorithm for the integration of each time step is: (i) Evaluate R™ = R (u"). (ii) Evaluatexx u? from Eq. (7). (iii)
Evaluate V - u? and solve the discrete Poisson equation using DSFD. (iv) Obtain the new velocity field with Eq. (6).
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1.2 Parallel computational fluid dynamics methodologies

Different methodologies have been used to paralelize Navier-Stokes solvers, such as Functional de-composition
[A.J.Lewis and A.D.Brent, 1993] or Domain decomposition in time [G.Horton, ]. However, Spatial domain decompo-
sition [M.Schafer, 1991] is the standard approach and the method used in this work. The domain to be solved is divided
into a number of blocks or subdomains, assigned to different processors. This method is specially interesting for totally
explicit algorithms, as the only data to be exchanged are the internal boundary values that each processor needs from its
neighbors to proceed to next time step. However, for the case of totally or partially implicit methods, such as the fractional
step method used here or SIMPLEC [Patankar, 1980, Doormal and G.D.Raithby, 1984], the main problem of the domain
decomposition approach is that parallel algorithms must be used to solve the linear equation systems. This tends to be
the main bottleneck of the algorithms. The implicit spatial decomposition methods can again be classified in Schwartz
methods [Tang, 1987], where the subdomains overlap and in Schur methods, where they are separated by an interface that
is treated implicitly.

As aforementioned, the main problem is the Poisson equation. When implicit formulations are used for momentum
and energy equations, their associated discrete systems are easily solved. But this is not the case of the incompressibility
constraint, no matter what numerical method is used to solve it, as can be seen from a physical argument. As sound
9p
Op
velocity. There may be local changes affecting instantaneously all the domain for each time step, even if it is small. This
long-range coupling is an inconvenient for loosely coupled computers, where the communications have a high cost.

However, for the case of incompressible flows, a very important property the Poisson equation is that its matrix A
remains constant during all the fluid flow simulation. This is, our problem is not to solve a single system but actually to
solve for each of the x; in the sequence:

velocity cis ¢ = ( ) , incompressibility (g—z = 0) is equivalent to assume that sound waves propagate at infinite
T

Az; = b; i=1---M (10)

where x; are the pressure correction vectors, b; are the mass imbalance vectors and M is the product of the number of
time steps and the number of iterations per time step. For time-accurate problems, M is a large number, that can be in the
order of 107 in turbulent natural convection problems.

Thus, the hypothesis that has been used to develop the algorithm proposed here is that any reasonable amount of
computing time can be spent in a pre-processing stage, where only matrix A is used, if then it allows us to reduce
substantially the cost of each of the M solutions. A similar approach is used in [R.A.W.M.Henkes, 1990] to solve the
pressure correction equations of a SIMPLE algorithm with a sequential Choleski decomposition. The data generated in
the pre-processing stage is saved and reused for other simulations with the same mesh.

2. EFFICIENT PARALLEL POISSON SOLVERS FOR DIFFERENT ARCHITECTURES
2.1 Direct Schur Decomposition method (DSD)

Here, we derive a variant of SC algorithm, specific for the solution of pressure-correction equation on loosely-coupled
parallel computers. The algorithm is described using two-dimensional problems and second order discretizations for
clarity.

The linear equation system to be solved is denoted as:

Ax =10 (1)

Where A is a non-singular pentadiagonal matrix. The unknowns in vector x are partitioned into a family of P subsets,
called inner domains, that are labeled from 0 to P — 1 (to follow the MPI convention), plus one inferface, labeled s. The
interface s is defined so that for any pair of subsets p; and ps, no unknown of p; is directly coupled with any unknown of
P2, but only to its own unknowns and to s. According to this decomposition, x can be reordered and splitted into P + 1
sub-vectors:

r = [f()axla"'afolaxs]t (12)

and the system (11) can be expressed using block matrices as:

AO,O 0 s 0 A()’S Zo bo
0 A171 tee 0 Al,s X1 b1
- ; =] (13)
0 0 - Ap_1po1 Ap_igs Tp_1 bp_1

Aso As,l s As,P—l As,s Ts bs

)
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Let Np be the number of inner unknowns of subset p and N, the number of unknowns of the interface s. The sizes
and structures of the sub-matrices in Eq. (13) are: Ay --- Ap_1,p_1 are sparse matrices with Np rows and columns, that
express the coupling of the inner unknowns of processor p. They are pentadiagonal (heptadiagonal for three dimensional
problems) if a structured mesh is used. Ay s--- Ap_1 s are sparse matrices with Np rows and N, columns that express
the coupling of inner unknowns of processor p with the interface unknowns. A, --- A, p_1 are sparse matrices with
N, rows and Np columns that express the coupling of interface unknowns with inner unknowns of processor p. A; 5 is a
sparse square matrix with Ny rows that expresses the coupling of the interface unknowns.

In a parallel implementation of SC, to generate the P inner domains and the interface, a conventional non-overlapping
domain decomposition is done and then the interface nodes are selected and treated separately. Each processor owns an
inner domain x,, plus a part of the interface x,, except processor p = 5, that owns no interface nodes.

For the solution of the reordered system, the interface unknowns are isolated using block Gaussian elimination. With
this method, system (13) is transformed to:

Ago 0 E 0 Ag,s T bo
0 Ay - 0 Ay Z1 by
: : L= (14)
0 o0 o Apoipor Apoigs Tp_1 bp—1
0 0 e 0 As s Ts bs
The last block equation, involving only unknowns in x, is the interface equation:
As,sxs = l;s (15)
where
P-1
As,s = As,s - Z As,pA;Zl]Ap,s (16)
p=0
and
. P-1
by =bs— > AspAy by (17)
p=0

Therefore, the interface equation (15) can be used to solve exactly x before the inner domains. Once x is known,
each of the ), can be determinated independently by its owner p, solving its original equation, from Eq. (14):

Apptp =bp — Ap s (18)

Before solving Eq. (15), As,s and 55 must be evaluated. This not immediate as both involve A; ]13 and its explicit

computation is not possible. Consider the evaluation of fls’s. Eq. (16) is rewritten as fls,s =A; s — 25;01 fl{;ys. Each

of the terms fl‘;s = A, pA, LA, s is the contribution from processor p to A, ;. To evaluate flgs we proceed column by
column, solving ¢ from A, ,t = [A,, ] . and then evaluating column c as [Ags] = A, pt. When the contribution of each
C

processor is available, they are added and the result subtracted from A; g, to obtain /Is,s. The evaluation of l~)s is carried
out in a similar way.

The algorithm proposed here is divided into two stages (i) Preprocessing, to be called just once per matrix A and (ii)
Solution of x; for a given b;.

Preprocessing of A
The preprocessing algorithm is used to evaluate data that depends only on A and thus can be used for all the b;. In
this work, direct algorithms are used to solve all the equation systems. This is possible as we can afford a long pre-
processing stage, that is then reused for M different right-hand-side terms. Equations involving matrix A, , are solved
with a band-LU decomposition [W.H.Press et al., 1992], but this method can not be used for the dense interface matrix
As s
The solution of the interface equation is one of the key aspects for the efficiency of the SC algorithm. In the imple-
mentation proposed here, an algorithm based on the distributed evaluation and storage of fl;; is employed. To begin its

description, assume that fl;; could be evaluated and made available to all the processors. Each of them would use it only

to perform the matrix-vector products x; = A;;BS. After the (fast) computation of = with this expression, processor p
would proceed to the solution of its inner unknowns x,, using Eq. (18).
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However, to solve its inner unknowns, p does not need all the components of g, but only the values that are directly
coupled with its inner area. As processor p only needs a subset of the components of z, it actually does not need all the
matrix A;i, but only the rows that are necessary for the evaluation of the components of x, = A;;bs directly coupled

with its inner nodes. Hence, we must evaluate A;; by rows.
1

S

—1
5,82

Each column ¢ of fi; can be obtained solving the equation fis,s [A;;} = e.. In order to evaluate a row of A

c
t

the previous identity is applied to fls’s, and the inverse and transpose operators are permuted. The equations to be solved

~ ~ r ~
are A‘;’S A;i = e,. Each processor only solves for the rows that it needs, using the LU decomposition of A; , that is

discarded after the preprocessing stage. The operations described in previous paragraphs are summarized in the following
parallel algorithm:

Preprocessing of A {
P.1-Form A, ; matrix :
forr=1— N, {
if (owner(r) = me) form [A; 5]"
}
send my rows of A;  to the other processors
forq=1— P —1{
if (¢ # me) receive rows of A, ; owned by ¢
}
P.2-Form A, ; matrix
P.3-Form A; ;, matrix
P.4-Form A,, , matrix and evaluate its LU decomposition
P.5-Evaluate fls,s :
forc=1— Ng {

if [A, ], # 0 evaluate {flpys]

S

}
T 25:_01 AQS (all-reduce operation)
As,s — A5$s - T

P.6-Evaluate and store the LU decomposition of AY
P.7-Evaluate the required subset of the rows of A !
forr=1— N, {
if I need component r of z {
solve for ¢ in A;St = e, using the LU dec. of flgs

~ r ~
{A;;} « t (store t as the row r of A

S

The method proposed to treat the interface equation is even more efficient in terms of CPU than a replicated full
storage of A;; in each processor, since each of them only has to perform a part of the matrix-vector product to be able to
obtain its inner nodes ,,.
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Solution of Az = b

After the completion of the pre-processing stage, the solution of each pressure-correction is done in three steps: (i)
Evaluation of right-hand-side of interface equation (that can not be evaluated during preprocessing as it depends on b) (ii)
Solution of interface nodes and (iii) Solution of the inner domains.

Solution of Ax = b {
S.1-Evaluate by = bs — 25:_01 l;f :
S.1.1-Solve A, ,t = by,
using the pre-evaluated LU dec. of A, ,, (step P.4)
S.1.2-Evaluate b2 « A, t
S.1.3-Evaluate b, «— 25:_01 l;{) (all-reduce operation)
S.1.4-Evaluate ZN)S «— by — ES
S.2-Solve the interface nodes =, from fls,sxs = BS :
S.2.1-Evaluate z;, = fl;il}s where needed
using the required subset of fl;; rows (evaluated in P.7)
S.3-Solve the inner nodes z,, from Ay, ,z, = b, — A, sz :
S.3.1-Evaluate t = b, — A, s
S.3.2-Solve A, ,z, =t
using the pre-evaluated LU dec. of A,, ,, (step P.4)

In order to save RAM memory and CPU time, it is important to store matrices A ,, A, s and fl:i as sparse. In our
implementation, a data structure oriented to do fast matrix-vector products is used (as it is needed in step S.2.1). For
each row the non-null columns and its indices are stored. In the particular case of a sequential execution (P = 1) there
are no interface nodes so a totally different algorithm has to be used. In our implementation, a conventional (sequential)
band-LU decomposition is used. Thus, each processor has to solve just once all the domain.

As can be seen in Figure 1, the algorithm scales very well even in a PC cluster with a poor network. The results were
obtained in a cluster with 900MHz processors and a conventional 100 Mbits/s network. More implementation details, as
well as an estimation of the RAM memory needed are given in [Soria et al., 2002].

2.2 Direct Schur Fourier Decomposition method (DSFD)

The previous DSD can in principle be used for three-dimensional problems. However, the RAM memory needed to
do so is too large and does not decrease with the number of processors, even for a fixed problem size.

To avoid this problem, the DSD method was complemented with a standard Fourier decomposition, that allows to
break the three dimensional problem into a family of two-dimensional problems that can be solved independently, still
with a single message.

Consider a structured three-dimensional mesh, with N = N, x N, x N, discretization nodes. After a second order
discretization of the Poisson equation using finite control volumes or differences, the linear equation to be solved is:

A3d$3d — b3d (19)
where A3 is an hepta-diagonal matrix, with N rows and columns, that remains constant during all the simulation and 3%
and b3¢ are the unknown and right-hand-side vectors respectively. Each of the N equations can be expressed as:

P P b b
Wi g T g T Enbi gk Tig e = bijik (20)

where p refers to the node (3, j, k), the superscript nb refers to a neighbour of node p and the summation has to be extended
to all the neighbours, b, s, w, e, n, t.

Due to the use of the Fourier decomposition method, DSFD can only be applied to situations satisfying two conditions:
(i) At least in one direction (z in our case) the mesh is uniform. (ii) The coefficients of the discrete Poisson equation
should be equal for all the planes, i.e., aflj’ B = a?f;. In practice, the first condition restricts DSFD to flows without
boundary layers in one of the three axis, such as for instance flows with one periodic direction. Periodicity is of interest
for LES/DNS applications so it has been imposed here in addition to the two previous conditions.

The domain is decomposed into P subdomains assigned to the different processors, but only in the two directions where
the mesh is non-uniform.
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Figure 1. Speed-up of the SC algorithm in a PC cluster with 100 Mbit/s network.

Fourier decomposition
Methods based on discrete Fourier transform are a well-known and very efficient technique to solve certain types of
linear equations [Hockney, 1965, P.N.Swarztrauber, 1977]. Vectors 239 and 3¢ are divided into Ny N subvectors with

N, components each, such as:

3d t
x = [x1,17x2,17""rj,ka"'7xNy,Nz} (21)
t . . .. .
Where ;1 = [I1,j,k, T2 ks " xNT]k} . With this partition, Eq. (19) can be expressed as a block equation:
- AP n t 1r - - -
A1,1 A1,1 A1,1 1,1 bl,l
s p n t
A3, Ayq Ay o Ay 2,1 ba1
b s P n t ’ = ) (22)
Af - Afp Ay ARy o Afy Tjk bjk
b s p
L ANy,NZ ANy,Nz ANy,Nz 4 L TNy,N. ] L bny,N. ]

Where (under the previous assumptions) A;L > A; > A; 5 and A? i, are diagonal matrices with N, columns and rows such

as:
Ajy = ajpl (23)
and A?) i, are circulant [P.J.Davis, 1994] tridiagonal matrices of the form:
0 « «
» a [ «
Ajy = - (24)
« a f
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where o = aff;, = a$ ;, (as the mesh is uniform in x), and 3 = a7 , . Eq. (22) can be expressed as:

b P t _
AjkTie—1+ AJ i1k + A Tk + AT ik + Af g Tk = bjk (25)

where the indices j and k range from 1--- N, and 1--- N, respectively, and the terms that correspond to non-existent
block vectors (outside the domain) should be eliminated.

All the circulant matrices of order NV,, (and, in particular, all the A? ) have the same base of eigenvectors. Following the
terminology of [P.N.Swarztrauber, 1977], we denote the matrix whose columns are the eigenvectors of A;’ . as Q. The
product x = Q7 is an inverse Fourier transform that can be evaluated as: ’

Ny

1 2 2 1 ;
xr; = —T1 + (Egy cos (VZN—ﬂ) + ZTop41 sin (1/1]\%)) + 5§N:1: (71)Z i=1---Ng (26)

T x

[\

and the product 7 = Q 'z as:

2
Ty = — x;
Nm =1
N,
2 = N,
Toy, = — xcos(zﬂ-> v=1 —Z_1
N, p = 2
N,
2 = 2 N,
To,11 = —— Y a;sin (m’ﬁ> v=1...—2 -1
No i=1 z 2
N ‘
N, = x; (—1)" 27
i=1

As all matrices A;’ . have the same eigenvectors, all them have tridiagonal form in the same base:

Q1AL Q =N (28)

Where )\, ;; is a diagonal matrix whose elements depend on « and 3 (and therefore on j, k):

Al = (42« 29)
. VT N,
Aoy = )\2,,+1:—4asm2(Nx>+B+2a 1/:1...7_1
)‘Nz = 5— 2

The previous relations will allow us to decompose the hepta-diagonal Eq.(19) into a set of NV, independent penta-diagonal
equations. To do so, Eq.(25) is premultiplied by Q! and the subvectors z; 5 are expressed as QT; . After these
operations, the Ap matrices become diagonal while the A”b matrices, that are the identity multiplied by a scalar, are not

affected (e.g., Q! aj 1Q = a’ . I). The resulting expression is:
AGk Tjem1 + A5 R Timr e + N T + AT T + A T = by 30)

This expression, like Eq.(25), is a block penta-diagonal equation with N, N, unknowns, each of them with N, compo-
nents. But in Eq.(30), as the non-diagonal entries of matrices Ap have been eliminated, unknown x; ; 1. is only coupled
with unknowns in the same plane ¢. Therefore, selecting the z component of the N, N, block equations, we obtain a
penta-diagonal scalar equation system that can be expressed as:

b = —p = t = _7
aj Tijk—1 + @G Tijj—1k + @y 5 Tijok + a5 Tijtk + 5 Tij e = Dijk G
where the term of the main diagonal is the ¢ entry of diagonal matrix A; j,
=P
a; gk T )‘i,j.,k (32)

Eq.(31) can be expressed more compactly as:

AT =b; 1=1---N, (33)
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Where A; is a penta-diagonal matrix associated with the transformed equation for plane i. In summary, the operations to
be performed to solve the equation system are: (i) Calculate the IV, IV, transformed right-hand-side sub-vectors, Ej)]g =
Q™ 'b. (ii) Solve the N, decoupled penta-diagonal equation systems Az = b;. (iii) Carry out the antitransformation of
the N, N, solution sub-vectors T; , = Q’lxﬁk.
Matrix-vector product has a N2 operation count, so for a general transformation, the cost of the first and third operations
would grow with N2N, N,. However, in our case they can be carried out using FFT algorithm that has roughly a linear
operation count [W.H.Press et al., 1992]. Therefore, their cost grows only with N, N, N and it is small compared with
the solution of the NV,, decoupled linear systems. For the case of a mesh uniform in all the directions, the diagonalization
operation could be used again in order to solve each penta-diagonal equation, reducing it to tridiagonal form and then to
N scalar equations.
In our implementation, the solution of each penta-diagonal system is carried out by all the processors with the previously
described DSD. Another option is to assign the solution of a set of penta-diagonal systems to each processor, or to combine
both methods, decomposing the domain in the three directions. The later approach was used to scale the method to a large
number of processors, as described in next sections.

In [Soria et al., 2003], some implementation details are discussed. It is possible to combine the messages of all the
planes into a single large message, saving latency time. The inversion of the very large dense matrices in the pre-processing
stage is an important issue, that we solved writing a parallel block LU decomposition subroutine.

2.3 Extension to fourth order discretizations

After the first DNS simulations [Soria et al., 2004] carried out with the previous algorithm, the formulation was ex-
tended to fourth order discretization. This is a relevant issue, not only in terms of the accuracy of the code, but also
for its computational implications. Given an order of discretization for convective, viscous and pressure gradient terms,
to satisfy exactly the kinetic energy balance, the Poisson equation must also be solved with the same order of accu-
racy and using a coherent discrete Laplacian operator (i.e., the product of the discrete divergence and gradient opera-
tors [Verstappen and Veldman, 1998, Verstappen and Veldman, 2003]). The extension of the DSFD solver to fourth order
schemes was a challenging problem.

Let us briefly outline those aspects concerning the discretization of the Poisson equation (42) that are relevant in
our context. For simplicity, in this section we shall restrict to bidimensional discretizations of Poisson equation. The
systematic procedure for calculating Laplace operator discretization formulas considered here for any numerical order,
given by Vasilyev [Vasilyev, 2000], leads to the following generic stencil structure

atM

a*™ ... a®*2 a®* aP a™ a™ ... a™™ (34)

L abk[ -

Obviously, near the boundary points the stencils have to be modified. The discretization at these points is not con-
structed to minimize the local truncation error. Instead, it is properly modified without violating the underlying symmetry
properties of the Laplace operator [Verstappen and Veldman, 2003]. The stencil size M required for the schemes under
consideration is related with the order of accuracy of the discrete differential operator o by

M=o0-1 (35)

As an example, the second-order scheme (M = 1) is the well-known five-point approximation of the Laplacian partial
differential operator, and the fourth-order (M = 3) counterpart in a uniform spacing mesh denoted by h is

1
—54
783
1 —-54 783 —2920 783 —-54 1 (36)
783
—54
1

684h?
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Discretization of the right-hand-side terms is also carried out using a symmetry-preserving scheme by Vestappen
and Veldman [Verstappen and Veldman, 2003]. More details about the numerical method and discretization are given
in [Soria et al., 2004]. Exact stencil connections and theoretical properties of this family of schemes are further considered
in [Verstappen and Veldman, 1998, Verstappen and Veldman, 2003, Vasilyev, 2000, Morinishi et al., 1998].

The matrices with wider stencil are also diagonalized with a Fourier method and then each of the planes is solved with
DS, as before. The interface is wider and therefore the size of the Schur matrices is larger. Overall, the computational
cost is significantly larger but this is compensated by the superior accuracy of the fourth order schemes.

2.4 Time-integration method used to increase stability

A enhancement of the standard Adams-Bashforth scheme allows to increase the time step preserving the stability. This
small change in the code allows to save a factor of about two, assuming of course that the time step needed to integrate
accurately the NS equations is larger than the stability of the Adams-Bashforth scheme. In order to simplify the notation,
momentum equation can again be rewritten as

MR-y a7)
where R (u) represents the right-hand-side terms of the momentum equation except for the pressure gradient. For the
temporal discretization, a central difference scheme is used for the time derivative term, a fully explicit second-order
one-leg scheme proposed by [Verstappen and Veldman, 2003] for R (u) and a first-order backward Euler scheme for the
pressure-gradient term. Incompressibility constraint is treated implicit. Thus, we obtain the semi-discretized Navier-
Stokes equations

(B+1/2)u —2pu" + (B —1/2)u"""
At

= R((1+pB)u"—pu" ") —vp! (38)
V-utt = 0 (39

where the parameter /3 is computed each time step to adapt the linear stability domain of the time-integration scheme to
the instantaneous flow conditions in order to use the maximum At possible. Therefore, we look for stability domains
which include eigenvalues A = x +iy. As D is a symmetric and negative-definite matrix the real part x is negative and its
values can be bounded by means of the Gershgorin circle theorem. The skew-symmetry of the C (uy,) discrete operator
also allows us to bound the imaginary part y in the same way. Once eigenvalues are bounded it is easy to compute the
value that better fits the linear stability domain. In all the DNS carried out here, the time step required for this dynamic
scheme has been more than to two times greater, that is twice cheaper, than the standard second-order Adams-Bashforth
(8 = 1/2) scheme. In practice, we choose the time step such that the time-integration becomes unstable when the selected
time step is enlarged by 10%.
To solve the velocity-pressure coupling we use a classical fractional step projection method [Chorin, 1968, Yanenko, 1971].

In the projection methods, solutions of the unsteady NS equations are obtained by first time-advancing the velocity field u
without regard for its solenoidality constraint (39), then recovering the proper solenoidal velocity field, u"** (V- u"*! =
0). This projection is derived from the well-known Helmholtz-Hodge vector decomposition theorem [Chorin, 1993],
whereby the velocity u™*! can be uniquely decomposed into a solenoidal vector, u”, and a curl-free vector, expressed as
the gradient of a scalar field, Vp. This decomposition is written as

w? =u"tt 4+ Vp (40)
where the predictor velocity u” is

uP — 268u™ — (B—1/2)u"t At

+ R((1+B3)u" —pu! 41
and the pseudo-pressure is p = At/ (8 + 1/2) p™*L. Taking the divergence of (40) yields a Poisson equation for
V-u’ =V-u" 4V (Vp) — V=V u (42)

2.5 Krylov Schur Fourier Decomposition method (KSFD)and current work

DSFD algorithm, that is very efficient on PC clusters, can not be used for an arbitrarily large number of processors
and problem size, mainly due to the RAM memory requirements [Trias et al., 2005]. The size of the interfase, that grows
fast with the number of processors, even if the mesh size is fixed, limits the DSFD solver scalability.

On the other hand, the computer systems with a large number of processors are actually designed for scientific com-
puting (unlikely low cost clusters) and have a fast network. To adapt the code to this situation, a new version of the solver,
named Krylov-Schur-Fourier Decomposition (KSFD) was developed [Gorobets et al., ]. It is based on three ideas:
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e Fourier decomposition is also used to uncouple the original 3D Poisson equation into a set of 2D planes. Then, each
2D problem is solved using a Conjugated Gradient (CG) method, instead of a direct Schur method as in DSFD. For
each plane, the CG algorithm is preconditioned by solver that divides the problem into a familiy of blocks. Each
block is solved using a direct method. If the block is as large as the full domain, then the preconditioner is actually
a direct solver, so DSFD is recovered. At the other end, if a block is just a scalar, the preconditioner is a Jacobi
method. If each block is smaller than the area assigned to a processor then a LU method is used. If it is larger, then
a group of processors cooperate to solve the problem using the previously described DSD.

e The condition number of each plane equation is totally different. This is discussed in detail in [Gorobets et al., ],
but as an overview, the general trend is that the convergence rate increases with the plane number, being the first
actually a singular equation. So not all the planes need to be solved with the same block size. For the first plane,
we use a direct Schur method while for the last planes a small block size is enough.

e On a supercomputer, parallel FFT can be computed without wasting too much time, so the domain can be decom-
posed in the three directions. As the cost and block size are different for each plane, to avoid a load imbalance
problem, the planes are assigned alternatively to different processors.

The KSFD approach also allows to tune the block size for different problems sizes and different computer architec-
tures. As an illustrative result of its performance, the speedup obtained is presented in Figure 2.

All the experience in parallel solvers for structured meshes has been used in the design and implementation of the code
TermoFluids, for non-structured meshes, that is described in the companion paper. However, structured meshes -when
can be used- have clear advantadges so our DNS code is now being extended to problems bounded by six planes or with
internal obstacles.

1000 : :
===t===: KSFD Speed-up
Linear Speed-up
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Figure 2. Speed-up of the KSFD algorithm in a supercomputer, up to 1024 nodes.

3. ILLUSTRATIVE RESULTS: DNS OF TURBULENT NATURAL CONVECTION FLOWS

The natural convection of air inside a closed cavity heated from the side was selected to carry out the first DNS
simulations with the code developed. The first results [Soria et al., 2004], for Ra = 6.4 x 108 were obtained in a low cost
PC cluster in 2003. Different meshes, up to 3.1 million control volumes were used and a integration period of more than
one million time steps. The previous studies [Xin and Le Quéré, 1995] of turbulent flows in this configuration assumed a
two-dimensional behaviour. Later, after the code was extended to fourth order discretizations, Ra number was increased
up to 1019, still on a PC cluster [Trias et al., 2006].

With the KSFD method previously described, the supercomputer Marenostrum in Barcelona could be used to extend
the problem to Ra = 10!, using a 111 million nodes mesh and 512 processors.
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Figure 4. Second-order statistics at Ra = 6.4 x 10'°, from left to right: k, €,, T"T", u4T’, uhub and ujuf. Top:
Two-dimensional simulations. Bottom: Three-dimensional simulations.
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4. CONCLUSIONS

Due to its long-distance coupling, the solution of the Poisson equation can be the main problem for the parallelization
of a LES/DNS code, either with structured or unstructured meshes. Here, a familiy of algorithms aimed to solve this
problem has been presented. Each parallel computer architecture has its limitation, and the algoritms here described can
be used from small clusters of less than 10 processors to large supercomputers with 512-1024 processors. The method
allows to solve flows confined by four planes, but its main limitation is the geometry. The current work is addressed to
solve this problem on structured meshes and to apply the main ideas of this method to non-structured meshes (see the
companion paper).

Also, the authors want to stress the importance of a good (stable) time integrarion method, allowing to increase the
time step. A variant of the Adams-Bashford is presented, that in practice allows to save more than one half of all the
computational time.

5. ACKNOWLEDGEMENTS

This work has been partially supported financially through the Ministerio de Educaciéon y Ciencia Espaiiol with the
Research project ENE-2007-67185.

6. REFERENCES

AJ.Lewis and A.D.Brent (1993). A Comparison of Coarse and Fine Grain Parallelization Strategies for the Simple
Pressure Correction Algorithm. International Journal of Numerical Methods in Fluids, 16:891-914.

Chorin, A.J. (1968). Numerical Solution of the Navier-Stokes Equations. Journal of Computational Physics, 22:745-762.

Chorin, A.J. (1993). A Mathematical Introduction to Fluid Mechanics. Springer-Verlag.

Doormal, J. and G.D.Raithby (1984). Enhancements of the SIMPLE method for Predicting Incompressible Fluid Flows.
Numerical Heat Transfer, 7:147-163.

G.Horton. TIPSI - A Time-Parallel SIMPLE-Based Method for the Incompressible Navier-Stokes Equations. pages
243-256.

Gorobets, A., F.X.Trias, M.Soria, and A.Oliva. A scalable Krylov-Schur-Fourier Decomposition for the efficient solution
of high-order Poisson equation on parallel systems from small clusters to supercomputers. Submited to Computers
and Fluids.

Hockney, R. W. (1965). A Fast Direct Solution of Poisson’s Equation Using Fourier Analysis. Journal of the Association
for Computing Machinery, 12:95-113.

Morinishi, Y., Lund, T., Vasilyev, O., and Moin (1998). Fully Conservative Higher Order Finite Difference Schemes for
Incompressible Flow. Journal of Computational Physics, 143:90-124.

M.Schafer (1991). M.Schafer, Parallel Algorithms for the Numerical Simulation of Three-Dimensional Natural Convec-
tion. Applied Numerical Mathematics, 7:347-365.

Patankar, S. V. (1980). Numerical Heat Transfer and Fluid Flow. Hemisphere Publishing Corporation, McGraw-Hill
Book Company.

PJ.Davis (1994). Circulant Matrices. Chelsea Publishing, New York.

PN.Swarztrauber (1977). The Methods of Cyclic Reduction, Fourier Analysis and the FACR Algorithm for the Discrete
Solution of Poisson’s Equation on a Rectangle. SIAM Review, 19:490-501.

R.A.W.M.Henkes (1990). Natural Convection Boundary Layers. Ph.D. thesis, University of Technology, Delft.

Soria, M., Pérez-Segarra, C. D., and A.Oliva (2003). A Direct Schur-Fourier Decomposition for the Solution of the Three-
Dimensional Poisson Equation of Incompressible Flow Problems Using Loosely Parallel Computers. Numerical Heat
Transfer, Part B, 43:467-488.

Soria, M., Pérez-Segarra, C. D., and Oliva, A. (2002). A Direct Parallel Algorithm for the Efficient Solution of the
Pressure-Correction Equation of Incompressible Flow Problems Using Loosely Coupled Computers. Numerical Heat
Transfer, Part B, 41:117-138.

Soria, M., Trias, F. X., Pérez-Segarra, C. D., and Oliva, A. (2004). Direct numerical simulation of a three-dimensional
natural-convection flow in a differentially heated cavity of aspect ratio 4. Numerical Heat Transfer, part A, 45:649—
673.

Tang, W.-P. (1987). Schwarz Splitting and Template Operators. Ph.D. thesis,Stanford University.

Trias, F. X., Soria, M., Oliva, A., and Pérez-Segarra, C. D. (2006). Direct numerical simulations of two- and three-
dimensional turbulent natural convection flows in a differentially heated cavity of aspect ratio 4. Journal of Fluid
Mechanics, submitted.

Trias, F. X., Soria, M., Pérez-Segarra, C. D., and Oliva, A. (2005). A Direct Schur-Fourier Decomposition for the Efficient
Solution of High-Order Poisson Equations on Loosely Coupled Parallel Computers. Numerical Linear Algebra with

Applications, page (published online).
HOME PROXIMA




EPTT2008 6¢ Escola de Primavera de Transi¢éo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

Vasilyev, O. V. (2000). High Order Finite Difference Schemes on Non-uniform Meshes with Good Conservation Proper-
ties. Journal of Computational Physics, 157:746-761.

Verstappen, R. and Veldman, A. (1997). Direct Numerical simulation of turbulence at lower costs. Journal of Engineering
Mathematics, 32:143-159.

Verstappen, R. W. C. P. and Veldman, A. E. P. (1998). Spectro-consistent discretization of Navier-Stokes: a challenge to
RANS and LES. Journal of Engineering Mathematics, 34:163—179.

Verstappen, R. W. C. P. and Veldman, A. E. P. (2003). Symmetry-Preserving Discretization of Turbulent Flow. Journal
of Computational Physics, 187:343-368.

W.H.Press, S.A.Teukolsky, W.T.Vetterling, and B.P.Flannery (1992). Numerical Recipies in C. The art of Scientific Com-
puting. Cambridge University Press, Cambridge.

Xin, S. and Le Quéré, P. (1995). Direct numerical simulations of two-dimensional chaotic natural convection in a differ-
entially heated cavity of aspect ratio 4. Journal of Fluid Mechanics, 304:87—-118.

Yanenko, N. N. (1971). The Method of Fractional Steps. Springer-Verlag.

7. Responsibility notice

The author(s) is (are) the only responsible for the printed material included in this paper.

PROXIMA




EPTT 2008 6° Escola de Primavera de Transigéo e Turbuléncia
Copyright © 2008 by ABCM 22 a 26 de setembro de 2008, Sé&o Carlos, SP

PERFORMANCE OF THE REYNOLDS STRESS MODEL (RSM) IN THE
PREDICTION OF THE HEAT TRANSFER OF AN IMPINGING JET
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Abstract. Impinging jet is an efficient mechanism to enhance wall heat transfer (also mass transfer); therefore, it is
widely used in engineering applications. The flow field of an impinging jet presents a complex flow phenomenon, with
the presence of a potencial core, stagnation region, shear layer and wall jet. Due to the flow complexity it is an
excellent problem to evaluate turbulence models. In the present work, a numerical study was carried out using the
finite-volume method. Due to the anisotropic chacacteristics of an impinging jet, the Reynolds Stress Model (RSM) was
selected to predict this type of flow. The current research is concerned with the evaluation of the heat transfer of an
impinging jet. The results obtained are compared with available experimental data, and reasonable agreement was
obtained for the mean quantities.

Key-words: Impinging air jet, turbulence model, Nusselt number

1. INTRODUCTION

Impinging jets configurations are commonly used in numerous industrial applications such as drying of tissue,
paper, textiles, and photographic films and cooling of high power density electronic components, because of their
highly favorable heat and mass transfer characteristics.

The flow field of an impinging jet comprises three distinctive flow regions, namely a free jet region, a deflection
region (or stagnation region) and a wall jet region. For high inlet-to-wall distances, the free jet region has three zones:
the potential core zone, the developing zone and the fully developed zone (Viskanta, 1993). These regions are shown in
Fig. (1). A shear layer is created due to the velocity difference between the potential core of the jet and the ambient
fluid. Commonly this shear layer is the source of the turbulence in the jet; however, since in the present case, the inlet-
to-wall distance is so short, there is not enough gap for mixing to happen with the surrounding fluid. As a result, the
flow field in the vicinity of the stagnation point has low turbulence intensity. In the free jet region, the mean shear strain
is zero and the production of kinetic energy is exclusively due to the normal straining. As the flow approaches the wall,
the centerline velocity decreases to zero at the stagnation point. Moreover, the proximity of the solid boundary causes
the deflection of the jet and a strong streamline curvature region is observed. Downstream the stagnation point, a wall
jet evolves along the wall. Turbulence energy is increased due to the mean shear strain which dominates in the near-
wall region.

Potential core

T - Potential core

Free jet
region

Developing
zone

Fully developed
zone

——————————————————— Sl walljet
5 ! region

Stagnation
region

Impingement plate j Boundary layer

Figure 1. Flow regions of an axi-symmetric impinging jet.
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The axi-symmetric impinging jet is a challenging case for turbulence models validation as well as measurements
techniques, due to the flow characteristics described. This is evidenced by the great number of publications concerning
experimental, theoretical and numerical analysis for this configuration.

Heat transfer rates in case of impinging jets are affected by various parameters like Reynolds number, nozzle-to-
plate spacing (H/D), Prandtl number, target plate inclination, confinement of the jet, nozzle geometry, curvature of
target plate, roughness of the target plate and turbulence intensity at the nozzle exit.

This technique is very attractive and cost-effective because it can increase heat flux significantly near the stagnation
point; and the wall heat transfer change noticeably if /D is smaller than approximately 0.5 (Behnia et al., 1999).

A careful literature revision has been presented by both Martin (1977) and Downs & James (1987). They included
discussions on the influence of various parameters that control the heat transfer rate, such as the Reynolds number,
nozzle-to-plate spacing and jet turbulent intensity.

Lyttle and Webb (1994) have studied the effect of very low nozzle plate spacing (H/D < I) on the local heat transfer
distribution on a plate impinged by a circular air jet, by using an infrared thermal imaging system for temperature
measurement. The velocity was measured by a Laser-Doppler Velocimetry (LDV) system. They found that in the
acceleration range of the nozzle plate spacing (H/D < 0.25), maximum Nusselt number shifts from the stagnation point
to the point of secondary peak with the effect being more pronounced at higher Reynolds number.

Huber and Viskanta (1994) found two secondary peaks for H/D=0.25 and a nozzle-diameter of 6.35 mm. These
peaks occurred at approximately /D=0.7 and 1.5. The inner peak was attributed to the fluid accelerating out of the
stagnation region, thus thinning the local boundary layer, and to the influence of the shear-layer generated around the
circumference of the jet. Chakroun et al. (1998) have studied the effect of surface roughness, in the form of cubes, on
the heat transfer between impinging jets and flat plate. They have reported the heat transfer augmentation up to 8 to
28%. However their data reflects the average Nusselt humber variation rather than local data because of the large
thickness of the target plate used.

A detail experiment study of impinging jet hydrodynamics, with information on the main turbulent characteristics
was presented in a paper by Cooper et al. (1993). They made hot-wire measurements of a fully developed circular
impinging jet for nozzle-to-plate spacing within the range of 2 <H/D<10 and Reynolds numbers within the range of
23,000 <Re<70,000. Their results have been used for turbulence model assessment by, among others, Dianat et al.
(1996) and Craft er al. (1993), who investigated the problem numerically, by employing a x—w eddy viscosity model.
Very good predictions were obtained near the stagnation region of an impinging jet.

In 2002, Shi et al. studied the heat transfer of a turbulent jet flow, with several jet velocities and different nozzle-to-
plate spacing (H/D), they proposed a computational study of impingement heat transfer under a turbulent slot jet,
employing a k—e and RSM model, and they concluded that both models slightly over predicted the Nusselt number
distributions under some conditions, the qualitative trends compared very well with the experimental trend in most
cases. They noted that the turbulence length scale at the nozzle exit brings forth significant changes in the Nusselt
number distribution by both the models, whereas the effect of turbulence intensity at the nozzle exit is more notable in
case of only the RSM.

Nozaki et al. (2003) investigated experimentally the heat transfer characteristics of a swirling impinging jet, by
combined particle image velocimetry (PIV) and laser-induced fluorescence (LIF) techniques for simultaneous
measurement of velocity and temperature fields. Their study shows that the radial width of the jet stretches increases
with swirl intensity, and that the stretching phenomenon contributes to the maximum local heat transfer coefficient.
They also concluded that the dynamic behavior of recirculation zones, which is attributed to Swirl number S, and
impinging distance, mainly determines the turbulent heat transfer at the stagnation region.

A Direct numerical simulation of turbulent heat transfer in plane impinging jet was studied by Hattori & Nagano
(2004). It was found from the DNS results that the Nusselt number increases with a decrease in the distance H, similar
to the experimental data. In addition, they concluded that for shorter distance cases, the second peak of the Nusselt
number is observed away from the stagnation point, due to the increase in wall-normal turbulence intensities in the
region away from the stagnation point.

Dejoan & Leschziner (2005) studied by means of large eddy simulation (LES) the mean-flow and turbulence
properties of a plane wall jet, developing in a stagnant environment. The Reynolds number was 9,600 corresponding to
well-resolved laser Doppler velocimetry and pulsed hot wire measurements of Eriksson et al. (2003). Profiles of
velocity and turbulent Reynolds stresses in the self-similar region are presented and compared to experimental data.
Good agreement is observed, in most respects, between the simulated flow and the corresponding experiment. This
paper shows the decisive role played by turbulent transport in the interaction region, across which information is
transmitted between the near-wall layer and the outer layer.

Hallgvist & Fuchs (2005) presented a study of the heat transfer of a turbulent swirling and non-swirling impinging
jets, employing Large Eddy Simulation (LES) to determine flow and heat transfer characteristics. A nozzle-to-plate
spacing H/D = 2 with Reynolds number of 23,800 and three Swirl numbers were considered. They concluded that the
production of turbulence increases with swirl, and promotes better wall heat transfer. Abrantes (2005) investigated
experimentally the same phenomena, adopting two nozzle-to-plate spacing H/D=2 and 6. The Reynolds number was
21,000 and three Swirl numbers 0, 0.3 and 0.5 were considered. The results indicated that circumferential components
generate recirculation zones in the flow core, which significantly reduces the Nusselt number in the stagnation region.
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An investigation employing CFD turbulent modeling of jet impingement and validation by particle image
velocimetry and mass transfer measurements was published by Angioletti ez al. (2005). They concluded that for higher
Reynolds number, the agreement with the experimental data was improved by using x— RNG or RSM turbulence
models when simulating the flow field, whereas all models where largely inadequate in the heat exchange valuation.

Nakod et al. (2006) investigated a heat transfer augmentation between impinging circular air jet and flat plate using
finned surfaces. The experimental parameters were the Reynolds number within the range of 6,500 <Re<28,000, based
on the nozzle exit condition and jet to plate spacing of 0.5, 1 2 4 6 7 times the nozzle diameter. They concluded that the
increase in heat transfer for finned surface may be because of the increase in the swirl, i.e., superposition of tangential
velocity component onto the axial flow, which affects the turbulence characteristics of the flow and the decrease in the
heat transfer coefficient at the top of the fins because of the increase in the heat transfer area.

Recently, Hadziabdic & Hanjalic (2007) used a Large Eddy Simulation (LES), in order to gain a better insight into
flow, vortical and turbulence structure and their correlation with the local heat transfer in impinging flows. They
employed a Reynolds number of 20,000 and the orifice-to-plate distance H =2D. They concluded that a role of the
periodic impact of large-scale eddies on the wall heat transfer is substantiated by the low level of stochastic turbulence
and even negative production of the time-averaged turbulence kinetic energy around the stagnation point.

An interesting report about an analysis disagreement between numerically predicted and experimental heat transfer
data of impinging jet was presented by Zhou et al. (2007). They applied a method of numerical simulation to investigate
the effects of jet impinging plate thickness and its thermal conductivity on the local heat flux distribution along the
impinging plate. The results show that these two factors have great effects on the heat flux distribution, and concluded
that k-¢ turbulent model dramatically over-predicts the impinging jet heat transfer in the stagnation region, because in
the experimental research a real non-isoheat-flux is treated as an isoheat-flux boundary, which would result in under-
estimated Nusselt number value in the stagnation zone and an overestimated value outside.

Recently, experimental studies were carried by Alekseenko et al. (2007), and Kim & Giovannini (2007). In the first
paper Alekseenko er al. presented an experimental study of an impinging jet with different swirl rates. They used a
stereo PIV technique for your experimental study. The main emphasis of their work was the analysis of the influence of
swirl rate on the flow structure. In their measurements, the Reynolds number was 8,900, the nozzle-to-plate distance
was equal to three nozzle diameters and the swirl rate was varied from 0 to 1.0. They found that the magnitude of
pressure diffusion decreased with the growth of the swirl rate, and concluded that swirling impinging jets had a spread
rate and a more rapid decay in absolute velocity when compared to the non-swirling jet. In the second paper Kim &
Giovannini presented an experimental study of turbulent round jet flow impinging on a square cylinder laid on a flat
plate. The jet from a long round pipe was 75 pipe diameters (D) in length, the Reynolds number was 23,000, and the
square cylinder characteristics were (3D x 3D x 43D). Their measurements were performed using particle image
velocimetry, flow visualization using fluorescent dye and infrared thermography. They investigated the turbulence
statistics, observed the flow’s topology, and demonstrated a three-dimensional recirculation after separating from the
square cylinder. A secondary peak in heat transfer coefficient was observed, and its origin was attributed to very
pronounced shear production coupled with the external turbulence coming from the free jet.

An investigation of turbulent impinging jet with constant heat flux surface was published this year by Isman et al.
(2008), who employed a nozzle to plate spacing and Reynolds numbers in the ranges of 4 < H/D< 10, and 4,000 < Re <
12,000, respectively. They used a turbulent models based on Reynolds-averaged Navier-Stokes (RANS) approach. They
investigated the inlet turbulence intensity and heat flux boundary conditions effects on heat transfer and acceptable
agreement with the measured values were obtained.

The present paper is part of on-going research regarding the flow characteristics of impinging jets. The objective of
the present work is to evaluate the performance of the Reynolds Stress Model (RSM) in the characteristics prediction of
the heat transfer process of an axisymmetric impinging jet on a plate, employing the commercial software Fluent, v.6.3.
The mean velocity, Reynolds stresses profiles and heat transfer characteristics obtained are compared with available
experimental and numerical data.

2. MATHEMATICAL MODELING

The Reynolds-averaged mass and momentum equations (RANS) were solved to determine the flow field. This
approach is based on decomposing the velocity and temperature as u=u-+u' and 7=7+T7", where u and T are the

average velocity vector and temperature; u’ and 7' the velocity vector and temperature fluctuation. The average
continuity, momentum and energy equation for a steady and incompressible flow is given by

divu =0 @

div (puu) =-grad p + div [ #(grad u + (grad E)T)]+div (—pu'u) 2

div(pﬁf):div[PigradY_"]+div(—pu'T') 3)
r
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where p is the density, x is the molecular viscosity, Pr is the Prandtl number, p is the pressure. The momentum and
energy equations presented have additional terms corresponding to the turbulent Reynolds stress term and the turbulent

heat flux, — p u' u' and — p u' 7' respectively, representing the influence of the fluctuation on the average flow.

2.1. Reynolds Stress Model (RSM)

The Reynolds Stress Model, RSM (Gibson and Launder, 1978 & Launder et al. 1975) calculates all the components
of the tensor — u' u' using their transport equation. The computing effort of this model is much higher than the eddy

viscosity models; however, it is capable of predicting turbulent anisotropy, unlike the former models. The RSM
transport equation is obtained from the Navier Stokes equation and can be written as

div(piﬁ):div[(y+i)(gradﬁ)1+P+H—§pgl @)
Ok
where I is the identity matrix, P is the stress production term and IT the pressure strain term are given by:
T . T
P=—p[u'u ¢(grad u+ grad u) | (5)
& — 2 2
H:—1.8p—[u'u'—EKI]—O.6[(P—C)—§(P—C)I] (6)
K

where P= (1/2) tr P and C = (1/2) tr C, where C is the convective term, and x the energy kinetic, defined as

C=div(puu'u') and K‘Z%U'OU' @)

and &, the dissipation rate of «; is determined by the same ¢ equation of the standard k—< model. The turbulent viscosity
is 14, and it is also the same as the turbulent viscosity of the k—e model:

pC K‘2

U = + where .C, = 0.09. (8)

3. PROBLEM SETUP

The computational domain was defined based on the experimental apparatus of Abrantes (2005), with nozzle-to-
plate spacing (H/D=2). The length in the radial direction was set equal to 13D, where D is the diameter of the inlet jet
equal to 13 mm. The origin of the Cartesian coordinate system is located at the stagnation point. As already mentioned,
it was assumed symmetry in the angular direction; therefore, the problem was modeled as two-dimensional.

The density and viscosity of air were taken as 1.225 kg/m® and 1.7894 x10° Ns/m?, respectively. The Reynolds
number based on the nozzle diameter, D=13 mm, and average mean inlet jet velocity U;

_ pUjD
# 9)

Re

was defined as 21,000. The inlet axial values of velocity and inlet kinetic energy x;, were obtained from the
experimental LDV data of Abrantes (2005). The inlet specific dissipation «;,, was obtained based on the turbulence
length scale /=0.07 D as @, = (xin)"°/[1 (C,)°*].

Non slip condition was imposed at the plate boundary, where a constant heat flux ¢,, = 1359.5 W/m? was imposed.
At the symmetry axis, zero gradients were imposed to the axial velocity component and temperature, while the radial
velocity is null. At all other boundaries, a pressure condition equal to 1 atm was considered, representing ambient far
field condition, with the ambient temperature 7... equal to the mean jet temperature 7; = 27.2 °C.

4. NUMERICAL METHOD

The flow field was numerically obtained with the commercial software FLUENT, v6.3, which is based on the Finite
Volume method (Patankar, 1980). The "QUICK” scheme was used for the convective fluxes as this reduces the
numerical diffusion, and the SIMPLE algorithm was employed to resolve the pressure-velocity coupling. The solution
was considered converged when the sum of the normalized residuals of all equations was smaller than 10°°.
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A non uniform mesh, refined in the region closer to the centerline of the jet, and in the region near the impinging
wall, with 24,000 control volumes was generated with the FLUENT auxiliary tool GAMBIT. A grid independent
solution was assured by comparing results obtained with a finer grid with 30,000 control volumes. It was observed
differences between the solutions for the radial velocities inferior to 0.3%. The axial velocity profiles under the jet for
these simulations were also in close agreement with each other.

The influence of the far field boundary condition was also investigated, and it was concluded that a larger
computational domain was not necessary.

5. RESULTS

To evaluate the Reynolds Stress Model (RSM), the mean velocity and Reynolds stresses profiles are compared with
available experimental data of Abrantes (2005), and results from the LES simulation of Hadziabdic (2007), in which
nozzle-to-plate spacing is H/D=2.

Figure 2 presents a comparison of the normalized mean radial velocity v/U; along the axial direction y/D, for several
radial positions (#/D). To better visualize the results, the profiles are shown only near the flat plate. Away from it, the
agreement between the prediction and experimental data was very good. Near the symmetry axis (small »/D), an
increase in the peak of the radial velocity near the plate can be observed, but as one moves away from the axis, the
velocity peak rapidly decays.

Figure 2a illustrates that the numerical predictions with the Reynolds Stress Model (RSM) model presented a good
agreement with the LES prediction of Hadziabdic (2007). The turbulence models predictions show the same tendency
as the experimental data, with the exception of the region near the symmetry axis (»/D=0.5), where the jet bends, and
the agreement with the experimental data is poor. It can be seen that the mean radial velocity is over predicted for small
/D (Fig. 2a) and underpredicted as the boundary layer develops along the plate (larger /D shown at Fig.2b). The
agreement improves close to the plate as one move along it, due to the reduction of the velocity gradient. However for
larger »/D, a higher jet spreading was obtained with the numerical model when compared to the experimental data, due
to numerical diffusion.

03 : 03 17\
\\ \ . ROM D05 . \E \ Experimental P D=2
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0.25 ; s 1 9B A (Abrantes, 2005) * /D=4
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: \\ \ (Abrantes, 2005) * r;gj “ : — /D=2
/D=
So.15 N . Es - rD=05" =0.15 RSM — — /D=4
01 AR (Hadziabdic, 2007)” :;g:; | 01 (present) __,p_5
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Figure 2. Mean radial velocity profiles.
The velocity and axial coordinate can be dimensionless with the help of the friction velocity v* as
_ *
% T
vl = ’D; Y where v o= 7W (10)
14

where 7, is the shear stress at the wall.

Figure 3 presents the dimensionless mean radial velocity v* along the dimensionless axial direction y*, for several
radial positions (/D). It can be seen the linear velocity (x"=y") behavior near the wall (y"< 5) and logarithmic relation
between 5 < y"< 10 indicating the fully turbulent region. After that, there is a decay of the velocity to zero. It can also
be seen that as the flows develops along the flat plate (larger »/D position) the flow becomes similar, since the curve
tend to collapse. In this figure a comparison between the RSM and the experimental data of Abrantes (2005) is also
shown. Although the same tendency is observed, the similar velocity field is numerically obtained further downstream
along the plate.

The Reynolds stress can be calculated from the solution of Eq. (4). The norm rms of the turbulent fluctuations are

rms(u') = ﬁ ; rms(v') = \/7 (11)
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The norm rms of the radial and axial turbulent velocity fluctuation are presented in Figs. 4 and 5. Figure 4
illustrates a comparison of both turbulent velocities near the symmetry axis with the experimental data of Abrantes
(2005) and the LES data of Hadziabdic (2007). Figure 5 presents the turbulent velocity components profile along the
axial direction at several radial positions, with the experimental data de Abrantes (2005).
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Figure 3. Mean velocity profile in wall units.

It can be seen in Fig. 4 that the velocity fluctuation near the plate is of the same order of magnitude in the radial and
axial direction. Note that the RSM predictions have the same trend as the LES predictions, with a better agreement with the
experimental data for the radial component than axial component. Close the plate, there is a clear peak of rms(v'), just after
the axial jet has turned. In this region, the agreement with the experimental data is very good (Fig. 4a). For positions above
v/D=0.2, both turbulent models present similar behavior, which are very different than the experimental one. At this radial
coordinate, the flow is actually quite complex, with high fluctuations, that can explain the discrepancies between the
results. Examining Fig. 4b, it can be observed that for the axial turbulent component, rms(x’), both turbulent model
predicted similar trends. It can also be seen that the discrepancy with the experimental data for this component is larger
very close to the wall, where a peak of rms(u') is not present in the experimental data. Except for this region, qualitatively,
the numerical prediction is reasonable, with RMS underestimating rsm(x") and LES over estimating.
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Figure 4. Comparisons of turbulent velocities profiles at /D=0 and »/D=0.5.

Figure 5 illustrates the variation of the axial and radial turbulent fluctuations along the axial direction at several
radial positions. It is interesting to observe that both turbulent components increase near the wall as the radius increase
up to »/D=2, and then decreases as the boundary layers develops along the plate. Far from the plate the turbulence
decays to zero, as expected. The measured data of Abrantes (2005) illustrated in Fig. 5 shows lower levels of turbulent
intensity in the region close to the wall, i.e., the RSM prediction overestimated the peak values of turbulent axial and
radial profiles. Larger spreading is also observed, indicating that the model is too dissipative, but it is capable of
capturing the main flow characteristics. The agreement of the peak values with the experimental data improves when
r/D increases. It can be observed that the RSM was only able to predict a qualitative reasonable result, with large
discrepancies in the maximum values. Note that the experimental data showed smaller axial velocity fluctuations in
relation to the radial fluctuations, however, the RSM model predicted approximately the same order of magnitude of
both fluctuations. The turbulent intensity is diffused towards the jet axis, and therefore the position of peak values of the
turbulent axial velocity shifts to the centerline as the axial distance from the jet axis grows. Although the RSM model
claims to be able to predict turbulence anisotropy, the discrepancies observed can be explained by the lack of the third
dimension in the simulations.
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Figure 5. Turbulent velocity profiles at several radial positions.

The turbulent shear Reynolds stress W/UJZ. profiles are presented in Fig. 6. Once again, it can be said that a
qualitative agreement was obtained, but shear Reynolds stress was also over predicted.
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Figure 6. Turbulent shear Reynolds stress profiles.

The pressure and shear stress distribution along the plate can be dimensionlized as

C. P~ Pam ; c, = —w (12)
L U2 1,2
277 277

Figure 7 presents the pressure and shear stress coefficient (skin friction) along the wall. The high pressure
corresponding to the stagnant pressure can be clearly seen at »/D=0. It decays smoothly and at »/D~1.5, the pressure has
already equated with the ambient pressure. The peak of the shear stress occurs in the deflection region, displaced from
the axis, at »/D approximately equal to 0.7. After this position, it decays with a typical boundary layer behavior.
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Figure 7. Pressure and shear stress coefficients along the wall.
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The temperature distribution along the axial direction is illustrated at Fig. 8a at various /D positions. The jet
temperature remains approximately constant until it reaches the plate and due to the imposed heat flux it rapidly
increases. A thermal boundary layer can be observed along the plate, with the maximum heat transfer at the stagnation
point (/D=0). Figure 8b shows the temperature profile along the radial direction at three axial positions. At the jet
region /D < 0.5, the temperature is approximately constant and equal to the jet temperature. As one moves away from
the symmetry axis, due to the boundary layer formation along the plate, the air temperature increases, with higher
values near the plate surface.
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Figure 8. Temperature distribution.

The dimensionless temperature can be defined based on the heat flux and friction velocity as

T, - T *
= T =1p) — ») where 9" = —dw (13)

0 pcp v’

9+

At Figure 9 the distribution of mean temperature in wall unit is presented, and this is compared with the direct
numerical simulations (DNS) data of Hirofumi and Nagano (2004). The mean temperature obtained at the present work
with RSM for the coordinate »/D=2 presented excellent agreement with the numerical simulation (DNS) of Hirofumi
and Nagano (2004). It can also be observed that for both simulations for y* less than eight, the dimensionless
temperature 0" varies linearly with the distance y+ and it is proportional to Pr.
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Figure 9. Distribution of mean temperature in wall unit

The Nusselt number is defined as

_hD qw D
k (Tj—Ts)k
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Figure 10 shows a comparison of the Nusselt number at the wall obtained with the RSM model with the
experimental data of Abrantes (2005) and LES results of Hadziabdic and Hanjalic (2007). It can be observed that the
LES prediction is superior to the RSM prediction, which overestimates the peak value at the stagnation point. A
secondary peak can be seen at 7/D=2. This local maximum has been observed by a number of previous works of jet
impinging on a wall, when jet-to-plate spacing is relatively small (H/D < 6), and its origin has been extensively
discussed (Baughn and Shimizu, 1989; Kim, 2007). The secondary peak can be associated with the region where the
turbulent kinetic energy reaches a maximum, as shown in Fig. 11. The RSM model was able to predict the turbulent
kinetic energy generation at »/D~ 2, and for /D > 2, both turbulence models predicted similar results.

290 14 RSM 0.00
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Figure 10. Distribution of Nusselt number Figure 11. Distribution of turbulent kinetic energy
at the wall. at y/D=0.005.

Contours of turbulence kinetic energy obtained with the RSM model can be seen in Fig. 12a, while the LES results
of Hadziabdic and Hanjalic (2007) is shown in Fig. 12b. The figures reveal that the main x production occurs in the
high-shear regions. The maximum x occurs in the shear layer roughly half-way downstream from the jet exit, then
decays in the deflection region, and recovers again in the wall jet region. In the jet core, however, there is not much
activity. As already mentioned, the high levels of kinetic energy are responsible for the increase in the heat transfer.
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(a) RSM model (present) (b) LES model, Hadziabdic and Hanjalic (2007).

Figure 12. Contours of turbulence Kinetic energy.

Figure 13a shows the distribution of wall-normal turbulent heat-flux in wall unit at the coordinate »/D=2, obtained
with the RSM model, while Fig. 13b shows the DNS result of Hirofumi and Nagano (2004). A dimensionless wall-
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normal turbulent heat-flux v*6™ with a friction velocity v* and the temperature friction ", can be calculated as:

yrot = M dl s where Pr, = 0.85 (15)
Pr; dy

It can be seen a qualitatively agreement between the two solutions presented. The turbulent heat flux increases for
y" > 5 and reaches a maximum at y'~ 30. However, the RSM model predicted a sharper and higher wall-normal
turbulent heat-flux, what explains why the Nusselt number predicted near the stagnation point is higher for the RSM
model. The effect of a wall-normal turbulent heat-flux in the Nusselt number was investigated by Hirofumi and Nagano
(2004), and they concluded that several parameters play a key role in the occurrence of the second peak of the local heat
transfer rate (Nusselt number), such as the turbulent diffusion of both the wall-normal heat-flux and turbulence
intensity, the production of the wall-normal heat-flux, and the pressure diffusion of the wall-normal turbulence

intensity.
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(a) RSM model, present. H/D=2. (b) DNS data (Hirofumi and Nagano, 2004).

Figure 13. Distribution of wall-normal turbulent heat-flux in wall unit.
6. CONCLUSIONS

In this work, the RSM was tested to evaluate its performance in the prediction of the heat transfer of an impinging
jet. A comparison with experimental data showed some discrepancies, although the qualitative results were reasonable.
The RSM overestimated the peak values of mean velocity radial, turbulent radial velocity, turbulent axial velocity and
turbulent shear Reynolds stress. The discrepancies can be attributed to the dissipation, leading to high levels of
diffusion, especially in the axial momentum. The absence of the third component in the RSM modeling is also
responsible for the discrepancies obtained.

It was observed that RSM overestimated a Nusselt number in the stagnation region. The occurrence of the second
peak of the Nusselt number is associated with high levels turbulence kinetic energy, and it was reasonable predicted
with both RSM and LES models.

Although the RSM overestimated several variables, the qualitative behavior was reasonable. The results obtained
with the RSM model were also similar to LES and DNS predictions. Considering the reduced computational effort in
relation to LES or DNS simulations, the quality of results can be considered acceptable, since the correct tendencies
were predicted.

In general terms, this model RSM presented reasonable results in terms of low computational effort and quality of
results, compared with experimental data.
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Resumo. A Camada Limite Interna (CLI) é um importante processo fisico, associado ao movimento do ar atmosférico, que ocorre
devido a mudanga da rugosidade da superficie. No Centro de Langamento de Alcdntara (CLA) ocorre a formagdo de uma CLI,
causada por uma falésia com um desnivel de 40 m. A 150 m a jusante desta falésia localiza-se a Torre Movel de Integragdo (TMI)
do CLA, com 50 m de altura. Esta situagdo foi simulada noTiinel de Vento (TV) aerondutico que estd instalado no Laboratdrio
Kwein Lien Feng do Instituto Tecnologico da Aerondutica (ITA), junto ao Comando Geral de Tecnologia Aeroespacial (CTA). O TV
é um modelo convencional aberto, subsonico, com se¢do de testes quadrada (465 mm x 465 mm), comprimento de 1200 mm e
poténcia de 30 hp, gerando ventos de até 33m/s. As caracteristicas do escoamento foram determinadas utilizando-se a técnica de
Velocimetria por Imagens de Particulas (“Particle Image Velocimetry” - PIV). Foram realizados experimentos com inclinacoes de
45°, 70°, 90°, 110° e 135° devido a forma irregular das falésias e com ventos de diversas diregdes atingindo a falésia. Os resultados
mostram que a CLI atinge a TMI a uma altura aproximada de 15 m para a falésia de 90°, 11 m para a falésia del135° e 19 m para a
falésia de 45°, mas jd fora da regido de recirculagdo do escoamento.

Keywords: Velocimetria por Imagem de Particulas,Perfil de Vento, Vorticidade, Torre Movel de Integragcdo

1. INTRODUCAO

A regido do Centro de Lancamento de Alcantara (CLA), de onde sdo lancados os foguetes brasileiros, localiza-se a
jusante de uma falésia, conforme a Fig. 1. O vento, inicialmente em equilibrio com a superficie ocenica, interage com
a vegetacdo arbustiva de altura média igual a 3 m existente a jusante da falésia, modificando-se, com a formacdo de
uma Camada Limite Interna (CLI), fatos que afetam, por exemplo, a ascensdo vertical dos foguetes (Fisch, 1999).

De acordo com dados observacionais e experimentais realizados sobre condi¢des de estabilidade neutra, o
crescimento da altura da CLI segue a seguinte lei de poténcia:

5 X bCLI

—— =deyd{ —— M
Z()Z Z02

onde x (em m) € a distdncia 2 montante da falésia e z,, € o comprimento da rugosidade aerodindmica (m). Os valores
adimensionais da constante empirica a estdo entre 0,35 e 0,75 e b entre 0,1 (superficies lisas) e 0,4 (4dreas urbanas)
(Arya, 2001). Atualmente, a; depende também da defini¢do da altura da CLI. O topo da CLI pode ser definido como o
nivel onde a velocidade média do vento, o fluxo turbulento, ou a varia¢do da velocidade alcanca uma fracdo especifica
(0,90-0,99) do valor de equilibrio da corrente (Arya, 2001). Algumas vezes, acy; € parametrizada em funcido das
rugosidades anterior e posterior a este ponto de descontinuidade (Stull, 1988):

agy, =0.75+0.031n| 222
Zi )
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onde z,; € o comprimento da rugosidade aerodindmica a jusante.

Figura 1. Falésia de Alcéntara junto ao CLA.

Estudos tedricos, numéricos e experimentais da CLI em condi¢cdes atmosféricas neutras foram realizados por
Pendergrass e Arya (1984), que compararam a simulag¢do de duas (rural e urbana) camadas limite (CL) sobre superficies
homogéneas com uma CLI desenvolvida sobre uma mudanga de rugosidade na superficie que foi caracterizada por
diferentes leis de poténcia, cisalhamento da velocidade na corrente livre e altura da CL para o parametro rugosidade,
onde a evolugdo da altura da CLI foi identificada. A variacdo da altura da CLI com a distincia x da localiza¢do da
mudanga de rugosidade é bem descrita pela formula de Elliot (Eq.1), com b = 0.8 e a =20.35. Sempreviva et al., (1990)
descreveram o problema do desenvolvimento da CLI para grandes distincias usando as leis de arraste para estimar o
vento superficial. Este estudo foi realizado durante dois anos com quatro mastros meteoroldgicos de 30 m, espagados de
0 a 30 km no interior da costa norte da Dinamarca. Killstrand e Smedman (1997) apresentaram uma comparacdo de
medidas aéreas realizadas na parte sul da costa leste da Suécia com vdrias estimativas de modelos para a altura da CLI,
concluindo que a maioria dos modelos superestima a altura da CLI, e obtendo resultados razodveis para a costa e piores
para longas distdncias (em torno de 15 km). Finalmente, Savelyev e Taylor (2005) apresentaram um resumo de
férmulas para obteng@o da CLI. A Figura 2 mostra o desenvolvimento esquemadtico da CLI vindo de uma superficie lisa
(por exemplo, oceano) para uma superficie rugosa (por exemplo, continental).

& aitura Fluxo nao
Fluxo modificado
constante
| ———= [ =2
Vento br-—————————-=
1
—e i L
| Camada Limite
Transicao | Interna
= a 1
1
1
Equilibrio 1
o Zor 0 2oz X distancia
superficie oceanica superficie continental

Figura 2. CLI formada a partir da mudanga de uma superficie lisa para uma rugosa.
(adaptado de Savelyev e Taylor, 2005).

Embora os dados de vento sejam usualmente coletados em estagdes meteoroldgicas, medigdes adicionais ou
estimativas sdo requeridas para obtencdo de dados detalhados do vento em certas localizacdes. Em geral, as
caracteristicas do vento sdo divididas em quatro grupos: os perfis verticais do vento, a velocidade média, a intensidade
turbulenta e espectro da turbuléncia (Liu, 1990). Johnson (1993), por exemplo, faz uma compilagdo completa nos
principais elementos climédticos dos campos de lancamentos de foguetes nos Estados Unidos. Kwon et al. (2003)
realizaram estudos experimentais num tinel de vento para estudar as condi¢des atmosféricas da ilha de Oenaro-Do,
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onde o Centro Espacial da Coréia do Sul (Naro Space Center) estd sendo construido. Em relacdo ao vento, o
conhecimento de sua estrutura vertical (perfis médios e rajadas de vento) é importante, pois os foguetes sdo projetados e
construidos para suportarem uma determinada carga pela a¢do do vento, além do fato de que, a trajetdria, o controle e a
guiagem dos mesmos, sdo determinados pelo perfil de vento préximo a superficie.

O objetivo desse trabalho € analisar através de experimentos realizados em tinel de vento, a altura da CLI formada
no CLA e também os campos de vorticidade formados com a incidéncia de ventos de 35° e 55° e sua influéncia na
Torre Mével de Integracdo (TMI), de onde os foguetes sdo langados.

2. LOCALIZACAO DA AREA DE ESTUDO

O Centro de Lancamento de Alcantara (CLA) localiza-se na costa litordnea do Maranhdo, com coordenadas
geograficas de 2°19° de latitude sul e 44°22° W de longitude oeste, 40 m de altitude e distante 30 km em linha reta, da
cidade de Sao Luiz. Nele sdo lancados os foguetes brasileiros, tais como o Veiculo Langador de Satélite (VLS) e os de
Sondagens (SONDA II, SONDA III, VSB30 e VS40). A Figura 3 mostra a respectiva localizacdo do CLA e da TMI.
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Figura 3. Localiza¢do do CLA e da TML.

PROXIMA




O CLA possui caracteristicas tipicas de uma regido de rugosidade abrupta: superficies lisas proximas as superficies
rugosas. Proximo a esta regido, sobre a rampa de lancamento de foguetes do CLA, encontra-se a TMI, que sofre
fortemente a influéncia desses fatores. Esta rampa situa-se cerca de 150 m da costa. Neste caso, os foguetes colocados a
rampa sofrem a influéncia de forte turbuléncia, devido a influéncia do perfil ou do cisalhamento do vento. O vento,
inicialmente em equilibrio com a superficie oceanica, interage com a vegetagdo arbustiva, modificando-se. Aumentando
ainda mais a complexidade desta situacdo, ocorre o deslocamento vertical do nivel zero da superficie, devido as falésias
(Fisch, 1999).

3. METODOLOGIA

Os experimentos foram realizados em um dos tiineis de vento instalado no Laboratério Prof. Kwein Lien Feng no
Instituto Tecnolégico de Aerondutica, ITA. Este tinel foi construido pela Plint & Partners LDD Whokingham Bershire
England (Serial n° TE 44/5065), e € um modelo convencional de circuito aberto, subsonico. A secdo de testes desse
tinel é quadrada (465 mm x 465 mm) com comprimento de 1200 mm. Para esse experimento foi utilizado um canal
para prolongar a se¢do de testes. O escoamento atmosférico é simulado por ventiladores elétricos com a poténcia de 30
hp (22 kW). A velocidade maxima atingida pelo vento gerado no tinel € de até 33 m/s, equivalente a aproximadamente
120 km/h.

Os dispositivos usados para a formacdo de um perfil atmosférico tipico foram: inser¢@o de agulhas, de uma tela (5 x
5 mm) e de um tapete de feltro para ajuste fino. O perfil atmosférico se formou a partir da distdncia de 1420 mm da tela,
formando uma CL com altura aproximada de 200 mm. A Figura 4 mostra um esquema do aparato experimental usado.

(a) Vista frontal.

tela Inclinag@o da falésia
/ R
A
—>
—>
M 410
—= DN B )o_____ - Bi{--»>
mm
X (mm)
tapete
falésia
—>
v
900 mm 200 mm 290 mm 150 mm

(b) Vista superior.
Figura 4. Esquema do aparato experimental usado para o ensaio da CL e da regido do CLA.

A Figura 5 apresenta as dimensdes dos modelos usados para simular o CLA e a TMI (representado por um bloco de
madeira de dimensdes de 10 x10 x 50 mm). Como a falésia € irregular em sua estrutura vertical, foram realizados
experimentos com inclinagdes de 45° (Fig. 5a), 70° (Fig. 5b), 90° (Fig. 5¢), 110° (Fig. 5d) e 135° (Fig. Se). Para
representar a influéncia da direcdo do vento no desenvolvimento da CLI, o modelo foi girado em 45° e 35° (conforme
vistas frontal e superior da Fig. 6) que representam respectivamente as direcdes predominantes do vento de 45° e 55°.
Estes valores de direcdo do vento foram obtidos das caracteristicas observacionais do local, medidos com uma Torre
Anemométrica (TA). Maiores detalhes podem ser obtidos em Roballo e Fisch (2008).

A velocidade maxima, obtida nesse tunel de vento e utilizada nesse trabalho, ficou entre 27 e 30 m/s,
correspondendo a um nimero de Reynolds baseado na altura da falésia de 40m, variando entre 7,2 a 8 x 10*. Na
atmosfera o Re é basicamente da ordem de 10° e 107, sendo que em Alcantara ele fica em torno de 1,6 a 2,6 x 107 a uma
altura de 200 m.
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Figura 5. Dimensdes e representagdo esquemdtica dos modelos ensaiados no tinel de vento.
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Figura 6. Vistas frontal e superior dos modelos ensaiados para representar a dire¢do do vento.

Campos de velocidade média do escoamento foram obtidos utilizando-se um sistema PIV bidimensional. O sistema
PIV consiste de um sistema de iluminag@o e um sistema de aquisi¢do de imagens. O sistema de iluminagdo utilizado é
composto por um laser pulsado New Wave Nd-YAG 200 mJ com duas cavidades e freqiiéncia de emissdo de 15 Hz
cada, e um sistema 6ptico. Um plano laser vertical foi criado utilizando-se um brago articulado (Fig. 7) € um conjunto
de lentes com ajuste de espessura do plano laser. As imagens foram adquiridas utilizando-se uma camera digital
HiSense 4M (fabricada por Hamamatsu Photonics, Inc) com lentes Nikkor f# 2.8 e distancia focal de 60 mm. A cdmera
e a fonte do laser foram fixadas num sistema de posicionamento de trés eixos.

Para a realizagdo das medidas com PIV, os modelos foram pintados de preto fosco, para minimizar as reflexdes do
laser, que interferem nas medidas. Para evitar acidentes causados por reflexdes do laser e para minimizar a influéncia da
luz ambiente nas medidas, a regido do aparato experimental foi isolada, conforme mostrado na Fig. 8.

Figura 7. Sec¢do de teste e brago articulado. Fira‘. Gerador de particulas e aparato experimental.
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4. RESULTADOS

A Figura 9 mostra uma comparagdo entre a altura da CLI, gerada pelo experimento no tinel de vento, com Re = 7,2
X 104, em relag@o a altura da falésia (40 m), e com vento incidente perpendicular a falésia, e a altura obtida de uma
simula¢do numérica realizada por Pires et al. (2007). Nesta simula¢do considerou-se um modelo DNS, com escoamento
bi-dimensional, formulagdo vorticidade-velocidade para as equacdes do movimento (Navier-Stokes), foi assumido um
esquema compacto de diferencas finitas de alta ordem para a discretizac@o espacial, um esquema de integragdo temporal
realizado com o método Runge-Kutta de 4* ordem e a falésia de 40 m especificada através do método de fronteiras
imersas. O mesmo valor de Re foi utilizado na simulagdo (Re = 7,2 x 104) e a altura da CLI foi determinada

encontrando a posi¢do onde oa, / dz=0 , onde nota-se uma boa concordancia dos resultados, assegurando a precisio do
experimento.
60 -
50 -
.
o o
~ 40
3 .
© 30
2
® o
10 -
O T T 1
0 50 100 150
distancia da falésia (m)
¢ experimental —— numérico

Figura 9. Comparacio entre os resultados obtidos numérica e experimentalmente.

A Figura 10 mostra o perfil de vento e a vorticidade instantineas obtidas no tinel de vento para diversas inclina¢des
da falésia. Nota-se que, com as inclina¢des menores que 90° (Fig. 10a e 10b) ha a formagdo de vértices embaixo da
falésia o que causa um aumento na altura da CLI. Através dos gréficos de vorticidade (Fig. 10f a 10j) nota-se que para a
inclina¢do de 45°, tem-se uma altura maxima da CLI igual a 54 m préximo a 100 m de distincia da falésia. Para a
inclinag@o de 70° a altura maxima da CLI € de 41 m préxima a x = 100 m. Para as inclina¢des maiores que 90° (Fig, 10i
e 10j) notou-se uma atenuacio na altura da CLI. Para a inclinacdo de 110° a altura maxima da CLI esti em x=85 me é
de 33 m de altura. Para a inclinacdo de 135° a altura médxima da CLI é de 25 m e estd na posicdo x = 40 m. Nota-se que,
quanto maior a inclinacio da falésia, menor € a altura da CLI incidente na TMI. Para a falésia com angulo de 45° ela
incide a uma altura de 54 m e para o dngulo de 135° a altura da CLI na TMI € de 20 m. Através dos gréficos de perfil de
vento (Fig. 10a a 10e) também € possivel notar a formacdo de vortices ferradura apds a passagem do escoamento pela
TMI.

Nas Figuras 10f a 10j nota-se uma vorticidade de -1600 a 300 s'para um Re = 7.5 x 10*. A vorticidade negativa esta
associada a uma rotacdo hordria da particula e a positiva a uma rotacdo anti-hordria. Para todos os casos uma
vorticidade igual a 300 s é gerada pelo escoamento ao atingir a TMI e uma vorticidade negativa (-1600 s) é gerada
logo acima da falésia e da TMI. Para os angulos maiores que 90° (Figs.10i e 10j) a vorticidade negativa € mais extensa,
porém, mais baixa e para os angulos menores que 90° (Figs. 11a e 11b) ela é mais concentrada até os 50 m de distancia.
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Figura 10. Perfis de vento e linhas de corrente para diversos dngulos de inclinagdo da falésia.

Fisch (1999) realizou um estudo sobre a turbuléncia atmosférica no CLA através de andlises relativas ao perfil de
velocidade do vento, ventos maximos, intensidade turbulenta, picos de rajadas e amplitudes mdximas e instantaneas,
utilizando dados coletados em uma torre anemométrica de 70m de altura, com sensores de velocidade e direcdo do
vento em seis niveis, respectivamente, 6,0, 10,0, 16,3, 28,5, 43,0 e 70,0 m. Os resultados mostraram que os ventos siao
mais intensos na época seca (valores tipicos entre 5,0 m.s' a uma altura de 6m e 9,0 m.s" a uma altura de 70m), uma
vez que ocorre o acoplamento dos ventos aliseos com circulagdo de brisa maritima. J4 na época chuvosa o CLA
apresenta valores tipicos de velocidade que variam de 3,0 m.s”' a uma altura de 6m a 5,0 m.s”" a uma altura de 70 m.

As Figuras 11 e 12 apresentam simulacdes do vento incidindo na falésia do CLA com as dire¢des do vento
predominantes de 45° e 55°. Nota-se que, quase ndo ha diferencga entre o perfil do vento incidente de 45° (Fig. 11a) e do
vento de 55° (Fig. 11b). Em ambos os casos a CLI parece ndo atingir a TMI. Entretanto, através da Fig. 12, nota-se que
a vorticidade que atinge a TMI é maior no caso do vento incidente de 55° que é de 300 s, enquanto que para o vento de
45° a vorticidade é de 50 ™.

PROXIMA




200

[SESNRNS)
Bda@

altura (m)
=
o

TR T [T [
o G
Am o

[T T
altura (m)

50 100 150 —ql 00 -50

o 0 50 100 150
distancia (m) distancia (m)

a) vento incidente de 45° b) vento incidente de 55°

Figura 11. Perfis do vento e linhas de corrente para os ventos incidentes de 45° e 55°.
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Figura 12. Campos de vorticidade para as dire¢cdes predominante do vento de 45° e 55°.

5. CONCLUSOES

A CLI atinge a TMI quando o vento incidente é perpendicular a falésia para todos os angulos de inclina¢do da
falésia. Entretanto, na distancia correspondente a TMI (de x = 150 m sobre a falésia), a CLI ja se encontra com uma
altura menor por ja estar saindo da zona de recirculagdo. Os diferentes dngulos de inclinag¢do da falésia ndo afetam a
intensidade da vorticidade, que ficou entre -1600 e 300 s "1 em todos os casos; entretanto, causam alteracdes na altura
da CLI, influenciando a regido de recircula¢do. Nota-se para o caso de 90°, uma regido de recirculacdo menor com uma
altura de CLI mais rasa. No caso das inclina¢cdes com adngulos menores que 90° essa regifio de recirculacdo se torna mais
extensa e a CLI mais alta (de aproximadamente 30 m) e no caso dos angulos de inclinacdo maiores que 90° a bolha de
recirculag@o continua extensa, mas com uma diminui¢do na altura da CLI.

A andlise da influéncia da direcdo predominante mostrou que a vorticidade na TMI é um pouco maior
(vorticididade igual a 300 s™') para a direcio de 55° do que para a direcio de 45° (vorticidade igual a 50 s '), isto se deve
a uma incidéncia maior dos ventos sobre a TMI para esse angulo.
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Abstract. We present in this work a way to construct reduced order models (ROM) for wake flows
at low Reynolds numbers, from Particle Image Velocimetry (PIV) data. The proper orthogonal de-
composition method (POD) allows the extraction of a few number of functions or modes that de-
scribe the flow’s velocity field. Galerkin projection of Navier Stokes equation onto these modes leads
to obtain a system of ordinary non linear equations. The sole dimension reduction from Galerkin
procedure does not assure the convergence and stability of solutions. Several methods have been
proposed[13][3][9].to deal with this problem. On the other hand, recent studies on hydrodynamic
stability in wake flows[2][20] suggest model modifications on the POD-Galerkin ROM. In this context
we propose data assimilation and center manifold theory to achieve improvements for the POD-based
ROM from PIV experimental data. The method is also validated with results on direct numerical sim-
ulations(DNS), free from experimental noise.

Keywords: Wake Flow, POD, Dynamical Systems, PIV
1. INTRODUCTION

Reduced order models are widely used in fluid mechanics in order to represent the main dynamical
behaviour of a flow. In this framework, a few number of modes can be enough to perform analysis,
understanding and predictions for the different states of a given flow. Wake flows are particularly in-
teresting in terms of academic and many industrial purposes and we will focus our study to this kind
of flows. The flow around a cylinder has long been a benchmark problem concerning wake flows.In
order to obtain such models, we remark two main approaches used nowadays.

Physical approaches rely on the Stuart-Landau equation, which has been widely used to model
vortex shedding of the two dimensional wake of a cylinder at low Reynolds numbers (Re < 150).
Landau’s early studies for bluff body wakes(1944)[10] conducted to his proposition of an equation for
the evolution of a non-stationary perturbation of a Navier-Stokes equations’ steady solution. Later,
Stuart (1958)[19] showed how to derive the Landau equation from the study of the stability of a
given flow (parallel flows). The Stuart Landau model has since been confirmed by many experiments
(Provansal et al. [16]; Goujon-Durand et al.[6]; Schumm et al.[17]; Albarede and Provansal [1]) and
numerical simulations (Dusek et al.[5]; Zielinska and Wesfreid [24]).

On the other hand, empirical approaches consist in deriving modes from numerical or experimental
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observations of an arbitrarily complex domain. The Karhunen-Lo¢ve decomposition (which is equiv-
alent to POD) has proved to be an efficient tool to extract such empirical modes. It has been used by
different authors (see for instance a review by Holmes et al.[8]) as a method to obtain approximate
descriptions of the large scale or coherent structures in laminar and turbulent flows. Without any a
priori hypothesis on the flow, the POD method provides a flow representation in terms of a linear com-
bination of basis functions, or modes, ordered decreasingly by their kinetic energy content. Indeed,
once the basis is obtained, a Galerkin projection is performed to reduce the order of Navier-Stokes
equations. Previous works on the flow around a cylinder started with Deane et al.[4] and since then,
many efforts have been performed in order to construct a control system of the POD low order model.
Some drawbacks of this technique are the lack of stability and the lack of robustness of the model
away from the flow observations.

In order to improve these aspects, we had proposed[3] a scheme based on data assimilation theory.
Another method was presented by Kalb & Deane[9] which performs a linear correction on the dy-
namical systems coefficients, and it was tested on direct numerical simulation data and on the Lorenz
system. On the other hand, Noack et al.[13] had pointed out that the error sources start solving the
system directly obtained by the Galerkin projection. It is not possible to assure, a priori, the system’
structural stability. Little perturbations on the equation system coefficients can produce qualitatively
different solutions. For this reason, the authors proposed the POD-Galerkin reduction to the center
manifold towards a normal form, a non linear equation which has a prototypical structure.

In the study of wake flows, POD modes can be interpreted as fluctuations that superpose to a sta-
tionary solution, a base flow, unstable, of the Navier Stokes equations. Noack et al. constructed their
model from this hypothesis. However, in a recent work, Barkley[2] discuss the base flow nature and
proposes to use directly the mean flow field. Indeed, regarding the Reynolds version of the Navier
Stokes equations,

% +(a-V)u=—-Vp+ éV% +u'Vu' (1)
the last term, the Reynolds stresses generated by the fluctuating field can be viewed as a forcing term.
Then the mean flow corresponds to the base flow for the stability analysis of Eq. (1).

Thiria & Wesfreid [20]) subscribe Barkley hypothesis in a recent work on wake flow characterization.
We remark the idea had also been suggested by the work of Triantafyllou et al.[21] on cylinder wake
flows at Reynolds numbers up to 10°.

It 1s then in this context that we have reformulated the construction of a reduced order model.
We apply our work not only over DNS data but on experimental PIV data. Additional techniques,
as assimilation data, are used to produce robust and reliable systems. In section (2.) we present the
equations that describe the mean dynamics of the wake flow problem; the data assimilation scheme is
introduced in section (3.); in section (4.) we apply the center manifold reduction theory and normal
forms to the POD-Galerkin system; lastly, we present applications of this method to experimental and
numerical data and we discuss the results in section (6.).

2. POD-GALERKIN MODEL

The POD-Galerkin method has been extensively presented in many articles. The method founda-
tions can be studied in Holmes er al.(1996). Let us review its main characteristics.
A flow field u(x,t) € L*(Q), where  is a physical domain, can be represented in terms of basis
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functions ¢;(x) and their temporal coefficients a;(t) such that:
uz,t) =) ai(t)pi(x)

It is necessary to define an inner product as

(u,v):/Qu-vdx

The modes ¢(x), global and mutually orthogonal, are extracted from a set of observations u(z, t;)
obtained experimentally or numerically, and they are optimal with respect to the average kinetic en-
ergy representation of the flow contained in €2. The spatial modes inherit by construction properties
of the flow such as its boundary conditions and, when we work with incompressible flows, they are
also divergence-free.

When working on finite dimension, the modes identification reduces to solve the singular value
decomposition (SVD) of a V' matrix that represents in its columns the different snapshots of the ve-
locity fields u(z, t;).

The Navier Stokes equations, and the incompressibility condition,

ou 1 _,
- . = — S 2
+ (u-V)u Vp + Rev u (2)

ot
Veu = 0 3)

are then reduced by means of a Galerkin projection onto the subspace generated by the first s vectors
of the POD basis, {¢; ... ¢s}. The ROM has the form:

d

= a=M(a) 4)
where M represents a nonlinear operator which is a polynomial that contains the projected Navier-

Stokes terms and its boundary conditions. The projection produces the following terms:

ou _ dag

L oo _ 1 2
(Rev u,qﬁk) = Re/Qv uprdx

- & [ vt ad = o [ Vo s )
i=1 i=1
(Vp.o) = [ Vpondo= [ (pon)-a ©
Q 6Q

(0 D) = 33wy [ 60 V)0, o @

i=1 j=1

These can be included in a polynomical form on the temporal coefficients a; . . . as for M.

a=F(a)=> P (8)

where P, k = 1...N,, is a vector of all the monomials of different degrees in variables a =
(aq,...as), and ¢ are their corresponding coefficients. The number V,, depends on the number of
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degrees and on the number of modes considered.

Equation (8) determines in general a dynamical system that in many cases may converge to er-
roneous states after a relative short time of integration. Indeed, different authors have observed that
the predictions at long time may fail and that, for instance, models describing a cylinder wake flow,
after a few cycles of vortex shedding may exhibit differences of phase and amplitudes with respect
to empirical values, as pointed out by Kalb & Deane (2007). Holmes et al.(1996) had mentioned as
possible responsible for this behaviour the following points:

e Neglect of the incidence of boundary or pressure terms in the computation of the dynamical
system coefficients.

e Inaccurate estimation of derivatives of spatial modes that determine the dynamical system co-
efficients.

e The low-dimensional truncation produces loss of dissipation and energy transfer between the
different scales of the flow and it only reproduces velocity fields which are close to the spatial
structures averaged in the decomposition.

Concerning the pressure term, several authors have neglected the influence of the pressure term in
wake flows arguing that this effect could be disregarded when large wake domains were considered.
However, depending on the flow geometry and truncation level, neglecting this term could add uncer-
tainty in the ability of the computed dynamical system to faithfully represent the actual flow dynamics.
Noack et al.[14] proposed an additional quadratic term which is estimated solving Poisson equation.
Another way to correct the model (8) is to apply the intrinsic stabilization algorithm developed by
Kalb & Deane, which corrects the linear terms and is effective in situations where the pressure is
adequately expressed by a linear model, i.e. channel flow.

The second point refers to the fact that the coefficients appearing in equation (8) involve spatial
derivatives (eqs. 5,6,7). Using PIV data, the coefficients may be poorly determined. To avoid the
direct estimation of these coefficients, Perret et al.[15] proposed a polynomial identification proce-
dure which consists in writing a priori the ROM. Provided the temporal coefficients a; and their time
derivatives a;, we can derive from (8) a linear system, which may be solved by least mean square or
singular value decomposition. It must be pointed out that estimating a(¢;) from traditional schemes
of finite differences leads to important numerical errors, further amplified when working with exper-
imental data. To deal with this problem, we perform a polynomial aproximation for each a; for every
instant ¢;. Consecutive time intervals allow to calculate a;(¢;) ~ p,(t), where p; is a polynomial of
degree n, and then, the derivatives are obtained analytically deriving p,(¢). This idea was introduced
by Maquet ef al.[12] in a work on dynamical systems identification.

We had proposed[3] a method to work with experimental data improving the polynomial identifi-
cation with an assimilation technique. Considering a noise J(t) as the difference between the model
prediction and an observations set, @ = F'(a) + §(¢), it is minimized iteratively. The scheme does not
deal with the system structural instability but it provides a way to work with noisy data.

Intentionally, we haven’t already stated the degree of the function F'(a). We know that the physi-
cal model for the wake flow problem is represented by the Stuart-Landau equation (see, for instance

[16]):

dA . .

o (v + iw) A + (e, +ic;)|AIPA )
and the vortex onset is described as a Poincaré-Andronov-Hopf bifurcation (see [23]§3.1B for a def-
inition) in agreement with experiments[16]. These reasons sustain the hypothesis of an equation of

degree three that resumes the coherent structures behaviour. Furthermore this equation must be a
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normal form ([23]§2.2) and Eq.(9) is simply a particular case of it.

A first approximation towards the solution of our systems consists in estimating Eq. (8) coeffi-
cients considering F'(a) as a polynomial of degree 2 in s temporal modes.

In agreement with Barkley’s hypothesis, the fluctuations a(t) are superposed to the mean flow, and
the solution a = 0 corresponds to the solution of Reynolds equations

0 1 _
a—;‘ (@ V)i = —Vp+ o VPt (10)
where « represents the mean velocity field and «’ its fluctuations, such that v’ = > ; a;¢;. Then,

a = 0 1s an unstable fixed point in the system (8).
Once stated a degree and a number of modes for Eq. (8), its construction is affected by erroneous
measurements. So, in next section, we present a new assimilation method to handle this problem.

3. ASSIMILATION SCHEME

This method considers the hypothesis of a perfect dynamical model, as in the bases for optimal
control introduced by Lions[11]. This aspect differentiates it from a previous formulation presented
in[3]. The context of the following development is within the theory of strong constraint data assimi-
lation.

Let’s regard V, VV and 7 as Hilbert spaces. The state of a dynamical system can be represented by
the state variable a such that a € A([to,tf]), where
Allto, t5]) = {/f € L*([to, t]; V), 0uf € L2(Jto, t4]; V') }-

Considering that the time evolution of a is determined by a nonlinear differential operator M, we can
study a new problem based on our previous dynamical system (8):

For (w,n) € W, T) let’s find a € A([to,ts]) such that:
owa(t) + M(a(t),w) =0
a(to) =ap+n
W = Wy + €

(1)

We can see that the dynamical system depends explicitly on two additional parameters, the initial
condition perturbation 7 and the variation of the model coefficients €.
Known an initial value for the model coefficients wy, we intend to force the system trajectory a(t) to
be developed within the phase space described by the measures Y. These measures Y may belong
to a different space from the state space 4. In that case, an operator H can be defined in order to
compare them. To simplify the analysis we consider in what follows that H = I.

We suppose that a depends continuously on w and 7 and that « is differentiable for all ¢ € [to, ¢].

Defined a cost function J : W x V — R, we can measure the distance from a given solution of
(11) and the observations:

tr1 1 1
J(u,n) = / 5!\Y — a(w,n,t))||ndt + éHGH?\f + 5vaHzBdt (12)

to

The method’s aim is then to find the control variable w € VV that minimizes the cost function
J. The norms || - ||g, || - || v and || - ||  are respectively associated to the scalar products < R-,- > 4,
< N-,- >wand < B-,- >7. R, N and B are definite positive symmetric endomorphisms. In practice,
R, N and B are covariance matrix for the observations, model parameters and for the initialization
respectively.

The cost function derivatives are obtained by differentiating (11) with respect to w and 7. After
differentiating (11) and integrating in order to estimate the cost function, an auxiliary, or adjoint,
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variable is defined to simplify the estimation of the cost function gradient (see Appendix 8.). This
variable is solution of the system:

Given (w,n) € W,T),t; > tg,a(t) solution of (11), we must find
A € A(to, ty) such that:

—8t)\(t) + ((%M)*)\(t) =Y —a Vt € [to,tf] (13)
{ Alty) =0

We suppose that, given (w,n), ty > t; and a € A solution of (11), a unique function A € Ais a
solution of equation (13) and it depends continuously on (w, 7).
To minimize J the following equations must be satisfied:

oJ b

9T _ Nw—wo) + / (DM A(E)dt = 0

ow o to (14)
o —A(to) + B(X(to) — Xo) =0

We summarize the method in an algorithm:

Algorithm 1
1. From (w, a(ty)) calculate in (11) a(t)Vt € [to, t/].

2. With the solution «a(t), the adjoint variable A(¢) can be integrated backwards from (13). To
optimize this calculation, a criteria to penalize unreliable measures can be included.

3. Control variables are updated in order to minimize the cost function J.

4. Steps 1 to 3 are repeated until a convergence criterion is met.

4. CENTER MANIFOLD REDUCTION

The center manifold theory is a rigorous mathematical technique used to reduce dynamical systems
dimension. As we pointed out, a Poincaré-Andronov-Hopf bifurcation must be described by our
model for a = 0. We consider a bifurcation parameter 1 = Re — Re., where Reynolds critical
number Re, corresponds to the value of Re for the vortex shedding onset.

A linear change of coordinates (Real Jordan form) transforms the s—dimensional Eq. (8) into the
form:

{yszJrg(fc,y,u) (13)

where x € R¢ and y € R“*¢, for our problem ¢ = 2 and s = ¢ + u + e. We consider then

[ Real(\) —Imag(\)
A= ( Imag(\)  Real()) )

where A = A(u) = a(p) + iw(p) represents the eigenvalues of A and we suppose that B does not

contain eigenvalues of zero real part.
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In agreement with the Center Manifold theory (see i.e. Wiggins[23] §2.1) we know that the center
manifold can be represented locally by:

{(z,y)/y = h(z), h(0) = 0, Dh(0) = O} (16)
and that, in such a case, the dynamics of Eq. (15) is determined by:
= Az + f(x, h(z), p) (17)

for ||z|| < 0, sufficiently small. In our applications que consider h(x) = p(x), a polynomial of degree
2inz € R

However, we cannot assure yet that the solution of Eq. (15) has the characteristic behaviour of
a stable limit cycle, convergent towards the trayectory defined by the set {a;(¢;)}. The polynomial
f(z) can be simplified depending on A eigenvalues. For this problem, when . = 0, these are a pair
of conjugate complex of zero real part and the resulting normal form is

{ T = ar) — wry + (axy — brg) (2?3 + 13) (18)

By = wr1 + axs + (bry + axs) (2 + 23)

without considering terms of degree equal or greater than 5. We verify that this equation is equivalent
to Stuart-Landau (9), but we have obtained it from the nonlinear analysis of POD-Galerkin system.
In polar coordinates, Eq. (18) has the form:

{7‘“:()z7"—|—on""3 (19)

0=w+ br?

The analysis of the dynamics of these equations, for the values of o and w of our applications, con-
firms that the original system has in the origin an unstable focus and an asymptotically stable orbit.

5. EXPERIMENTAL SETUP

The physical experiments were conducted using a camera having a resolution of 640 x 480 pixels,
1/100s of inter-frame intervals. A green, 150-mW laser and a rotating polyhedric mirror were used
to provide illumination of the test section.

The algorithms used in this work belong to GPIV software [22] which is under GNU General
Public License. We have considered for our images a two-step grid refinement; hence the final inter-
rogation window size is 16 x 16 pixels with 50% overlap.

Each experiment provided 1000 snapshots of PIV data with a window that enabled to observe the

wake of a cylinder.
The Reynolds number considered was 80-125 for a cylinder of 20 mm in diameter. The flow configu-
ration is represented in Figure 1(a), where we observe the mean flow streamlines. We watch through
a window of 8 diameters length downstream the cylinder that contains the developing wake. The
wind-tunnel section is 180 x 180mm?, in order to prevent blockage and 3D effects. More detailed
characteristics of the experimental set up may be consulted in a previous work [3].

This DNS of 2D cylinder flow was conducted for several Reynolds numbers from 60 to 140. The
domain, ilustrated in Figure 1(b) is L,/D = 19 by L,/D = 12 with a cartesian grid of resolu-
tion 1081 x 1081. This assures that the grid step dz < 7 where 7 is Kolmogorov dissipative scale,

Therefore, every scale of the flow is resolved and the discretization scheme verifies the
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(a) (b)
Figure 1. (a) Flow around a cylinder at Re = 125. Mean flow from PIV measures. (b) Scheme of a
1081 x 1081 cartesian grid for DNS.

6. RESULTS

We consider the mean flow as a base state under the forcing of fluctuations (Barkley [2]). We
extract the POD modes by means of Sirovich’s[18] Snapshots method.

The dynamical system is constructed, in a first step, from the polynomial identification scheme.
We solve (8) minimizing the mean square error. In order to have reliable values for the temporal
derivatives a;, we employed fourth grade polynomials to aproximate the a; on 10 points intervals.

We retain 4 fluctuating modes superposed to the mean flow for both cases: PIV and DNS data. In
the first case, these modes concentrate around 85% of the total fluctuating kinetic energy; this value is
around 98% for the second case. After the Galerkin projection onto POD modes, the direct solution
of Eq.(8) gives a solution that rests close to the observations trajectory for a short time as it is shown
in Figure 2.

On the other hand, applying the assimilation method, the system is corrected iteratively until

L L L L L L 1 L
20 40 60 80 100 120 140 160 180 200

t
Figure 2. Lines: POD-Galerkin solution for 4 modes for DNS data, Re = 110. Symbols: observa-
tions.

the gap between its solution and the observations is significantly reduced (Figure 3). However, the
assimilation works only to correct the model from the observations, it does not assure neither that
the system attractor corresponds to a limit cycle nor the fixed point is an unstable focus. The method
determines an aproximation to F'(a) for the estimation of the center manifold.
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in order to find the center manifold. After the linear
0

or
Indeed, we obtain the eigenvalues of —

Oa

Figure 3. Lines: POD-Galerkin solution for 4 modes for DNS data, Re = 110. Symbols: observa-
tions.

change of coordinates, it results a system of 2 modes that describes the dynamics of the center mani-
fold, and 2 modes that are left as quadratic functions of the first ones. From Eq. (19) the coefficients a
and b are deduced for values of « and w that corresponds to the system @ = F'(a) linearisation. These
values are the same that those issued hydrodynamic stability of the flow (see i.e. [21]). Figure 4(a)
shows the resulting phase portrait.

The real advantage of the normal form approach is shown when the initial condition is not close to

(a) (b)
Figure 4. Phase Portraits. Lines: Solution for 4 modes for DNS data, e = 110. Symbols: observa-
tions. (a) Initial condition issued from the observations. (b) Initial condition near a = 0

the empirical observations. In this case, a transient trajectory appears in order to lead the solution to
its attractor. Figure 4(b) shows a solution starting on a point in the neighbourhood of the fixed point,
that converges asymptotically towards the limit cycle.

Working with PIV data allows to check the method robustness. The noise introduced by the
experimental measures is reduced by smoothing the data and next performing the assimilation. We
proceed then to obtain the normal form which solution allows to reconstruct the POD modes as is
ilustrated in Figure 5.

The corresponding phase portrait (Figure 6(a)) allows to identfy clearly the system dynamics.
In Figure 6(b) different initial conditions points are used to remark that the system attractor is a
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Figure 5. Time evolution of modes 2 & 3. Lines: solution from the normal form for PIV data,
Re = 120. Symbols: observations.

(a) (b)
Figure 6. Phase Portrait. Lines: system solutions. Symbols: observations PIV data, Re = 120. (a)
Initial condition issued from the observations. (b) Several initial conditions are useful to characterize
the system attractor.

limit cycle and that it has the origin as an unstable focus These points can be interpreted as instant
perturbations to the flow, which recovers its dynamical equilibrium state afterwards.

7. CONCLUSIONS

From the benchmark of the flow around a cylinder problem, we proposed a method to improve

the construction of reduced order models from experimental data, particularly PIV measures, and nu-
merical data (DNS). As experimental data is subjected to many error sources, we developed a new
data-assimilation scheme under the hypothesis of a perfect dynamical model. This technique corrects
the polynomial identification method to retrieve the dynamical system coefficients which produce a
solution that remains in a neighborhood of the realizations trajectory.
We included corrections to the system issued directly from the Galerkin projection onto the POD ba-
sis, to avoid its structural unstability. A projection onto the center manifold of the system reduces the
dimension dynamics and the final normal form of the equations The robustness of the new formula-
tion allows the dynamical system to describe even transient states which are not necessarily included
in the realizations trajectory.

We applied the POD-assimilation ROM to a set of images corresponding to the flow around a cylin-
der at low Re numbers. The structures and dynamics were captured by POD and the ROM produced a
solution that remained stable under perturbations. The method can be extended to general wake flows
and we hope, in this sense, to contribute to future works on experimental active flow control.
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8. APPENDIX: DERIVATION OF THE ADJOINT SYSTEM
8.1 Differentiated model

In order to calculate the cost function partial derivatives, respect to the control variables, the system
(11) is derivated respect to (w, n) in the direction (dw, dn). The following problem arises:

Given (w,n) € (W,TZ) and X (¢) solution of Eq. (11) and a perturbation

(dw,dn) € (W x I),find dX = %—Xée + %—an € W(to, ty) tal que:
€ Ui
0ydX (t) + OxM(X(t), w)dX (t) + 0,M(X (1), w)dw = 0 (20)
dX(to) = dn
dw = de

The linear tangent operators
OxM(X(t),w) : YV xW — Vand 0,M(X(t),w) : VxW =V
are defined as the GAéteaux derivatives of the operator M:

OxM(X (£), w)dX (£) = lim M(X () + BdX (t), w) — M(X (t), w)

B—0 ﬁ
B M(X(£), w)dw = Tim TRX (B)w + fdw) = MIX(?), w) @1)

B—0 B

in the same way, the cost function (12) is derived with respect to (w, n) in the direction (dw, dn):

oJ t X
9J __ YV —H(X ox _
<3w’dw>ww' /t < HI( ),8XH(awdw)>Rdt+<w wo, dw)

<%’ dn>1 _ /t;f <y _H(X), 8X]HI(%—)§dn>Rdt + (X (to) — Xo,0m)) 5

that is equivalent to

<§_i, dw>ww S /t:f <(aXH)*R(Y —H(X)), (g_fﬂ(dw)>vw' dt + (N(w — wo), dw)yy,y

<%’ d77>I - _ /t:f <(6X]HI)*R(Y - H(X)), (a_an>va' dt + (B(X(to) — Xo),0n))7

on on
(22)
where Oy H* : © — V' is the adjoint operator of OxH defined by:
Ve e V,Vy e O (OxHz, )0, = (z, OxH"Y) .\ (23)

8.2 Adjoint Model

A way to estimate the gradients of the cost function is applying the differentiated model. In this
manner, the model must be integrated as often as the number of dimensions of the control variable.
Such a calculation may result inefficient when working with spaces of considerable dimensions.

Adjoint models allows the calculation in only one integration. To obtain the adjoint equation, the
first equation of the system (20) is multiplied by an auxiliary (adjoint) variable A € W(t,,ts). Then
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we integer over [to, t]:

ly

/tf (O dX (1), A1)y dt + / (OxMAX (t), A(t))yy dt + (24)

to to

ty
+ / (DuMdu, A(t))yyypr dt = 0

to

After integrating by parts the first term,

_ /t'f (O (E) + (OxM) A, X (1)) dt = (AEF) AX(E1)) 1o — (A(t0), dithysyyy +

ts 25)
+/ (OuM)* A(E), du) 1y dt
to

The adjoint variable A is defined then as the solution of the problem stated in Eq. (13).
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Abstract. We review the key points concerning the linear stabilityhef¢lassical von Karman’s solution of rotating disk
flow, modified by the coupling, through the fluid viscosityhveioncentration field of a chemical species. The results
were recently published by Mangiavacdtial. (Phys. Fluids19: 114109, 2007) and refer to electrochemical cells
employing iron rotating disk electrodes, which dissolvehia 1M H5SO4 solution of the electrolyte. Polarization
curves obtained in such cells present a current instabdityhe beginning of the region where the current is contmlle
by the the hydrodynamics. The onset of the instability acgua range of potentials applied to the cell and disappear
above and below this range. Dissolution of the iron electrgilves rise to a thin concentration boundary layer, with
thickness of about 4% of the thickness of the hydrodynamindery layer. The concentration boundary layer increases
the interfacial fluid viscosity, diminishes the diffusiaetficient and couples both fields, with a net result of afigahe
hydrodynamic of the problem. Since the current is propaodido the interfacial concentration gradient of the cheatic
species responsible by the ions transport, the instatfithe coupled fields can lead to the current instability alaed

in the experimental setups. This work presents the restiteedinear stability analysis of the coupled fields. Theutes
show that small increases of the interfacial viscosity leisua significant reduction of the stability of modes exigtin
similar configurations, but with constant viscosity fluitgon increasing the interfacial viscosity, a new unstakelgion
emerges, in a range of Reynolds numbers much smaller thalowres limit of the unstable region previously known.
Though the growth rate of modes in the previously known regidarger than the one of modes in the new region, the
amplitude of the concentration unstable modes in this omerng large when compared to the amplitude of the associated
hydrodynamic unstable modes. In addition concentratiodesare always confined in a rather thin region, leading to
the existence of large interfacial concentration gradie@bncentration modes in the new unstable region seem thus, t
have a combination of properties sufficient to drive deteletaurrent oscillations. The numerical experiments shuat t

a progressive increase in the interfacial viscosity irfllfiaeduces the stability of the flow, but an increase beyooeréain
limit restores the stability properties of constant vistpfows.

Keywords: Rotating disk, Electrochemistry, Chemical OscillatioHgdrodynamic Stability
1. POSING THE PROBLEM

The hydrodynamic field developed close to the axis of a lantgting disk belongs to the restricted class of problems
admitting an analytical or semi-analytical similarity stibn of the hydrodynamic equations. The angular velogity i
posed to the fluid at the surface gives rise to a centrifudateéind to a radial flow outwards. Continuity requires that
the flow be replaced by an incoming one that approaches thed@ligse to the surface, the axial velocity of the incoming
flow is reduced and the centrifugal effect appears. Thisesrélgion of the hydrodynamic boundary layer. The steady
tri-dimensional solution of this flow was found by Von Karm@®32) and is schematically shown in Fig. 1.

The boundary layer becomes unstable beyond a critical Réymumber, which is the non-dimensional distance to
the disk axis. The first stability studies of Von Karman’'sigmn are due to Smith (1946), who found the emergence of
spirals as shown in Fig. 2. The pattern may turn with the diglusar velocity or other. When turning slower than the
disk, the spirals arms tend to bend in the upstream direclibe pattern is “pulled” by the mean flow. Patterns bending
downstream, or consisting of radial straight lines or eitifecircumferences are also possible. The coexistenceii@lsp
bending in the up and the downstream directions was obségbtbisy (2004) , in a setup of two counter rotating disks.
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Gregoryet al. (1955) measured the critical Reynolds number beyond
which Von Karman'’s solution becomes unstable and propdsefirst the-
oretical approach to the stability problem, not taking iat@ount viscosity
effects. Stability studies conducted after the eightieseweainly made in
groups interested in the effect of a secondary cross flowherstability of
a main one, as those found in swept wings. Rotating disk fl@sqmnts cer-
tain characteristics also found in swept wings. In suchais;ithe upstream
flow is decomposed in a component perpendicular to the wagpansible
by the lift and in a cross component that anticipates thesttian to turbu-
lence. In rotating disk flow, a secondary radial flow appeainsequence
of the imposed azimuthal velocity at the interface. Thaokgan Karman’s
exact solution and to the more controlled conditions fountbiating disks
than in wings, rotating disks became a prototype to infer fon ihstabi-
lization mechanisms occurring in swept wings. Malik (1986aluated the
first neutral curve of perturbations turning with the angwelocity of the
disk (stationary perturbations). The critical Reynoldsnier was found as
285.36. Lingwoood (1995) extended Malik’s results by cdasgng non-
Figure 1. Von Karman's flow close to thestationary perturbations, turning with angular velocitffetent of the disk

axis of a rotating disk. velocity and found critical Reynolds numbers on the orde8@f In addi-
tion, Lingwood addressed the absolute stability problehe flow becomes
absolutely unstable when the a perturbation originatedaiat is carried by the angular velocity of the flow and return
to the origin point before being completely damped and egdigain the remaining perturbation at that point.

Stability studies conducted after 1990 focused on comjiresttuid configurations, having in mind the fact that swept
wings operate in the high subsonic regime.

The question of rotating disk flow stability appears alsdé@t&ochemical problems. Electrochemical cells emplgyin
a rotating disk electrode are widely used due to the relgtisenple setup and to the fact that the mass flow at the
electrode/electrolyte interface is independent of théatgubsition. The rate of transfer of ions is convenientlytolled
by the the angular velocity imposed to the electrode. Figs1B4 shows the typical arrangement used at the Metallurgy
and Materials Engineering Department of the Federal Usityeof Rio de Janeiro, with three electrodes. The counter
electrode consists of a platinum screen placed along theaks to assure an uniform distribution of the electricquutal.
Potentials are measured against the reference electrduewarking electrode consists ofsanm diameter iron rod

of iron electrodes iH>SO4 electrolytes present three regions
(Barciaet al,, 1992). The first one occurs at relatively low over- /
voltages applied to the working electrode. The current pgax-
mately proportional to the over-voltage and depends onitsod
lution process. The current is not affected by transporhphe

ena occurring in the electrolyte, like the angular velotitposed

on the over-voltage. The over-voltage level of filateauis pro- Figure 2. Possible perturbation patterns emerging af-
portional to2!/2. A current instability is observed experimentaly ter the first instability of von Karman’s solution.
in this plateau, appearing at a certain value of the appheu-o
voltage and being supressed beyond a another one. The pwfibss work is to investigate a possible link between the
stability of the hydrodynamic field and the current instipil
The hydrodynamic field at the base of the working electrodpjzroximated by Von Karman’s similarity solution.

to the working electrode. Polarization curves show a secend

gion, where the current depends on the applied over-voliage /

also on the hydrodynamics, which is defined by the electrode a

This hypothesis is justified by the thickness of the hydrauyit boundary layer, which is proportional®/?, ranging
from 0.5 to1.3 mm, being thus one order of magnitude smaller thanlthevm electrode diameter. Dissolution of the

covered with al0 mm diameter resin cast, except in the base, through which thrertuflows. The electrode is coupled
to a variable velocity electric motor. Typical electrodéogities range from 100 t600 rpm.

Polarization curves experimentally obtained in the digsoh

a

gular velocity. By further increasing the over-voltage,uarent
plateauappears in the polarization curves, where the current de-
pends only on the angular velocity of the electrode, and ngdo,
iron electrode gives raise toBe™? ions concentration boundary layer. The ratio between thirddynamic and the
concentration boundary layers is given &y/d. ~ 2 Sc!'/3 (Levich. 1962 ), whereSc is the Schmidt number. Typical
Schmidt numbers in electrochemical cells is 2000, resyiitirconcentration boundary layers with thicknesses ofoofle
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4% of the thickness of the hydrodynamic one.

The work of Barciaet al, (1992), concerning the
anodic dissolution of iron electrodes in sulfuric acid
aned, in particular, the curreqlateay put in ev-
idence, the existence of a viscosity gradient at the§
electrode/electrolyte interface. The athors assumed &
viscosity profile depending on the axial coordinate
and obtained the steady concentration profile of thef®™ =
chemical species responsible by the current, using the &«
Stokes-Einstein law, that postulates that the product ofz
the diffusion coefficient by the electrolyte viscosity is
constant.

Subsequently, Pontest al. (2004) addressed therigure 3. The electrochemical setup. On left: overview efah
stability of the flow using the viscosity profile posturangement, showing the cell and the working electrode lagizc
lated by Barcieet al., (1992). The results show an ento the driving electric motor. On right: the cell, with theap
largement of the unstable range of wavenumbers, liim counter-electrode disposed along the cell walls, theter
the critical radius (Reynolds number) beyond whiclectrode and the working electrode at the center, drivethey
the flow becomes unstable was still larger than the ra- electric motor.
dius of typical electrodes.

The present work adresses the question of whether the ogyitirough the viscosity and the diffusion coefficients,
of the concentration and the hydrodynamic fields, may leashtiostability at distances from the rotation axis complerab
to the electrode radius. The cell current may be evaluatedigh the ions transfer at the electrode/electrolyte iater,
which is due to two effects: ions concentration gradignk dC'/dz|.,—o) and ions migration due to the electric field.
Barciaet al. (1992) showed that the concentration gradient is the damhieffect, what leads to the conclusion that the
current depends on the spatial distribution of a relevaetibal species, that in turn, depends on the hydrodynantdc fie
Instabilities of the hydrodynamic field and of the interfl@oncentration gradient may thus be responsible for thent
oscillations observed in the currgolateau However, Reynolds numbers attained in electrochemidk aee of order
of 20 — 40, being thus clearly smaller than critical expernitaévalues found in the literature and the theoretical @alu
found by Malik and by Lingwood.

Three questions are posed: (a) if the
the coupling changes the stability prop-

Potentiostat erties of the purely hydrodynamic field,

l [=] reducing the critical Reynolds number
— l > resin | to the range of values attained in elec-
8_5 iron Second regian %> trochemical setups, (b) if possible os-

3 < | Third regio cillations of the interfacial concentration

L] & gradient are strong enough to drive the

! Third regio current oscillations experimentally ob-
- Reference Electrode ~First region served and ((;) what mechanisms Ieaq to

| (Hg/H SO /KC)) v the suppression of the current instability

"] (b) beyond a certain over-voltage level. The
%;\\ Working electrode (Fe) results herein presented support a posi-
N VRTS somti@\ Counter—clectrode tive answer to the first question, suggest

that the hydrodynamic instability of the

coupled fields is strong enough to drive
the current oscillation, but still do not

explain the instability suppression.

a
Figure 4. An electrocr(ler)nical cell with a rotating disk etede (a) and the
polarization curve showing the three regidhs

2. GOVERNING EQUATIONS
The problem is governed by the continuity and the Naviek&oequations, coupled through the viscosity, to the

transport equation of the relevant chemical species. Téggations, written in the frame attached to the surfaceef th
rotating disk read:

divv=0 ()
D 1 1

2V 20 xv-Qx (2xr)— —gradp+ - divr )
Dt p p

Dc

D = div(D grad C) 3
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where(2 is the angular velocity of the rotating disk electro@andD are, respectively, the concentration and the diffusion
coefficient of the representative chemical speciesrasdhe viscous stress tensor for a Newtonian fluid with theoggy
depending on the concentration of the chemical species.

The evolution equations are rewritten in non-dimensiooainf Variables having units of length or its reciprocal
(radial and axial coordinates, perturbation wavenumbangthe radial direction) are made non-dimensional with the
length used to measure the thickness of the boundary layer/Q)'/2, wherev,, is the bulk viscosity of the fluid.
Velocity components are divided by the local imposed aziralxelocityr. (2, pressure is divided by(r.)?2, viscosity
is divided by the bulk viscosity,.., time and the eigenvalue of the linearized problem are madedimensional with
the time required by a particle, turning with the azimuthelbeity r. €2, to move a distance equal to the reference length,
(Voo /)2, Here,r. is the dimensional coordinate along the radial directiomkiith the stability analysis will be carried
out. The non-dimensional concentration of the chemicatisgéas defined by:

C—-Cx

C= Co Co (4)

whereCgs and(C., are, respectively, the concentration of the chemical gsedti the electrode surface and in the bulk. We
define also the Reynolds and the Schmidt numbers by theaesati

1/2
R=r, (£> and Sc= D (5)

Voo Voo

The Reynolds number may be seen as a non-dimensional distartbe disk axis. At this point, we assume that the
viscosity depends on the non-dimensional concentratidneo€hemical species according to:

V = Uso exp(mC) (6)

wherem is a non-dimensional parameter depending on the electnaichécharacteristics of the system (electrode ma-
terial, type of electrolyte, applied potential), but not th@ concentration of the chemical species. In particulas, t
parameter defines the interface viscosity, given/by v, exp(m). This equation is based on a thermodynamic model
proposed by Esteves al. (2001). We also assume the Stokes-Einstein law:

Dv = Dy Vo (7)
whereD, is the bulk diffusion coefficient. Using the bulk coefficisrib rewrite Eqs. 7 and 6 in non-dimensional form,
we obtain:

Dv=1 and v = exp(mC) (8)

Equations 1 — 3 are rewritten as follows, in non-dimensidoah:

divv =0 9
DY _ 96, x « (6. x re,) — gradp + — di (10)
DE e, Xv-—e, e, Xre, gradp R wT

DC 1

Tt = ﬁ le(D grad C) (11)

A destabilizing potential of the coupling between the hytitamic and the chemical species fields can be seenin Eq. (11)
the Reynolds number is amplified by the Schmidt number, wiaikés here the valugec = 2000, typical for electrochem-
ical cells.

3. THE BASE STATE
3.1 Base State Equations

The base state is the von Karmén similarity solution for alflith the viscosity depending on the concentration field,
which is assumed to vary along the axial coordinate only.

Oy rQF(z)

o rQG(z)

o | = (v )V? H(2) (12)
P Prec2 P(2)

C Coo + (Cs — Cxo) C(2)
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All variables in Eq. 12 are dimensional, except the axialeteent profilesf’, G, H, C and the axial coordinate.
Boundary conditions fo¥', G, H andP areF = G = H = P = 0 at the disk surfac¢z = 0), ¥ = H' = 0 and
G' = —1 asz — oo. The non-dimensional concentration profil&, varies from 1, at = 0, to 0, asz — oo.
Introducing Eqg. 12 and the constitutive equations of thesstitensor of a Newtonian fluid with variable viscosity in
Egs. 1 — 3, together with Egs. 6 and 7, we obtain the ordinanjimear system for the axial profilgs, G, H, P andC:

2F+H = 0 (13)
F? — (G+1)*+ HF —vF" —VF' = 0 (14)
2F(G+ 1)+ HG —vG" —V'G = 0 (15)
P +HH —vH'"-2/H = 0 (16)
C// 1//
ScHC' — —+ —=C' = 0 (17)
v V2

where prime denotes derivatives with respect to the noredsional axial coordinate The viscosity and its derivatives
are written in non-dimensional form.

3.2 Evaluation of the Viscosity at the Electrode/Electrolye Interface

Solving Egs. 13 — 17 requires specification of two paramethesbulk Schmidt number and the parameteappear-
ing in Eqg. 6, which ultimately defines the electrolyte visgpat the interface with the electrode. At this point, welang
that the limit current density at the interface is propaoréibto the concentration gradient of the relevant chemipaties
generated by the dissolution of the electrode. lons mignatue to the potential gradient is neglected. The curremdite
is given by the relation (Barciet al., 1992 ):

i ac

(Coo —C) Vo ¥ limo

(18)

1 1
F—
" Scvy /s

wherei is expressed imM/ecm?, n is the valence number of the chemical species= 2), F = 96500 C/mol, is the
Faraday constanf,, = 2.0 x 10~3mol/cm? is the dimensional concentration of the species at therefgetinterface
(saturated condition};., = 0mol/cm? anduvy is the fluid viscosity at the interface. The limit current digyi obtained
experimentally is = 0.8810 A/em? at900 rpm (Geraldoet al., 1998 ).

An initial value is specified form, Egs. 13 — 17
are solved. The ratioy /v is evaluated and the non- 1. o 1.
dimensional normal derivative of the concentration at theo.s \‘ g ——— 08
interface,dC/dz|,_,, is obtained from the profiles. Theséo. =
figures are introduced in Eq. 18, leading to a value for tﬁ&)_z-, | \ 0.4
current density. The value initially specified for is cor- 0.2 0.2
rected and the procedure is repeated until convergence ‘ ‘ 0. ‘ ‘
the experimental value dfis reached. At convergence we °° 20 , 40 60 00 0.1 , 0.2 03

obtainvy /v = 2.255. 25 1. /
2. 0.8

3.3 Base State Profiles

>

The non-dimensional velocity, concentration, viscosityl't
and diffusion coefficient profilest’, G, H, C, v and D, ‘ ‘ L ‘ ‘
obtained fory /v, = 2.255 andSc = 2000 are shown in 0.0 01 02 03 00 01 02 0.3
Fig. 5. Figure 5. Stationary dimensionless verocity, concentra-

The thin concentration boundary layer, results in velotien, viscosity and diffusion, profiled’, G, H andC for
ity profiles very close to the ones obtained for the constant v /Veo = 2.255 andSc = 2000.
viscosity case. In particular, we obtath = —0.88559 far
from the disk for the variable viscosity flow considered, aifgslightly different from the asymptotic value for the eon
stant viscosity caself = —0.88447. However, the derivatives of the velocity profiles are stfigraffected inside the
concentration boundary layer, as shown in Fig. 6.

4. STABILITY OF THE BASE STATE

4.1 Stability Equations
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We turn now to the question of the stability of the base

05 r—T—"—T—"——TF—7—— O02Q—F——T—F——7— ) .
/\%ﬂiﬁgt\){liﬁﬁm 0:— 1  state with respect to small disturbances. The hydrody-
4 =< T o./ {  namic and chemical fields are written as a sum of the base
PR Constant viscosit) ion:
7 0.3 ~ o onstant viscosity state plus a perturbation:
0.2 I ] L
: -0. F 1 Vp = Up+ U
e ort——t—ll L. vg = Ug+D
00 01 02 03 0405 00 01 02 03 0405 0 U + Vg
z z Uz = Ur+0,
’ 0 po= pp
1 ’ Cr = C+C
i ' onstazt\_nscos_ny ED-O' r Constant viscosit}
ariable viscosity | -1. I Varigble viscosity| where:
0 1.5
s —— 29 , Oy reS) f
-1. — e 7
00 01 02 03 0405 00 01 02 03 0405 Ve reflg
z _ z — U, = 7. h (29)
0 / | 16 Con ttﬁnt viscosity p PVl
4 i 12 / Varigble vigcosity] C (Cs o Coo) c
[ Constant vjscosify O gl | .
-8 / Varidble viscosity 8 / \ | exp [i(ar + BRO — wt)] + cc.
-12 4 1 Herew is a complex number, witht(w) and(w) be-
16 ] 0 ing, respectively, the frequency and the rate of growth of

00 01 02 03 0405 00 01 02 03 0405 the perturbation. The functionfs g, h, = andc depend on
Figure 6. The first three derivatives of the non-dimensioﬁgfe axial coordinate and the _parametets andg are the
velocity profiles,F” andG, for the constant and variable Vis_cpmponent_s of the p_erturbaﬂon wave_-vect(.)r along the ra-

cosity cases, with /va. — 2.255 andSe — 2000. dial and ammuthal d_lrectlons. For a given time, the phase
of the perturbation is constant along branches of a loga-
rithmic spiral, with the branches curved in the clockwiseediion if 5/« is positive and counter-clockwise, if negative.
The structure turns counter-clockwiséifw) /3 is positive and clockwise, if negative.

The base state and the perturbation variables are rewitttean-dimensional form, introduced in Egs. 9 — 11 and
nonlinear terms are dropped. Perturbation variables arestrictly speaking, separable since the resulting eqoatior
the profilesf, g, h, = andec still contain the radial coordinate In order to overcome the problem it is necessary to make
theparallel flowassumption, where it is assumed that variations of the apfées are small as far asr/r < 1. This
approximation holds whenever the stability analysis igiedrsufficiently far fromr = 0. If variations of the profiles
with » are small, this coordinate can be assumed as constant. Tik@imensional constamtis the Reynolds number at
which the stability analysis is carried. This is the paidlav hypothesis. Adoption of this hypothesis in rotatingldi
flow (Malik et al, 1981, Wilkinson and Malik, 1985, Lingwood, 1995) is maderéplacingr by R.

To conclude, terms of ordét—2 are dropped, leading to a generalized complex non-symoeggienvalue-eigenfunction

problem in the form:

A A Agg h By h
Agr Ay Ao Ui = wR Bao Ui (20)
Az Ass c B33 c

wheren = ag — (f, missing elements in the matrices are zero and the operafpendB;; are given by:

A1 = a114D* + a113D3 + a112D* + a111. D + aq10 Ay = ai21D +ai
A1z = a132D? 4+ a131D + a130

Aoy = a1 D +agig Asy = a9 D? + azo1 D + asao Aoz = ag31D + asso
Az1 = asio Asz = az3aD? + az31 D + aszo

Bll = D2 — )\2 B22 =1 B33 = ZSC

whereD" = d"/dz". By defining\? = o2 + %, @ = a — i/ R and\? = aa + 2 we obtain for the coefficients; ;:
aj1qa =iv  apz =i(20 — H) a9 =iV —iv ()\2+5\2) + R(aF + BG) —i(H' + F)

ar1 = —iv' (A + A?) + iHN?

aiio = iA? (V' +vA?) — R(aF + BG) N* — R(aF" + BG") + iH'\?

ajo1 =2 (G +1) a120 = 2G’

aiz2 = R(aF’ + BG")y a131 = 2R (aF" + BG") + 6iN’F| v+ 2R (aF' + BG')
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a130 = [RN* (aF" + BG') + R(aF" + BG") + 4iN°F'] 4
+ 2R (aF" + BG") + 6iX*F| v + R (aF' + BG")»"

as11 — 2 (G 4+ 1) as210 = 7ZR (OLG/ — 6F’)
Q299 = 1V 021 =1 (V/ —H) a220 = —ivN>+ R (aF + 0G) —iF
azz1 = iR (aG' — BF')~y asz0 = iR [(aG" — BF") v + (oG’ — BF') /]
asio = RSc C/
=/
a332:*% asz) = % <V;+%C’7+Scz7H>

v v

1 - 1 4
assg = iR Sc (aF + ﬁG) — = {_)\2 + = |:(2V_,y o ’Y/) o' — ’Vc/l]}
12

wherey = dv/dC'. Boundary conditions of the problem require non-slip floanishing axial component of the velocity
and saturation concentration of the chemical species &éutrode surface. These conditions are already fulfiliethb
base-state and cannot be modified by the perturbation. Isecprence we requite= n = ¢ = 0in z = 0. Moreover,
continuity requires thalt’ = 0 at the interface. In — oo we require that the perturbation vanisiies=h' =n=c =
0).

4.2 Stationary Neutral and Unstable Level Curves

The neutral stability curves for stationary disturban@¥ss) = 0], obtained by solving the eigenvalue-eigenfunction
problem forSc = 2000 andvy /v = 2.255, are presented in Fig. 7. This figure shows that the couplitarges the
unstable region of constant viscosity fluids to a wider rapfg@ave-numbers and to a critical Reynolds number of order
of 50% of the critical wavenumber of constant viscosity fluigfig. 7 shows also the existence of a new family of much
more unstable modes. Critical Reynolds numbers of thisoregre in the range of the ones attained in experimental
setups. We refer to these new modestaamicaland to modes belonging to the former familylaglrodynamic

1.0 T T ; T .
+ C tant vi it
0.8 Hydrodynarcr)]?g r?]?)d\gSCOSI T 06 -1 0.6 B
-l Chemical modes
0.6~ 0.4+ Chemical modes - 04 i
a I 1B | Hydrodynamic modes | B |
0.4- Constant viscosity 5
i 0.2 0.2 4
0.2 | |
0.0 : : : 0.0 : : 0.0 : : : :
0 200 400 600 0 200 400 600 0.0 02 04 06 08 1.0
R R a

Figure 7. Neutral stability curves of stationary pertuitsas, in thea x R, 6 x R anda x (§ planes.

The enlarged unstable hydrodynamic region suggests thégsriaside this region might possibly have larger growth
rates(w;) than unstable modes of constant viscosity fluids. Similaveycould expect that the narrow region of unstable
chemical modes could not allow for the existence of models laitge growth rates. This is the case, indeed. Figure (8)
shows neutral and level curves evaluated for positive rategowth for fluids with constant viscosity on left, for the
unstable region of hydrodynamic and chemical modes at thiecand right, respectively.

0.8 0.8———— 1. T T
I | neutral curve os neutral curve
. ®; = 0.0001 b
0.6 0.6 ®; = 0.0002 1
| L 0.6 ; = 0.0003 R
a o4 o 0.4 a | w; =0.0004
| | 0.4 w; = 0.0005 -
02 02 0.0L
I I I :

0. L L L L | L 0 L | L | L | L | L 0 L | L L L
0 200 400 600 800 1000 0O 200 400 600 800 1000 50 100 150 200 250
R R R
Figure 8. Neutral and level curves with positive growth sgte;) of fluids with constant viscosity (on left) and in the
unstable region of hydrodynamic (at the center) and chdmiodes (on right) of the variable viscosity case.

An analysis of Fig. 8 shows that growth rates of hydrodynamicles of variable viscosity fluids attain values up to
30% larger than in the case of constant viscosity case. Hemvgrowth rates of chemical modes are more than one order

of magnitude smaller than those of hydrodynamic modes.
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4.3 Marginally Stable Eigenmodes — Hydrodynamic and Chemial Unstable Regions

L0 e 20 Despite of the low growth rate, unstable modes in the
0.1 m) 10 ] chemical region sh_ow a comblnatlon_ of_propertles tha_t
8'4‘{ Y. [Re(h) 0 rRe() | seem capable to drive the current oscillations observed in
oA e ] experimental setups. Fig. 9 shows the hydrodynamic and
0.f] -10 ] chemical concentration components of a mode on the neu-
0.2 im(n) -20 tral curve of the chemical region (first row) and on the neu-

-0.4 : .
0 5 10 15 20 00 01 02 03 0405 tral curve of hydrodynamic region (second row). The am-

z V4 . . .
1 02 plitude of the chemical component is of same order of the
0.0’{\\ Req 0. SR hydrodynamic components in the second case but signifi-
8-44 A _mi -0.2 \ JAY cantly larger in the case of modes in the chemical region.
oAl fre(h) -0.4 \ T/ mnfe In addition, the chemical component is always confined
ool '0-0 \ to a narrow region close to the interface, leading to high
:8-3 A\ im() 2 values of the interfacial concentration gradient. This gra

"0 5 10 15 20 25 30 0.0 01 02 03 0405 dient seems sufficiently strong to drive detectable current
z z oscillations.

Figure 9. Real and imaginary parts of one modes on the neu-

tral curve of the chemical region, at the poft= 156.99, 4.4 Effects of Decoupling the Transport of the Chemi-

a = 0.20124, § = 0.13767, in the first row and of a modecg| Species and of Variation of the Interfacial Viscosity
on the neutral curve of the hydrodynamic region, at the point

R =135.48, a = 0.18726, 5 = 0.067182 (second row). Numerical experiments conducted by the authors Man-
giavacchiat al., 2007 show that the coupling, and not the
viscosity stratification is responsible for the existentthe new chemical region of unstable modes, for the enlaeggm
and reduction of the critical Reynolds number of the hydradyic region. The experiment was done by setting operators
A3 =As3=0 in Eq 20.

The authors also showed that a progressive increase of tidwdaicial viscosity results firstly, in a decrease of the
overall stability, but, as the viscosity increases theal@bkring effect is inverted and the stability propertidsonstant
viscosity fields are restored. Thg/v. = 2.255 is not the most unstable one. An increase by 5% of the intiatfac
viscosity enlarges the area of the unstable hydrodynangiometo practically its maximum. A narrow new unstable
region already exists with a 2% increase in the interfad&dasity, but with a critical Reynolds number of order of 010
As the interfacial viscosity increases the area of the infstehemical region increases and moves to inner radius. The
area attains a maximum ag /v ~ 1.5. Further increasing the interfacial viscosity reducesatea of the unstable
chemical region. The region disappears close¢tv., = 2.8. New increases in the interfacial viscosity reduce the
hydrodynamic unstable region to the one of constant viscéisids.

4.5 Effect of Variation of the Electrolyte Viscosity at the Interface with the Electrode

This section deals with the effect of variation of the elelgtte viscosity at the interface with the working electrpde
situation expected to occur by changing the over-voltagdieghto the cell. The results are presented in Figs. 10 and 11

Fig. 10 shows that the chemical region progressively mavagt Reynolds numbers and eventually disappear, as the
constant viscosity condition is approached. The most biestzase does not occur fog/v., = 2.255. Curves plotted in
the R x [ are qualitatively similar. Fig. 11 show, in the left panée collapse of the chemical region as the ratior
increases. Right panels show the return of the neutral @frtfee hydrodynamic region to the one of constant viscosity
electrolytes.

5. NUMERICAL PROCEDURE
Building the neutral stability curves presented in this kwwvas accomplished through the following procedure:

1. Solving the base state equations (Eqgs. 13 — 17), giveretiie vf the parameten in Eq. 8;
2. Evaluation of the viscosity at the electrode/electmlyterface, according to the procedure described in S2c. 3.

3. Solving the generalized eigenvalue/eigenfunction fgrolgiven by Eq. 20, for a specified perturbation (specified
wavevector componentsand3), turning with the disk angular velocit®g (w) = 0, at a given distanc®, of the
disk axis;

4. Solving the inverse problem of finding stationary the reuturve in the three-dimensional parameter space

(a x B x R).
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Figure 10. Collapse of the chemical regionggr.. — 1, in thea x R plane. Dashed curves refertg/v., = 2.255.
Continuous lines refer to the neutral curves associatedtga., = 1.800 in the upper left panel toy/vo, = 1.020 in
the lower right one.

The base state equations are discretized by a finite diffeseemethod with space derivatives represented by second
order approximations in a staggered grid with 2401 unifgrsplaced points. A domain length upte= 30 was adopted,
in order to describe perturbations with long wavevector ponentsy and, since these perturbations go far beyond the
base state boundary layer = 6).

The base state equations were solved by a Newton method:tAytiess is assumed for the sought profiles and the
residual of the right hand side of Eq. 13 — 17 is evaluated.ethetions are linearized, a new estimation of the profiles is
made and the process is repeated until the residual fatlsviekpecified value.

Building the neutral curves requires finding the set of mirit) = («(s), 8(s), R(s)) that satisfyF (c(s)) = 0,
whereF : R?*— > R%is given byF = (S(w), R(w) — w,)T. The neutral curves are built using a Predictor-Corrector
Continuation method described by Allgower & Georg (19918ré] for completeness, we will give a short description of
the employed method:

1. The perturbation frequency. is specified and an initial poinrt), in the parameters spaeg 3, R is given. This
point is not necessarily on the neutral curve;

2. This initial point is corrected using an inexact Newta@rattion given by
it = = F'(e)TF(c}) (21)

whereF’(vg)™ is the pseudo-inverse of Moore-Penrose of the Jacobidn dfhe Jacobian is computed numeri-
cally, using a finite difference approximation.

3. To obtain an initial estimate of the next point over theveyia Predictor step is employed, based on the first order
Euler method:

oy =ci+ht(F'(¢;)) (22)
whereh is a suitable step size, an@F’(c¢;)) is the tangent vector to curvgs).

4. The valuec?+1 is corrected in a Corrector step using Eq. (21) iterativel§ila satisfactorily converged value is
obtained.

5. The generalized eigenvalue/eigenfunction problemireduo evaluateF'(c(s)) is solved numerically, using an
inverse power method.

6. CONCLUSIONS
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1,0 This work addresses rotating disk flow
0,800 stability in electrochemical cells, coupled,
0.60- through the viscosity, to the transport of a
a ot chemical species responsible by the current
0.40- in the cell. The constitutive equation relat-
0,20~ ing the electrolyte viscosity to the concen-
0,00 ‘ : 0.00— ‘ ‘ : tration of the relevant species is based on a
0 100 200 300 100 200 300 400 500  thermodynamic model proposed by Esteves
R | | R | et al. (2001) and the sole parameter appear-
0.60- i = ing in the equationr(, in Eq. 18 was evalu-
1 ated from experimental data obtained in our
B0,4of group. A Schmidt numbefc = 2000 was
i adopted, which is a typical value for subject
0.20- setup. The classical Von Karman’s similar-
00 - : ‘ o ‘ i ] ity solution was recalculated. The current is
0 100 200 300 100 200 300 400 500 proportional to the concentration gradient of

R R the relevant chemical species at the interface.
The obtained interfacial gradient was inserted
Figure 11. Collapse of the chemical regioniagr., — oo, in the in Eq. 18 and checked against the experimen-
a x R plane. Curves No. 2 to 6 refertg /v, = 2.255, 2,5, 2,8, 5,0 e tal value of the current. The value of the
10,0, respectively. parametern was then changed until conver-
gence was obtained. At converge, a value
v /Veo = 2.255 was obtained for the ratio between interface and bulk visess

The base state was submitted to small perturbations meduitetth in the radial and the azimuthal directions. The
approach leads to a generalized non-symmetric eigeneafigsfunction problem, real and imaginary parts of thereige
value being, respectively, the angular velocity of the ymration, relative to the electrode angular velocity arelrtite of
growth of the perturbation. The eigenfunctions containdscription of the curl, vertical velocity and concenwatof
the perturbation mode. The real part of the eigenvalue wde gero, namely, only perturbations turning with the aagul
velocity of the electrode were considered.

The resulting space parameter is three dimensional, wehrdklial and azimuthal wavevector components of the
perturbation and the Reynolds number along the axis. Thadtéy number is a nondimensional distance from the axis.
Space derivatives along the axial direction were disaedtin a stagerred mesh of uniformly spaced points, leading to
an eigenvalue-eigenvector problem, solved by the invesseepmethod. The neutral stability curves were evaluated,
to identify the boundaries between stable and unstablemsgi Two unstable regions were identified. The first one,
qualitatively similar to the unstable region of rotatingklflow with constant viscosity, is denoted as thalrodynamic
region of unstable modes. The range of unstable wavevector compmimethis region is considerably enlarged by the
coupling. The critical Reynolds number is reduced to apinaxely 50% of the one of constant viscosity flows.

A new unstable region was identified in a limited range of Régs numbers, starting at values of the same order
of those attained in the experimental setup, and disapppaeyond a certain distance from the axis. This region is
denoted as thehemical regiorof unstable modes. Being narrower than the hydrodynamiomethe rate of growth of
unstable modes in the chemical region is roughly 20 timedlsnthan the rate of growth of modes in the hydrodynamic
region. Nevertheless modes in the chemical region are daednby the concentration component, which holds an
amplitude approximately 20 times larger than the amplinfdbe hydrodynamic variables. In addition, the conceidrat
component is confined to a thin layer close to the electrodface, resulting in high concentration gradients at the
electrolyte/electrode interface. The high amplitude dedhigh concentration gradients suggest that the indiabilithe
coupled fields is sufficient to drive the detectable currecti@tions experimentally observed.

The case werey /v, = 2.255 is not the most unstable. The larger unstable regions weegna forvg /ve, ~ 1.5
Beyond this value the unstable area in the space parameésitised. The chemical region is the first one to be reduced,
practically disappearing far, /v~ > 2.8. The unstable area of the hydrodynamic region is slightigcaéd up to this
value but tends to the neutral curve of constant viscosityslbeyond that. The results suggest that an excessivegaisin
of the interface viscosity leads to a thin viscous and stedgi@n, that prevent oscillations of the concentratiordgnat
and the current. The viscosity of the electrolyte remaiefically constant in the remaining.
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Abstract. Fluid flow through acoustic mufflers of refrigeration compressors is a complex phenomenon that has been
investigated for many years due to its importance in the acoustic attenuation and energy efficiency. The present paper
considers an experimental and numerical investigation of noise generated by turbulent flow through a short length of
pipe, such as found in suction mufflers. The main interest is to analyze the influence of the flow entrance region on the
outflow condition and the impact of this on the noise level. Acoustic measurements have been made with a far field
microphone and a hot wire system has been used to characterize the flow field. Different length diameter ratios (L/D;)
have been tested and the corresponding sound pressure level spectra compared to that originated by a fully developed
flow condition at the exit of the pipe. Numerical simulations of the turbulent flow through the pipe were carried out to
complement the analysis.

Keywords: aeroacoustics, jet flow, turbulence modeling.
1. INTRODUCTION

The suction muffler of refrigeration compressors plays an important role on the acoustic noise damping and also on
the compressor energy efficiency. Energy optimization often involves a reduction of losses in the flow paths of the
suction line, which can in many cases be obtained by increasing the cross-sectional area of internal tubes of the muffler.
This, however, usually increases the sound power radiated from the inlet of the muffler. In order to reduce the noise,
which originates from the suction valve movements, a detailed knowledge is required about the source and how the
noise is transmitted through the muffler.

A number of methods have been proposed to analyze gas pulsations in suction and discharge mufflers. If the
pulsation amplitude is small compared to the mean pressure, its behavior can be approximated by the acoustic theory
(Elson and Soedel, 1974). In the case of large amplitudes, the non-linear partial differential equations governing the
unsteady one-dimensional compressible flow have to be solved (McLaren et al, 1975). Pérez-Segarra et al. (1994)
developed an unsteady one-dimensional model for the whole compressor using a finite volume technique and solved the
fluid dynamics and heat transfer in a very detailed manner. A numerical analysis of fully developed pulsating flow
through pipes was carried out by Ribas and Deschamps (2004) to investigate transient effects on the flow velocity
profile and wall shear stress. Flow field results presented for different transient conditions showed that such transients
affect the wall shear stress to such an extent that friction factor correlations developed for stationary condition are no
longer valid. Examples of more complex analyses considering three dimensional muffler geometries are those presented
by Choi et al. (2000) and Fagotti and Possamai (2000).

As far as the acoustics is concerned, there are basically three alternatives to characterize the performance of
mufflers: 1) transmission loss (TL); ii) noise reduction (NR) and iii) insertion loss (IL). Prasad and Crocker (1981) argue
that the insertion loss is the most effective parameter to characterize the muffler, because TL and NR are independent of
the source characteristics and, therefore, are unable to predict changes in the radiated sound power as a function of
muffler design. In fact, when considering suction mufflers of hermetic compressors, a rigorous treatment of the acoustic
transmission path must consist of the suction muffler, compressor cavity and compressor shell.

In the present study, a simplified approach is adopted to analyze the fluid flow and acoustics in a muffler geometry
commonly adopted in reciprocating compressors (Fig. 1). The main focus is the noise generated in the short length
tubes used to connect muffler volumes, considering a steady flow condition as a first step.
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Figure 1: Simplified geometry of a suction muffler.
2. EXPERIMENTAL SETUP

The experimental measurements were carried out using the experimental setup illustrated in Fig. 2(a). Initially, air is
compressed with the assistance of two compressors, EMBRACO type J. Then, after passing an oil filter and a heat
exchanger, the gas mass flow rate is measured. In order to reduce any gas pulsation, a damper is adopted at the inlet of
the measurement tank. An additional damper is placed for the case in which the fluid flow must be investigated in the
opposite direction. Finally, a by-pass valve is used to avoid air supply to the tank when the compressors are switched
on. As can be seen in Fig. 2(b), the measurement tank is split into two chambers, by using a metal plate, and an
anechoic environment is created by covering the tank wall with foam. The tubes adopted in the investigation were made
in glass, with an internal diameter of 6 mm and different lengths, as indicated in Tab. 1.

2.1. Measurement of acoustic pressure

Acoustic measurements were performed by using a Bruel & Kjaer Pulse system, equipped with a 3560C high-
frequency module, and a 4189 ' inch free-field microphone (Bruel & Kjaer, Norcross, GA) with a frequency response
ranging from 6.3 Hz to 20 kHz. The acquisition frequency was set to 32 kHz. The microphones were positioned at the
inlet and exit of the tube mounted in the splitting plate, according with the arrangement depicted in Fig. 3, with the
assistance of a wire-frame. As can be noticed, special care was taken to place the microphones outside of the fluid flow
stream, so that only the pressure level generated by the propagating acoustic wave is registered.

Since the compressor and any external noise may contribute to the acoustic measurement, the microphones were
initially set to record acoustic pressure level generated by the compressors operating and without any flow in the test
section, made it possible by opening the by-pass valve. Then, such sound pressure is subtracted from the data recorded
when the tank is set to operate with flow (by-pass valve closed).

Compressors
Heat exchanger

Damper Oil Filter . Damper

Oil Filter

Measurement Tank Mass flux meter

(a) (b)

Figure 2: Experimental setup: (a) Schematic of the complete system; (b) Internal view of the tank.
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Table 1: Tube lengths used in the measurements.

Tube L[mm] Dy,[mm] D;[mm] L/D;

1 29 9 6 4.83
2 44 9 6 7.33
3 58 9 6 9.67

2.2 Velocity measurements

Measurements for velocity at the exit of the tubes were carried out with a Dantec Streamline 90N10 frame,
composed by a CTA bridge and a single wire probe with a diameter of 5 um. The probe was calibrated in a velocity
range varying from 0.5 to 60 m/s through a polynomial equation of 4™ order. For a good discretization of the velocity
profile, 40 locations in the radial direction were adopted for the measurements. The turbulent intensity was found to be
5% for an average velocity of 40 m/s, leading to an acquisition time of 0.6 s required to characterize mean quantities. A
sampling rate of 300 Hz was employed in all measurements. A positioning system composed by micrometric tables was
used to accurately place the hot-wire sensor at the 40 measurement positions across the jet cross section.

%
>
YR
. 32
) |
QQ [00]
o oV
Microphone Microphone

Figure 3: Positioning of microphones adopted for measurement of acoustic pressure level; dimensions in mm.

3. NUMERICAL ANALYSIS

The numerical solution of the turbulent flow through the tube involves a system of conservation equations for mass
and momentum. By decomposing the variables in the Navier-Stokes equations into time-averaged variables plus
fluctuating components and then averaging the resultant equations leads to a new set of equations known as Reynolds
equations. For an isothermal and incompressible flow under the effect of no body force these equations (here in
Cartesian tensor notation) are as follows:

Mass conservation,

ou;

=0 , 1
6xi ()

Momentum conservation for the U; component of velocity,

oU. ouU.
Ui_J:_l o _;,_i V—J—uiuj ) 2)

The Reynolds stress tensor lruj appearing in Eq. (2) is expressed through the concept of eddy viscosity vi:
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where §;; is the Kronecker delta and the kinetic energy of the turbulent motion, k, is defined as k = (u;u;)/2.

By far the most common choice for calculating v, has been that in terms of the turbulence kinetic energy k and its
rate of dissipation, €, i.e.

k2
=G )

The eddy viscosity was estimated by using the RNG k- model, which has been found to be adequate for this flow
situation (Pereira et al., 2007). The turbulence kinetic energy k and its dissipation & appearing in Eq. (4) are obtained
from the following transport equations:

Ujﬁ:i (v+avt)$ +vtSZ—s , %)
oxXj  OX; X
Oe 0 I 1,3 € e’
U —=—(v+avy)— [+C;q—VS"-C;p—-R 6
Jaxj 8Xj ( t)axj} alk t €2 Kk (6)

where the values of C;; and C;, are equal to 1.42 and 1.68, respectively. The inverse Prandtl number o for turbulent
transport is given by the following relationship:

0.6321 0.3679
| o=1.3929 [ 77 a+23929 7 o
o —1.3929| |, +2.3929) (v+vy)
with o, = 1.0.
A major outcome of the RNG theory is the rate of strain term, R, appearing in Eq. (6) and given by
C,n’*(1-1/ng) &2
R = ;m( nno)s_ ’ (®)

1+[3n3 k

where n =S k /¢, n, = 4.38, 3 =0.012 and =2 Sij Sij in which Sj; is the rate of strain tensor. In regions of small
strain rate, the term R has a trend to increase v, somewhat, but even in this case v, still is typically smaller than its value
returned by most k-& models. In regions of elevated strain rate the sign of R becomes negative and v, is considerably
reduced. This feature of the RNG k-¢ is probably the main reason for substantial improvements in the prediction of
recirculating flow regions, as compared with other versions of k-¢ model.

The computational model was developed with a commercial CFD code (Fluent Inc., 2006) based on the finite
volume methodology. Grid refinement analyses were performed pursuing the best compromise between time simulation
and solution accuracy. A second-order upwind scheme was adopted to interpolate the flow quantities, except for the
turbulent quantities which were interpolated using the Power-Law scheme for numerical stability reasons. The coupling
between the pressure and velocity fields was achieved with the SIMPLE scheme. The system of algebraic equations was
solved with a segregated algorithm.

Initially, the solution domain was set to include the whole measurement tank but, in order to reduce the
computational processing cost, it was decided to adopt just a small section of the flow field domain, as represented in
Fig. 4. The resulting computational domain had a total of 54700 volumes. As can be seen, the axis-symmetric solution
includes the tube and part of the splitting plate.

At the solid wall of the splitting plate, it was adopted an enhanced wall treatment, which accounts for non-
equilibrium condition. As for the inlet boundary condition, a uniform velocity magnitude normal to surface was
prescribed so as to provide the required mass flow rate. Nevertheless, because the inlet boundary is far from the tube
inlet and its area is quite large when compared with the tube cross section area, a very small value for the velocity
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magnitude was specified. For instance, for the mass flow rate of 3.0 m’/h the velocity magnitude prescribed at the
domain inlet was 0.0465 m/s, whereas the mean velocity in the tube is approximately 30 m/s. At the outlet boundary, a
convenient atmospheric pressure condition was adopted, allowing reverse flow to take place in regions where this was
physically expected. At the inlet and outlet boundaries, turbulence intensity was prescribed to 5%, whereas turbulence
length scale was specified with reference to the tube diameter.

Pressure-outlet

Velocity-inlet

[
I*
l

\ Symmetry-axis

Figure 4: Computational domain and boundary conditions.

4. RESULTS

4.1. Flow field

The first step in the analysis was to compare the model predictions with experimental data obtained with the hot
wire anemometry system. Figures 5 and 6 show results for velocity and turbulence intensity, respectively, at the exit
cross section of the tube, considering L = 29 and 58 mm. As one should be expect, the velocity magnitude at the tube
axis (r/D = 0) is greater for the shorter tube, as a consequence of the smaller length available for the flow development.
The overall agreement between numerical and experimental data is satisfactory.

On the other hand, the numerical model is seen to overestimate the turbulence intensity by approximately 2%,
despite capturing the profile shape originated by each length of tube. It should be said, however, that the concept of
eddy viscosity is not really adequate to model turbulent normal stresses, especially in flow situations in which
turbulence anisotropy is present.

Based on the comparisons between predictions and experimental data, it can be said that despite some discrepancies
verified, there is clear evidence that the numerical model can successfully predict variations in the velocity profile
stemmed by different tube lengths.

Figures 7 and 8 depict predictions for streamlines and turbulence intensity contours of the flow field of both tube
lengths. An aspect that can also be noticed in Fig. 7 is the presence of a recirculating flow region at the entrance of the
tube. Although not so noticeable, it can be seen that the recirculating region is slightly greater in the shorter tube, for
which an explanation is not trivial. Figure 8 provides evidence that turbulence production at the inlet only takes place
very near the tube entrance, since velocity gradients before such a region are quite small. It is also interesting to note
that turbulence rises very sharply in the separated flow region at the entrance and, as well established in the literature, at
the shear layer formed by the free jet exiting the tube.

In Figs. 9 and 10, numerical results for velocity and turbulence intensity profiles are shown for two cross sections: a)
at the tube exit plane; b) across the jet, at a distance of one diameter downstream of the tube exit. It is possible to see
that the velocity profiles are virtually the same in the jet for r/D; > 0.45, despite some difference present at the exit cross
section. This can be attributed to the high level of turbulence in the shear layer, which acts very effectively to
momentum transfer in the cross section direction. However, because turbulence activity is much lower at the jet centre,
both velocity profiles maintain virtually the same difference at r/D; = 0.0. Fig. 10 suggests that turbulence intensity in
the shear layer is dominated by the flow dynamics, with the intensity at the tube being of negligible importance. Despite
some well known shortcomings of the current turbulence modelling, predictions of turbulence intensity are in line with
expected levels.
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Figure 5: Comparison between experimental data and numerical predictions using k-& for D =6 [mm] and Q = 3.0
[m*/hour]: (a) L =29 [mm]; (b) L = 58 [mm].
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Figure 6: Comparison between experimental data and numerical predictions for turbulent intensity using k-€ in a flow
with Q = 3.0 [m’/h] in a tube with D = 6 [mm]: (a) L =29 [mm]; (b) L = 58 [mm].

Figure 7: Streamline of the velocity field for 2D k-¢:

0.01

(a)

(b)

L =29 and 58 mm; D = 6 mm; Q = 3.0 m*/h.
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Figure 8: Numerical results for contours of turbulent intensity: (a) L =29 mm; (b) L= 58 mm.
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Figure 9: Numerical results for velocity profiles:
(a) tube exit cross section; (b) jet flow, one diameter downstream from the tube exit.
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Figure 10: Numerical results for turbulence intensity profiles:
(a) tube exit cross section; (b) jet flow, one diameter downstream from the tube exit.
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4.2. Acoustic field

Acoustic measurements were carried out with a free field microphone for different length diameter ratios (L/D;).
Figure 11 shows experimental data for acoustic pressure level measured on both chambers formed by the splitting plate,
as explained in section 2, for a flow rate Q = 3.0 m’/h and with the microphone angle 6 = 90°. Chamber 1 faces the inlet
of the tube, whereas chamber 2 is exposed to the jet flow.

The first interesting feature to notice is the presence of well defined resonances in the spectra registered for both
chambers. Such resonances are associated with the tube length and can be predicted analytically according to the
following equation (Blackstock, 2000):

CO
fo= 3= ©)

in which ¢y is the sound velocity at the stagnation temperature and A, is the wavelength of the nth harmonic. The
effective tube length L' is greater than the geometric length L, because of fluid flow inertia effects that appear at both
tube ends, and can be evaluated from:

L'=L+AL=L+0.6133D (10)

Table 2 summarizes values for the fundamental resonances and its harmonics, considering different tube lengths. As
can be seen, the estimates closely for the fundamental resonance frequencies agree with the measurements. In particular
for the greater tube length (L = 58 mm), the first harmonic is also predicted by Eq. (9) is also in agreement with the
experimental data. Such resonances must be generated by some source, which in this situation is represented by the
wide range of turbulence scales present in the flow.

Table 2: Estimates for resonance frequencies as a function of tube length.

L[mm] LUlmm] D [mm] L/D O[m/h] U, [mm] Re(10°) fi[Hzl S [HZl  f; [Hz]

58 61.7 6 9.67 3 29.5 9.93 2780 5512 8341
44 47.7 6 7.33 3 29.5 9.93 3597 7194 10791
29 32.7 6 4.83 3 29.5 9.93 5248 10496 15744

The resonance frequencies are seen to have the largest contribution in the noise level for frequencies higher than 2
kHz, reaching up to 45 dB, depending on the length of the tube. The measurements at chamber 1 show that the intensity
of fundamental resonances becomes stronger as the tube is shorter. A possible cause of this phenomenon could be the
smaller fluid inertia in the shorter tube, which therefore is not so effective to dampen resonance sources in the flow. It
should be noticed that, in opposition to chamber 1, resonances measured in chamber 2 have amplitudes very close to
each other. In addition to that, the resonances are not so sharply marked and, in fact, some smearing is observed.
Although the physical explanation of both aspects is not an easy task, it can be argued that they are probably linked to
the influence of turbulence scales as the acoustic wave propagates throughout the jet flow before reaching the
microphone.

For frequencies lower than 2 kHz, Fig. 11 shows that the noise level is much stronger in chamber 2, providing
evidence that this difference is originated by the jet flow. Generation of acoustic noise by turbulence is usually
accounted for in applications with Mach numbers much higher than that occurring in the present flow situation (M =
0.08). Nevertheless, Fig. 11 shows that turbulence generates noise levels up to 55 dB at low frequencies and, therefore,
can be a significant noise source within the compressor.

As can be seen in Fig. 11, with the exception of resonances, the noise levels observed for different tube lengths are
not structurally different from each other. This is an indication that the entrance flow region, in which turbulence
intensity is very high, has a negligible effect on the turbulence in the jet and, as a consequence, on the noise generated.

Based on numerical predictions for the flow field such as that presented in section 4.1, a Broadband Noise Source
(BNS) model could be adopted to identify regions that generate most of the noise. Unlike other methods that require
transient solutions for the fluid flow, BNS models need only quantities that can be easily provided by typical RANS
models, such as mean velocity field, turbulent kinetic energy and its dissipation rate. However, though BNS models are
attractive as design tools, they do not provide any tonal noise information or noise spectra at receiver locations. Instead,
such models should be considered only as a convenient way to estimate for the radiated noise at the source location.
Unfortunately, the problem here considered is characterized by resonances, making it difficult to apply this type of
approach.
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Figure 11: Experimental data for acoustic pressure level (x =32 mm; y = 26 mm; 6 = 90°; Q = 3.0 m*/h):
(a) chamber 1; (b) chamber 2.

5. CONCLUSIONS

The present paper considered an experimental and numerical investigation of noise generated by turbulent flow
through short length tubes, such as found in suction mufflers of reciprocating compressors employed for refrigeration
purpose. The main interest of the study was to analyze the influence of the flow entrance region on the outflow
condition and its impact on the noise level. In most applications, the effect of noise being generated by turbulence is
only accounted for Mach numbers much higher than that in the present case (M = 0.08). However, it has been verified
that even for such low speed flow turbulence generates noise levels up to 55 dB for low frequencies and, therefore, it
can be a significant noise source within the compressor. The noise levels measured for different tube lengths are not
structurally different from each other, which means that the entrance flow region is of minor importance. The resonance
frequencies of the tubes are seen to have the largest contribution in the noise level for frequencies higher than 2 kHz,
reaching up to 45 dB, depending on the length of the tube.
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Abstract O escoamento gas-solido turbulento em um leito fluidizado circulante turbulento ¢é estudado utilizando-se
modelo matematico tridimensional transiente, com refino de malha e temporal adequado para capturar as estruturas
de aglomerados de particulas (clusters e strands) encontrados na chamada meso-escala. Um modelo sub-malha (LES)
foi utilizado para a fase gas e solido de forma a resolver as escalas envolvidas no escoamento gas-solido. Os
resultados sdo estudados utilizando-se técnicas de centro de vortices com o objetivo de associar as estruturas de
aglomerados com as estruturas rotativas presentes no escoamento gas-solido. Estabeleceu-se que as estruturas de
clusters estdo associadas a alta taxa de deformacdo e os strands a estruturas de vortices contra-rotativos estirando-se.

Keywords: two-phase gas-solid flow, turbulence, fluidized bed, clusters, sub-grid models, vortex core methods.

1. INTRODUCAO

Reatores de craqueamento catalitico em leito fluidizado apresentam uma distribuigdo de s6lidos ndo homogénea,
com regides de alta ¢ baixa concentracdo de solidos. A formagdo de aglomerados de particulas (clusters), e sua
influéncia nas taxas de reacao e fluido dindmica sdo de dificil abordagem matematica, pelo fato de encontrar-se campos
de velocidade, tensdes, cinética quimica e distribui¢do de temperatura diferenciadas em cada uma das regides do reator,
Georg (2005).

Hé ainda os aspectos associados as diferentes escalas espaciais e temporais em que estas estruturas denominadas
clusters encontram-se, exigindo desta forma um estudo de escala adequado com a finalidade de captéa-los e desta forma
caracteriza-los.

Estas estruturas ocorrem na chamada meso-escala e tem dimensdes tipicas de 50 a 100 didmetros de particula, o que
corresponde a poucos milimetros. Meso-escala significa, neste contexto, a escala entre a micro-escala, que corresponde
a dimensdo de uma particula, e a macro escala, que corresponde a dimenséo lateral do reator. Estas estruturas presentes
na meso-escala sdo constantemente formadas e destruidas, Agrawal et al. (2001). Este processo leva a flutuagdes locais
persistentes na concentracdo de solidos e na velocidade relativa entre o gas e os solidos. Em termos de média temporal,
estas flutuagoes levam a uma distribui¢do ndo uniforme da concentragdo de s6lidos na macro escala, por exemplo junto
as paredes do reator, maior do que no centro. Esta ndo uniformidade gera um fluxo descendente de particulas junto as
paredes, aumentando o tempo de residéncia e diminuindo a eficiéncia. Os padrdes de ndo uniformidade variam
consideravelmente com a mudancga de escala, segundo apontam Kunni e Levesnpiell (1991). Este fato ¢ de importancia
fundamental quando da extrapolagdo de dados de reatores piloto para reatores industriais. Os padroes fluidodinamicos
tém um papel fundamental no escalonamento e no projeto de unidades industriais. Por este e outros motivos, ha um
grande interesse no melhor entendimento da origem destas estruturas e como elas levam as ndo uniformidades
observadas na macro escala.
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A complexidade do escoamento géas-solido em um leito fluidizado tem gerado nas ultimas duas décadas um intenso
estudo por parte de grupos de pesquisa ao redor do mundo, com o objetivo de desvendar a fenomenologia e entender os
mecanismos fisicos presentes neste tipo de escoamento, caracterizado por um comportamento ndo homogéneo,
resultado da intensa interagdo particula-particula e fluido-particula (Jackson, 2000). Muitas correla¢des sdo utilizadas
com sucesso na predicdo da performance de um reator de craqueamento catalitico em leito fluidizado com certos
arranjos padrdes, mas ndo podem ser utilizadas por exemplo, para prever o efeito das modificagdes do angulo de
entrada da alimentacdo, comparando diferentes configuragdes. Questdes como estas, a principio, poderiam ser
resolvidas utilizando codigos computacionais onde seja possivel resolver as equagdes que descrevem a dindmica do
processo.

Estas equagdes podem ser formuladas em diferentes niveis de detalhamento. No nivel mais fundamental o
movimento de todo o sistema ¢ determinado pelas equacdes de Newton do movimento para a translacdo e rotagdo de
cada particula, e as equagdes de Navier-Stokes e continuidade, sendo satisfeitas em cada ponto do fluido, Jackson
(2000). Estas sdo acopladas por condigdes de ndo deslizamento entre o solido e o fluido nas fronteiras do solido, ¢ o
fluido deve ainda satisfazer a condi¢ao de ndo deslizamento nas paredes do dominio em estudo. Simulagdes neste nivel
de detalhamento tem sido realizadas com sucesso, contudo para um pequeno nimero de particulas, ndo representativo
do problema encontrado na escala industrial.

Em um segundo nivel de detalhamento, substitui-se a velocidade do fluido em cada ponto por sua média, tomada
sobre um dominio grande o suficiente para conter muitas particulas, mas ainda pequeno comparado com a regido
ocupada por toda a mistura. A for¢a exercida pelo fluido em cada particula ¢ entdo relacionada com a velocidade
relativa da particula ou do conjunto de particulas, usando correlagdes empiricas. As equagdes de Newton do movimento
sdo entdo resolvidas para cada particula separadamente, levando em conta as colisdes diretas entre particulas. Este
procedimento ¢ referido com “discrete particle modelling”, resultando em uma demanda computacional menor que a
necessaria no primeiro nivel de detalhamento. Alguns exemplos da utilizagdo deste nivel de detalhamento para a
solucdo do escoamento gas-solido sdo encontrados em Tsuji et al. (1993) e Hoomans et al. (1996).

Em um terceiro nivel de detalhamento a velocidade do fluido e da particula sdo promediadas sobre o dominio
espacial local. Ha entdo dois campos médios locais de velocidades, u e v, para o fluido e para a particula
respectivamente. Cada uma delas é definida para todos os pontos no espago, resultando em equacdes semelhantes as
equagdes do movimento escritas para dois fluidos imaginarios capazes de se interpenetrar, de forma que todos os pontos
sd0 ocupados simultaneamente por ambos os fluidos, Jackson (2000). Neste nivel de detalhamento o modelo é referido
como: “two fluid model” — modelo de dois fluidos. Neste tipo de modelo as equagdes diferenciais parciais sdo acopladas
e devem ser resolvidas numericamente, contudo demandando um esfor¢o computacional menor que os anteriores. O
modelo de dois fluidos exige a formulagdo de leis que representem os mecanismos de transferéncia na interface entre os
“dois fluidos”, gerando assim um problema de fechamento das equagdes, semelhante ao encontrado na modelagem da
turbuléncia. Estes termos, que representam a interacdo entre estes dois fluidos, tém importincia significativa na
predicao neste nivel de detalhamento.

A abordagem do presente trabalho encontra-se no terceiro nivel de detalhamento, o chamado modelo de dois fluidos.
Utilizou-se os resultados numéricos reportados por Georg (2005) e Georg et al. (2007) para o escoamento gas-solido em
um leito fluidizado circulante turbulento com o objetivo de relacionar as estruturas de vortices com as estruturas de
aglomerados de particulas encontrados na chamada meso-escala.

2. FORMACAO E DESTRUICAO DE CLUSTERS EM ESCOAMENTOS GAS-SOLIDO

Trabalhos recentes tem apontado para a importancia fundamental do conhecimento da influéncia dos chamados
clusters, (ver por exemplo Wylie et al. 2000 e Glasser et al. (1998) ), nos padrdes de escoamento em leitos fluidizados.
As ndo uniformidades podem introduzir no escoamento das particulas caminhos preferenciais, bem como o retorno
destas, que usualmente ocorre junto as paredes do reator de craqueamento catalitico em leito fluidizado.

O escoamento gas-s6lido em um leito fluidizado caracteriza-se pela presenga de estruturas em diferentes escalas
espaciais e temporais. A macro-escala confunde-se com as dimensdes do reator, com dimensdes da ordem de
centimetros para metro. A meso-escala é a regido onde encontram-se os clusters e strands (estruturas de aglomerados
afilados com orienta¢do na dire¢do do escoamento), com dimensdes tipicas variando da ordem de milimetros para
centimetros. A micro-escala corresponde a dimensdo de uma particula com dimensdes da ordem de micro metro.

Os caminhos preferenciais ¢ a formagdo de clusters de particulas ocorrem na meso-escala, influenciando
significativamente os padrdes de escoamento. As estruturas formadas nesta escala tem uma ordem de grandeza de 10 a
50 diametros de particulas e foram objeto de estudo de varios autores, que serdo mencionados no decorrer da
apresentagao do texto.

Diferentes regimes de fluidizagdo sdo possiveis de ocorrer, promovendo diferentes caracteristicas fluidodindmicas, e
desta forma diferentes propriedades e mecanismos de transferéncia. Quando a for¢a gravitacional ¢ balanceada pela
forca de arrasto média resultado do escoamento do gas, o estado de fluidizacdo ¢ chamado de “fluidizacdo minima”. A
velocidade de géas onde as bolhas comecam a aparecer ¢ chamada de velocidade de bolha minima. As bolhas de gas
determinam o comportamento do sistema fluidizado, e sdo responsaveis pela agitacdo dos sélidos. O regime turbulento
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apresenta-se com bolhas em regime intermediario ao de bolhas, tendendo para um regime ou outro associado a grande
instabilidade destes sistemas, apresentando a formagdo de clusters e caminhos preferenciais. De forma geral, o regime
turbulento é caracterizado por uma regido com escoamento do tipo bolhas na base do leito fluidizado com alta
concentragdo de particulas e com uma regido com formagdo de clusters e strands na regido intermediaria e superior do
leito com baixa concentrag@o de particulas. Em regides de baixa concentragdo de particulas a influencia das tensoes do
gas sdo pronunciadas, e o livre caminho médio entre as particulas é grande; desta forma o choque entre particulas tem
uma probabilidade menor de ocorrer. O oposto ocorre em regides densas. Segundo Agrawal et al. (2000), embora as
forgas de atragdo entre particulas possam dar origem a aglomerados de particulas, isto parece ndo ser o fator dominante
para a sua formag@o. As estruturas ndo uniformes presentes neste tipo de escoamento estariam associadas a
instabilidades locais e a presenga das paredes ndo € requerida para a formacgdo de clusters. Desta forma, clusters
estariam associados com o movimento relativo entre o gds e as particulas, a dissipacao da energia flutuante das
particulas por colisdes inelasticas e a0 amortecimento viscoso.

Glasser et al. (1998) estenderam a analise de estabilidade realizada por Anderson e Jackson (1968), Anderson
(1995), Glasser et al. (1997) levando em conta todos os regimes encontrados em escoamentos gas-solido. Encontraram
para cada valor de fracdo de sélidos que o estado de fluidizagdo uniforme é mais instavel a ondas caminhando
verticalmente, ndo tendo nenhuma estrutura horizontal. A perda de estabilidade destas ondas verticais para perturbacdes
transversas ddo origem a ondas tendo uma estrutura lateral da mesma forma, ndo importando se o leito ¢ denso ou
diluido. A estrutura das solugdes apresenta ndo uniformidades laterais e verticais nos campos de velocidade e de fracdo
de solidos. A transi¢do do regime de bolhas para o de clusters se da suavemente. Este trabalho apresentou como
conclusdo que as bolhas no regime denso e clusters em sistemas diluidos formam-se pelo mesmo mecanismo, e que as
equacdes do modelo de dois fluidos com leis constitutivas simples sdo capazes de representar a formagdo destas
estruturas. Estas estruturas apareceriam devido interagdes entre a inércia associada com a fase particula, gravidade e
forca de arrasto. Fisicamente, esta rota particular de formagao de clusters estaria associada a velocidade relativa entre as
particulas e o gas (Glasser et al. 1998). O trabalho de Glasser et al. (1998) é importante, pois aponta para a capacidade
do modelo de dois fluidos, sem a utilizagdo da teoria cinética granular, de captar as estruturas de aglomerados de
particulas, decorrentes apenas de efeitos fluido dindmicos.

Wylie e Koch (2000) realizaram estudo sobre a formagdo de clusters argumentando que estas estruturas seriam
advindas de efeitos associados as tensdes viscosas no gés. Desta forma a formagdo de clusters estaria associada a um
mecanismo dissipativo. De fato, na presen¢a de interacdes fluidodinamicas entre as particulas, a dissipa¢do viscosa ¢é
maior quando as particulas estdo proximas umas das outras, gerando assim um “congelamento” das particulas, causando
o aparecimento de aglomerados. Este fendmeno ¢ eminentemente local, como afirmam Wylie e Koch (2000).

Particulas com numero de Stokes suficientemente grande ndo sdo afetadas pelas tensdes viscosas. Estas transladam
com muito pouca perda de energia entre uma colisdo e outra, como resultado as particulas tendem a uma configuracao
de distribuicdo de velocidades Maxweliana. Quando o nimero de Stokes decresce, as particulas sdo afetadas pelas
tensdes viscosas e sdo possiveis dois mecanismos de formagao de clusters segundo Wylie e Koch (2000): na escala
microscopica, ou seja, na ordem de grandeza de particulas individuais, a formagdo de clusters ocorreria segundo
interagdes fluidodindmicas de pequenos grupos de particulas. Se uma particula encontra-se na regido proxima de uma
ou mais particulas, ela experimentara um aumento no arrasto viscoso, existindo assim a possibilidade desta particula ser
arrastada com maior freqiiéncia do que se estivesse isolada; na escala macroscopica, a dependéncia estaria na taxa da
dissipagdo viscosa. A energia sera dissipada mais rapidamente em regides de alta fragdo volumétrica, levando a um
decréscimo da velocidade de flutuag@o das particulas e pressdo nestas regides. Isto levara a um escoamento que ira
aumentar a fragdo de solidos. As instabilidades macroscopicas e microscopicas sdo similares, a questdo ¢ se a descri¢ao
no continuum ¢ valida na escala em que a formagdo de clusters ocorre, segundo Wylie e Kock (2000).

Outro mecanismo para explicar a formacao de clusters esta associado aos mecanismos de turbuléncia e a formagao
de vortices, Georg (2005). O efeito da presenga de uma particula em um escoamento tende a deformar as linhas de
corrente do fluido. Quando um aglomerado de particulas encontra-se em uma determinada regido, espera-se que a taxa
de deformag@o sofrida pelo fluido seja maior em comparagdo quando ndo ha particula. Locais onde ha alta taxa de
deformagdo sdo locais de baixa vorticidade. Desta forma, espera-se que as particulas aglomerem-se na regido externa de
um vortice, onde as taxas de deformacdo sdo maiores, deixando o centro do vortice praticamente sem a presenga de
particulas ou diminuida.

Se uma particula tem dimensdo menor que as menores escalas de Kolmogorov, ou seja, a particula tem dimenséo
caracteristica menor que as escalas dissipativas, esta particula sofre apenas efeitos difusivos. Quando esta particula
encontra um vortice, a tendéncia serd seguir o caminho do vortice. Agora, imagine que ha outras particulas e estas
entram em contato com este vortice. As particulas comegam a aglomerar no interior do vortice, até que a dimensdo
caracteristica do cluster chegue na ordem de grandeza ou acima da ordem de grandeza do vortice. Quando o cluster tem
dimensdo caracteristica maior que o vortice, este se “quebra”, ou dissipa sua energia, destruindo o vdrtice e o
aglomerado de particulas. Desta forma, os tempos de formagdo e destrui¢do estariam associados ao tempo caracteristico
de um determinado vortice e associados a probabilidade de choque com outros vortices. Este fenomeno ¢ local. Este
mecanismo de formacdo de aglomerados associados aos vortices é chamado de “concentragdo preferencial” (Eaton e
Fessler, 1994). Os estudos numéricos associados com a chamada concentragdo preferencial, em sua maioria, foram
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realizados utilizando simulacdo numérica direta (Eaton e Fessler, 1994; Yang e Lei 1998; Fessler e Eaton 1999; Ahmed
e Elghobashi, (2000)).

Como as particulas tendem a modificar a turbuléncia da fase continua, os trabalhos que se referem a concentragéo
preferencial e a modulagdo da turbuléncia se confundem, haja vista que os clusters sdo aglomerados de particulas e, é
natural pensar que estes aglomerados modifiquem sensivelmente a estrutura turbulenta. Yang ¢ Lei (1998) discutem a
necessidade da utilizagdo da simulagdo numérica direta para captar estas estruturas ¢ demonstram que a utilizagdo do
LES ¢ suficiente para tanto.

Ahmed e Elgobashi (2000), usando DNS, demonstram que o aparecimento destas estruturas estd associado ao
fendmeno de estiramento de tubos de vortices longitudinais. Os clusters em sua maioria, no que se refere aos
escoamentos em leito fluidizado turbulento, apresentam-se com forma esférica ou bandas densas e estiras na direcdo
veritical, chamadas de strands. Estas estruturas de vortices longitudinais decorrem do emparelhamento de estruturas
turbilhonares contra-rotativas, no caso do escoamento gas-solido, como iremos apresentar mais a frente. Pelo fato de
que em um leito fluidizado a velocidade vertical ser de algumas ordens de grandeza maior do que a horizontal, a
tendéncia destes vortices emparelhados ¢ estirarem-se na dire¢do vertical. O gas escoando através das particulas tende a
acelerar quando da diminuigdo da area efetiva para escoar. Estas estruturas longitudinais tem didmetro da ordem de
grandeza das escalas de Kolmogorov, e na dire¢do vertical da ordem de grandeza da escala de Taylor até as maiores
escalas.

Quando uma estrutura coerente, um vortice, encontra uma contragdo, a tendéncia é que a vorticidade seja
amplificada, conservando assim a quantidade de movimento angular. Se o elemento de fluido ¢ estirado entdo a area da
secdo ¢ momento de inércia tornam-se menores. O componente angular da velocidade na diregdo do estiramento deve
aumentar de forma a conservar a quantidade de movimento angular (Tennekes ¢ Lumley, 1987).

Quando a vorticidade encontra-se em um campo deformado ela ¢ estirada. Com base na conserva¢do do momento
angular, espera-se que a vorticidade na dire¢do da taxa de deformacdo positiva seja amplificada, enquanto na dire¢ao
oposta (taxa de deformag@o negativa) a vorticidade sera atenuada. O estiramento de vortices envolve troca de energia,
pelo fato que a taxa de deformag@o realiza trabalho sobre os vortices que sdo estirados, segundo Tennekes e Lumley
(1987).

E de consenso na literatura (Ahmed e Elghobashi, 2000) que regides de altas taxas de produgdo de turbuléncia sdo
comprimidas entre tubos de vortices longitudinais contra-rotativos. Quanto maior a vorticidade dos tubos de vortices
longitudinais, maior a taxa de producdo. As particulas s6lidas modificam o alinhamento do vetor vorticidade com o eixo
dos tubos de vortices longitudinais. Aumentando o alinhamento entre o vetor vorticidade e o eixo dos tubos de vortices
longitudinais, a vorticidade ¢ aumentada, o que causa o aumento nas taxas de produgdo segundo Ahmed e Elghobashi
(2000).

Particulas pequenas mantém-se nos vortices, com suas trajetorias alinhadas com as trajetorias dos elementos de
fluido, mas com inércia maior. Desta forma as estruturas turbilhonares mantém sua vorticidade inicial por um tempo
maior. Clusters de particulas, escapam das estruturas turbilhonares. O arraste da particula cria um torque no fluido,
contrario a rotagdo do vortice, aumentado a taxa de decaimento de vorticidade, assim a energia cinética turbulenta
diminui. Neste contexto, espera-se que em regides externas a vortices encontrem-se aglomerados de particulas e
estruturas de vortices contra-rotativos estirando-se estejam associados com as estruturas de strands.

3. VISUALIZACAO 3D DE ESTRUTURAS DE CLUSTERS E VORTICES

Os resultados apresentados a seguir referem-se a resultados reportados por Georg (2005). Os resultados referem-se a
um leito fluidizado turbulento com as seguintes dimensdes 20x20x200 cm’. A resolu¢io da malha computacional
utilizada foi de 0,625x0625x1,33 e o didmetro das particulas de 120 pm. Com esta resolug@o e diametro de particulas
tem-se em cada volume elementar 52x52x110 particulas. Desta forma, para as propriedades da fase gas utilizadas na
simulacdo e tomando a velocidade superficial do gas de 1 m/s, e a dimensdo lateral do reator como base, tem-se o
nimero de Reynolds das grandes escalas da ordem de 14000. Desta forma o comprimento das menores escalas da
turbuléncia ¢ da ordem de 0,015 cm. Observa-se que o valor do comprimento das menores escalas é maior que o
diametro da particula. As particulas utilizadas tem diametro menor que as menores escalas, indicando que estas, vistas
como particulas individuais, terdo o comportamento de um escalar passivo nesta escala. Contudo, o volume elementar
da malha utilizada ¢ 42 vezes maior que as menores escalas da turbuléncia. A escala de tempo caracteristica das
menores escalas ¢ da ordem de 0,002 segundos e o passo de tempo utilizado foi de 1x107 segundo.

Observa-se que a malha utilizada ndo resolve as menores escalas da turbuléncia, contudo ¢ capaz de capturar
aglomerados de particulas. Sendo assim, nesta escala a particula, ou cluster, ndo comporta-se mais como um escalar
passivo, podendo modificar a turbuléncia nas regides de ocorréncia de aglomerados. O numero de Stokes para o
conjunto de propriedades apresentados em Georg (2005) e Georg et al. (2007) ¢, St = 0,55, neste caso ha maior
tendéncia para formagdo de aglomerados de particulas, pois quando o tempo caracteristico da particula aproxima-se da
escala do fluido, ha tempo suficiente para as particulas se acomodarem. Se o nimero de Stokes for da ordem de 1, entdo
o tempo de resposta ¢ muito lento para seguir os vortices das menores escalas, neste caso, a influéncia dos vortices das
grandes escalas € mais pronunciada, pois estes tem escalas de tempo aproximadamente equivalentes ao tempo de
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resposta da particula. Importante ressaltar que o tempo caracteristico para o fluido foi tomado como o tempo
caracteristico das grandes escalas. Se tomarmos o tempo caracteristico das menores escalas, 0,002 segundo, tem-se um
nimero de Stokes da ordem de 55. Neste caso o niimero de Stokes ¢ muito maior que a unidade, significando que as
particulas ndo respondem ao movimento dos menores vortices.

4 \ Tubos de vortices
\ , estirando-se

! a) b

Figura 1. Campo de frac¢@o de sdlido instantaneo (a) e componente da vorticidade (1/s) perpendicular ao plano (b).

A partir dos resultados numéricos obtidos por Georg (2005) para o tempo de 5,9 segundos (ver Fig. 1) serdo
apresentados iso superficies de fracdo de so6lido de forma que se possa visualizar as estruturas tridimensionais de
aglomerados e bolhas de géas presentes no interior do leito fluidizado. A Fig. 1 apresenta comparagdo do campo de
fragdo de sélido instantdneo no centro do leito fluidizado e a componente da vorticidade perpendicular ao plano.
Tonalidades tendendo para o negro representam regides ricas em so6lido para o campo de fragdo de solidos. Observa-se a
presenca de estruturas de tubos de vortices contra-rotativos orientados na dire¢do axial associados com estruturas de
strands. Além das estruturas de tubos, observa-se que o campo de vorticidade mapeia regides de alta concentragdo de
particulas.

Figura 2. Iso superficies instantaneas de fragdo de solido 0,05 (azul-gas) e 0,58 (vermelho — s6lidos)
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Observa-se na Fig. 2 iso superficies de fracdo de sélido de 0,05, representando estruturas de bolhas de gés e fragao
de solido de 0,58 representando estruturas de aglomerados de particulas. Evidencia-se que a regido proxima a base do
leito é mais densa que a regido superior, como esperado para o comportamento de um leito fluidizado turbulento.
Observa-se que as bolhas de gas estdo orientadas na direcdo axial Z do leito com excecdo da regido junto a base do
leito, onde ha recirculagdo. Poucas estruturas de bolhas sdo encontradas na regido proxima a parede na regido da base
do leito, contudo as estruturas de aglomerados de particulas mostram-se acumuladas na regido proxima a parede. Nos
subitens a seguir serdo apresentados resultados de identificagdo de estruturas rotativas utilizando diferentes técnicas de
forma a demonstrar a interagdo entre aglomerados de particulas e strands com as estruturas de vortices.

3.1. Técnicas de identificacao de vortices

Resultados tridimensionais sdo apresentados para o tempo de 5,9 segundos de iso superficies de vorticidade,
helicidade, estiramento de vortice e fator Q, assim como resultados de centro de vortices. O principal objetivo é
identificar as estruturas de vortices e associd-los as estruturas de clusters e strands. Nos resultados apresentados
comparou-se os campos de fragdo de so6lido e vorticidade para o centro do leito. Observa-se que o campo de vorticidade
mapeia as regides onde ha presenga de clusters e strands, mostrando assim uma intima relagdo entre a formagdo de
aglomerados de particulas e estruturas rotativas, tendo em vista que os clusters tendem a manter-se na regido externa de
um dado vortice como descrito no item 2. As estruturas de strands estdo associadas com tubos de vortices contra-
rotativos em processo de estiramento como pode ser observado nos resultados apresentados na Fig. 1, onde o pos-
processamento foi realizado para um corte no centro do leito. Entretanto, pela analise visual bi-dimensional nao ¢
possivel afirmar categoricamente a presenca de um vortice com base no pressuposto de que no local onde a vorticidade
¢ maxima deve ser encontrado um vortice. Um vortice tem alta magnitude de vorticidade, mas o contrario ndo ¢ sempre
verdadeiro, Roth (2000). Ou seja, existindo regides de alta magnitude de vorticidade ndo significa que um vortice seja
encontrado na regido. Um exemplo caracteristico € o escoamento sobre uma placa plana.

Isosuperficies de magnitude de vorticidade sdo freqiientemente utilizadas para visualizagdo de vortices, contudo, a
direcdo da vorticidade é perdida por esta técnica, Sadlo et al. (2004). Outro aspecto importante ¢ o fato de que os
campos de vorticidade na separam as zonas cisalhantes das puramente rotativas, o que resulta em uma sobre-estimagao
das estruturas rotativas. A grande dificuldade na identificagdo de vortices ¢ a falta de uma defini¢ao formal de vortices
segundo Roth (2000). A definicdo de Robinson (1991) freqiientemente citada ¢é dificil de ser aplicada pois para que se
possa checar a presenga de um vortice seguindo a defini¢do, deve-se conhecer a priori o eixo central do vortice,
exatamente o que se procura determinar.

A seguir serdo descritos varios métodos descritos na literatura para a identificagdo de estruturas rotativas e centro de
vortices, para entdo associa-los, se possivel, as estruturas de clusters e strands. Estes métodos estdo bem estabelecidos
na literatura, Roth (2000). O objetivo aqui ¢é, usando estas metodologias, entender um pouco melhor a estrutura e
distribui¢do de vortices e como estes interagem com as estruturas encontradas no escoamento gés-solido em leito
fluidizado.

Um nimero bem conhecido de critérios para a presenca de vortices, ou de forma geral, estruturas rotativas, sdo
derivados imediatamente da equacdo de Navier-Stokes. Para um fluido incompressivel a equagdo de Navier-Stokes ¢

dada por
E:—ivavzu (1)
Dt o)

onde o lado esquerdo da equacdo ¢ a derivada material da velocidade, e v € a viscosidade cinematica.
Aplicando-se os operadores divergente, rotacional e gradiente a Eq. (1) resulta em equagdes relevantes para a
visualizagao de estruturas de vortices. O operador divergente aplicado a Eq. (1) resulta na equagio escalar,

DU __i 2

obtida fazendo-se uso da equagdo da continuidade V+U =0. Um valor positivo do Laplaciano da pressdo ¢ um bem
conhecido indicador de vortices, Sadlo et al. (2004), idéntico ao segundo invariante Q do tensor gradiente de
velocidade. A Eq. (2) leva a uma interpretagao intuitiva de regides de baixa pressao.

Aplicando-se o operador rotacional na Eq. (1) obtém-se a equagdo da vorticidade

%=(m-V)U+VV2w 3)
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onde ® ¢ a vorticidade. Esta equagdo descreve a variagdo da taxa de vorticidade pelo efeito do estiramento de vortice e
pela difusdo da vorticidade, permitindo visualizar separadamente estes dois efeitos. Por sua vez, o operador gradiente
aplicado na Eq. (1) resulta na equagdo matricial

V(Ej = —lvvp +WVU. 4)
Dt P

A Eq. (4) é a base para o chamado critério lambda 2 (A,) para identificagdo de vortices apresentado por Jeong e
Hussain (1995). O Hessiano da pressdo ¢ uma matriz simétrica, desta forma tomando a parte simétrica da Eq. (4)
obtém-se

V(Ej —WVS+82+ Q% = —ivvp (5)
Dt o)

onde S ¢ a parte simétrica ¢ Q a parte anti-simétrica da matriz VU . Depois de eliminar os termos que representam o

estiramento irrotacional e os efeitos viscosos, o termo da pressdo Hessiana (lado direito da Eq. (5)) é a matriz simétrica
2 2 A . . ~ o, ,

S+ Q°. Se os trés autovalores da matriz Hessiana sdo ordenados como 4, 2 4, = 45, o critério para A, € A,<0, o que

significa que a fungdo pressdo tem curvatura positiva ao menos em duas dire¢cdes ortogonais segundo Jeong et al.
(1997). Através deste método € possivel separar regides decorrentes de cizalhamento e regides que sdo puramente
rotativas.

O método utilizado com maior freqiiéncia para visualizacdo de estruturas rotativas ¢ a helicidade, que ¢ a projegao
do vetor vorticidade sobre o vetor velocidade (V>< U)-U . Desta forma, o componente da vorticidade perpendicular a

velocidade é eliminado, contudo, este método ndo ¢ invariante galileano. Os métodos chamados vortex core (centro de
vortices) foram utilizados na apresentagdo dos resultados que identificam os vortices e sdo baseados no trabalho de
Sujudi e Haimes (1995), utilizando-se o software EnSight 8.0. Os centros de vortices sdo propriedades inerentes do
campo de velocidades e ndo dependem de qualquer escolha paramétrica, como € o caso de iso superficies. O problema
deste método ¢ que o resultado contém apenas informagdo local, contudo, este método identifica a existéncia de um
vortice e seu centro com extrema precisdo. A visualiza¢do do vortice como estrutura tridimensional s6 é possivel com o
auxilio de linhas de corrente do vetor velocidade ou do vetor vorticidade, ou ainda com o auxilio de iso superficies do
fator Q positivo. De qualquer forma, todos os métodos citados acima dependem de alguma técnica de verificaggo, seja
ela visual ou heuristica. Importante ressaltar que ndo se pode esperar que um tubo de vortice siga a linha central por um
determinado periodo de tempo. Mesmo se a linha de corrente coincida com o centro do vortice, esta deveria flutuar ao
redor do centro, como ressaltam Sadlo et al. (2004).

Com o descrito no paragrafo acima, fica evidente a necessidade de utilizar os métodos citados acima em conjunto,
com a finalidade de visualizar com precisdo as estruturas de vortices e tubos de vortices e desta forma, se possivel,
associa-los com as estruturas de clusters e strands, o que sera apresentado no proximo subitem.

3.2. Estruturas de clusters, strands, vorticidade, helicidade, estiramento de vortice e fator Q

A Fig. 3 apresenta iso superficies de vorticidade nas direcdes X, Y e Z. Observa-se nesta figura que as componentes
X e Y da vorticidade tem maior contribui¢do para a formacgdo de estruturas rotativas. As estruturas de vortices na
dire¢do X concentram-se mais na regido da parede, Fig. 3 a, enquanto as na direcdo Y, Fig. 3 b, apresentam-se como
tubos contra-rotativos orientados na dire¢do axial, ora proximo a parede ora na regido central. A componente Z da
vorticidade contribui pouco para a formagdo destas estruturas de tubos de vortices, como € possivel observar na Fig. 3 c.

A partir da Fig. 2, que apresenta iso superficies de fragdo de solido com valor 0,58 representando assim os clusters e
strands, serdo introduzidas para comparagdo as iso superficies de vorticidade na direcdo X e Y com a finalidade de
observar a interagdo entre clusters e strands com estruturas rotativas.

A Fig. 4 apresenta o plano central de fracdo de solido (Fig. 1 a), (o plano central é utilizado com o objetivo de
auxiliar na visualizacdo, como referencia). A regido escolhida para o zoom apresenta a formagdo de strands
orientados na dire¢do axial Z e clusters atravessando a superficie do plano central, bem como clusters junto as paredes e
na regido central. A regido escolhida € proxima ao centro do leito a partir de sua base.

Evidencia-se nos resultados apresentados na Fig. 5 que as iso superficies de vorticidade na dire¢do X envolvem as
estruturas de strands. Ao fundo na Fig 5 a observa-se que o grande tubo observado no plano da Fig. 1 a é de fato uma
estrutura rotativa que se estende na diregdo axial Z e atravessa o plano auxiliar de fracdo de s6lido exatamente na
posicdo em que observa-se a referida estrutura. O cluster central que atravessa o plano central ndo aparece envolto por
estruturas rotativas de iso superficies de vorticidade na direcdo X, Fig. 5 b.
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Figura 3. Iso superficies de vorticidade; a) Componente da vorticidade na direcdo X com valor de (+/-) 150 (1/s); b)
componente da vorticidade na direcdo Y com valor de (+/-) 150 (1/s); ¢) componente da vorticidade na diregdo
Z com valor (+/-) 30 (1/s). Sentido horario de rotagdo esta representado pela cor amarela.
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¥

Figura 4. Vista frontal de iso superficies de fragdo de sélido com o valor de 0,58, com zoom da regido de interesse e

inser¢do do plano central de fracdo de s6lidos em tons de cinza.
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strands

estrutura tubular cluster central

b)

Figura 5. Zoom a partir da Fig. 4 de iso superficies de fracdo de so6lido (coloragdo avermelhada) e plano central de
fragdo de sdlido em tons de cinza; a) iso superficies de vorticidade na direcdo X com valor de 150 (1/s) com
rotagdo horaria (coloragao amarelada); b) iso superficies de vorticidade na dire¢cdo X com valor (+/-) 150 (1/s)

Outro aspecto importante a ressaltar € que os clusters presentes na parede ndo estdo associados a estruturas rotativas
com vorticidade na dire¢do X neste zoom apresentado na Fig. 5, e para este valor de vorticidade (+/- 150 (1/s)). Como
estamos interessados em valores maximos de vorticidade, que identificam ou deveriam identificar estruturas de vortices
sem a presenga de particulas, valores abaixo do mencionado acima ndo serdo apresentados. De fato os resultados
apresentados nesta figura corroboram o mencionado anteriormente sobre a presenca de clusters e ou strands na regido
mais externa de um determinado vortice ou tubo de vortices.

A Fig. 6 apresenta iso superficies para vorticidade na direcdo Y da mesma forma que a apresentada para a Fig. 5
para a diregdo X. E possivel observar na Fig. 6 a que o cluster central esta associado com um vortice que atravessa o
plano auxiliar central. A Fig. 6 b mostra a presencga de dois vortices contra-rotativos associados com o cluster central.
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estrutura tubular cluster central

cluster central

b)

Figura 6. Zoom a partir da Fig. 4 de iso superficies de fracdo de so6lido (coloragdo avermelhada) e plano central de
fragdo de sdlido em tons de cinza; a) iso superficies de vorticidade na direcdo Y com valor de 150 (1/s) com
rotagdo horaria (coloragdo amarelada); b) iso superficies de vorticidade Y com valor (+/-) 150 (1/s)

Nota-se que o cluster encontra-se na regido externa a estes dois vortices. A estrutura de strand esta associada com
um vortice com rotagdo horaria. Observa-se que a regido junto a parede apresenta uma estrutura de vortice, contudo sem
estar associada a clusters. Na regido mais ao fundo observa-se uma estrutura que inicia-se proximo ao tubo de vortice
mencionado anteriormente associado ao plano da Fig. 1 a. Esta estrutura sera melhor observada com iso superficies de
estiramento de vortices apresentados mais a frente.

Os resultados apresentados nas Figs. 5 e 6 para iso superficies de vorticidade na dire¢do X e Y mostram a intima
relacdo entre estruturas rotativas e clusters e strands. Contudo, como afirmado anteriormente, ndo ¢ possivel utilizar
apenas a vorticidade como critério de identifica¢do de vortices. Técnicas mais precisas e adequadas devem ser utilizadas
para auxiliar na visualizagdo destas estruturas e localiza-las com maior preciso.
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Para a identificagdo do centro de vortices utilizou-se a técnica conhecida como vortex core. Esta técnica encontra-se
implementada no software EnSigth 8.0 o qual foi utilizado para a visualizagdo dos resultados tridimensionais. O Ensigth
8.0 cria segmentos de centro de vortice a partir do tensor gradiente de velocidade de um escoamento tridimensional,
como apresentado na Fig. 7. A técnica utilizada pelo EnSigth 8.0 é baseada nos trabalho de Sujudi ¢ Haimes (1995) e
Haimes e Kewrigth (2000). A técnica ¢ linear e nodal, ou seja, ¢ baseada na decomposi¢do dos elementos finitos em
tetraedros e entdo sdo resolvidas formas fechadas de equacgdes para determinar o tensor gradiente velocidade nos nos.
Existem duas abordagens, uma baseada na andlise de auto valores que usa uma classificacdo de autovalores e auto
vetores para determinar onde o centro do vortice intercepta alguma face do tetraedro. A outra ¢ baseada na vorticidade e
utilizada para visualizagdo no presente trabalho. Esta técnica utiliza o alinhamento da vorticidade e dos vetores
velocidade para determinar os pontos de interseccdo. A técnica baseada em autovalores pode encontrar centro de
vortices que ndo sdo vortices, especialmente em problemas de camada limite. O método baseado em vorticidade nao
apresenta este problema, pois os componentes de tensdo do tensor gradiente de velocidade foram removidos na
formacéo do vetor vorticidade. Sendo assim, 0 método baseado na vorticidade produz centros de vortices continuos.

Intensidade

188.74
144.87
100.99

Figura 7. Centro de vértices identificados com as técnicas descritas por Sujudi et al. (1995). As cores identificam a
magnitude da vorticidade; a) vista lateral; b) vista frontal com o plano central de fracdo de sélidos (o plano
central (Fig. 1a) ¢ mostrado como auxiliar de visualizagdo, neste caso para indicar que os centros de vortices
atravessam o plano central).

Os resultados para centro de vortices encontrados sdo importantes, pois identificam com muita precisdo e confianga
a existéncia de vortices e seus centros. Como a técnica esta implementada em um software comercial, garante-se a
independéncia dos resultados. A Fig. 7 apresenta os resultados para o centro de vortice encontrados utilizando-se o
método baseado na vorticidade. Nao aplicou-se qualquer filtro nos resultados. Observa-se na vista lateral, Fig 7 a, a
enorme complexidade encontrada no escoamento gas solido em um leito fluidizado turbulento.

Evidencia-se a presenca de inumeros centros de vortices sendo que a grande maioria de intensidade média.
Importante observar que os centros de vortices encontram-se em todas as regides do leito, inclusive no centro. A Fig. 7
b apresenta uma vista frontal a partir da base do leito fluidizado com o plano central de fragdo de solido. Observa-se que
muitos centros de vortice atravessam a superficie do plano central. Evidencia-se que os resultados obtidos utilizando-se
o método do centro de vortices resulta em informagéo local. Ndo ¢ possivel visualizar a forma dos vortices. Uma das
técnicas utilizadas para auxiliar na visualizagdo de vortices ¢ a utilizagdo de linhas de corrente do vetor velocidade. A
partir dos centros de vortices sdo geradas linhas de corrente do vetor velocidade e estes representam as estruturas
espiraladas e sua direcdo, ver Fig. 8.
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A Fig. 8 apresenta a vista frontal do centro de vortices e linhas de corrente do vetor velocidade do sélido a partir do
centro de vortices. Observa-se a presenca de estruturas rotativas representadas pelas trajetorias das linhas de corrente,
espiralando-se em torno do centro de vortices identificados, tanto na base do leito, Fig. 8 a, como na saida Fig. 8 b.

<y
;1

¥

Figura 8. Centro de vortices e linhas de corrente do vetor velocidade do sélido; a) vista frontal da base do leito; b) vista
frontal da saida do leito, regido superior

vortices
contra-rotativos

b)
Figure 9. Iso superficies de fator Q positive, vista lateral; a) fator Q = 1x10°; b) 9x10°
A Fig. 9 apresenta iso superficies do fator Q positivo. Este fator descrito anteriormente, extrai dos dados numéricos
regides onde a rotacdo ¢ predominante, fator Q>0, e regides onde predominam as taxas de deformacdo, fator Q<0.

Evidencia-se a enorme gama de estruturas turbilhonares, desde estruturas de pequeno porte até estruturas com grandes
dimensdes orientadas em sua grande maioria na dire¢do axial Z, Fig. 9 a. A Fig. 9 b apresenta uma série de estruturas
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rotativas e duas delas, apontadas pela seta na base do leito representam vortices contra-rotativos que sao visualizados

em uma vista frontal na Fig. 10.

-

Y

K 4 -
clusters

clusters

cluster
central

b)

Figura 10. Iso superficies do fator Q positivo, vista frontal da base do leito; a) fator Q= 9x105; b) iso superficies de
fator Q e fragdo de sélido com valor 0,58.

Note que o fator Q positivo representa estruturas de fluido associadas apenas a rotagdo. Desta forma, é possivel
observar na Fig. 10 a e b que as estruturas rotativas encontram-se envoltas por porgdes de aglomerados de particulas.
Estas estruturas sfo contra-rotativas e observa-se com muita nitidez que entre estas duas estruturas encontra-se uma
estrutura de cluster junto a parede do reator. Observa-se que as estruturas de aglomerados mantém-se na regido externa

dos vortices identificados.

Tradicionalmente o mecanismo de estiramento de vortices ¢ caracterizado pelo primeiro termo Eq. (2), ((o -V)U .

Este termo é um vetor, mas nio € invariante galileano, Fu et al. (2003). Fu et al. (2003) propuseram a representacdo do
mecanismo de estiramento de vortices que satisfaz o critério proposto por Jeong e Hussain (1995). A equagio utilizada
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por Fu et al. (2003) para representar o mecanismo de estiramento de vortices foi o chamado pardmetro 1= SijWiJ2 .0

mecanismo de estiramento de vortice tem lugar quando m,>0 e o relaxamento de vortice quando 14,<0. A natureza
tridimensional associada ao processo de estiramento de vortices faz do parametro my um pardmetro chave na
identificagdo de estruturas coerentes de grande escala, Fu et al. (2003). O fator Q também ¢ apropriado para identificar
vortices, contudo, como este fator existe inclusive em escoamentos bidimensionais que em geral ndo sdo escoamentos
turbulentos, este pardmetro pode produzir informagio ndo necessariamente relacionada a turbuléncia.

A Fig. 11 apresenta uma vista superior da regido de saida do leito, onde encontra-se a estrutura de vortice contra-
rotativo estirando-se na dire¢do axial observado na Fig. 1 b. O strand estirando-se ¢ mostrado na Fig. 11 a, no plano
central de frag¢do de sdlido. Evidencia-se na Fig. 119 b que a estrutura de cluster no plano estd associada com um grande
tubo de vortice estirando-se. Observa-se que o tubo atravessa a superficie do plano central, e que o strand, indicado
pelas flechas encontra-se na regido externa a este tubo de vortice.

grtice estirando-se

b)

Figura 11. Vista da regido superior do leito; a) plano central de fragdo de s6lido em tons de cinza, setas indicam o
strand; b) iso superficie de estiramento de vortice com 1,=6x105

Os resultados para helicidade sdo pouco reveladores no caso do escoamento gas-solido em leito fluidizado. A
excecdo se faz quando as iso superficies de fator Q sdo coloridas com a helicidade relativa, o que da uma idéia muito
precisa da orientacdo (horaria ou anti-horaria) de um dado vortice (estes resultados ndo sdo apresentados neste trabalho
para economia de espago).

Neste contexto, espera-se que em regides externas a vortices encontrem-se aglomerados de particulas e estruturas de
vortices contra-rotativos estirando-se estejam associados com as estruturas de strands.

4. CONCLUSOES

Apresentaram-se técnicas de visualizagdo e determinacdo de estruturas de vortices e centro de vortices encontradas
na literatura. Os resultados mostram a complexidade do escoamento gas-solido em leito fluidizado turbulento
evidenciando-se uma série de estruturas turbulentas, em sua grande maioria estruturas rotativas e contra-rotativas. Estas
estruturas rotativas encontram-se associadas com estruturas de aglomerados de particulas (clusters) e strands. Observou-
se que as estruturas de strands estdo associadas com tubos de vortices contra-rotativos estirando-se na direcdo axial,
através do método de estiramento de vortices. As estruturas de clusters estio associados com regides do fluido com alta
tensdo (fator Q negativo).
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A técnica de centro de vortices auxiliou na identificagdo dos vortices. O método baseado na helicidade ndo mostrou-
se eficaz na visualizagdo de estruturas rotativas, contudo pode ser utilizado como auxiliar na identificacdo das estruturas
rotativas ou contra-rotativas associadas ao fator Q positivo.

O fator Q e o critério tem grande potencialidade para serem utilizados na identificacdo de estruturas de clusters e
strands no escoamento gas-solido em leito fluidizado turbulento. Um estudo paramétrico é necessario para a utilizacdo
destes critérios para a identificacdo de estruturas de clusters e strands, com a finalidade de otimizar sua utilizacao.
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Abstract. This paper presents numerical and theoretical studies @hitnlinear regime of isolated spanwise modulated
wavetrains in a plane Poiseuille flow. The initial amplituafethe wavetrains was sufficiently small, such as in natural
transition or transition in practical situations. This psigal problem is governed by incompressible three-dinuerzdi
Navier-Stokes equations that were written in a vorticigyeeity formulation. Numerical simulation was performesing

a numerical scheme with mixed high-order of accuracy. In,féar longitudinal and spanwise directions of the flow,
the discretization of the equations were performed usirgigs-spectral methods. For the normal direction of the flow,
mixed high-order compact finite difference schemes were. uBlee temporal integration was performed with a Runge-
Kutta method oft*" order of accuracy except to mean flow distortion calculasionhere Runge-Kutta of thié” order

of accuracy and Crank Nicolson methods were necessary tmeassmerical stability. A spanwise modulated wavetrain,
for Reynolds numbeRe = 8000 and located near the second branch of the two-dimensiorddoldynamic stability
diagram, was studied. In this region of the diagram, the tlimensional Tollmien-Schlichting (TS) wave, contained in
the wavetrain, is linearly unstable. The present resultggssted that, particularly for this case, the nonlinearineg of
the spanwise modulation wavetrain is governed by K-typesiteon. With reduction of the initial disturbance magmiay
more complex scenarios, which may involve other mechanisare observed. However, even these more complex sce-
narios, still was possible to identify the onset and domaeaof K-type instability for the initial non-linear regimé the
flow.

Keywords. Spanwise modulated wavetrain, Plane Poiseuille flow, Nattransition, Vorticity-velocity formulation,
Mixed high-order numerical scheme.

1. INTRODUCTION

The phenomenon of transition laminar-turbulent of fluida mubject of intense academic research. Indeed, prediction
of laminar or turbulent flow is extremely important for aggations in the aeronautical industry. It is necessary bszau
the friction coefficient of the turbulent flow is much greatban that of the laminar flow. Consequently, the delay of
transition from a laminar to turbulent flow may be importamt feducing the viscous drag of aircraft in flight. This fact
can reduce spending fuel and the size of aircraft. Furthegpidincrease the transported passengers number andithe ga
of airlines (Joslin, 1998; Green, 2002; Boiko et al., 2002).

A large number of researchs on the transition phenomenortwasentrated to a simplified situation, in which only a
limited number of Tollmien-Schlichting (TS) waves is as&inmThese studies resulted some classical scenarios ef tran
sition: K-type and H-type transitions and oblique tramsiti In K-type transition, a two-dimensional TS wave pronsote
the growth of three-dimensional TS waves through of nomlimesonance (Klebanoff et al., 1962). In H-type transition
the nonlinear resonance involves the growth of subharmd8iavaves (Herbert, 1988; Kachanov, 1994). Finally, the
oblique transition involves the development of a pair ofigi¢ TS waves (Elofsson and Alfredsson, 1998). In this case,
transition is preceded by formation of streamwise vortened appearance of mean flow distortions in form of longitatlin
streaks. The classical scenarios of transition, indicatexve, are much less complex than in practical situatioratural
transition. In fact, a large number of three-dimensionalWiéyes, which are modulated, are present in natural transiti
Studies of simplified situations are often performed as angit to understand natural transition. Neverthelessplgied
scenarios of transition can not agree with natural tramsifGaster, 1978).

Studies of natural transition have concentrated mainlyoarigary layer flow. In this type of flow, the three classical
scenarios of transition, indicated above, can occur semelbusly (Medeiros, 2006). In this case, it has a behavior
much more complex than the simplified situation, in whichheelassical scenario is isolately studied. In a controlled
experimental study, Medeiros (2006) performed evolutibis@ated three-dimensional wavepackets inside of a bapynd
layer in a flat plate. Three-dimensional wavepackets aeetldimensional TS waves with modulation on spanwise and
longitudinal directions of the flow. In those experimentaidies, the wavepackets were originated by a source point
in a flat plate. In fact, source point generates disturbatitasmimics the practical situation and had been indicated
by literature as a good technique (Lele, 1992). In that stiBdeiros (2006) observed the presence of each classical
scenario of transition in different stages of the nonlimegime. Firstly, a modified oblique transition was observEus
first nonlinear stage was a seed to the nonlinear second, stdjiegh was dominated by K-type transition. In a more

advanced nonlinear stage, the H-type transition domirtdonlinear regime.
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Studies of natural transition in boundary layer flow presamhe difficulties for analysis of results. These difficidtie
are associated with variation of the Reynolds number dutiegevolution of wavepackets inside of the boundary layer
(Medeiros and Gaster, 1999a,b; Medeiros, 2004). So, sistildies in plane Poiseuille flows also are importants. ¢t fa
the plane Poiseuille flows satisfy the parallelism conditi@onsequently, studies of the transition phenomenoranepl
Poiseuille flows should be treated for constant Reynoldsh®ainThis is advantageous because the Reynolds number can
be used as a control parameter.

For the current paper, the nonlinear regime of isolated wmamodulated wavetrain in a plane Poiseuille flow, was
studied. Spanwise modulated wavetrains are a more sintpéifieation than three-dimensional wavepackets, becaese t
longitudinal modulation is not assumed. This simpler madiglht provide an important step towards the understand of
natural transition in plane Poiseuille flows. The presemdigts were of numerical and theoretical nature. The nurakric
simulations were performed using a numerical scheme wittechhigh-order of accuracy. In fact, for the flow normal
direction, mixed compact finite differencest to 6t order of accuracy were employed. For flow longitudinal and
spanwise directions, a pseudo-spectral method was usedtefiporal integration was performed using a Runge-Kutta
method of4*" order of accuracy except to calculations of mean flow digiog, where a blended method using Runge-
Kutta at4'" order and Crank-Nicolson method was carried out. The thisateanalysis was performed based in linear,
weakly nonlinear and secondary instability theories.

The current spanwise modulated wavetrain satisfied onlyahgitudinal wavenumbes = 1 and a wide range of
spanwise wavenumbers. It is intended as a wave system moeegigiéhan those that lead directly to classical transition
scenarios. The investigation of linear and nonlinear regiof spanwise modulation wavetrains in plane Poiseuiliesflo
with infinitesimal initial amplitude, is unknown by the aotis of this paper. On the other hand, evolution of this wave
system in boundary layer flow was studied, for example, bydviet al. (1983); Kachanov (1984a); Seifert (1990); Seifer
and Wygnanski (1991) and Wiegand (1996). Those studiesgttadtion to the linear regime of the process. Numerical
simulation of the nonlinear regime of spanwise modulatedatrains in a boundary layer flow was performed by Stemmer
(2001). In that study, the breakdown of the flow was attriduteoblique transition. Medeiros (2004) also studied the
nonlinear regime of spanwise modulated wavetrains in a dagnlayer flow. In that study, Medeiros (2004) observed a
modified oblique transition, which was a seed for the growtthe K-type instability.

Several studies under the nonlinear regime of classicales@®s of transition in plane Poiseuille flows have been
performed, but to subcritical Reynolds number or Reynoldsiner smaller thai772. For example, experimental studies
of secondary instabilities were performed by Nishioka e(B75). Theoretical studies were performed by Orzag and
Patera (1983) and Herbert (1988). Numerical studies wer®meed, for example, by Sandham and Kleiser (1992).
Those studies involved a Reynolds number s&0t). Experimental studies of the oblique transition also werdgyrmed,
but at Re = 2000, by Elofsson and Alfredsson (1998). However, those stuaisssimed initial amplitude around 5% to
10% of the mean flow amplitude, where the flow yet is nonlin€ansequently, those studies did not describe the linear
process of the wave system and, because of this, largd mitiplitude was not used in the current work. On the other
hand, wavetrains with Reynolds number values cited abodeaaninitial amplitude smaller than 1% of the mean flow
can not result the nonlinear regime. In fact, for such stisatiReynolds numbers, wavetrains decay due to flow stgbili
Thus, for the present study, the chosen wavetrains satisfipdrcritical Reynolds numbeR¢ = 8000). It allowed the
use of and infinitesimal initial amplitude. Thus, an anaysi both linear and weakly nonlinear regimes of the flow was
performed.

The results in the current work confirm dominance of K-typmnsition during the initial nonlinear regime of the
phenomenon. This result is in agreement with results frondéftes (2004). Moreover, it was possible to identify
dominance of K-type transition in a large range of paransetérwas also confirmed the contribution from the linear
regime for the transition process.

The current paper was presented as follow. In the sectionvergsg equations and boundary conditions for the
physical problem in question, are shown. The section 3 pteske numerical scheme used for the numerical proceeding.
The choose of initial conditions and parameters is expthinethe section 4. The section 5 presents results of these
studies. The final remarks were presented in the section 6.

2. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

The governing equations describe an incompressible aeé-timensional flow between two plates. In this paper,
the governing equations were written in a vorticity-vetgdormulation, where the Navier/Stokes equations are tised
transport of vorticity in the interior of the domain, as follow:

o] - I G,

E—(w-V)u—u-Vw—i—EVw, (1)
where the components afare:

ww_(“)v ow _(“)w_@ :@ (‘)v. @)

T9: oy T o 92 T oy om
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From the definition of vorticity, Eqg. (2), and using the fatat both velocity and vorticity vector fields are solenojdal
namely,

V-i=0, V-&=0, ®)
one obtains the Poisson equation for the velocity field deviol
V3= -V x d. (4)

The above equations were made dimensionless using theviofjaeference parameters,, ..., which is the maxi-
mum value of velocity in the channel, add, which is half the channel height. These variables prodheddllowing
dimensionless parameters:

* * * *

z u v w

¥ y*
‘ - ﬁ’ y:ﬁ’ Z:E’ ‘= Umaz’ U:Umaz7 w:Umam’ (5)
* H * H * H *Umaz
Wg = Wy Umam’ Wy = Wy Umaw’ Wy = Wy Umam7 t=1 H ’ (6)

where the terms with an asterisk are dimensional. The Regnuimber (Re) iéjmg—mH, werev denotes the kinematic
viscosity.

The total flow is composed by a small three-dimensional distuces and the plane Poiseuille flow. So, it can be
decomposed into two components as follow:

’ /

u:U—l—u/;v:v;w:w (7)

w, =Q, + w;, (8)

’

’
Wy = Wy} Wy = Wy;

wherel (y) = 2y — y? is the plane Poiseuille flow arfd, (y) = 2 — 2y is the spanwise vorticity. The variable, v" and

w’ are the velocity disturbance components aujdw; andw; the vorticity disturbance components. Substituting these
expressions into Egs. (1) and (4) and canceling the termis#tasfy the plane Poiseuille flow calculations, one olstain
the vorticity transport equations only for the disturbasas follow:

dw, da b 1 _,
z _ Y4 9L 9
ot 8y+8z+Rev Ve ©)
Ow, da  Oc 1 /
it T e B A T v 10
ot Oor 0z + Rev “y (10)
O, b de 1 _y
: _ 00 oc L ) 11
ot 8m+5)y+Rev W (1)
where
a = vw,—(U+ u/)w;, (12)
b = (U—l—ul)w;—}—u,ﬁz —w/w;, (13)
¢ = =0 (Q4w)+ w,w; (14)
are the nonlinear quadratic terms.
The equations for the velocity disturbance calculatioms ar
02y 9% 3%; 02’
- v . 15
Ox2 * 022 0z  Ox0y’ (15)
/ oW’ ow.
2 _ T z .
Vv = 5% 9 (16)
2w 9w 30}; 0%’
- - = v ) 17
ox? * 072 Oor  Oyoz (47

Egs. (15) to (17) were resulted from algebraic manipulaiohEgs. (2) to (4).

Note that, contrary to the primitive formulation, the curtéormulation doesn’t depend of the pressure term calcu-
lations. Moreover, the continuity equation is assumed iaith} into Eqgs. (9) to (17). On the other hand, there are no
boundary conditions for vorticity at the wall. Thereforeshould be calculated from the velocity field assuring censi
tency and conservation of mass. More differences of theeatiformulation compared with the primitive formulatiomca

be found in Gatski (1991); Meitz and Fasel (2000).
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2.1 Boundary Conditions

A periodic boundary condition was adopted in both strearawisd spanwise directions é@nd z—directions). For
the wall normal directiony—direction), non-slip and impermeabilityl = v = w = 0 at the walls ) conditions were
imposed. The flow geometry is presented in Fig. 1.

v=w=1~0

w

Figure 1. Schematic diagram of the physical system.

3. NUMERICAL METHODS

For x and z—directions, a spectral method was used. In this method, arpequantitys can be decomposed into
Fourier modesd;, 5x) as following

s(x,y,2,1) ZZSM (y, t)e (o the2) (18)
k=0 =0
wheres represents the variables, v', v, w,, wy, w.,a,bandc in the physical spacey; i, represents the discrete Fourier
components of the function. Furthermorepn; = @; —N, <l < N, andg, = 2{—’“ —N, < k < N, are re-

spectively spanwise and streamwise wavenumbersind\, are wavelengths relative to smaller wavenumbers and
z—directions respectively.
Substituting the expression (18) into Egs. (9) to (11) ar) {@ (17) one obtains

ONLE HALk 1 2
8;: = ay - ﬁkBl’k + —evl’k Qi’la (19)
oLk , 1
a;; _ alAl*k - ﬁkcz.k = i v k2Ql k (20)
ONLE oChk 1 2
8; — BBk + o vlk QLk, (21)
avlﬁk
(of + BR)UYY = BebF + o 5 (22)
VHRVER = ObLE 4 il (23)
l, k L,k avl §
(al + /)’k)W —qy Q + Ok (24)
1 oOL*
U= (~BV VR 4 a2, (25)
Qg k Y
Lk _
bk =, (26)
1 2
Q= (VR - 5. 27)

Egs. (19) to (21) were used for vorticity calculations in thierior of the domain. Eqgs. (22) to (24) were used for velpci
calculations. Egs. (25) to (27) were used for vorticity cédtions at the wall. Note that, {f = £ = 0) then Eqgs. (25)
and (27) should not be calculated. In this ca3g? and Q%Y were calculated using the Eq. (2). In faf2:® = 0 by
streamwise vorticity definition and

U0
dy

HOME

QS,O — (28)
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by spanwise vorticity definition. In Eq. (28) the calculatiof Q%Y depends or?— However,U%° can not be

calculated using the Eq. (22). The chosen alternativ€fdt andU%° calculations Was to use an iterative method.

All Fourier modes «y, 5i) were calculated independently using Eqgs. (19) to (27). ldeee nonlinear terms of Egs.
(19) to (21) was performed according to the following praced First, nonlinear components were transformed from
Fourier space to physical space by a fast Fourier transfoimanlinear calculations were performed. After, the rissul
were transformed from the Physical space back to the Fospiee. This procedure is namely pseudo-spectral method.

For they—direction, a mixed high-order compact finite differenceestle was used. Points in the interior of the
domain were discretized by a scheme using centered compiet difference of6'* order of accuracy. Points at the
walls and nearby were discretized by using an asymmetrieraels of5*" and6? order of accuracy, except to the wall
vorticity calculation. In this case, compact finite difface of6*" order of accuracy was used. Full details of the chosen
finite differences method can be found in Souza (2003) ana $2008).

3.1 Temporal Integration

For all Fourier modes, exceptto the zeroth m¢dg, 3;), the temporal integration was done with an exphéit order
Runge-Kutta method of four stages (Ferziger and Peric, 199% zeroth mode was advanced in time using the blended
temporal integration with Runge-Kutta and Crank-Nicolsegthods. This procedure was necessary to assure numerical
stability of the calculations because of iterative methaeited in the subsection (3), and the non-existence of aighlys
boundary condition for the vorticity at the wall. The bleddaethod with Runge-Kutta and Crank-Nicolson methods
involves an equation that is described as follow: Firsttewvtie right hand size of the vorticity transport equation as

1 82900
f_rhs—l-R o (29)

. 290,0 . . .
Use the Crank-Nicolson method for tﬁ%ﬁ term and advance in time the Eq. (29) assuming:

f = (O, (30)

8292 0 — _(829(2)30 |it 829270 |it+1) (31)
Oy? 2% Oy? Oy ’

rhs = rhs*1#H (32)

whereit is the time levels — 1 = 0, ¢, 47, i7¢ are the stages of the Runge-Kutta method. Whenl = 0 the previous
time Ievel |s assumed

The? was calculated using a spatial discretization ivith compact finite differences as follow
6290 0
Aag |J 1N—Rf|] 1,N>» (33)
where N is the number of points on the gridi andR are the coefficients matrices of the linear system that shbel
solved.
From Egs. (29) to (33) one leads:
At S0 At S0 o113
(ﬁn A) Q0TI = (ﬁR + A)QPO v — AtArhs® T (34)

This equation is calculated jointly with iterative methadalving U%? andQ%° calculation cited in the subsection (3.
To reach convergence, thi-° values at the wall should be underrelaxated as follow:

[—1 - Imax — l
0,0 _ 0,0 it+1 0.0
Qo = lma:c -1 | + Ilmaz — 1 |J b (35)
Q. |J 2N—1 = (Qz00|;t+211v 1+ 00|g 2. N—1); (36)
-1 Imax — l
Q.00 — Q.00 zt+1 0.0 37
|J:N Imax — 1 -v Ilmax — 1 |J o (37)

wherelmaz is the iteration number to reach the convergence. In thissatiwork,Imaxz = 2 was sufficient for this

subjective.
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1. Calculate the nonlinear term i, B; ;, andC)j, in the physical domain and transform them back to the Fourier
space;
2. Calculate the right-hand side of the vorticity transpeguation, Egs. (19) to (21), excluding the wall-normal

e i1 02000,
diffusion term only for(a, fo), i€ #; 5

200,0 ) .. R
8625 using compact finite differences;

3. Calculate a first estimate for wall-normal diﬁusi@g

4. Integrate the vorticity transport equation, Egs. (14ptb), in one stage using the Runge-Kutta methotfof-order
of accuracy. Here, all the Fourier modes should be caladiiat@uding the zeroth mode. The value of zeroth mode
is used to start the iteration described in the item 8 below;

5. Calculate the velocity compone¥it-* using the eq. (23);
6. Calculate the velocity componerif$* andW!* using Egs. (22) and (24) respectively;
7. Calculate the wall vorticity using Eqgs. (25) to (28).

20,0 | .. . . . .
8. Calculate the wall-normal diffusion tenﬁg aan implicitly with a Crank-Nicolson method. Since there is no

2
boundary condition for the vorticity at the waﬁ, the follavg iteration procedure is necessary:
a) Calculate/%-° for all points of the domain an@%-° only for the points at the walls;

b) Underrelaxate the%" values at the wall;
¢) Using the wall vorticity values as boundary conditiorelcalate the new vorticity values inside, using the
Eq. (34).
9. Turn of to item 1 and repeat the above calculation untitittne simulation expected.

As the Fourier modes were calculated independently, it imeoessary the item 6 to be performed before the item 7.
It was done in this sequence only for a better organizatioth@fumerical code routines. The present numerical code
was verified using the Method of Manufactured Solution ardrésults can be found in (Silva et al., 2008; Silva, 2008).

4. INITIAL CONDITION AND CHOOSE OF THE PARAMETERS

The initial condition was generated using the current nucaécode. Initially, a disturbance was introduced into
computational domain through a technique of type blowinguation, as used in experimental procedures (Laurien and
Kleiser, 1989; Marxen, 1998). In this technique, the walimal velocityv has the following expression

t—11

RO (38)

v(x,yo,z,t) = A™(1 — cos(2m

whereA™, «, ™ and¢™ indicate amplitude, longitudinal and spanwise wavenumbad phase for the disturbanee
The R symbol indicates the real part of the complex numi&r=+5™"2+¢™) Here,y, assumes the valuésand2H.

To avoid possible nonlinear mechanisms during the gemerati the initial condition, only the linear terms of the
governing equations were simulated. The disturbance (@&)arged to Tollmien-Schlichting waves (TS waves), which
are solutions of the Navier-Stokes equations in a linedrizasion (Boiko et al., 2002). The linearized Navier-Stoke
equations are fundamentals for the Linear Stability The€@&T), and result the Orr-Sommerfeld equation, which was
numerically solved, for example, by (Mendonca, 2003). Seomaparisons between the propagation of TS waves, using
the current initial condition, and the LST were performed &und in Silva (2008).

The current initial condition concerned &I0 TS oblique waves, which satisfy the same longitudinal waweiper
« = 1 and cover the discrete range of spanwise wavenumbers < 3 < 2.55. The number of TS waves that cover the
discrete range of spanwise wavenumb@r63 < 3 < 0.63 had the initial amplitude set td = 2 x 10~°. The other TS
waves of this waves system had the initial amplitude set te 1 x 10~8. Here, the smaller spanwise wavenumber was
Bo = 0.03 for a Reynolds number dte = 8000. More details about the current initial condition and thetiwagion for
choosing it can be found in Silva (2008).

The current wavetrain was indicated by a circle in a lineawdh rate map or the linear stability diagram, shown in
Fig. 4. Here, the set of waves with null growth rate was demateid by neutral curve. The Fig. 4 displays three neutral
curves. The neutral curve fg¥ = 0 represents the two-dimensional TS waves. The other neudraks correspond
to the three-dimensional cases where the spanwise wavesrard? = 0.2 and3 = 0.4, respectively. Note that the
circle is located on the unstable region delimited by themgtnal curves. Furthermore, the circle is more distant ef th
neutral curve for3 = 0 than to the other indicated neutral curves. In other wordstte current spanwise modulated
wavetrain, the two-dimensional TS wave has linear growtilnlerger than the three-dimensional TS waves. Conseglentl
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Figure 2. Linear Stability Diagram of the two and three-divsienal TS waves. The circle indicates the chosen spanwise
modulation wavetrain studied in the present work.

if the initial condition is spectrum-flat, the two-dimensa TS wave at the final of the linear regime reaches the larges
amplitude. This fact motivated the study of the present Wwaug because it may promote secondary instability for the
process.

The Fig. 3 shows the linear behavior of the temporal evolutbthe Fourier modes for—velocity at fixed wall
normal pointy = 0.15H. The Fourier modes shown in Fig. 3 are indicated in this tgxtiodes(a, N.5), where N,

Amplitude

Figure 3. Spectral evolution of Fourier modes during th&ahof the linear stage.

is the number of Fourier modes used in the spanwise dirediigretization. The Fig. 3 clearly displays that, during
the temporal evolution, the amplitude of the two-dimenaidfourier mode is larger than the three-dimensional Fourie
modes.

The Fig. 4 shows the amplitude growth rate in time for the fp@sFourier modes$a, NV, 3). Note that, until temporal
evolution around = 2000, the spectral rangéx, 0) to («, 0.63) described a behavior in according to the Linear Theory
Stability. Furthermore, these Fourier modes had dominapiitude when compared with the spectral rafigel.84) to
(a,2.55). This result is according to results displayed in Fig. 3.eAfiondimensional time= 2000, the Fig. 4 indicates
an explosive amplitude growth rate in time for the mo@esl.84) to («, 2.55). This behavior do not is described by linear
theory and can be consequence at the nonlinear activitibe @rocess. Therefore, attention was paid for it. Furtioeem
other Fourier modes were generated (not shown in Fig. 4)adh the Fourier mode®), N. ) representing mean flow
distortions and2«, N. 3) representing the harmonics were present in the resultselReurier modes also were studied
in the current work. Details of this study was presented aiisa (5).

A mesh refinement test was performed in the present work ancethults can be found in Silva (2008). The optimal

mesh and parameters for both Fourier and physical spacespsesented in the Tab. 4.
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Figure 4. Temporal evolution for the Fourier modes N, 3). Here, only the positive Fourier modes were shown.

Table 1. Parameters for the present sfudy

Parameters for the Fourier SpageParameters for the physical Space
N, 5 Ny 16

a 1 Az 27/ = 6.2832

N 201 N 201

N, 85 N, 128

Bo 0.03 s 27/ By = 209.44

8The parametersV,, L., N. and L. are related only to one side of the spectral domain. Flead z—directions
resolution for the Fourier space was smaller than the physjgace only to avoid alias error (Press et al., 1992).

5. NUMERICAL RESULTS

The Fig. 5 displays the temporal evolution of thie velocity of the spanwise modulated wavetrain. The resudteew
obtained from the wall normal positian= 0.15H. Initially, the spanwise modulated wavetrain is strongiypcentrated
on the centerline of the domain & 0), because of the high modulation in the direction. During the linear regime
of the flow, they span a larger portion of the flow field. Thistfaccur because the weakly three-dimensional TS waves
(the smallers), together with the two-dimensional TS wave, have the laligear growth rate than the strongly three-
dimensional TS waves (TS waves with large valuegpf In fact, the flow field tends to a two-dimensional flow if
the nonlinear effects are negligible. However, arowind 2000, it is possible to identify some flow distortions on the
centerline of the domain. These distortions may not be de=tby the Linear Stability Theory and, therefore, the weak
nonlinear mechanisms may be present in the flow, in accotdifig. 4.

The Fig. 6 shows the temporal evolution of the Fourier modes $pectral domain. The Fig. 6 (top left) displays
the temporal evolution at the modes initially excitéd, NV 3). The Fig. 6 (top right and lower) display8, N./) and
(2, N.5) modes that can be resulted of nonlinear interactions of thegss. Note that, until the nondimensional time
t = 2000, only the(a, N, 3) modes had significant amplitude. Furthermore, these Fouoeles had a behavior described
by Linear Theory Stability (not shown in the current papéiter the timet ~ 2000, the Fig. 6 (top right) shows other
spectral ranges increasing in amplitude. These specingeswere centered on the modésl), (1,2), (1,—1) and
(1,—2). This behavior also appeared to tfte N./3) modes (Fig. 6 top left). In both cases, the spectral rangdsha
explosive growth in a short time interval. Such behaviooagrees with the Fig. 4, which presents a threshold of the
Fourier modes and an explosive growth of the spectral rédihg®e84) to (1,2.55) att ~ 2000. These results are typical
of a flow instability.
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Figure 5. Time evolution of the—velocity of a spanwise modulated wavetrain in the planedrilie flow aty = 0.15H.
Results obtained from the physical space.

Experimental results on the evolution at spanwise moddlatavetrains in a flow boundary layer, performed by
Medeiros (2004), pointed to similar behavior reached indineent work. In that study, mean flow distortions, recorded
in the physical space, were concentrated close to the dieetend it was associated, in a first nonlinear regime, to
oblique transition (Elofsson and Alfredsson, 1998). Soaimore advanced nonlinear regime, K-type instability was
identified by Medeiros (2004). Numerical study on nonlin@aslution of spanwise modulated wavetrains was performed
by Stemmer (2001). In that study, Stemmer (2001) attribtiednonlinear effects to oblique transition and concluded
that it dominated the flow breakdown. However, it is posstblgerify, from figures in that thesis, an explosive growth
for the Fourier modes, which is typical of the K-type instapi Due to results reached by Medeiros (2004) and Stemmer
(2001), it seemed important to check, as in boundary laf/Ertype instability appears on plane Poiseuille flows.
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Figure 6. Time evolution of the Fourier modes for tirevelocity. Top left: (0, N./5) modes.Top right: («, N./3) modes.
Lower: (2«, N, 3) modes.

5.1 Aninvestigation of the Secondary I nstability

In the current section, it was proposed a secondary inftiabibdel. It concerned to perform numerical simulation
for K-type instability, similar to presented studies irefiature. The results for the current model was assumed as a
reference to analysis of results for the investigated sp@emmodulated wavetrain. Therefore, same parameters ysed b
the wavetrain simulations were used in the K-type instgbdimulations. In a first attempt, it was simulated the two-
dimensional TS wave with initial amplitude setZoc 10~ and the three-dimensional TS waves with small amplitude set
to 1 x 1078, The Fig. 7 displays the amplitude growth rate in time for psitive Fourier modegx, N, 3). One of the
objectives of this simulation was to identify the resondmeé-dimensional TS wave with largest growth rate accardin
to the secondary instability. Results were compared wigrésults displayed in Fig. 4. The comparisons between Figs.
4 and 7 showed that the Fourier modes in both figures preseiiffedent nondimensional times for the threshold, ie,
instantaneous nondimensional time that began the segpimdaability. The threshold of Fourier modes was identified
tot ~ 2000 in the wavetrain simulation, Fig. 4, and~ 1750 in the K-type instability simulation, Fig. 7. Furthermore,
the spectral ranges of studied cases also were differemtekatthem. However, the results were in qualitative agreéme
because, in both cases, it was possible to verify an exgagiowth for the Fourier modes. Furthermore, similar to
the spanwise modulated wavetrain, Fig. 4, the results ferkitype instability also identified harmonic modes due to
nonlinear interactions between every involved Fourier exdAs consequence, they turned difficult the analysis of the
flow instability.

In an attempt to eliminate such harmonic modes, a numbenaflations were carried out in which each simulation
used a numerical resolution for only three Fourier modeshazt-direction. These simulations involved only a pair
of oblique three-dimensional TS waves and a two-dimensioS8avave with identical longitudinal wavenumber. The
chosen oblique three-dimensional TS waves covered a gpeamtige in the: —direction from—4.8 to 4.8 with interval at
0.2. Each pair of oblique Fourier modes was simulated sepgydet the results were collected together in one picture,
Fig. 8. Although every three-dimensional Fourier modesangxcited with same initial amplitude, it presented différe
amplitudes and instants of threshold. This fact was atteihby a locking phase that occurred during the initial etiotu
for the resonant Fourier modes. Other researchers alstifidgdrsuch mechanism (Orszag, 1980; Zang and Kirst, 1989).
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Figure 7. Temporal evolution for the Fourier modes N.3) for the simplified case. As displayed in Fig. 4, only the
positive Fourier modes were shown.

However, such as in current results, this fact did not affieetgrowth rate of each resonant mode.

To identify the most unstable Fourier mode, the N factor ofigh rate for each TS wave was calculated. The N factor
is defined asV = logA%, whereA and Ay indicate final and initial amplitudes for Fourier modes oa time interval
800 < t < 950. This interval in time was indicated by transversal line§ig. 8. The fig. 9 shows the N factor for the
Fourier modes plotted in Fig. 8. The continuous line was &erolation of the obtained values. The results indicate an
extense range of Fourier modes that were amplified by K-tygtbility. The Fourier mode with the largest N factor was
6 =1.5.

£ = 1.5 does not agree with the Fourier mode with the largest groath presented in Fig. 6, which was= 1.2.

On the other hand, the results were satisfactory becausvé gome explanations for these differences at values. In
fact, it is known in the literature about the classical stsddf the secondary instability that, if the two-dimensiora
wave reaches an amplitude value at 1% of the mean flow, it presreselective growth for three-dimensional TS waves
through of fundamental resonance (Klebanoff et al., 196Rjs fact was according to the results shown in Figs. 7 and 8,
but it does not agree with the result from the spanwise maedMavetrain simulation, shown by Fig. 4. In fact, the two-
dimensional TS wave on the wavetrain did not reach amplitadige at 1% of the mean flow at any simulation time, but
was possible to identify a threshold for the Fourier moddss Buggested that, since the wavetrain is three-dimeakion
there was an effective two-dimensional TS wave, composea faymber of three-dimensional and the two-dimensional
TS waves, which drove the resonance. The effective ampgliteinposed by these TS waves may be associated with the
maximum value of the spanwise modulated wavetrain in thesighy/space. Here, the maximum amplitude was located
on the centerline of the wavetrain, as indicated in Fig. 5.

Fig. 10 compares the growth rate of resonant Fourier modeth&spanwise modulated wavetrain, shown in Fig.
7, with the growth rate displayed in Fig. 8. The maximum amaplé of the wavetrain in the physical space also was
presented in Fig. 10. Paying attention for the wavetraimltesit is possible to verify a threshold of resonant modes
when the maximum amplitude of the wavetrain reached 1% offrtban flow. This behavior confirms the existence of an
effective amplitude that promoted the K-type instabilijurhtermore, the growth rate of the effective two-dimensio
TS wave for the wavetrain case is smaller than the growthahtlee two-dimensional TS wave for the classical K-type
instability. As consequence, different amplitudes areted by them. This may be associated with the fact that, trst mo
unstable three-dimensional waves for the wavetrain sitiiul@oes not be the most unstable three-dimensional waves f
the classical K-type instability, as shown in Figs. 6 and % éxplanation for such behavior was obtained by Herbert
(1988) under the studies in boundary layer flow. In that wétkrbert (1988) suggested that the secondary instability
promotes the growth of a oblique wave range in which the mogable wave is related to the amplitude of the two-
dimensional TS wave that is driving the resonance. Theeefbthe two-dimensional TS wave reaches large amplitudes,
the more unstable resonant wave has latgalues. Herbert (1988) performed that study in a boundamgriélow only
for the H-type instability. De-Paula (2007) confirmed thossults for the K-type instability also in a boundary layewl
Such result may be general and also occur in plane Poiséoils.

In general, the results shown some similarities betweemdéméinear regimes for the spanwise modulated wavetrain
and the classical K-type instability. Firstly, there washeeshold for the Fourier modes in both cases. The growth
rate of the resonant waves also were similar, Fig. 10. Thet mostable three-dimensional TS wave satisfied similar
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Figure 8. Numerical results of the growth rate of each pesifourier mode. Here, each pair of Fourier modes was

simulated separately but the results were collected tegéatithis figure.Top: Full temporal evolution of each simulated

Fourier mode. Lower: Amplification view on nondimensional time in which the belwavof the Fourier modes was
studied.

[ values in both cases and the difference between them wafejdistFinally, the amplitude of the two-dimensional
TS wave for the proposed model and the effective two-dinteradiwave in the wavetrain was 1% of the mean flow
when secondary instability was triggered. These simikwigave indicatives that the nonlinear regime of the spsawi
modulated wavetrain was dominated by K-type instability.

To assure that such results did not depend of the choseal enitiplitude of the wavetrain, numerical simulations using
other levels of initial amplitude for the wavetrain also wesformed. In fact, initial amplitude at = 1 x 107>, A =
5 x 107%andA = 2.5 x 106 respectively for the spectral range, 0) to («,0.63) and atA = 1 x 1078 for the other
Fourier modes, were employed. Analysis of the results (hot in this paper) indicated other nonlinear mechanisms,
but the K-type instability dominated the nonlinear regintds important to note that the initial amplitudes cited abo
were smaller than the initial amplitude for the results shawFig. 4. This was done because, according to the argument
explained in the section 4 and displayed in Figs. 3 and 4, ifialiamplitude larger thaml = 2 x 10~° also can promote
K-type instability,. Full details of effects of the initiamplitude can be found in Silva (2008).

6. FINAL REMARKS

The paper reports an investigation of the nonlinear regifmgpanwise modulated wavetrain in a plane Poiseuille
flow. It was composed of one two-dimensional TS wave and sttteree-dimensional TS waves covering the discrete
range of spanwise wavenumbeR.55 < 3 < 2.55. Each TS waves in the wavetrain had the longitudinal wavedrarm
« = 1 and satisfied a Reynolds numberfat = 8000. The proposal of the current work was to study implicatiofis o
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Figure 10. Growth rate of positive Fourier modes. Comparisetween the simulations of the K-type instability and
spanwise modulated wavetrain. The maximum amplitude ¢éeolof the wavetrain also was presented.

three-dimensionality to natural transition. Therefohe wavetrain was of very small amplitude, such as the scaédsle
present in natural transition. The studied wavetrain lesdar from the first branch of the linear stability diagranal &m

a region that corresponds to similar region of the diagranbfmundary layer, in which several studies on the transition
phenomenon was carried out (Stemmer, 2001; Boiko et al2;2@@deiros, 2004). The current study involved numerical
simulation and theory. Numerical simulation was perfornusthg a code of computational fluid dynamics that uses
a solution scheme at mixed high order of accuracy. The tlieatestudy was based into linear and weakly nonlinear
instability theory.

Results suggested that, particularly for the current wait the initial nonlinear regime is dominated by K-type
instability. In fact, during the evolution of the wavetraihwas verified a threshold of the Fourier modes and selectiv
growth for three-dimensional TS wave ranges. An effective-timensional wave, with sufficient amplitude, may be
initialized the secondary instability. The amplitude abthffective two-dimensional TS wave may be associated thigh
maximum amplitude of the wavetrain that, in this presenecags located on the centerline.

The linear regime gave strong contributions to the nonlimegime. In fact, calculations of linear growth rate of
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the TS waves composing the wavetrain were performed. Thédtsesere in agreement with Linear Stability Theory
and it suggested that the two-dimensional TS waves satifedargest linear growth rate. The two-dimensional TS
wave together with some weakly three-dimensional TS waweslme behaved as an effective two-dimensional waves and
contributed to the secondary instability mentioned above.

The current results suggested an explanation for the orfisbe d-type instability into boundary layer flow, as ob-
served by Medeiros (2004). In that flow, the wavetrain evdlfrem a position near the first branch and crossed the
second branch. Medeiros (2004) observed onset of K-typahilisy on the flow for positions near the second branch of
the diagram. The current results suggested that, as forlme fPoiseuille flow, regions near the second branch of the
diagram for the boundary layer flow also are exposed to therskary instability due to influence of the linear stability
on the nonlinear evolution. Indeed, near the second brahtttedinear stability diagram, the two-dimensional TS wave
is the most unstable linearly and, although in differentpaeters, the linear behavior of wavetrain in boundary layer
similar to plane Poiseuille flows.

For the analysis of prediction of transition carried outlie aeronautical industry, the methods involving the linear
theory are the most reliable. Moreover, depending on the dlomdition, an extension of the linear approach is to verify
what the classical scenarios of transition is the most aeglewn the process. This verification is usually performed by
numerical simulations at each one of the three classicaksi®s of transition. Indeed, the most unstable classiario
present in the flow is considered the dominant of the proddesiever, the results obtained in the current work suggest
that it can not be a good practice, specially when the noafinegime is dominated by secondary stability. In fact,
the nonlinear regime of the present wavetrain involves &téfe two-dimensional wave which directed the secondary
stability. This effective two-dimensional wave can not legattted by classical scenario simulations, otherwisegriigenal
two-dimensional TS wave is considered. Nevertheless, tiet results showed that the effective and original two-
dimensional waves have different growth rates among thers fact may predict, for example, an erroneous position for
the breakdown of the flow.

Numerical simulation of wavetrains in the plane Poiseuiltev for different regions of the stability diagram, but
maintaining the fixed Reynolds numberia = 8000, also was performed (Silva, 2008). In that study, one objeetas
to investigate the effect of the linear regime on the normir@solution of the wavetrain. It was possible to identifg th
onset of the K-type instability in wide range of parametergept to the cases near the first branch of the linear diagram
In fact, in that region of the diagram, some strongly thr@aahsional TS waves have larger linear growth rates than the
two-dimensional and weakly three-dimensional TS waventreoy to the presented case in the current paper. In that
study, the linear regime favored the onset of a scenaricaofsition that resemble the oblique transition. It is impott
to note that the influence of the linear regime on the nontieealution is strongly important to the phenomenon of
transition, but it is not yet published in the literatureislexpected that the current results will help further warkatural
transition.
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Abstract. In an aircraft, high-lift devices operating at high angle of attack promote the formation of relatively large
wakes. Such wakes influence the aerodynamic performance. The slat wake, for example, affects the transition point of
the wing main element and is the most important source of noise in the airframe. Owing to the generation of lift these
wakes are asymmetrics. Bodies immersed in a shear flow also produce asymmetric wakes, with important applications
to the oil industry. There are aspects of such flows that need investigation. For instance, there is no consensus about
whether or not the asymmetry can suppress vortex shedding or how it affect the shedding frequency. Indeed there is an
apparent discrepancy between results found in literature. The aim of the present work was to contribute to this issue.
The idea was to investigate the influence of asymmetry on a two-dimensional wake profile under temporal development.
The asymmetric wake profile was obtained by a combination between a gaussian wake profile and a hyperbolic tangent
mixing layer profile. The bidimensional (2D) linear stability theory analyses of the profile was performed. The work also
included 2D Direct Numerical Simulation (DNS) using the characteristic formulation of the compressible Navier-Stokes
equations in non-conservative form. The results showed that the asymmetry reduces the shedding frequency for the range
of 0 < K < 0,25 investigated. For small values of the asymmetric parameter the results showed that the asymmetry
promotes stability. Moreover, the results from literature were reconciled by taking into account the variation of the drag
coefficient with the asymmetry. Therefore, a possible explanation for the controversy was offered.

Keywords: Asymmetric wake, vortex shedding, hydrodynamic instability, Orr-Sommerfeld equation, DNS
1. Introduction

Uniform flow past a cylinder has been aceepted as a problem for a better understanding the vortex dynamics in the
wake behind a bluff body. A considerable number of studies on the uniform flow have been performed so far (Williamson,
1996). In most bluff body flows of engineering interest, however, the free stream is not uniform, but sheared. Nevertheless,
shear flow over a circular cylinder has been investigated less extensively than uniform flow.

In an aircraft, high-lift devices operating at high angle of attack promote the formation of relatively large wakes. Such
wakes influence the aerodynamic performance. The slat wake, for example, affects the transition point of the wing main
element and is the most important source of noise in the airframe (Gennaro, 2008). Owing to the generation of lift these
wakes are asymmetrics. This asymmetry in the wake indicates shear flow. Bodies immersed in a shear flow also produce
asymmetric wakes, with important applications to the oil industry. Therefore, more systematic study on the asymmetric
wake flow is required for futher improvised undertanding of engineering bluff body flows.

Quite a few studies have been performed on uniform shear flow over a cylinder, along with the adopted flow condi-
tions in Table 1. Theys have mainly investigated the effects of Reynolds number and shear rate on the vortex-shedding
frequency, the magnitude of the mean drag, and so on in the uniform shear flow. Despite many achievements to date, some
controversial issues have to be further resolved for improved undertanding of the bluff body flows (Kang, 2006). A few
disrepancies among studies on the uniform shear flow remain unresolved yet (Lei et al., 2000 and Sumner and Akosile,
2003). It is implied that more investigations on the uniform shear flow are necessary, which motivates the present study.
Representative controversial issues among previous studies are enumerated in the Table 1.

"Kiya et al., 1980, Kwon et al. 1992, Tamura et al. 1980 and Yoshino and Hayashi, 1984" claimed that the Strouhal
number St = fD/U, increased with increasing shear rate. On the other hand, "Vitola, 2006, Kang, 2006, Sumner, and
Akosile, 2003 and Lei et al. 2000" claimed that the Strouhal number decreased with increasing shear rate. In this present
study, this shear rate represents the asymmetry of the wake.

The aim of the present work is to contribute to this issue by investigating the influence of asymmetry on a two-
dimensional wake profile under temporal development.

There are important aspects of such flows that need investigation. For instance, there is no consensus about whether
or not the asymmetry can suppress vortex shedding. Indeed there is an apparent discrepancy between results found in
literature.

The aim of the present work is to contribute to this issue by investigating the influence of asymmetry on a two-
dimensional wake profile under temporal development.
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Table 1. Flow conditions used in previous studies.

References Re K St

"Vitola, 2006" 1800 0-0,2 decrease
"Kang, 2006" 50 — 160 0—-0,2 decrease
"Sumner and Akosile, 2003" 4.0 x 10*—9.0 x 107 [ 0,02 — 0,07 | decrease
"Lei, Cheng, and Kavanagh, 2000" 80 — 1000 0-0,25 decrease
"Kwon, Sung, and Hyun, 1992" 600 — 1600 0—-0,25 increase
"Tamura, Kiya and Arie, 1980" 40 and 80 0-0,4 increase
"Kiya, Tamura and Arie, 1980" 35 — 1500 0—-0,25 increase
"Yoshino and Hayashi, 1984" 80 0-0,4 increase

2. Statement of Problem

The purpose of this paper is to investigate the effects of asymmetry on the instability of wake flows using as a model
simple velocity profile

U(y) = 1 — exp(—y°In2) + K tanh(2y) (1)

where K is the asymmetric parameter that controls the amount of asymmetry. The “Figure 1" shows the variation of the
profile with K. The local half-widths of the wake b have been used as scales. This reference length scale of a wake profile
is the local half-width b, such that

U(b) = (Umam + Umzn)/2 (2)

For the current asymmetric case, the length scale was the average b, between both sides of the profile. The reference
velocity was the maximum velocity.

RN EREE ERRRE LA RRREE AR RRRAY LAY LAALN LELE

Figure 1. K variation on asymmetric wake profile.

The coordinate system is a Cartesian system defined such that the x and y are in the streamwise and spanwise direc-
tions, respectively.
As usual, the normal mode assumption. It is assumed that the physical perturbation velocity is given by

i(z,y) = u(y) expli(ar — wt)], 3)

with an analogous assumption for spanwise velocity and the perturbation pressure, where o and w are wavenumber and
frequency, respectively. Substitution of (3) into the Navier-Stokes equation and continuity, linearization and aplication of
the parallel-flow assumption then leads to the Orr-Sommerfeld equation for the y-direction velocity component

;z (/ﬁ//// o 20[2{)// + 044@) (4)
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where ¢ = w/« and the primes denote derivates with respect to y.

HOME




EPTT2008 6¢ Escola de Primavera de Transi¢éo e Turbuléncia
Copyright © 2007 by ABCM 22 a 26 de setembro de 2008, Sao Carlos, SP

The direct numerical simulation that was performed without cylinder was carried out for a Reynolds number Re = 100
and a K ranging from 0 to 0,25. The present work differs from previous studies of this problem by investigation the
temporal amplification rate of disturbance introduced in the base flow. The idea was to verify the influence of asymmetry
on the amplification rate of these disturbances, and not only check the formation of vortices. The modification of the
amplification rates is a better indication of the influence of the asymmetry on the hydrodynamic instability of the flow.

3. Methodology

The eigenvalues of the problem defined by 4 were determined numerically by using a shooting method. The starting
values for the numerical procedure were obtained from the asymptotic solutions of 4. A 4th order Runge-Kutta was
the used to numerically integrate the Orr-Sommerfeld equation. Orthogonalization of the solutions used Gram-Schmidt
process was performed whenever deemed necessary to preserve their linear independence.

The study also was carried out by solving the compressible two-dimensional Navier-Stokes equations in non-conservative
form, written in a characteristic formulation. The code used 6th order compact finite difference scheme for the spatial
derivatives and a 4th order Runge-Kutta scheme for the time integration. A filtering scheme was also employed to keep the
simulation without aliasing problems [3]. In normal-to-the-flow y-direction a free-slip non-reflecting boundary conditions
was used.For both the theorical and numerical analysis the flow was considered periodic in streamwise x-direction.

4. Results

After verifying the numerical method, we conducted numerical simulations by varying the asymmetric parameter of
0 < K < 0,25 with Reynolds number. The “Figures 2 and 2" show comparisons between theoretical and numerical
results of the temporal amplification rate for Reynolds number Re = 100 and Re = 1000 with the asymmetric parameter.
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§ K=DOO-DNS
. _ K=0D5-DSE
K=005 - DNS
K=010 - DSE
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K=015 - DSE
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—_ — K=05 - OSE
K=0.25 - DNS
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Figure 2. Temporal amplification rate by varying the asymmetric parameter at Re = 100.

The unstable band decreased to small asymmetric parameters, but for high values of asymmetry parameters the un-
stable band increased. The Reynolds number promotes the increased inthe unstable band. The "Figures 2 and 3" show a
stabilizing effect for small asymmetry parameters.

There is still a change of behavior in amplification rate. This occurs for « values near the amplification rate maximum.
Thus, for wavenumbers smaller than the wavenunber that more amplifies the temporal amplification rate increased with
the assymetry of the wake, and for wavenumbers more than the wavenunber that more amplifies this trend reversing,
namely, the temporal amplification rate decreased with the assymetry parameter.

Other important aspect is the behavior showed in the “Figures 2 and 3" for high values of K. There is another point
of maximum, it not investigated in this work.

The theoretical results were obtained at a computational cost lower than the direct numerical simulations. Owing the
computational cost low, the theoretical results conducted at an identification the wave number that more amplifies with
asymmety parameter and Reynolds number. The results indicated for the symmetric case, the maximum amplification
occurs for wave number o ~ 0,753 at Re = 100 and o ~ 0,7865 at Re = 1000. For the asymmetric case with
K =0, 20 the maximum amplification occurs for a =~ 0,657 at Re = 100 and « =~ 0, 6659 at Re = 1000.

According to “Figure 4", the wave number that has the maximum amplification decreased with increased asymmetric
parameter and increasing with Reynolds number. Furthermore, this reduction presented in the “Figure 4" indicates a
reversal for K values larger than the range investigated in this work.
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Figure 3. Temporal amplification rate by varying the asymmetric parameter at Re = 1000.
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Figure 4. Wavenumber of maximum amplification versus the asymmetry parameter for Re = 100, 500 and 1000.

With increasing asymmetric parameter occurs a reduction of w, that can be seen in “Figure 5". Besides, it occurs a
reduction of w, with Re to K high values, while to K small values occurs the opposite.

In the “Figure 6" can be seen the variation of the temporal amplification rate maximum with Re and K. Besides, the
curves display a minimum point which varies with Reynolds number. Owing the reduction in the amplification rate for K
values small, this results indicated that the flow becomes more stable, for X values small.

4.1 Controversy

The result showed a reduction of both the amplification rates and unstable range of wave numbers for K values
small. Besides, the asymmetry parameter promotes a reduction of w,., which suggests a reduction of the Strouhal number.
Therefore, before as clear controversy presented in Table 1 it is possible that the this divergence is not due to errors in
the experiments and numerical simulations. Perhaps this controversy can be explained by a physical phenomenon and the
results can be reconciled. This study presents a proposal in this direction.

The drag coeficient, C'p, is defined by

1
Cp = Fp/5pV*L, (5)

where F'p is the drag force, V is the velocidade and L is the reference parameter, that in the case is the cylinder diameter.
There is clearly the proportionality between drag coeficient and dimension of the wake, since the wake of the cylinder
corresponds the momentum deficit tah is the drag.
In the literature, it find little discrepancy between the results about the asymmetry parameter in the drag coeficient.
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Figure 5. Frequency w, to their wave number to more unstable versus the asymmetry parameter for for Re = 100, 500

and 1000.
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Figure 6. Temporal amplification rate w; to their wave number to more unstable versus the asymmetry parameter for for
Re = 100, 500 and 1000.

"Kang, 2006; Kwon et al., 1992; Lei et al., 2000 and Yoshino and Hayashi, 1984" claimed that the drag coeficient
decreased with increasing of the asymmetry parameter. This reduction in the drag represents a reduction in the reference
scale of the wake. Besides, this variation in the scale of the wake promotes a variation in the effective diameter, which
implies in variation of the Strouhal number. In this paper, the wake scale is always constant. On the other hand, in previous
studies not examine the wake itself.

The Figure "7" show results of previous studies, a discrepancy between the results. The idea is to correct the results
presented in "Figure 7" by effective diameter obtained from of the reduction of the effective diameter arising of the drag
coeficient reduction. The results this correction can be seen in "Figure 8".

As the Strouhal number is proportional to the frequency, by definition, consequently is also proportional to the w,.,
normalized to the results obtained by the theory of w, by w;,,, where the index “0” indicates the symmetric case. Besides,
the Strouhal numbers corrected were normalized by Sty. This comparation between results presented in this study and
the previous estudies can be seen in the “Figure 9".

The results showed in "Figure 9" were normalized by symmetric case and can be seen in "Figure 10" that showed the
decreased of the Strouhal number with the increased of the asymmetry parameter, so it is a clear tendency. Therefore,
removing the controversy showed in the study. Besides, the present results are in good agreement with those previous
studies "Kang, 2006; Sumner et al., 2003; Lei et al., 2000 and Kwon et al., 1992".
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Figure 7. Strouhal number versus asymmetric parameter.
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Figure 8. Strouhal number corrected versus asymmetric parameter.

5. Final remarks

In the present paper, results of numerical and theoretical calculations are described which were perfomed for an
assymetric wake profile. The Reynolds number was 100, 500 and 1000 and the asymmetry parameter K was in the range
of 0 ~ 0, 25.

The main results can be summarized as follows: As expected, a von Karman vortex street similar to that behind a
cylinder was observed even thought no cylinder was actually simulated. In fact, only a base flow of a wake profile was
simulated. The results showed a reduction of both the amplification rates and unstable range of wave numbers for the
asymmetry parameter small. Therefore, the asymmetric wake was shown to be less unstable. The results indicated that
the Strouhal number decreases with the increase of the asymmetry parameter small.

The results also shed some light into the apparent discrepancy illustrated by Table 1 and “Figure 7", in particular
regarding the variation of the Strouhal number. The results in the table were to be corrected for the more appropriate
reference scales, they could show a clear tendency for reduction of the Strouhal number for increasing asymmetry. This
results may strongly suggest that the controversy can be given as resolved.
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Abstract. Uma vez que, na realidade, os escoamentos externos a cavidade (representados pela tampa deslizante) nem
sempre sdo paralelos aos eixos, 0 presente trabalho apresenta a caracterizagdo e analise numérica de escoamentos
turbulentos no interior de cavidades cubicas com tampa deslizante diagonal (45°), considerando nimeros de Reynolds
acima de 3200. Apresenta-se também uma andlise comparativa com o problema de tampa deslizante paralela (0°). As
equacgdes de Navier-Stokes sdo discretizadas com o método dos volumes finitos em coordenadas cartesianas, com
malhas deslocadas e esquemas temporal e espacial de segunda ordem. A metodologia de simulacdo de grandes escalas
(SGE) com modelagem dinamica é usada.

Keywords: escoamentos turbulentos, cavidades tridimensionais, SGE.
1. INTRODUCAO

O escoamento em cavidades com tampa deslizante tem algumas importantes aplica¢fes tecnoldgicas em diferentes
areas da engenharia. A simplicidade da geometria, a qual delimita o problema, contrasta com a diversidade de estruturas
que se formam e, de acordo com a literatura, estas caracteristicas tornam a cavidade um problema classico para testar
modelos numéricos.

A representacdo de cavidades de se¢do quadrada com comprimento axial infinito, cavidades bidimensionais, tem
sido largamente estudada e agora ¢ um problema padrdo para testar novos esquemas numeéricos € computacionais.
Benjamin e Denny (1979), Ghia et al. (1982) e Botella e Peyret (1998) séo alguns dos muitos trabalhos existentes,
dentre os quais 0 de Ghia et al. (1982) se destaca, pois é freqlientemente referenciado, ele emprega o método das
diferencas finitas com a formulacdo fungéo corrente-vorticidade, usando malha cartesiana uniforme.

Somente nos anos 80 o primeiro trabalho experimental de Koseff e Street (1984) permitiu mostrar que escoamentos
em cavidades sdo de natureza tridimensional. Além disso, este escoamento possui caracteristicas tipicas como vortices
primarios e secundarios e estruturas denominadas vértices de canto. O vértice primario surge na direcéo transversal ao
movimento da tampa, com sentido das paredes para o centro da cavidade, a0 mesmo tempo, para satisfazer a
conservacao da massa do sistema, surge um segundo vértice no sentido contrério, ou seja, do centro para as paredes
(inward and outward currents), além desses, vortices similares aos de Taylor-Gortler também sdo observados.
Recentemente, Migeon et al. (2003) considerou o desenvolvimento temporal tridimensional dentro de um
paralelepipedo com tampa deslizante com nimero de Reynolds igual a 1000, os resultados mostram a formacéo e
surgimento de estruturas de vortices e o aparecimento de vortices de Taylor-Gortler em fase inicial.

O progresso recente em analise numérica e hardware possibilitam fazer uma andlise adequada de problemas
tridimensionais, devido a esse fato, Ku et al. (1987) e Babu e Korpela (1994) através da solugdo das equacles de
Navier-Stokes, apresentam comparacfes entre cavidades bi e tridimensionais. Iwatsu et al. (1989) mostrou a topologia
do escoamento através da proje¢do de linhas de corrente em planos para alguns nimeros de Reynolds e Sheu e Tsali
(2002) fizeram o mesmo para nimero de Reynolds igual & 400. Escoamentos laminares instdveis mostram a existéncia
de vortices do tipo Taylor-Gotler, foram resolvidos por lwatsu et al. (1990), Zang et al. (1994) e Chiang et al. (1996).
Escoamentos turbulentos foram resolvidos usando a metodologia da simulacdo numérica direta por Leriche e Gavrilakis
(2000) e através de simulacdo de grandes escalas por Zang et al. (1993), Deshpande e Milton (1998) e Hassan
Barsamian (2001), estes trabalhos comparam os resultados com os dados de Koseff e Street (1984) e mostram
caracteristicas de turbuléncia estatistica e comportamento instantdneo do escoamento.

Povitsky (2005) apresentou simulagdes, realizadas em um software comercial, de cavidades tridimensionais com
tampa deslizante ndo paralela as paredes, este tipo de problema pode ser observado em aplicagbes praticas de
engenharia civil, algumas construcdes podem formar geometrias proximas de cavidades tridimensionais e o0 escoamento
sobre elas dependem da direcdo do vento, que normalmente, ndo é paralelo a posicdo das paredes. Em aterrissagens e
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decolagens, uma fonte de ruido muito importante é a cavidade formada ao se abrir o trem de pouso. Padilla et al.
(2006a) analisaram o mesmo tipo de escoamento considerando tampa deslizante direcionada em 45° e nlimeros de
Reynolds dentro da faixa 100< Re <2000. Nessa mesma faixa de Re, Padilla et al. (2006b) acrescentam a analise e
caracterizagdo desses escoamentos para outros angulos da tampa.

Neste trabalho serd apresentada a anélise de simulagdes de escoamentos em cavidades cubicas com tampa deslizante
paralela e ndo paralela as paredes da cavidade usando a metodologia de simulagdo de grandes escalas com modelo
dindmico. Na préxima secdo sera feito uma breve descricdo do modelo matematico que rege o problema, na seqiiéncia
sera explicada a metodologia numérica utilizada, para finalizar o artigo serdo mostrados os resultados e as principais
conclusdes obtidas.

2. FORMULAGAO DO PROBLEMA E MODELO DE TURBULENCIA

Trata-se de escoamentos no interior de cavidades clibicas com tampa deslizante, de comprimento caracteristico L,
como mostrado na Fig. 1(a). A tampa se movimenta com velocidade U , considerando uma movimentacdo diagonal da

tampa com « = 45°. Para efeitos de analise definem-se alguns planos (Fig. 1b): o plano (+/x*+z*,y) denominado

plano A; o plano (+/z? + x?, y ), denominado plano B e o plano (x, z) em y/L =0,5, denominado plano C.

[

/

(a) (b)

Figura 1. Cavidade cubica com tampa deslizante; (a) movimentagdo diagonal da tampa « = 45°, (b) planos de analise
utilizados no presente trabalho.

O fluido confinado é considerado newtoniano, isotérmico e incompressivel, com massa especifica p e viscosidade

cinematica v . O escoamento no interior da cavidade é regido pelas equagdes de Navier-Stokes, expressas aqui na forma
conservativa e em coordenadas cartesianas, mostradas nas Egs. (1-2):

Vi=0, 1)
@W.(UU) = —EVﬁ +V.[v(vi+va") ], @)
ot P

onde o vetor velocidade i tem componentes u,v,w nas dire¢bes X, y, z, respectivamente, p € o campo de presséo, p

é a massa especifica do fluido e v é a viscosidade cinematica.

De acordo com a metodologia de simulagdes de grandes escalas (Smagorinsky, 1963), aplica-se 0 processo de
filtragem nas equacdes governantes (1 e 2) para separar 0s campos que contém as grandes escalas e as escalas sub-
malhas. Este processo de filtragem gera o tensor de Reynolds sub-malha definido como ; = —(ruj—ﬁiﬁj) , este tensor é

melhor descrito por Silveira-Neto et al. (2002). O tensor z; € modelado pela hipdtese de Boussinesq:
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= 2
Tij =— 28” +§ ké‘” ) (3)

onde v, é a viscosidade turbulenta, S_ij = (1/2)(6Ui/axj +0U, /axi) ¢ a taxa de deformacéo calculada usando o campo
resolvido e a energia cinética turbulenta. Considerando as Egs. (1-3), as equagdes de Navier-Stokes filtradas sédo escritas

como:
Vi=0, @
@+v.(ﬁ ﬁ):—EVﬁ+V.[(v+v)(Vﬁ+VﬁT)]- ©)
ot P t

Para aproximar o tensor de Reynolds utiliza-se o modelo sub-malha dindmico, onde o pardmetro de
proporcionalidade é computado como uma funcdo das coordenadas espaciais e do tempo. Este modelo supera muitas
dificuldades e deficiéncias do modelo de Smagorinsky. A expressdo que define a viscosidade turbulenta v, de acordo

com Germano et al. (1991) e modificada por Lilly (1992):
v, =CA?|5], (©)

onde A é o comprimento de escala filtrado, | S |= (§ij §ij )2 e C é o coeficiente dinamico dado por:

1 Li'Mi' —
C="2wm, b

|>

A~

~s Z S
0, M, =A?|S|S; -A%[S|S; - U]

[l
[l

onde A=2A éo0 comprimento de escala do filtro teste. A influéncia do filtro teste no escoamento é muito importante
como demonstrado por Padilla e Silveira-Neto (2003). No presente trabalho o filtro discreto proposto por Padilla (2004)
é usado.

3. METODO NUMERICO

O método dos volumes finitos (Patankar, 1980) foi empregado, utilizando malha deslocada, para descrever
numericamente as Eqgs. (4) e (5). As derivadas espaciais foram discretizadas com um esquema de diferencas centrais de
segunda ordem e para a discretizagdo temporal foi utilizado o esquema de Adams-Bashforth, também de segunda
ordem. O método de acoplamento entre os campos de pressdo e velocidade utilizado foi o passo fracionado (Kim e
Moin, 1985), com dois passos denominados preditor e corretor. A correcdo do campo de pressao foi realizada
resolvendo a equacao de Poisson, para isso utilizou-se o procedimento fortemente implicito (SIP) proposto por Stone
(1968).

O passo de tempo foi avaliado segundo o critério de estabilidade CFL. Além disso, utilizou-se malha ndo-uniforme,
mais refinada proxima as paredes da cavidade.

4. RESULTADOS E DISCUSAO

O processo de validacdo do cédigo numérico desenvolvido foi realizado usando a configuragdo com angulo de
orientagdo da tampa nulo (¢ =0° vide Fig. 1) e comparado com dados experimentais e numéricos, como apresentados
na Fig. 2. Nessa figura comparam-se os resultados obtidos para regime laminar (Fig 2a) e para regime turbulento (Fig
2b), usando perfis ao longo da direcdo x/L em (y,z)/L=0,5 (segundo o sistema de eixos da Fig. 1). Em regime

laminar, para Re =400, observa-se muito boa concordancia, para malha 40x40x40, com os resultados numéricos de
Kato et al (1990), Babu e Korpela (1994) e Sheu e Tsai (2002). Comparacdes qualitativas sobre o desenvolvimento
temporal do escoamento para Re=1000, foram realizadas, mostrando um padrdo idéntico aos obtidos
experimentalmente por Migeon et al. (2000). Em regime turbulento, mostram-se perfis de intensidade turbulenta da
componente vertical da velocidade para Re=10000, isto é, a estatistica das flutuacbes da velocidade na forma

VvV = «/v'v'/U . Estes perfis, obtidos com malha ndo uniforme de 40x40x40, mostram a superioridade do modelo sub-

rms

malha dindmico em relacdo ao modelo de Smagorinsky e boa aproximacdo com os dados experimentais de Prasad e
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Koseff (1989). Uma anélise detalhada do problema, para diversos valores de Re em duas e trés dimensdes, €
encontrada nos trabalhos precedentes Padilla e Silveira Neto (2005) e Padilla et al. (2005).

0.15

(] Babu e Korpela

r. Sheu e Tsai

Q Kato et al

== A0x40x40

———— 50x50x50 0.10 o] Prasad e Koseff

--------- Smag. (Cs=0.18) (o]

Dindmico

vil
ViU

0.60 -———

0.00 025 0s0 075 100
x/L
(@

Figura 2. Comparacdo com dados de referéncia para escoamentos com angulo da tampa nulo (« =0°) na posicdo
(y,z)/L=0,5; (a) regime laminar, (b) regime turbulento.
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t[s] t[s]
(a) (b)
Figura 3. Distribuicdo temporal da componente u da velocidade para dois valores de Re, (a) sonda A,
(b) sonda B.

Baseados nos dados apresentados, as simulacfes do presente trabalho foram realizadas com malhas ndo uniformes
(com razéo de expansdo-reducdo de 5%) e com modelo sub-malha dindmico. Enquanto a selecdo da faixa de valores de
Re, considerando que para cavidades com angulo nulo o escoamento a Re=3200 é instavel (Prasad e Koseff, 1989;
Deshpande e Milton, 1998; Padilla et al, 2005) e que, segundo a sugestdo de Povitsky (2001) para cavidades cubicas
com angulo ¢ =45° o escoamento pode-se apresentar instavel para Re menor que para cavidades com angulo nulo, foi
escolhida a faixa de valores de 3200 < Re <10000.

Duas sondas numéricas foram colocadas de forma a monitorar os sinais das grandezas dos escoamentos,
denominadas de sonda A e sonda B. A primeira delas, na regido inferior da cavidade, localizada em (x,y,z)/L= 0,5,
0,0076, 0,5; a segunda, na regido proxima da tampa deslizante, localizada em (x,y,z)/L = 0,5, 0,9924, 0,5. Os sinais
da componente horizontal da velocidade u/U , para dois valores de Re, sdo mostrados na Fig. 3. Estes sinais indicam

claramente que o escoamento para Re=3200 é completamente instavel, apresentando oscilacbes de amplitude
levemente maiores na sonda A e varias frequéncias, das quais a mais importante corresponde a 0,047 Hz (avaliadas
usando FFT das flutuagdes do sinal). Para Re=10000, as oscila¢fes evidenciam uma multiplicacdo de frequéncias e,
principalmente na sonda A, um incremento exagerado da amplitude das mesmas que as torna de aparéncia caética.
Essas caracteristicas, observadas para Re=10000, séo tipicas dos escoamentos turbulentos e similares ao padrdo
observado para o caso de cavidade com orientagdo da tampa nula (Prasad e Koseff, 1989; Padilla et al, 2005). Os sinais
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Plano C
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Figura 4. Padrdo do escoamento para Re =3200, visualizado sobre diferentes planos; (a) campo instantaneo,
(b) campo médio.

indicam também que é necessario um razoavel intervalo de tempo de simulagdo que permita uma boa estimativa dos
comportamentos médios.

As imagens das Figs. 4 e 5 ilustram as caracteristicas do padréo dos escoamentos para Re =3200 e 10000, através
das linhas de corrente sobre os trés planos predefinidos na sec¢do 2 (Fig. 1b), usando duas perspectivas: o instantaneo
(Figs. a) e o estatistico (Figs. b). Para se ter uma melhor representatividade, as linhas de corrente foram coloridas com a

norma da velocidade (+/u? +v? +w? ). O plano A permite visualizar o escoamento principal, enquanto os outros planos

mostram 0s escoamentos secundarios. Como observado na Fig. 3, por se tratar de escoamentos em transi¢do a
turbuléncia e turbuléncia, os escoamentos no interior das cavidades tém uma dindmica que oscila intensamente em umas
regides e em outras oscila menos, sendo que a dindmica desses escoamentos torna-se completamente instavel a medida
que 0 Re aumenta. Essas caracteristicas sdo claramente evidenciadas nas Figs. 4(a) e 5(a) através das linhas de corrente
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instantaneas. Para Re =3200, os planos de escoamento secundario apresentam assimetria em relagdo ao plano A e
regido central muito instavel (comparando a posicéo dos vortices com o escoamento médio, Fig. 4b). Em concordancia
com a andlise da Fig. 3, & medida que o Re é incrementado uma ampla banda de freqliéncias aparecem, indicando a
presenca de multiplos vértices, como registrado para o escoamento a Re =10000. Por outro lado, o escoamento médio
permite padronizar o comportamento, nesta oportunidade, pela presenca do ndmero de voértices em cada plano. No
plano A, tem-se o vortice principal e dois vortices secundarios para Re <5000, ou trés vértices secundarios para
Re >5000, sendo que o terceiro pequeno vortice aparece na parte superior esquerda do plano. No plano B, o nimero de
vortices passa de trés pares para seis pares quando o Re é incrementado de 3200 a 10000. No plano C, se mantém o
mesmo ndmero de vortices.

2) w) {

){
A

Plano C [ EEESs a .

60 01 02 02 04 05 08 07 08 08 10

(@) (b)

Figura 5. Padrdo do escoamento para Re =10000, visualizado sobre diferentes planos; (a) campo instantaneo,

(b) campo médio.
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A andlise dos escoamentos através de iso-superficies de vorticidade permitiu confirmar a presenca das estruturas
conhecidas como vértices de canto, localizadas préximas das paredes a frente da tampa deslizante (visualizadas também
nos extremos do plano B). Usando o critério Q (Pallares et al. 1996), foi possivel visualizar a presenca de vortices tipo
Taylor-Gortler, que para os maiores Re, aprecem como estruturas desintegradas que oscilam nas regides de maior
intesidade de turbulencia, como pode ser observado na Fig. 6. Nessa figura, mostram-se iso-superficies de Q =1 em dois

instantes do escoamento para Re =10000.

t=320s

Figura 6. Estruturas caracteristicas usando critério Q=1, Re =10000, para dois instantes do escoamento.

Na Fig. 7 tém-se perfis de velocidade média da componente horizontal da velocidade e a estatistica das flutuagoes
associada & mesma componente, perfis ao longo da coordenada y/L em (x,z)/L= 0,5, 0,5. Evidentemente, para os

maiores valores de Re existem altos gradientes de velocidade nas proximidades das paredes da cavidade e maximos de
—u/U na regido inferior, sendo que para Re >7500, essas velocidades maximas de retorno do escoamento principal,

situam-se mais proximas da parede inferior. A distribuicdo de u . (Fig. 7b) confirma a interpretacdo da Fig. 4(a),

evidenciando como regido de maiores flutuacGes a regido central da cavidade; para Re >5000 essa regido se desloca
para regifes inferiores. Como é légico, se observa na Fig. 6, essa caracteristica ndo necessariamente é valida nas outros

planos.
1.0
0.8 Re=3200
Re=5000
Re=7500
06 Re=10000
Re=3200 r
- |
= Re=5000 =
Re=7500
04 Re=10000
0.2
00 42 0.0 02 04 06 08 1.0 0850 0.02 004 006 0.08 010
u U u_JU
(@) (b)

Figura 7. Perfis estatisticos associados a componente da velocidade u para diferentes valores de Re; (a) velocidade
media, (b) u,,-
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O espectro de energia associado ao sinal da componente horizontal da velocidade paraRe =3200, na sonda A,
apresenta uma inclinagio pronunciada, a qual representa a presenca basicamente de grandes estruturas. A medida que o
Re aumenta, a inclinagdo do espectro se aproxima a —5/3 como resposta a multiplicacdo das pequenas estruturas,
sendo que sdo maiores as mudangas para 3200< Re <5000. Para Re =10000, como mostrado na Fig. 8, a orientagdo da
zona inercial é levemente de menor inclinacdo, mais larga e mais energizada que aquela correspondente a Re =5000.

W 10° —
10° =
Re=5000
1070 = Re=10000
1072 =
10° 10" 10° 10’

Frequéncia [Hz]

Figura 8. Espectro de energia associado ao sinal da componente da velocidade U na sonda A.

5. CONCLUSAO

Escoamentos instaveis no interior de cavidades clbicas com tampa deslizante diagonal foram simulados usando
modelagem sub-malha dindmica. Estes tipos de escoamento representam modelos simplificados de diversos problemas
encontrados na industria (por exemplo: indUstria aeronautica e de construcdo civil), onde a orientacdo do escoamento
representado pela tampa modifica a dindmica do escoamento no interior cavidade, quando comparado ao problema com
movimento da tampa com &ngulo nulo. Foi estabelecido o padréo dos escoamentos para os diversos valores de Re
considerados, baseados no ndmero de vortices presentes no escoamento médio, usando trés planos representativos.
Estruturas como os vdrtices primario, secundarios, de canto e de tipo Taylor-Gortler estdo presentes no escoamento
médio, sendo que para altos Re essas estruturas oscilam intensamente ao ponto de serem desintegradas.
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ANALISE DO MODELO DE LANGEVIN ESTENDIDO NA MODELAGEM
DA COMBUSTAO TURBULENTA USANDO A ABORDAGEM DE REATOR
PARCIALMENTE AGITADO
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Luis Fernando Figueira da Silva, luisfer@esp.puc-rio.br
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Resumo. O presente trabalho tem como finalidade determinar a infliggdas propriedades termoquimicas no emprego
do modelo de Langevin estendido (ELM) em uma situacdo deusiédbde reagentes pré-misturados. Para este caso
simplificado, considerou-se a abordagem de Funcgao DensidadProbabilidade (PDF) na formulagdo matematica do
Reator Parcialmente Misturado (PaSR). Uma vez que a abemiadp PDF apresenta termos abertos no que diz respeito
aos processos difusivos, 0 modelo ELM foi levado em conta@fchamento do termo que descreve a difusdo do campo
escalar. Este modelo de mistura estocastico apresenta umagal vantagem frente aos modelos de mistura reportados
na bibliografia, pela inclusédo de espetros de escalas quelaimma turbuléncia e a taxa de disipacao do escalar presentes
em um fendmeno de mistura turbulenta. Desta forma o PaSRIipado como uma ferramenta mateméatica na avaliagcao
dainfluéncia do modelo ELM nas propriedades termoquiminagma situagdo de combustao do tipo pré-misturada. Os
resultados obtidos foram analizados para diferentes regies de funcionamento do PaSR.

Palavras-chave: Reator Parcialmente Agitado, Funcao Densidade de Proididle, Equacao Diferencial Estocastica,
Técnica Monte-Carlo.

1. INTRODUCAO

Dentre os desafios recentes no estudo de escoamentos itwbuleativos, um dos principais € o desenvolvimento
de modelos computacionais capazes de descrever adequadasénteracdes existentes entre combustéo, turbuléncia
e a mistura dos reagentes. Um dos motivadores deste desaficescante preocupagao no impacto dos processos de
combustdo no meio ambiente a qual encontra-se diretamsatgonada com a influéncia do grau da mistura sobre os
processos de combustdo e, em particular, sobre a formagédbmntes.

A abordagem de Reator Parcialmente Agitado (PaSR), wdireste trabalho, é capaz de levar em conta 0 processo
de micro-mistura entre reagentes e gases queimados, astprésenca de flutuacdes das propriedades termodindmicas
durante o processo de combustdo, as quais podem acarretanaior taxa de formacéo de poluentes. A formulagéo
matematica de PaSR pode ser realizada mediante a utilidacBEquacao de Transporte de uma Fungdo Densidade de
Probabilidade (PDF). Quando sédo utilizados modelos qusideram o transporte da PDF das propriedades do escoa-
mento, os termos da conveccao e da producado quimica apadedenma fechada e, portanto, ndo requerem de modelo,
porém, o fendmeno da difusdo do campo escalar ou micro4ais&imanece aberto, e portanto, precisa de modelo (Pope,
1985; Pope, 2000; Fox, 2003). Esta dificuldade aparece poigpsos difusivos envolvem formulacdes do tipo biponto,
as quais nao podem ser descritos mediante técnicas ésiatt tipo uniponto.

Nas décadas passadas, diversos modelos foram propostoandérana representar o pocesso da micro-mistura,
iniciando-se com os modelos classicos de interacéo entiieydas (Curl, 1963; Dopazo, 1978; Pope, 1982) e o0 modelo
de interacdo mediante a transferéncia com a média ou madmlqVillermaux e Devillon, 1972), até aqueles, mais
sofisticados, como os modelos de Langevin (Pope, 1985;0/alBiopazo, 1991), o modelo de modo de fechamento me-
diante mapeamento (Chenhal, 1989) e o modelo baseado na extenséo de ramificagcdes podengitmimo euclidiano
(Subramaniam e Pope, 1998). Recentemente, Sabel'nikovakiBavski (2001) propuseram novos modelos de mistura
estocasticos, o mais complexo e funcional, o modelo de hamgstendido (ELM). Este modelo substitui a escala de
tempo Unico utilizada no modelo IEM por uma descri¢cdo estars@da freqiiéncia do movimento turbulento e pela adi¢éo
de um termo que simula a dissipacdo do campo escalar, naandiza um espalhamento das trajetérias do espago da
fase enquanto que garante a propriedade de delimitacata Deseira, é possivel conseguir uma relaxacéo da PDF de
uma campo escalar inerte para uma forma Gaussiana. Estenooleo de mistura foi avaliado e validado por Souletrd
al. (2004) mediante resultados obtidos através de Simulac&uwNca Direta por Eswaran e Pope (1988) para casos de
mistura turbulenta de um campo escalar inerte, porém, a@d#avia sido empregado em uma situacéo de combustéo.

O presente trabalho apresenta um estudo do modelo de Larggeindido (ELM), desenvolvido por Sabel'nikov
e Gorokhovski (2001), em um Reator Parcialmente Agitad&kaConsidera-se um sistema simples e homogéneo
representativo de aplicacdes praticas de modelos de mis@iresultado do processo de combustdo € governada pela
competicdo entre as escalas do tempo caracteristico c#orgaémica, mistura e o tempo de residéncia dos gases con-
finados no interior do PaSR. A equacéo de transporte da PDsokida mediante um sistema equivalente de equacdes
diferenciais estocasticas (SDEs) usando a técnica Moarte,@itilizando método numérico do tipo implicito para s-re
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olucéo de sistema de SDEs (Tian e Burrage, 2001). O estadmpente da PDF do escalar reativo dentre de um PaSR
€ estudado para casos correspondentes a mistura rapidebastémintensa e para mistura lenta e combustao moder-
ada. Finalmente, um estudo paramétrico da influéncia dgsa®icaracteristicos da mistura e da reagdo quimica e dos
parametros do modelos de Langevin estendido nas propeasdaéldias do escalar reativo dentre do PaSR € apresentado.

2. FORMULACAO MATEMATICA E METODO NUMERICO

O processo quimico é descrito usando uma reacéo global de pako, a qual envolve a variavel de progresso da
reagog = (T —To)/(Tua — Tv), ondeT', T, e T,4 SA0 a temperatura, a temperatura na entrada do reator e er&tong
de combustéo adiabatica, respectivamente. A formulacéquizcéo de transporte da Fung&o Densidade de Probabilidade
conjunta do escalar reativa,e o logaritmo da frequéncia turbulentg,para o caso do modelo ELM no interior do PaSR
(Orbegoso e Figueira da Silva, 2008) é dada por

% = [6(c) — P(0,x:; )] + Z% [a2e (c = (clx)) Ple, x5)] + Zs—; [bQeXce (1 =) Pe, x;t)] "
+z(% [Cy (x —m1) Ple, i t)] + za% [CxmaPle, ;)] - 3’% S@Pexn],

ondet* = t/7, € o tempo adimensional, € o tempo de residéncia da mistura no PaSR. Nesta equacdo,eslguerdo
representa a evolucéo transiente da PDF conjiiitay). O logaritmo da frequéncia turbulenta, € descrito mediante

um processo estocastico do tipo Orstein-Uhlenbeck (Popeea,d990). Os processos de entrada-saida dos gases séo
representados pelo primeiro termo do lado direito da Eq. Kte-se que os gases frescos que entram no reator sao
caracterizados mediante uma distribuigao inicial da féegia turbulentaP (0, x). Os termos restantes descrevem, em
ordem, os processos difusivos e dissipativos:@ey e o termo de producéo quimica, a qual, é descrito{ej =

(1 = c)exp[Be/(c+ 1/a)], ondea = (Toq — To)/To € 0 calor de reagdo reduzid@e= E/RT, € a energia de ativagao
reduzida. A raz&o entre a tempo de residéncia médio e o teanpoteristico da turbuléncia® = 7,. /7. Desta maneira,
para um valor d&€ — oo 0 Reator Perfeitamente Agitado é obtido. No caso emZjue 0, a solu¢do do PaSR é reduzida
para o equivalente a um Reator do tipo Pistédo (PFR). O parddiet 7. /7. representa o numero de Damkd&hler baseado
no tempo de residéncia e a escala do tempo caracteristio@desgo quimicor. « exp(3) (Sabel'nikov e Figueira da
Silva, 2002). Note-se que a definicdo usual do nimero de DalekéDa = 7. /7. = )/ Z. Os valores de, b e (2 séo

dados por

1—

a=1+d Lo UQCM, 2)

M
2 . 2

b= ap L2 el -
M
oX

~ (@) — (d=?)’ (4)

ondeX = 7,./7n, 7,,' = (w.) é a média da freqiiéncia de mistura do escalar. Do expostdcantente, pode ser
mostrado quéw.) = Q(w) (Soulardet al, 2004). Nas Egs. (3-5) representa o modelo estocastico da freqliéncia
turbulenta adimensional, representado pet 7. (w)eX = ZeX, onde,w e (w) sdo a freqliéncia turbulenta e seu valor
médio. Note-se que é descrito mediante uma distribuigdo log-normal (Pope enCh@89). Além disso, na Eq. (1),
my e my S80 a média e a variancia do processo estocagtiel”, = 1,6 (Pope e Chen, 1989; Soulaeti al, 2004).
Uma vez quey € uma variavel estocastica cujos valores obedecem a umiduiisio Normalyn, = —ms/2. Yeung e
Pope (1989), baseado em resultados de DNS, propusesam0, 29inRey — 0, 36, para28 < Rey < 96, ondeRe) é 0
ntmero de Reynolds baseado na escala de comprimento de. Taydorreto decaimento da varianci&, = (c — (c))?,
coerente com a equagéo exata para o caso turbuléncia hoeeoffBoularcet al, 2001),02 = o2exp (—2{w.)t), €
alcancada mediante a escolhafd@a Eq. (4). Finalmenter3, = (c) (1 — (c)) é definido como o valor maximo da
variancia do escalar& é uma constante que controla a taxa de relaxagdo da PDF (&etidd., 2004). Note-se que, no
caso em que simultaneamente, a dissipacéo do escalar gbjgeneiadad, = 0, e 0 movimento turbulento é uniforme,
z = cte, obtem-se 0 modelo IEM classico (Sabel'nikov e FigueiraitlaaS2002).

A equacéo de transporte da PDF utilizado neste trabalho(lggnédo possui nenhuma solu¢éo analitica conhecida,
com execao em que modelo IEM é adotado (Sabel'nikov e FigukrSilva, 2002). Além dissso, contrariamente ao
caso inerte, onde uma Solucdo Numérica Direta desta eqéagéassivel (Soulardt al, 2004), o termo de produgéo
guimica apresenta dificuldades na especificacédo da cosdled@mntorno na vizinhanca de- 1 (Sabel'nikov e Figueira
da Silva, 2002). Por conseguinte, a técnica classica desstvee o sistema de equacdes diferenciais estocasticds) (SD
equivalente de acordo com a representacéo de I1td (GartiB®9) é adotada,

de™ = [_ZaQeX(cW —{c|x)) + yS(c<n>)] dt* + \/ 2260 (1 — (™) dW,, (5)
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dx™ = —20, (x™ —my)dt* + \/2ZCymadW,, (6)

ondedW. e dW, séo as variacdes, independentes entre si, &g que obedecem a um processo Wiener padrédo com
média igual a zero e variancia iguala(Gardiner, 1990). a condicao inicial destas equagbes sgases frescog: = 0)

e uma frequéncia turbulentaseguindo a uma distribuicdo Log-normal, ou sgj& prescrito como obedecendo a uma
distribuicdo Normal.

As Equacdes (5) e (6) sdo SDEs ndo lineares que representesfugd® dec e x no interior do PaSR. Esta néo
linearidade esta associada aos termos de mistura estec@ste produgdo quimica. A solugdo numérica deste sistema
requer ao emprego de métodos numeéricos que sejam capazesawer equacdes diferenciais estocasticas rigidas. Os
esquemas classicos de integracao do tipo explicito, conutes-Elaruyama (Gardiner, 1990), ndo sdo os mais adequados,
uma vez que a delimitacdo do campo escalar ndo pode serigaraBtesquema numérico considerado neste trabalho
para a solucdo das Eqgs. (5) e (6) € o método de Milstein Tayliplitito (Tian e Burrage, 2001). A formulacédo geral
de uma equacéo diferencial estocastica que descreve @vale uma variavel) submetida a um processo Wiener
unidimensional, usando a representacao de It6, é

dg(t) = A[p(t), t]di + B (1), t] dW;(t),  d(to) = do, € [to, T], )

onde, A [¢(t),t] e B¢(t),t] s@o respectivamente os coeficientes de deriva e de difusl®, € o incremento de um
processo Wiener. A forma discretizada da Eq. (7) utilizanddétodo de Milstein Taylor Implicito (Tian e Burrage,
2001) é

¢n+1 = (bn + A [¢n+1atn+l] At +B [(bn—&-la tn+l] AI/Vn - %(BB/) [¢n+17 tn+1] [(AWn)Q + At] ) (8)

ondeB’ = dB/d¢, At e AW,, representam respectivamente, o incremento de tempo eag&arilo processo Wiener
discretizado, e os indicesen + 1 denotam os tempos sucessivos. Este método, implicito erosaosttermos de deriva

e de difusédo, possui uma convergéncia de ordem forte igliad oa estabilidade, quando comparados a outros métodos
numeéricos disponiveis para a solucao de SDEs (Tian e Byr2@§é). As Equacdes (5) e (6), discretizados utilizando a
Eq. (8), sdo resolvidos mediante a técnica classica de Moaitl® (Pope, 1985). Para cada passo de tempo, gases frescos
entram ao reator. O valor da freqiiéncia turbulenta dos gesestrada é prescrita de acordo a distribuicdo Log-normal
com os valoresn; e mo, previamente fornecidos.

3. RESULTADOS E DISCUSSOES

Os resultados apresentados nesta secdo foram obtidos Pa®Foconsiderando o modelo de Langevin estendido
(ELM) desenvolvido por Sabel’'nikov e Gorokhovski (2001)mléstudo da influéncia do parametfpe das escalas de
tempo caracteristicas adimensiondis ) no processo de combustdo sera apresentada.

Para todos os resultados obtidos da simulagéo estocastifa®R, foram considerada$ particulas estocasticas.
Para cada tempo adimensionAl*, N,,;, = 43 particulas foram retirados do reator. Estes valores forsulieidos de
maneira a reduzir o erro estatistico, mantendo-se o temppuw@cional em valores razoaveis. Desta forma, o tempo de
residéncia é dado per. = N,At/Ny,, € 0 passo de tempo adimension®t; = At/'7, = Ngu/N,, € igual 473, No
inicio da simulagéo, todas as particulas estocasticagmospenas gases frescos, istéé; (t = 0)] = 6 (¢). Os valores
adimensionais empregados do calor de reagéeda energia de ativacd®, sao0, 8 e 15 respectivamente. Estes valores
utilizados por Sabel’'nikov e Figueira da Silva, (2002) resgentam uma reacao quimica com um valor moderado do calor
de reacdo e uma energia de ativacéo elevada.

3.1 Mistura Rapida com Regime de Combustéo Intensa

A primeira situacao examinada é aquela na qual a evolucdoistarene da cinética quimica sao rapidas, quando
comparadas com o tempo de residéncia dos gases no PaSR.udtoalgs parametros adimensionais utilizados a esta
situacdo €& = 2 e Y = 0,167, as quais controlam, respectivamente, a velocidade desgsos de micro-mistura e de
reacao.

Na Fig. 1 apresentam-se PDFs estacionarias conjuntas gee a PDF de obtido mediante a integracéo éc, )
no espaco amostral dg isto é,P(c) = ffooo P(c,x)dx. Estas PDFs correspondem aos valoreggde- 0, 0,4 e 1.
Nesta figura, os resultados obtidos mediante o emprego delm&iilM sdo representados por histogramas, enquanto
que a linha soélida sempre representa a solu¢do semi-eaa#iPDF de correspondente ao modelo IEM (Sabel’'nikov e
Figueira da Silva, 2002) que é tragada para fines de referénci

Dos graficos superiores mostrados na Fig. 1, claramenteideneia uma alta probabilidade de se encontrar gases
completamente queimados no interior do PaSR, isto é, gases@mposicde — 1. Percebe-se também que estas PDFs
séo praticamente similares para as diferentes escollla €m esta situacdo particular de combustéo intensa e mistura
rapida. No entanto, os géficos inferiores da Fig. 1 mostragnag@DF de: obtida com o modelo de Langevin estendido
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Figure 1. Comparacgdo do estado estacionario das FIDESy) e P(c) no caso o regime de combustéo interngas-
0,167, e mistura altaZ = 2, usando o modelo de Langevin estendido pard{a} 0, (b)dy = 0,4 e (c)dp = 1. Alinha
continua representa a PDF dasando o modelo IEM (Sabel’nikov e Figueira da Silva, 2002).

exibe pequenos desvios em relagédo a solucao fornecida pelelolEM. Estes pequenos desvios sdo perceptiveis na
vizinhanga dos gases frescas—= 0, onde um ligeiro incremento no valor d&(c) € observado. Note-se, também,
que o valor del, praticamente nao influencia a forma da PDF. Como sera visi® adéante, estas pequenas mudancas
ndo alteram os momentos estatisticos da PDF neste castufzartiEfetivamente, nesta situacao, o PaSR poderia ser
aproximado para um PSR uma vez que que a maioria de gasesagasiigue existem no interior do reator possuem
composicao vizinha (mas diferente)de- 1 .

3.2 Mistura Lenta com Regime de Combustdo Moderada

Nesta se¢do apresentam-se os resultados obtidos com contlediedngevin estendido onde a mistura e a cinética
quimica € lenta em relacdo ao tempo de residéncia. O conjeptesentativo dos parametros do reator escolhidos é
Z =0,5e)Y = 0,042. A Fig. 2, quando comparado a Fig. 1, mostra que a naturezadainde P(c, x) e P(c)
€ incrementada quando ambas, a intensidade da mistura egirguimica sdo progressivamente diminuidas. Desta
forma, a probabilidade de encontrar gases frefties— 0) € maior do que nos casos do regime de combustéo intensa.

Os gréficos apresentados na Fig. 2 mostram que, em contoesservado no caso do regime de combustéo intensa,
a escolha do valor dé, influencia fortemente a forma da PDF. Em particular, o cagtincremento no valor dé, leva
sempre a diminuicdo da probabilidade de encontrar gasaf@o interior do PaSR, além de conduzir a um acréscimo
no valor médio da variavel de progresso da rea¢do,Este comportamento € de se esperar, uma vez que valores alto
de dy correspondem a um maior peso ao processo de mistura dorasedieo, quando comparado com o processo da
reacdo. Note-se, também, que o incremento no vigloonduz a um acréscimo na curvaturaitfe — 0), |d?P(c)/dc?|.

A parte inferior da Fig. 2 permite verificar que a freqiiéna@andistura € incrementada na vizinhanca cercana dos
gases frescos do PaSR, quando comparada a solucao setti¢a@dal modelo IEM. Assim, espera-se que o valor médio
da variavel de progresso da reacdo diminuia com respeit@lao ¢alculado pelo modelo IEM. Além disso, o valor
absoluto delP(c)/dc na vizinhanca de = 0 é maior, no caso do modelo ELM, em comparac¢éo com o modelo IEM,
indicando, que a mistura é mais lenta para o caso dos ressifathecidos pelo modelo ELM. Note-se que a solucéo
semi-analitica de Sabel'nikov e Figueira da Silva (200Zjl&zada simplesmente para propdsitos de referéncia, wna v
que a Eq. (1) ndo possui solugdo analitica conhecida.
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Figure 2. Comparagéo do estado estacionario das PIDES) e P(c) no caso de um regime de combustéo moderada,
Y = 0,042, e mistura baixaZ = 0,5, usando o modelo de Langevin estendido paral¢a) 0, (b) dy = 0,4 e (c)
do = 1. Allinha continua representa a PDFdesando o modelo IEM (Sabel'nikov e Figueira da Silva, 2002).

3.3 Estudo Paramétrico da Influéncia do Modelo ELM em(c) e o

Nesta secdo apresentam-se os resultados de um estudeoipaceétnfluéncia do modelo de Langevin estendido na
média, (c), e no desvio padrae;, da variavel de progresso de uma reacéo para dois valorgs g e 2, 0s quais
correspondem aos processos de mistura rapida e lentagtieapente. Uma faixa ampla das escalas de tempo quimico
€ coberta(), 03 < Y < 1, abrangendo desde o regime de combustéo fraca até aquelaspueve o regime de combustao
intensa.

A Fig. 3 apresenta uma comparagao dos valore&de o obtidos com o modelo de Langevin estendido quando
dy = 0, 0,4 e 1 sao usados. Os resultados mostrados na Fig. 3a, correspemdeum processo de mistura rapida,
Z = 2, mostram que os valores ¢ sdo praticamente idénticos quar)do- 0, 2, isto €, quando o regime de combustéo
€ intensa. A medida que a intensidade da reacéo quimicaderfraca, discrepancias sdo observadas as quais sao
continuamente aumentadas a medida em que o valdy @eaumentado, até um valor cercands&. Os valores de
desvio padrao sao praticamente similares em todos os regieneombustdo uma vez que discordancias nao maiores do
queb, 5% sao observadas.

Comportamentos diferentes séo obtidos no caso de um poodessistura lenta, mostrados na Fig. 3b. Por um lado,
os valores déc) e o calculados usando o modelo ELM cafp = 0, 0,4 e 1 s@o praticamente idénticos no caso de
um regime de combust&o inten9a > 0, 2). Quando o processo da reagdo quimica é retardado, a esoaiadelo de
mistura influencia substancialmente os valore&tle o. Por exemplo, par® = 0,03e Z = X = 0,5, 0 qual representa
um caso de regime de combustao fraca com mistura lenta, @esale(c) obtidos paraly = 0, dy = 0,4 edy = 1 séo
0,101, 0,630 e 0, 748, respectivamente. Desta maneira, para o valaiyde 0, 0 modelo ELM prediz virtualmente a
extincdo do PaSR, enquanto que o modelo ELM dgra 1 leva a uma combustdo o qual apresenta a mesma intensidade
como se a mistura fosse rapida. Isto demonstra que existenfim@ncia consideravel na escolhadjgsobre o valor
médio dec. A fig. 3b- igualmente revela que o desvio padrao é afetadbpesmem menor escala. Quarilo< 0, 06,

o valor des predito pelo modelo ELM pard, = 0 é substancialmente menor do que aquele calculado usanddalano
ELM parady = 0,4 edy = 1. Note-se também, que o valor detende a se estabilizar em um valor proximn & como
resultado do incremento dig.
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Figure 3. Comparacdes da média e desvio padraordeoperacdo do PaSR o0 modelo ELM cdgn= 0, dy = 0,4 €
dy = 1, para (a) Frequiéncia de mistura alta, (b) Freqiiéncia deraibaixa.

4. CONCLUSOES

Neste trabalho apresentaram-se os resultados do empregodido de Langevin estendido na modelagem e simu-
lacdo da mistura e combustéo. Esta simulagao foi realizsalado a técnica de Monte-Carlo para resolver as equagdes
diferenciais estocéasticas equivalentes a equacéo detramsla funcdo densidade de probabilidade conjunta do@amp
escalar e da freqiiéncia turbulenta. Devido as néo linedeglanvolvidas na descricdo da mistura e da cinética quimica
foi necessario adotar um esquema numérico recentemei@dbsdo e que resolve eficientemente sistemas de equacdes
diferenciais estocasticas rigidas. Foi estudada em unoReatcialmente Homogéneo a evolucdo da PDF em situacfes
caracteristicas de mistura rapida com combuséo intensa e mistura lenta com combustéo moderada. No primeiro
caso, a forma da PDF em estado permanente é ligeiramentécaddicom a escolha do modelo de mistura. Quando o
PaSR se encontra operando em um regime de combustdo moderastara lenta, discrepancias entre as PDFs calcu-
ladas foram observados, em particular, na vizinhanca dessgeescos e dos gases completatamente queimados. Estas
estdo associadas com a descricdo Log-normal da freqUénoigenta e do parametro que controla a intensidade da taxa
de dissipacao do escalar. Finalmente, uma andlise pafeangtrcomportamento dos dois primeiros momentos estatis-
ticos do escalar reativo no interior do PaSR foi apresent&dta analise mostra que, no caso de regime de combustéo
intensa, por exemplo, quando a razéo do tempo de residémctarepo quimico é maior qug 3, os diversos valores
ded, conduzem a resultados equivalentes. No entanto, para aleasma combustao moderada, grandes discrepancias
foram encontradas. De modo geral, um incremento no valoinaédescalar reativo é conseguido quadglencontra-se
acimade), 1. Este comportamento é consistente com o incremento da¢aeagddo média que corresponde a abordagem
classica da combustéo turbulenta pré-misturada. No entaabalhos futuros devem de ser realizados para a vafidacg
deste modelo de mistura em situacdes de combustdo maisecaspl
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Resumo. Este trabalho tem como objetivo apresentar resultados de um estudo numérico do escoamento bi-dimensional ao
redor de dois cilindros em linha considerando os casos particulares no qual o cilindro de jusante recebe uma oscilagdo
forcada e, a continuagdo, com ambos os cilindros oscilando igualmente. O desprendimento de vortices de ambos os
cilindros é analisado através do comportamento do escoamento, dos coeficientes de arraste e sustentacdo, do grdfico de
fases do campo de velocidades e do espectro de frequéncias. As simulacdes numéricas foram realizadas por meio de
um codigo computacional, no qual sdo utilizados esquemas de diferencas finitas centradas compactas de sexta ordem e
conjuntamente com um método Runge-Kutta de baixa armazenagem de terceira ordem. A representacdo de obstdculos
é realizada através do método de fronteiras imersas. O cdlculo das forgcas hidrodindmicas sobre o cilindro é feito pelo
método de volume de controle. A interferéncia do cilindro de jusante oscilando na esteira do cilindro de montante
estaciondrio é estudada evidenciando a possibilidade de diminuir as forcas hidrodindmicas sobre o cilindro estaciondrio.
Quando ambos cilindros oscilam, € verificada a existéncia de uma nova bifurcagdo dentro do diagrama de sincronizagdo
apresentado por Papaioannou et al (2006 ).

Palavra-chave: Desprendimento de vortices, oscilacdo forcada, cilindros em tandem
1. INTRODUCAO

O escoamento ao redor de dois ou mais cilindros € um estudo genérico com implica¢des em casos praticos, como vibra-
¢ao induzida pelo escoamento e geracdo de ruido. Aplicacdes representativas incluem, por exemplo, tubos de trocadores
de calor, edificios adjacentes e estudos genéricos de aerodinamica ao redor de obstaculos.

Entre os diversos arranjos em que os dois cilindros podem ser posicionados, o arranjo em linha (tandem) vem sendo
estudado extensivamente. Nesta configuragdo, a esteira do cilindro a montante interfere de forma direta no cilindro a
jusante, (Zdravkovich, 1987) [12]. O efeito desta interferéncia, sensivel ao nimero de Reynolds (Re) e a separagdo dos
cilindros, € visto na variagdo do nimero de Strouhal (St) e, consequentemente, na frequéncia de desprendimento de
vértices fo, nos padrdes de desprendimento de vértices e na variabilidade dos coeficientes de arraste e sustentagdo.

Zdravkovich (1987)[12] e Igarashi (1981) [6] classificaram diversas disposi¢cdes de cilindros estaciondrios em um
escoamento longitudinal, incluindo o arranjo em tandem. Nestes estudos, os autores oberservaram que a pressao oscila na
superficie dos cilindros, e portanto nos coeficientes de arraste e sustentacio.

Mais recentemente, Carmo & Meneghini (2006) [4] simularam um escoamento bi e tri-dimensional ao redor de um
par de cilindros em linha, com diversas separa¢des, calculando o valor de St em fun¢@o do nimero de Re (160 a 300),
para cada configuracdo.

Williamson & Roshko (1988) [10] estudaram os padrdes das esteiras de vortices para um cilindro, oscilando transver-
salmente em forma senoidal, através de uma variagdo de amplitudes, A, (A/D < 5, onde D € o didmetro do cilindro) e
do comprimento de onda, A, (A\/D < 15). Os autores definiram diferentes regimes para os modos de esteira dos vdrtices,
usando oscilagdes controladas, no plano (A/D, A/ D). Foi introduzida uma terminologia descritiva para cada modalidade
de desprendimento de voértices. Cada esteira de vortices periddica compreende um Unico vortice (S) e/ou pares de vortices
(P), dando padrdes tais como 25, 2P, e a modalidade P + S. Estas sdo as modalidades principais ao redor da regido de
sincronizagdo onde a frequéncia de desprendimento de vortices é proxima da frequéncia de excitacdo.

A questdo da existéncia de uma regido de sincronizagdo para dois cilindros oscilantes foi descoberta experimental-
mente por Mahir & Rockwell (1996) [8]. Os autores demonstraram que € possivel obter uma resposta dentro da regido de
sincroniza¢do em uma faixa maior de frequéncias de excitacdo comparada com um tnico cilindro oscilando. Além disso,
eles mostraram que, para uma pequena separacao entre cilindros, é possivel obter um regime sensivel ao dngulo de fase
entre os cilindros.

Papaioannou et al (2006) [9] realizaram simulagdes numéricas para obter informagdes detalhadas sobre os experi-
mentos de Mahir & Rockwell (1996) [8], evidenciando a existéncia de uma nova bifurcacdo dentro do diagrama de
sincroniza¢@o (lock-in) para um escoamento ao redor de um par de cilindros oscilantes com a mesma fase. Os autores
demonstraram que era possivel ter uma resposta modulada dentro do diagrama de lock-in.

O presente trabalho tem por objetivo realizar um estudo numérico de um escoamento ao redor de um par de cilindros
em linha, primeiramente, com o cilindro a jusante recebendo uma oscilag¢do forcada e apds, ambos os cilindros oscilando
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com mesma amplitude e frequéncia.
2. MODELAGEM MATEMATICA

O modelo matematico que representa o escoamento incompressivel é dado pelas equagdes adimensionais de conser-
vacdo de massa e de quantidade de movimento:

Vi=0 |, (1)
ou P 1

ou S A= F—P Lo . 2
at-f—w/\u f—-Vv +R€Vu 2)

em que ¢ € o vetor velocidade, P o campo de pressdo modificado, & o campo de vorticidade dado pela relagdo
=VAie f as forgas exteriores. O nimero de Reynolds é definido como Re = U, D/v, onde D é o didmetro do
c111ndr0, U ¢ a velocidade do escoamento externo (corrente livre) e v € a viscosidade cinematica do fluido.
O termo f € usado para gerar a representacdo virtual do cilindro imerso. Este termo, introduzido por Goldstein et al.
(1993) [5], pode ser descrito por um oscilador harmonico representado por:

t

f:a/ (@ — d)dt + B — @) . 3)
0

A velocidade de oscilagio imposta ao cilindro, ., tem por componentes:

e =0, “)

Ve = 2mafecos(2m fot) . 5)

Na Equagdo (5), u. é a velocidade imposta ao cilindro na direcdo do escoamento, v, € a velocidade transversal ao
escoamento imposta ao cilindro, a é a amplitude de oscilaggo e f, é a frequéncia de excitag@o.

As forcas hidrodindmicas sdo calculadas pelo Método de Volume de Controle, os coeficientes de arraste (Cy) e sus-
tentagdo (C;) sdo adimensionalisados por:

Fp
Cp = —3
4,2%
Fr,
c, = —L_ (6)
Atﬂggo

onde Fp é a forga de arraste, F, € a forca de sustentacdo, p € a massa especifica do fluido e A; € a area transversal do
cilindro.

3. METODO NUMERICO

O cédigo computacional, que resolve numéricamente as Eq. (1) e (2), utiliza os seguintes métodos: representagao
espacial definida por um esquema de diferengas finitas centradas compactas de sexta ordem [7] e discretizacdo temporal
determinada por um esquema de Runge-Kutta de baixa armazenagem de terceira ordem [11].

As simulagdes foram realizadas no dominio computacional mostrado na Figura 1, onde L;,=20D e L,=16D represen-
tam, respectivamente, o comprimento e a altura do dominio. As distancias C, e C,, representam a localizag@o do cilindro
a montante, denominado cilindro 1, em relag@o a borda inferior esquerda, sendo que ambas possuem o valor de 8D. Por
ultimo, Sp corresponde a distancia que separa o cilindro a montante, cilindro 1, do cilindro a jusante, cilindro 2.

A validagdo dos resultados para um cilindro recebendo uma oscilacdo forgada foi feita por Benevenutti & Silvestrini
[2], onde € verificada a regido de sincronizacgdo e os espectros de frequéncias resultantes. Os autores realizaram diversas
simulacdes para vdrias amplitudes e frequéncias de oscilagdo de forma a delimitar a regido de sincroniza¢io, baseado
nos resultados obtidos por Bearman & Meneghini (1995) [1]. A Figura 2 mostra os sinais temporais dos coeficientes de
arraste e sustentacdo do cilindro oscilando dentro da zona de sincronizagéo (sinal vermelho, « = 0.2 e f./fo = 0.85) e
fora da zona de sincronizacéo (sinal azul, a = 0.1 e f./fo = 0.85), sendo a frequéncia de desprendimento de vértices
(fo) para um cilindro isolado igual a 0.2.

Para dois cilindros estaciondrios em linha, o valor do nimero de Strouhal foi comparado com o obtido por Papaioannou
et al (2006) [9] para um escoamento com nimero de Reynolds igual a 160 e com separacéo entre os cilindros, Sp, igual
a 2.5D. O resultado obtido, St = 0.126, é muito préximo do apresentado por Papaioannou et al (2006) [9], St = 0.128.
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Figura 1. Dominio computacional.
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Figura 2. Sinais temporais dos coeficientes de sustentacdo e arraste dentro (a esquerda) e fora (2 direita) da zona de
sincronizagdo [2].
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4. RESULTADOS
4.1 Escoamento ao redor de dois cilindros em tandem com oscilacao forcada no cilindro a jusante

Apresentam-se a continuagdo os principais resultados obtidos de simula¢des numéricas do escoamento bi-dimensional
a Re = 300 ao redor de dois cilindros em linha com o cilindro de jusante recebendo uma oscilagdo forgada.

A escolha de duas separagdes longitudinais, S = 2.5D e S; = 4.0D, foi feita através de estudos prévios. Na
primeira separagdo, o cilindro a jusante estd completamente dentro da esteira do cilindro a montante, formando uma
Unica esteira. Por outro lado, na segunda separacdo escolhida, hd espaco para o desprendimento de vortices do cilindro
a montante [3]. A condi¢do inicial foi definida a partir de simulagdes com ambos cilindros em repouso, uma vez que 0s
coeficientes de arraste e sustentacio dos dois cilindros estabilizaram-se.

A oscilago do cilindro a jusante é imposta através da introdu¢do da amplitude e da frequéncia. A freqiiéncia f. foi
escolhida através do grafico da regifio de sincroniza¢do de Bearman & Meneghini(1995) [1], optando-se pela relacdo de
freqiiéncia f./fo = 0.85 para todas as solu¢des. As amplitudes foram selecionadas considerando a discretizagdo do
dominio de célculo escolhido igual a D = 32A, sendo A o tamanho da malha. Desta forma foram considerados os casos:
a1 = 0.0625D (corresponde a 2 malhas de oscilagc@o), as = 0.125D (4 malhas) e a3 = 0.1875D (6 malhas) para as duas
configuragdes.

A Figura 3 apresenta os resultados para a primeira configura¢do, Sp = 2.5D, com os dois cilindros em repouso, ndo
recebendo nenhuma oscilacdo. Conforme mostra a Figura, os sinais dos coeficientes de sustentagao e arraste encontram-se
defasados, decorrente do desprendimento de voértices da esteira tinica formada pelos dois cilindros.

A Figura 4 apresenta os resultados para a mesma configuracdo, agora com oscilagdo forcada de amplitude igual a
0.0625D no cilindro a jusante. Os resultados sugerem que se colocarmos um cilindro oscilando forcadamente com uma
amplitude baixa, atrds e em linha com um outro cilindro estaciondrio, hé possibilidade de controlar a forca de sustentagdo
exercida no primeiro cilindro. Uma explicacdo possivel para este fato € que a pequena oscilagdo imposta ao cilindro a
jusante limita a varia¢do do campo de pressao do cilindro a montante, pois os dois formam uma esteira tnica, refletindo
no amortecimento do coeficiente de sustentacao.
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Figura 3. Visualizacdo do escoamento ao redor de dois cilindros estacionarios com Sp = 2.5D. A esquerda, a curva do
coeficiente de arraste e a direita, a do coeficiente de sustentagdo. Os sinais vermelhos sdo do cilindro a montante e os
sinais verdes do cilindro a jusante

Conforme a Tabela 1, comparando os resultados obtidos com a simulag@o anterior (cilindros estaciondrios), hd um

decréscimo do Cf,

rms

persistem. A média do Cp, para ambos cilindros, aumentam.

Tabela 1. Resultados globais para Sp = 2.5D.

do cilindro a jusante (cilindro 2). A diferenca de fase observada no sinal de C, e a esteira unica

Sp=2.5D Estacionario a=0.0625D
Cpy | Opppe | Cry | Ol | Cpy | Oppe | Cuy | CLi,
Cyl(1) 1.1320 | 0.0016 | - 0.0005 | 0.0467 | 1.1672 | 0.0028 | 0.0000 | 0.0111
Cyl(2) | -0.2726 | 0.0149 | 0.0006 | 0.2525 | -0.2169 | 0.0254 | -0.0024 | 0.2365
a=0.125D a=0.1875D
Cyl(1) 1.1789 | 0.0016 | 0.0006 | 0.0398 | 1.1794 | 0.0060 | 0.0022 | 0.0790
Cyl(2) | -0.0679 | 0.0514 | -0.0029 | 0.3523 | 0.0659 | 0.0779 | -0.0041 | 0.4316

AL o A

.
oy

T
T

W

cd
e

10

0 50 60 7 a0 e 100

o —
pst

10 20 s a0

7 a0 @ 100

Figura 4. Visualizacdo do escoamento com Sp = 2.5D e com o cilindro 2 oscilando com amplitude igual a 0.0625D. A
esquerda, a curva do coeficiente de arraste e a direita, a do coeficiente de sustentagdo. Os sinais vermelhos sdo do cilindro
a montante e os sinais verdes do cilindro a jusante.
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A terceira simulag@o para a configuragdo Sp = 2.5D é mostradra na Figura 5, onde o cilindro 2 é for¢ado a oscilar com
uma amplitude de 0.125D. A diferenca de fase no sinal C';, e a esteira tnica continuam sendo caracteristicas marcantes
como ¢é constatado na Figura 5. H4 um aumento na amplitude de oscilagdo do C', do cilindro 2 em razdo a oscilagio,
assim como no C'p que mantem-se negativo mas agora préximo de zero. Para o cilindro 1, a média do C;, aumenta em
relagdo a simulagdo com oscilagdo de 0.0625D ficando préxima ao caso com os cilindros estaciondrios.

g I b 1 LML ORI
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Figura 5. Visualizagio do escoamento com Sp=2.5D e com o cilindro 2 oscilando com amplitude igual a 0.125D. A
esquerda, a curva do coeficiente de arraste e a direita, a do coeficiente de sustentacdio. Os sinais vermelhos sdo do cilindro
a montante e os sinais verdes do cilindro a jusante.

Para a configuragdo de Sp = 2.5D, a quarta simulagdo foi com o cilindro 2 oscilando com amplitude igual a 0.1875D,
e é apresentada na Figura 6. A média do Cp do cilindro 2 torna-se positiva, mas ainda ndo ocorre o desprendimento de
vértices do cilindro 1, conforme é mostrado na figura. O acréscimo dado pela oscilag@o ao cilindro 2 pode ser visto no
valor do Cr,,, . na Tabela 1.
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Figura 6. Visualizagiio do escoamento com Sp=2.5D e com o cilindro 2 oscilando com amplitude igual a 0.1875D.
Abaixo a curva de arraste e sustentac@o, respectivamente.

Nas simulagdes para a configuracido com separacdo de 4D, as forcas hidrodinadmicas impostas ao cilindro 1 ndo sdo
sensiveis a oscilacdo do segundo cilindro como ocorreu na primeira configuracdo. Pode-se notar que os valores dos
coeficientes de arraste e sustentacdo do primeiro cilindro, em todas as simulagdes, ndo sofreram alteracdo significativa
com as trés oscilagdes impostas, conforme mostra a Tabela 2.

Nesta configuracio, a diferenga de fase entre as curvas dos coeficientes de sustentagdo dos dois cilindros permanece
inalteravel em todos as simulagdes. Por outro lado, as curvas dos coeficientes de arraste permanecem em fase. Um aspecto
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de importincia que surge com a oscilagdo imposta no segundo cilindro é o aumento do efeito "batimento"do coeficiente
de sustentacdo do cilindro 2.

Tabela 2. Resultados globais para Sp = 4.0D.

Sp=4.0 Estacionario a=0.0625D

Cpy | Cppe | Cryw | Criwe | Opy | Oy | Oy | CLe
Cyl(1) | 1.4994 | 0.0751 | -0.0002 | 0.7974 | 1.5092 | 0.0835 | -0.0010 | 0.8009
Cyl(2) | 0.6457 | 0.3603 | -0.0010 | 1.7326 | 0.5956 | 0.3216 | -0.0071 | 1.7544
a=0.125D a=0.1875D
Cyl(1) | 1.5024 | 0.0838 | -0.0013 | 0.8029 | 1.4980 | 0.0834 | -0.0017 | 0.8045
Cyl(2) | 0.5737 | 0.3469 | -0.0107 | 1.7114 | 0.5983 | 0.3718 | -0.0143 | 1.7273

4.2 Escoamento ao redor de dois cilindros oscilantes em tandem

Esta sec@o apresenta os resultados de um escoamento bi-dimensional a Re = 160, ao redor de um par de cilindros
em tandem, com ambos cilindros oscilando com mesma frequéncia e amplitude. As simulagdes foram realizadas com
base nos resultados obtidos experimentalmente por Mahir & Rockwell (1996) [8] e numericamente por Papaioannou et al
(2006) [9].

A separacdo longitudinal escolhida foi Sp = 2.5D. Como anteriormente, a condi¢do inicial foi definida a partir
desta simulagdo com os cilindros estaciondrios até os coeficientes de arraste e sustentacido dos dois cilindros tornarem-se
estabilizados. A partir desta condic¢do, os dois cilindros comecam a oscilar com a mesma frequéncia, amplitude e fase. A
componente longitudinal (u) e transversal (v) do campo de velocidades foram registrados na da esteira dos cilindros no
ponto z/D =5ey/D = 0.5.

As simula¢des numéricas foram realizadas considerando o diagrama de sincronizac¢io de Papaioannou et al (2006) [9],
Figura 7. A amplitude foi fixada em a = 0.35D e a relagéo de frequéncia f./ fo, onde f. é a frequéncia de excitagdo e fj
¢ a frequéncia natural para dois cilindros estaciondrios, foi variada de 0.7 a 1.719. Este diagrama mostra a existéncia de
uma segunda bifurca¢do para um relagdo de frequéncia f./fo entre 1.25 e 1.5 e amplitudes maiores que 0.35D, na qual é
encontrada uma resposta fora da zona de sincronizagdo.

0.5 1 1.5 2

Figura 7. Diagrama de sincronizacdo com as simulagdes realizadas, adaptado de Papaioannou et al (2006). os circulos
pretos correspondem a uma reposta sincronizada, circulos brancos indicam fora da zona de sincronizagdo e circulos cinzas
correspondem a uma resposta transicional. [9].

Na primeira simulagdo, com f./fo = 0.7, é observada uma resposta néio sincronizada, caracterizando uma esteira
desorganizada, fato que também pode se constatar no grafico de fase do campo de velocidades (Figura 8). Este gréfico é
construido usando os sinais temporais das componentes de velocidade u(x,y) e v(x,y) na posi¢do z,y indicada anteri-
ormente. O espectro de poténcia obtido a partir dos sinais temporais da componente transversal do campo de velocidades
apresenta diversos picos. A média do C'p do cilindro a jusante torna-se positiva caracterizando o desprendimento de vor-
tices entre os cilindros. O acréscimo dado pela oscilagido imposta pode ser visto no Cf,._ . de ambos cilindros, conforme
¢é apresentado na Tabela 3.

Na Figura 9 se apresentam os resultados obtidos para f./fo = 0.976. A resposta estd claramente dentro da zona de
sincroniza¢do, com um pico na frequéncia de excitacdo mostrado no espectro. A esteira exibe uma estrutura simétrica,
organizada caracterizada por dois desprendimentos de vdrtices (um de cada cilindro) do mesmo sinal por ciclo. Os valores
de Cp,, e Cp,,,. de ambos os cilindros aumentam em relacdo a simulagdo com frequéncia de excitacdo f./fo = 0.7,
enquanto que os valores de Cf,. . diminuem para o cilindro a montante e aumentam para o cilindro a jusante. O grafico

da fase apresenta uma estrura definida e fechada caracterizando uma resposta sincronizada.
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Figura 8. Visualizacdo, em trés instantes caracteristicos, do escoamento ao redor de um par de cilindros oscilantes com

fe/fo = 0.7, sinais temporais do coeficiente de sustentagdo (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e
grafico da fase.

Tabela 3. Resultados globais para Sp = 2.5D, com cilindros estaciondrios e com cilindros oscilando com amplitude
a = 0.35 e frequéncias f./fo = 0.7,0.976 e 1.226.

Sp=2.5 Estaciondrio fe/f0=0.700
Cp,, Cp,e CL,, CLime | Cpn | Cboe CL,, CLoe
Cyl(1) 1.2037 | 0.0024 | -0.0004 | 0.0261 | 1.2477 | 0.1730 | 0.0002 | 0.2067
Cyl(2) | -0.1980 | 0.0043 | -0.0008 | 0.1550 | 0.4875 | 0.4428 | 0.0178 | 0.7984
fe/f0=0-976 fe/f0=1-226
Cyl(1) 1.4553 | 0.2194 | -0.0006 | 0.1857 | 1.6742 | 0.3787 | -0.0019 | 0.5732
Cyl(2) 1.2228 | 0.5833 | 0.0001 | 1.5587 | 0.4869 | 0.1659 | -0.0087 | 0.7429
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Figura 9. Visualizagdo, em trés tempos caracteristicos, do escoamento ao redor de um par de cilindros oscilantes com

fe/fo = 0.976, sinais temporais do coeficiente de sustentagdo (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e o
gréfico da fase.

Para f./fo = 1.226 (Figura 10), existe um desprendimento quase periédico com trés picos apresentados no gréfico
do espectro, f./2, fe,3f./4. O campo de vorticidade para este caso apresenta uma esteira desorganizada consistente com
os picos da andlise do espectro, mostrando que a resposta estd fora da zona de sincronizagdo. Os valores de Cp, , Cp,,,..
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e C1,,,.. do cilindro a jusante diminuem bruscamente, enquanto que para o cilindro a montante aumentam. O grafico da
fase volta a apresentar uma estrutura desorganizada, como a simulac@o da Figura 8, caracterizando uma resposta fora da
zona de sincronizagio.
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Figura 10. Visualizagdo do escoamento ao redor de um par de cilindros oscilantes com f./fo = 1.226, sinais temporais
do coeficiente de sustentagdo (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e grafico da fase.

Com o aumento da frequéncia para f./fo = 1.344 (ver Figura 11), a esteira volta para o estado de lock-in com picos
no espectro de f.,2f. e apresentando uma estrutura 25 de desprendimento de vértices. Os valores de Cr,,, . aumentam
bruscamente para ambos cilindros, assim como o valor de Cp,, para o cilindro a jusante, conforme valores em Tabela 4.
O grafico da fase volta a apresentar uma estrutura fechada, caracterizando a sincronizagéo.
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Figura 11. Visualizagdo do escoamento ao redor de um par de cilindros oscilantes com f./fo = 1.334, sinais temporais
do coeficiente de sustentagdo (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e grafico da fase.

A Figura 12 mostra os resultados para a frequéncia de excitagdo f./fy = 1.446. Os resultados mostram uma esteira
organizada, dentro da zona de sincronizacdo e com um campo de vorticidade apresentando um estrutura 25 de despren-
dimento de vértices com um pico pronunciado. O espectro de velocidade apresenta os picos f.,2f.. Ha um aumento
do valor de C1,,__ para ambos os cilindros comparado com os resultados para a frequéncia f./fo = 1.334. A estrurura
fechada no grafico da fase persiste nesta simulag@o.

A tltima simulagéo, Figura 13, apresenta os resultados para a frequéncia de excitagdo f./fy = 1.719. O campo de
vorticidade € mais intenso que as simulacdes anteriores e os vortices sdo formados relativamente perto um dos outros
na esteira do cilindro a jusante. Assim, o espectro de velocidade apresenta picos miltiplos de f./2. Os valores de Cr,
e C1,,,.. aumentam para ambos os cilindros devido a safda da regido de sincronizagdo. Por outro lado, a tabela mostra
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Tabela 4. Resultados globais para Sp=2.5D, com ambos os cilindros oscilando com amplitude a = 0.35 e frequéncias

fe/fo = 1.344,1.469,1.719.

-1

-2

-

11—
cl2 —
40

-

120

160

SD=2.5D fe/f0=1.344 fe/f0=1 .469
Cyl(1) 1.5114 | 0.3973 | -0.0011 | 1.6118 0.4006 | -0.0009 | 1.8071
Cyl(2) 0.7067 | 0.1413 | -0.0024 | 1.1048 0.1487 | -0.0019 | 1.6536
fo/ Jo=1.719
Cpy | O OL s
Cyl(1) | 1.4268 | 0.4175 2.2686
Cyl(2) | 0.1890 | 0.1863 | -0.0041 | 2.5334
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Figura 12. Visualizagdo do escoamento ao redor de um par de cilindros oscilantes com f./ fo = 1.446, sinais temporais
do coeficiente de sustenta¢do (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e grafico da fase.

a queda do valor de C'p,, do cilindro a montante, apresentando o menor valor de todas as simula¢des realizadas com os
cilindros oscilando. O grafico da fase volta a apresentar uma estrutura desorganizada, assim como as simulagdes anteriores

caracteristicos de casos que estdo fora da zona de sincronizagdo (Figuras 8 e 11).
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Figura 13. Visualizagdo do escoamento ao redor de um par de cilindros oscilantes com f./fo = 1.719, sinais temporais

do coeficiente de sustenta¢do (Cil.1 vermelho e Cil.2 verde), espectro de velocidade e grafico da fase.
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5. CONCLUSAO

Este trabalho tem como propdsito simular numericamente um escoamento bi-dimensional ao redor de um par de
cilindros em linha. O trabalho ¢é dividido em duas partes: uma primeira onde o cilindro a jusante oscila forcadamente e,
na segunda parte, onde ambos cilindros oscilam.

Na primeira parte foram escolhidas duas distincias de separagdo entre os cilindros Sp = 2.5D e Sp = 4.0D,
onde para a primeira separacio o cilindro a jusante estd dentro da esteira do primeiro cilindro formando uma esteira
unica. J4 para a segunda distancia de separacdo, o cilindro a jusante estd completamente fora da esteira do primeiro.
Quatro simulagdes foram realizadas para cada separacdo considerando o caso do escoamento ao redor de dois cilindros
estaciondrios e apds com o cilindro a jusante oscilando em diferentes amplitudes (0.0625D, 0.125D e 0.1875D) com
frequéncia constante e igual a f./fo = 0.85.

Nas simulagdes para a distdncia de Sp = 2.5D, a média do coeficiente de arraste do cilindro 1 permaneceu pratica-
mente inalterada, j4 a média do coeficiente de arraste do cilindro 2 aumentava proporcionalmente a oscilacdo imposta,
tornando-se positiva na amplitude 0.1875D. Os coeficientes de sustentacdo dos dois cilindros apresentaram uma dife-
renca de fase. Porém, o coeficiente de sustentag@o do cilindro 1 foi suscetivel a oscilag@o do cilindro 2 como mostram as
Figuras 3, 4, 5 e 6. Na simulagdo com amplitude de oscilacdo de 0.0625D verificou-se uma queda no sinal temporal do
coeficiente de sustentac@o do cilindro a montante. Uma explicacdo possivel para este fato é que a pequena oscilacao im-
posta ao cilindro a jusante limita a variacdo do campo de pressdo do cilindro a montante, pois os dois formam uma esteira
unica, refletindo no amortecimento do coeficiente de sustentagdo. Nas demais simulagdes, o coeficiente de sustentagio de
ambos os cilindros variou proporcionalmente a oscilagdo imposta ao cilindro 2.

Nas simulagdes para Sp = 4.0D, os resultados apresentados mostraram que as oscilagdes do cilindro 2 ndo alteram
os coeficientes de arraste e sustentagdo do cilindro 1, pois o cilindro 2 encontra-se fora da esteira do cilindro 1. Os
coeficientes de arraste e sustenta¢do do cilindro 2 sofrem influéncia direta das amplitudes de oscilacdo. A diferenca de
fase dos sinais temporais € mantida em todas as simulagdes.

Na segunda parte, com ambos os cilindros oscilando, foi fixada a amplitude de a = 0.35D, diferenca de fase entre os
cilindros de zero graus e frequéncia de excitacdo f./fo variando de 0.7 a 1.716. Os resultados numéricos confirmam a
existéncia de uma nova bifuracdo que levam a respostas nfo periddicas dentro do diagrama de sincronizacao evidenciada
por Papaioannou et al (2006) [9]. Os graficos de fase apresentaram uma estrutura definida e fechada para casos em
que a resposta € sincronizada. Por outro lado, para casos com respostas ndo periddicas, os graficos apresentados sao
completamente desorganizados.
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Resumo. A turbuléncia gerada em equipamentos de grade oscilante permite a comprovacdo experimental de
proposicdes tedricas. Usualmente ndo se considera a presenca de correntes preferenciais nas constatacoes
experimentais conduzidas nesses equipamentos. Entretanto, para que as previsdes tedricas possam ser definitivamente
corroboradas, € preciso quantificar as correntes preferenciais e a sua forma, de modo que se possa inferir a sua
influéncia nos fendmenos medidos. No presente estudo apresentam-se resultados experimentais da quantificacdo das
correntes preferenciais em escoamentos gerados por grades oscilantes, mostrando que a sua estrutura é bem definida e
que devem ser considerados nas comprovagdes tedricas de fendmenos associados a turbuléncia. Como uma bomba
hidraulica, a energia imposta ao sistema converte-se também em movimentos preferenciais (ndo so turbulentos), o que
foi resumidamente denominado de “efeito de bomba hidraulica. Considerou-se uma situacdo de agitacdo
caracterizada por amplitude, freqiiéncia, tamanho de malha da grade e profundidade da agua mantidos constantes ao
longo dos experimentos. O presente texto apresenta os resultados experimentais decorrentes de medidas de velocidade
realizadas em um tanque no qual a turbuléncia foi produzida por grades oscilantes. Verifica-se que tal dispositivo gera
escoamentos médios, 0s quais podem assumir caracteristicas geométricas bastante complexas. As medidas foram
realizadas com velocimetria a laser, utilizando técnica PIV (Particle Image Velocimetry).

Palavras-Chave: Turbuléncia, Velocimetria a Laser, Grades Oscilantes, Correntes Preferenciais.
1. INTRODUCAO

Os processos de transferéncia de quantidades fisicas em fluidos ocorrem geralmente em escoamentos turbulentos e
sdo de dificil quantificagdo. As dificuldades ocorrem tanto no campo experimental como no campo tedrico. No campo
experimental sdo necessérios equipamentos adequados, que permitam obter avaliagdes corretas das flutuagbes das
quantidades fisicas. No campo tedrico as dificuldades se relacionam a complexidade das equagdes e a indisponibilidade
de computadores suficientemente rapidos e capazes de processar a enorme quantidade de dados em tempos razoaveis.
Por isso muitos equacionamentos apresentam “lacunas” que sdo “preenchidas” com novas equagBes, com principios
fisicos indefinidos, tornando ainda mais complexos o entendimento e a solugdo dos problemas relativos a essa area de
estudo.

Um equipamento relatado na literatura, usado para gerar movimento turbulento, é o tanque de grades oscilantes,
utilizado ha mais de sessenta anos. Comparando-0 aos canais utilizados em laboratério, os quais também sdo
equipamentos amplamente empregados para estudar escoamentos hidricos, a turbuléncia gerada é relativamente menos
intensa. Em principio, esse equipamento gera uma estrutura turbulenta simples e com intensidade controlavel. Ao longo
das décadas o seu uso ganhou espaco, sendo usado em estudos voltados para responder diferentes questoes. Isto ocorre
talvez devido as caracteristicas gerais associadas a turbuléncia gerada, tais como: homogeneidade da turbuléncia ao
longo de um plano, geracdo com intensidade controlavel, tensdes de Reynolds nulas distante das grades e comprovagao
de modelos tedricos para turbuléncia isotropica. Os tanques com grades oscilantes ja foram utilizados para detalhar a
transferéncia de gas em interfaces, verificar o comportamento de sedimentos, observar a dispersdo de poluentes e
quantificar a mistura interfacial de fluidos estratificados, entre outros.

No presente estudo evidencia-se que uma aspecto deste tipo de equipamento, que é a intrinseca geracao de correntes
preferenciais, ndo foi considerada nos estudos precedentes. S&o mostrados resultados experimentais que indicam uma
estrutura de escoamento média bem definida, a qual é sobreposta pelo movimento turbulento também gerado pelo
equipamento.

2. HISTORICO DO USO DE TANQUES COM GRADES OSCILANTES

O tanque de grades oscilantes é um equipamento geralmente composto de um tanque de agua, em cujo interior
grelhas ou grades sdo osciladas com auxilio de equipamento mecanico. Schulz (1997) comenta que esse movimento é
regular, portanto inserindo energia de forma deterministica no meio fluido. Rouse & Dodu, citados em Thompson &
Turner (1975), utilizaram um tanque com grades oscilantes para examinar 0 movimento em uma mistura interfacial de
fluidos estratificados. As grades geravam turbuléncia, sendo o seu efeito observado em uma interface liquido/liquido.
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Estudos semelhantes foram feitos por Cromwell (1960), Turner e Kraus (1967), e Turner (1968), também citados em
Thompson & Turner (1975), sendo que em todos esses trabalhos as taxas de mistura foram interpretadas usando escalas
de comprimento e velocidade baseadas na geometria e freqliéncia da grade oscilante. Thompson & Turner (1975)
utilizaram o equipamento de Turner (1968) e peocuraram descrever a mistura através de uma interface liquido/liquido
usando as propriedades da turbuléncia na regido préxima dessa interface. Para isso correlacionaram a velocidade
turbulenta com os pardmetros externos (pard@metros de controle do equipamento), como freqiiéncia e a amplitude de
oscilacdo da grade para trés grades de malhas diferentes. Em cada combinacdo foram medidas as escalas de
comprimento turbulentas e verificados os decaimentos espaciais da turbuléncia. Hopfinger & Toly (1976) também
descreveram a intensidade turbulenta no fluido através de parametros externos (de controle do equipamento). Sendo o
movimento da grade especificado pela amplitude S, freqiiéncia f, com um lado da malha da grade M, os autores
sugeriram:

u'=0,25.£.5°.M®? y? 1)

onde u’ é o valor RMS da velocidade (intensidade turbulenta) e y é a distancia a partir do centro do movimento da
grade.

O tanque com grades oscilantes se presta bem ao estudo de transferéncia de gases através da interface ar-agua, como
descrito por Brumley (1984). O autor obteve algumas formas de espectros de turbuléncia, perfis de flutuacdo de
velocidade e perfis de comprimento de escala dentro da camada limite hidrodinamica superficial. Dickey et al.(1984),
por sua vez, realizaram medidas simultaneas das flutuacBes de velocidade nas dire¢des vertical e horizontal e
forneceram um campo de velocidades na superficie, assumindo a turbuléncia isotrépica no plano horizontal. Os autores
concluiram o trabalho desenvolvendo, através de analise dimensional, um coeficiente utilizando parametros estatisticos
obtidos de suas medicdes e o compararam ao coeficiente de transferéncia de gases. Brumley & Jirka (1987) realizaram
medidas com anemometria de filme quente, obtendo perfis verticais das componentes vertical e horizontal da
velocidade turbulenta (valor RMS), das escalas de comprimento integrais transversal e longitudinal e da taxa de
dissipacéo de energia em seu tanque de grades oscilantes. O objetivo do trabalho era esclarecer a estrutura turbulenta e
elucidar os detalhes da transferéncia mecéanica de massa na interface gas/liquido. Chu & Jirka (1991) procuraram
avangar no detalhamento do mecanismo de transferéncia de massa na interface ar-d4gua, utilizando o mesmo
equipamento de Brumley & Jirka (1987), medindo ainda as flutuagdes de concentracéo de oxigénio dissolvido na agua.
Concluiram que a espessura da camada limite de concentracdo abaixo da superficie da agua pode ser relacionada com o
nimero de Reynolds turbulento no seio do volume de &gua e que a macro-escala do movimento dos turbilhes é
dominante na transferéncia de massa interfacial. Roma (1988) desenvolveu um sensor para estudar ondulagdes na
interface ar/agua através de refracdo Gtica, um estudo que se fundamenta na observagdo das franjas de diferentes
luminosidades abaixo de uma superficie ondulante. Da Silva & Fernando (1994) utilizaram grades oscilantes e técnica
PIV para estudar algumas propriedades da turbuléncia isotrpica. Os dados obtidos foram usados para avaliar o espectro
de freqiiéncia Euleriano. Brunk et al. (1996) utilizaram uma coluna vertical com cinco grades oscilantes com
movimento oscilatério simultaneo e idéntico. Segundo os autores, a turbuléncia gerada era isotrépica e homogeénea, e,
por meio de uma selecdo apropriada de amplitudes e freqiiéncias das grades, geraram-se dados que foram utilizados
para simular a lei de decaimento exponencial da intensidade turbulenta em escoamentos em canal aberto. Perfis de
sedimentos foram também obtidos nessa coluna. Os experimentos permitem sugerir que a "coluna de turbuléncia" pode
ser utilizada para simular o carreamento dos sedimentos em canais. Orlins & Gulliver (2000) também utilizaram a
técnica PIV em um tanque com grade oscilante para investigar a relacdo entre turbuléncia na superficie livre e 0
transporte de massa. Os autores apresenraram velocidades, vorticidades e divergente bi-dimensionais superficiais.
Medina et al. (2001) realizaram um conjunto de experimentos para estudar o comportamento de sedimentos na presenca
de um campo turbulento com escoamento médio nulo. Também foram medidos o aumento e o decaimento das
velocidades para diferentes concentracdes de sedimentos. Cheng & Law (2001) investigaram a turbuléncia gerada por
uma grade vertical também usando a técnica PIV. Em uma analise comparativa, seus resultados concordam com os
demais resultados presentes na literatura. Souza (2002) projetou e construiu um tanque de grade oscilante e realizou
medidas de velocidade turbulenta também utilizando PIV. A amplitude de oscilagdo utilizada foi mantida constante em
3,0 cm, para quatro diferentes freqiiéncias de oscilagdo. O autor adquiriu 9.600 imagens do movimento do fluido, em
seis regides do tanque e gerou graficos para os campos de velocidade turbulenta ( valor RMS), possibilitando a
observacdo do decaimento espacial da turbuléncia e da regido de sua producdo. Janzen (2003) ampliou os resultados de
Souza (2002), realizando medidas precisas com PIV para diferentes condi¢cdes de freqiiéncia e amplitude da grade.
Adicionalmente, estudou com detalhes a regido compreendida entre duas grades oscilantes. Modelos teoricos
construidos para essa regido foram corroborados por suas medidas.

Nenhum dos trabalhos mencionados buscou a quantificacdo das correntes preferenciais existentes nesses tanques,
bem como a sua modificacdo em alterando as condicGes experimentais. Nesse sentido, o presente trabalho apresenta
primeiros resultados obtidos na descricdo detalhada das correntes preferenciais existentes nesse tipo de equipamento,
conforme descritos em Pereira (2006).
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3. MATERIAIS E METODOS

Utilizou-se o tanque contruido por Souza (2002), também descrito em Janzen (2003) e Pereira (2006), constituido de
placas de acrilico transparente de espessura de 0,025 m, com um tanque central de base quadrada (0,50 m x 0,50 m) e
profundidade interna de 1,15 m e dois tanques laterais com dimensdes de 0,15 m x 0,50 m e profundidade igual ao
primeiro. A grade oscilante utilizada neste trabalho tinha dimens6es de 0,494 x 0,494 m, com 9 x 9 barras quadradas de
aco inoxidavel com 0,01 m de lado, produzindo um espagamento entre os eixos de 0,051 m, com 32% de solidez
(relacdo entre a area ocupada pelas barras e a area horizontal do tanque). A grade foi posicionada a 0,55 m do fundo do
tanque. A Figura 1a é um esquema dos tanques e da grade e a Figura 1b mostra toda a bancada experimental deste
trabalho.

TANQUE

/PRIN(‘IPAL

——__ TANQUE

LATERAL

FIBER SHEET

Ts-——_—.ﬁ___‘ CRADE

FONTE LASER COMPUTADOR

(a) (b)
Figura 1: a) Os trés tanques e a posi¢do da grade oscilante. b): Bancada experimental: tanque de grade oscilante, micro
computador, cAmara digital e luz laser. Fonte: PEREIRA (2006)

As medidas de velocidade foram realizadas com técnica PIV (Particle Image Velocimetry), utilizando luz laser e
uma camara digital para registrar as posicoes sucessivas de particulas na agua. A fonte luminosa é um equipamento de
laser verde de vapor de cobre (Oxford Laser LS-20-10 20W freqliéncia de pulsagdo de 10kHz) usado para evidenciar
particulas tracadoras inertes (suspensao diluida de talco neutro, sobrenadante apds sedimentacédo de 24 horas). A camara
digital é do tipo CCD de alta resolugdo e velocidade (Kodak EP1000). Através de um programa computacional
(Visiflow), as informacbes das posicBes sucessivas e dos tempos envolvidos foram convertidas nos campos de
velocidade utilizados nas analises. Para o posicionamento da camara digital e do feixe plano de laser (3 mm de
espessura), foi construido um suporte para permitir o deslocamento tridimensional tanto da cadmara como do Fiber-
Sheet (gerador da folha de luz, ver Figura 1b). A Figura 2a mostra as estruturas de barra que comp&em o suporte para o
posicionamento da camara e do Fiber-Sheet. O transporte da luz até o Fiber-Sheet foi feito com fibra ética. A Figura 2b
mostra a bancada em operacéo.

(a) ‘ (b)

Figura 2: a) Sistema de Movimentacdo Tridimensional (barras colocadas acima e ao lado do tanque). b): Bancada em
operacdo, mostrando a folha de luz, a cdmara digital, o tanque e o sistema de aquisicdo de imagens. Fonte:

PEREIRA (2006).
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A freqliéncia de oscilacdo da grade foi estabelecida em 100 rpm, com amplitude de oscilacéo de 0,01 m, totalizando
um movimento vertical da grade de 0,02 m. No presente estudo sdo descritos os resultados obtidos para o nivel da agua
fixo em 0,15 m acima do centro de oscilacdo da grade.

Os experimentos foram feitos com o feixe plano de laser colocado em diferentes posi¢cGes no volume de liquido,
permitindo efetuar uma série de medidas de velocidades em uma varredura de diversos planos do escoamento no
interior do tanque. Foram definidas as trés direcdes ortogonais XYZ. Nesta representacdo, a direcdo Y é vertical. Nas
diregBes X e Z (horizontais) foram estabelecidas quatro se¢des ou cortes, como é mostrado na Figura 3a. Como os lados
do tanque central tém comprimento de 0,5 m, definiram-se quatro cortes nas dire¢fes X e Z, separados por uma
distancia “ideal” de 0,1 m. Houveram ajustes nessas distancias, uma vez que se buscou localizar as se¢des em posi¢des
Sobre as Barras (SB) da grade (duas secdes) e Entre as Barras (EB) da grade (as duas se¢Oes restantes). A Figura 3b
mostra a disposicdo adotada.

e 4’3
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!g —— S‘l 494
o
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20.4
|/ DiregéoZ | - ENTRE
/ F T 7 45"1 BARRAS
Diregdo X i
10 ‘l-J—‘i.l .1—1—5‘14"5‘ .I—LP5. .1+L
(a’) 60,8
som | soske | Sogm
BARRAS BARRAS
ENTRE ENTRE
BARRAS BARRAS
(b)

Figura 3: a) Acima: cortes nas direcfes X e Z b) Ao lado: posicdes “entre barras”e “sobre barras”, conforme SOUZA
(2002) e JANZEN (2003).

Imagens muito proximas a grade geram vetores de velocidade perturbados pela presenga intermitente da grade.
Assim, estipulou-se que o nivel inferior de cada foto ficasse localizado a 0,5 cm acima da amplitude maxima de
oscilagdo da grade.

Ap6s o acionamento do motor elétrico na rotacdo definida anteriormente, esperou-se, em todos os ensaios, um
intervalo de 30 minutos para permitir o estabelecimento de condicBes estacionarias (com relagdo a turbuléncia e aos
eventuais escoamentos preferenciais) dentro do tanque de 4gua. O ensaio foi iniciado junto a parede na posicéo 1 da
Figura 4 (direcdo X) , sendo adquiridas e armazenadas 1.000 imagens seqiienciais. Dai deslocou-se sucessivamente a
camara para as posi¢des 2, 3 e 4, sendo adquiridas e armazenadas 1000 imagens em cada posi¢cdo. O mesmo
procedimento foi feito para a direcdo Z.

Figura 4: Posi¢des da cAmera e dos setores medidos. Fonte: PEREIRA (2006).
O total de 1.000 imagens por posicionamento da camara foi obtido em pacotes de 100 imagens, capturadas ao longo

de trés minutos. Cada pacote de 100 imagens foi capturado em quatro segundos. Assim, o intervalo entre a captura de
cada pacote foi de aproximadamente 16 segundos. A macroescala de tempo para as flutuagfes turbulentas nos
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experimentos de grades oscilantes tem ordem de grandeza de segundo (segundo a literatura), o que permite dizer que
em trés minutos as imagens englobam eventos estatisticamente independentes.

Considerando as oito se¢Oes nas duas dire¢des e a necessidade de quatro campos independentes por secéo, cada qual
utilizando 1.000 imagens, foram obtidas, no total, 32.000 imagens, analisadas rigorosamente. Essas imagens permitiram
compor 8 campos de velocidade média para as oito secOes estudadas. Cada foto apresenta dimensdes de
aproximadamente 0,15 x 0,15 m, e em torno de 43 x 43 vetores de velocidade, obtidos com o uso de programa que
utiliza correlagdo cruzada entre posicdes de particulas em fotografias sucessivas. A distancia total sobre o eixo Y
engloba desde a posicdo de oscilacdo maxima da grade até a superficie livre, ou seja, das posi¢Ges 0,015 m até 0,165 m
no eixo Y. Como as fotografias tinham 0,15 m, entdo varreu-se toda a altura do escoamento.

Arquivos .ASC foram organizados com os valores numéricos das varidveis presentes nos cortes nas duas direcoes.
Posteriormente, foi utilizada uma rotina de computador, em linguagem FORTRAN, desenvolvida no contexto desta
pesquisa, para interpolar os resultados obtidos nas duas dire¢des, nas linhas em que 0s planos se interceptam. A saida do
programa de interpolacdo é apresentada em forma de texto, que por fim, pode ser lido pelo programa TECPLOT,
responsavel pela geracdo das figuras tridimensionais apresentadas a seguir.

4. RESULTADOS

A apresentagcdo dos campos de velocidade permite observar a qualidade da tomografia efetuada, através da
visualizag8o dos padrbes de movimento em cada sec¢do ou corte. As Figuras 5a e b contém as se¢des com 0s campos da
velocidade horizontal U no plano XY. A posicdo alternada dos cortes nas duas figuras (cortes 1 e 3 e cortes 2 e 4)
objetiva a visualizacdo completa dos quatro campos de velocidade (sem sobreposicéo).

As Figuras 6a e b mostram a componente horizontal W da velocidade, nos planos ZY, seguindo os mesmos
procedimentos adotados para a velocidade U.

b

UINT
0.0047
0.0041
0.0035
0.0028
0.0023
0.007
0.000
0.0004
0.0000
-0.0002
-0.0008
-0.0014
-0.0020
-0.0026
-0.0032
-0.0038
-0.0045
-0.0051

(a) (b)
Figura 5: a)Velocidade horizontal U (m/s) no plano XY em z = 0,1m e z = 0,3m. b) Velocidade horizontal U (m/s) no
plano XY em z =0,2m e z = 0,4m. A escala de velocidades esta indicada em m/s.
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-0.0020
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(@) (b)
Figura 6: a)Velocidade horizontal W (m/s) no plano ZY em x = 0,1m e x = 0,3m. b) Velocidade horizontal W (m/s) no
plano ZY em x = 0,2m e x= 0,4m. A escala de velocidades esta indicada em m/s.
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Finalmente, as Figuras 7a e b e 8a e b mostram a componente vertical V da velocidade, segundo os planos XY e os
planos ZY. A forma de obtencdo dos dados permitiu que essa componente da velocidade fosse analisada em planos
ortogonais, permitindo uma visdo mais completa em todo o volume. As imagens mostram nitidamente os efeitos da
presenca da grade no campo de velocidade.

(b)
(@)

Figura 7: a)Velocidade vertical V (m/s) no plano XY em z = 0,1m e z = 0,3m. b) Velocidade vertical V (m/s) no plano
XY emz=0,2me z = 0,4m. A escala de velocidades esta indicada em m/s.
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VMED
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0.0069
0.00G4
0.0028
0.0023
0.0018
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0.0000
-0.0003
-0.0009
-0.0014
-0.0019
-0.0025
-0.0030
-0.0035
-0.0040
-0.0046

(a) -0.0051
(b)
Figura 8: a)Velocidade vertical V (m/s) no plano ZY em x = 0,1m e x = 0,3m. b) Velocidade vertical V (m/s) no plano
ZY em x = 0,2m e x= 0,4m. A escala de velocidades esta indicada em m/s.

Todas as Figuras 5 a 8 mostram a presenca de vortices, uma vez que as regifes com componentes positivas e
negativas ocupam preferencialmente diferentes regides do volume liquido. E interessante observar as regides positivas e
negativas junto as extremidades da grade (parte inferior das extremidades das figuras, junto as paredes). Nessas regides,
tanto para os cortes perpendiculares a X como para os perpendiculares a Z, a composi¢do das velocidades horizontais e
verticais evidencia vértices com velocidade descendente junto as paredes. Uma vez que esta estrutura de vértice ocorre
ao longo de toda a extremidade da grade, a sua representagdo continua mostra a existéncia de um toro (Figura 12) com
velocidade ascendente na parte interna e descendente na parte externa. Evidencia-se, portanto, uma estrutura de
escoamento preferencial nitida.

Os valores da componente vertical da velocidade obtidos para todos os pontos das oito se¢cbes medidas foram
interpolados de forma a se obter campos tri-dimensionais para esta componente. As Figuras 9, 10 e 11 mostram
superficies de isovelocidades para V, considerando valores positivos e negativos semelhantes. Nota-se, principalmente
nas Figuras 10 e 11, a presenca de jatos verticais que decorrem das aberturas da grade oscilante, mostrando que o
campo de velocidades ¢ influenciado por sua geometria. Adicionalmente, esta forma de apresentacdo permite observar
que o campo médio da velocidade vertical, para todo o ndcleo do volume de liquido, apresenta valores positivos
(ascendentes) mais préoximo a origem de X (lado direito das figuras), enquanto os valors negativos (descendentes)
localizam-se mais préoximo a Z=0,5m (lado esquerdo da figura). Ademais, as Figuras 5 e 6 mostram que 0 movimento
horizontal junto a superficie ocorre preferencialmente na direcéo positiva, tanto para U como paraW, o que corresponde
a um movimento da direita para a esquerda sobreposto as Figuras 9, 10 e 11, gerando uma “macro-célula” de circulacéo
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com dimensdes semelhantes as do volume de liquido estudado. A Figura 13 mostra essa célula de circulagcdo mais
ampla, sobreposta ao toro da Figural2.

Os resultados mostram que a energia imposta ao sistema gera movimentos preferenciais, semelhantemente a uma
bomba hidraulica, o que pode ser denominado de “efeito de bomba hidraulica”.
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-0.0046
-0.0051
Figura 9: Velocidade vertical V (m/s): isovelocidades com valores V =-0.0009 e V=+0.0007 m/s
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Figura 10: Velocidade vertical V (m/s): isovelocidades com valores V =-0.0019 e V=+0.0018 m/s
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Figura 11: Velocidade vertical V (m/s): isovelocidades com valores V =-0.0025 e V=+0.0028 m/s
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Toro resultante da composigdo dos movimentos
observados nas duas dire¢des, junto a grade

Movimento rotacional observado nas
extremidades da grade oscilante

Figura 12: A representacao dontinua do vdrtice observado na extremidade da grade oscilante gera um toro ao longo de
toda a extremidade da grade, junto a parede.

Na Figura 13 o vetor resultante das velocidades no plano paralelo a superficie da grade é representado pela
resultante das velocidades ao longo de x e z, ambas positivas. Assim, nota-se que a agua se desloca em média
acompanhando aproximadamente uma das diagonais da superficie quadrada do volume estudado.

Os valores de todas as velocidades aqui medidas sdo reduzidos. A ordem de grandeza basica é 1,0x10° m/s, em
valor absoluto, observando-se valores absolutos méximos (locais) de até cerca de 5,0x10° m /s.

Para satisfazer a conservacdo de massa do sistema, sugere-se que ha outro toro na superficie inferior da grade. Nessa
regido estima-se que o vetor de velocidades no plano paralelo a superficie da grade seja orientado no sentido inverso ao
observado na regido superior da grade.
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Célula de circulagdo observada para a superficie
e o nucleo do liquido

Movimento preferencial observado na superficie
e no ndcleo do volume de fluido
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Figura 13: Considerando todo o nucleo do volume de fluido e o escoamento junto a superficie, uma “macro-célula”de
circulagdo ¢é observada. A componente superficial da velocidade (em verde) é a resultante das velocidades
superficiais ao longo de x e z. A célula esta sobreposta ao toro da Figura 12.

5. CONCLUSOES

Demonstrou-se experimentalmente que movimentos preferenciais ocorrem em diferentes escalas em um tanque com
agitacdo induzida por grades oscilantes. Assim, a energia imposta ao sistema converte-se ndo apenas em movimentos
aleatorios (caracteristicos da turbuléncia), mas em movimentos preferenciais bem definidos, cuja existéncia deve ser
considereada nos estudos de transferéncia interfacial de propriedades fisicas em interfaces ar-agua. Essa conversdo da
energia imposta em movimento preferencial lembra o efeito de uma bomba hidraulica (onde energia elétrica gera
pressdo hidraulica que é ultimamente convertida em energia cinética para a agua), o que faz com que a existéncia do
movimento preferencial tenha sido denominado de “efeito de bomba hidraulica”.

As estruturas de movimento preferencial no volume estudado podem ser descritas como um toro junto a toda a
extremidade da grade, ao longo das paredes, superposto a uma macro-célula de circulagdo que confere movimento
médio a superficie da agua.

Esses movimentos preferenciais devem ser considerados quando do estudo de propriedades fisicas através de
einterefaces gas-liquido, em escoamentos turbulentos gerados por grades oscilantes.
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CALCULO DIRETO DO RUIDO AERODINAMICO GERADO POR
CAMADAS DE MISTURA EM EVOLUCAO ESPACIAL

Carlos Anissem Soares Moser, carlos.moser@yahoo.com.br
Escola de Engenharia de Sdo Carlos - EESC/USP, 13566-590Fahalhador Sao-carlense 400, Sdo Carlos, SP, Brasil

Resumo. Este trabalho tem por objetivo analisar o efeito do nUmerdvideh sobre o ruido aerodinamico emitido por
camadas de mistura subsdnicas em evolucéo espacial a nsishefdach entré, 20 e 0,40 e nimero de Reynold$0.

Uma formulacdo com base em caracteristicas é utilizada pesalver os campos aerodindmico e acustico por meio de
simulac&o numeérica direta (Direct Numerical SimulatiorN®) do sistema completo de equacdes de Navier-Stokes com-
pressiveis. A estrutura modular ondulatéria desta formatapermite especificar condigdes de contorno nao-reflexiva
utilizando um modelo conceitual baseado na analise caréstiea. Uma zona buffer de absorcdo acustica e dissi-
pacéo aerodinamica é aplicada na regido de saida do domimmprtacional. Para uma resolugdo precisa dos campos
aerodindmico e acustico sdo empregados esquemas de gi#srénitas compactos de sexta ordem para a discretizagédo
espacial e um esquema de Runge-Kutta de quarta ordem pagragéo temporal..

Keywords: aeroacustica computacional, camada de mistura subsosicajlacdo numeérica direta, ruido aerodinamico
1. INTRODUCAO

Atualmente o ruido emitido por escoamentos cisalhantesslise constitui num dos problemas centrais de uma grande
diversidade de aplica¢des industriais. No campo da engenipadem ser mencionados o ruido aerodindmico externo
gerado por turbomaquinas, automaéveis, trens, rotoreslampteros e motores a jato de aeronaves. A emissao sonora de
maior impacto ambiental nos tempos atuais € o ruido emitidartores a jato de aeronaves. Esta forma de ruido vem
sendo intensamente investigada desde o trabalho pioreitdgtithill (1952), pela necessidade de desenvolver aeron-
aves mais silenciosas. Desde o0s primeiros turbojatos adémcem operacéo na décadadeaté a segunda geracao de
aeronaves a jato em operacao desde a década, dmportantes progressos na reducgéo do ruido vem sendc;atbas
pela indUstria aeronautica. Contudo, perante ao enornseiorento do trafego aéreo nas Ultimas décadas e ao continuo
processo de urbanizacéo nos arredores de aeroportospaemitido por aeronaves a jato continua causando enorme im-
pacto ambiental, principalmente durante operacdes deomodecolagem. Estimativas da Comisséo Européia de Controle
de Trafego Aéreo prevéem um crescimento anual do trafegmadundial da ordem d€% ao ano nos préximos anos,
devendo praticamente duplicar o trafego aére@@®. Visando reduzir drasticammente o impacto ambiental cusa
pela emissédo de ruido, regulamentacdes técnicas da ltiberaaCivil Aviation Organization (ICAO) e da Federal Avia
tion Regulation (FAR) vém estabelecendo niveis de operag&etificacdo de ruido aerodinamico externo cada vez mais
restritivos.

Como decorréncia natural deste cenério, a reducao dositedis de emissdo sonora vem se tornando uma questéo
estratégica no projeto de novas aeronaves a jato pela irddataviacéo civil. Contudo, para elaborar estratégias efi
cientes visando a reducao do ruido aerodindmico, necessitena melhor compreensao dos mecanismos fisicos ingrente
aos processos de geracéo e propagacédo do ruido em escaativessaisalhantes em evolugdo espacial, como camadas
de mistura e jatos subsoénicos. Entre os fatores preportésraa investigagdo dos mecanismos de emisséo de ruido
aerodin@mico, o efeito do numero de Mach se constitue nurpalidsnetros fundamentais.

Neste trabalho, pretende-se investigar numericamenteim efo nimero de Mach sobre o ruido aerodindmico emi-
tido por camadas de mistura subsénicas em evolucdo espastal que ainda ndo é compreendida a influéncia deste
fendmeno nos mecanismos de geracao e propagacao sonoemquss@erodindmico e acustico. Um estudo paramétrico
dos campos aerodindmico e acustico € conduzido, em que @dengeracdo de ruido no campo aerodindmico e sua
propagagdo no campo acustico, sdo calculados usando eetéersimulacdo numérica direta (DNS). O acesso direto aos
campos de geracgao e propagacédo sonora € essencial, vigicegisdes do ruido por técnicas de modelagem de escalas
submalha recaem inevitavelmente em hipéteses que nao Emttemrificadas experimentalmente em escoamentos reais
(Crow, 1970). Em particular, o papel fundamental da forrmagé estruturas primarias (vortices de Kelvin-Helmholtz)

e suas interacdes (apariamento de vortices) com mecandenamissdo acustica, podem ser claramente mostrados por
computaces diretas (Bogey, 2000; Freund, 2001; Sandieynolds, 1991).

Devido ao custo computacional elevado de computacfes p&, BNresente analise paramétrica restringe-se a ca-
madas de mistura bidimensionais (2D) em regime quase in@ssipel, em que as instabilidades mais amplificadas sao
as 2D. Embora os efeitos de compressibilidade na dinamieacimmento sejam fracos, observa-se uma forte influéncia
destes efeitos na geragdo e propagacédo do ruido aerodmaNuocentanto, fora desta faixa de nimeros de Mach, uma
aproximagao puramente 2D seria extremamente questiguiéevédo a predominéncia de instabilidades 3D, em que as on-
das mais amplificadas séo as obliquas, conforme descrevgaade estabilidade linear de Michalke (1964a) e resutado
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DNS anteriores de Sandh&nReynolds (1991).

A necessidade de esquemas numéricos extremamente premiaasfetuar previsdes do ruido aerodindmico por DNS
€ amplamente reconhecida em aeroacustica computaci@talgue a natureza fracamente dissipativa e dispersivasies
esquemas fornece uma melhor representacdo de uma ampad&igscalas, assegurando uma melhor resolucdo das
menores escalas energéticas e uma representacao pregispagacdo de ondas acusticas. Fisicamente, estas @agjénc
estdo estritamente relacionadas a preservacao da prégesgatpra relevante, conjuntamente com uma apurada descri¢
das maiores escalas do campo de geracdo. Estas exigérriparséularmente dificeis de serem cumpridas a baixos
nameros de Mach, onde as flutuagdes acusticas séo varias alelenagnitude menores que as perturbagdes de natureza
aerodinamica. No intuito de satisfazer estas exigéncipsabisao e seguindo a pratica de estudos aeroacusticosege
(Bogey, Bailly & Juvé, 2000; Freund, 2003; Mitchell, Lele &dih, 1999; Vreman, Sandham & Luo, 1996), neste
trabalho séo utilizados esquemas de diferencas finitasactogpde sexta ordem de precisdo para a discretizacdoaspaci
Contudo, distintamente de estudos anteriores, este li@béliza uma formulagéo ndo-conservativa com base enteara
teristicas proposta por Sesterhenn (2001). No context@omelstica computacional, a estratégia numérica prapost
neste trabalho tem como vantagem a simplicidade oferecdagta formulacéo para a implementagéo de condicdes de
contorno e de uma zona buffer de absorgéo/dissipacéo (l0s|drele & Moin, 1993). Segundo o conhecimento do autor
(Moser, 2006), esta € a primeira vez em que esta formulacélivéda para a computacédo direta do som.

2. CONFIGURACAO DO ESCOAMENTO

No esquema de uma camada de mistura subsdnica em evolug&@médp Fig. 1, os campos aerodindmico e acustico
sdo representados, respectivamente, pelos campos dedaxié e dilatagdo. A regido de saida do dominio computakion
inclue uma zonauffer de dissipac¢éo aerodindmica e absor¢do acustica. Neslieotrals variaveis do escoamento na
corrente superior e inferior sédo sub-indexadaslper, respectivamente.
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Figure 1. Configuracdo da camada de mistura em evolucéoiakaerfil de velocidade em tangente hiperbdlica, com
velocidades médiafl/;, Us]. Campos aerodindmico e acustico séo representados, tieapemte, pelos campos de
vorticidade e dilatacdo. Dominio computacional incluiabnofferde dissipacédo aerodindmica e absor¢éo acustica.

A camada de mistura consiste de dois escoamentos paratetosatocidades médids, e Us, conectados por um
perfil de velocidade em tangente hiperbdlica

Ow,

onded,, = AU/|0uy/0Y|maes € @ espessura de vorticidadeé\&/ = U; — U,. Neste estudo, o nimero de Reynolds
adotadoRe = pa AUy, /1 €400 para nimeros de Mach = AU /¢, variando de), 20 a 0,40, ondey a viscosidade
dindmica,,,, a espessura inicial de vorticidadg,a velocidade do som g a massa volumétrica. As quantidades s&o
normalizadas com base na corrente lenta (inferior) da cardadnistura. Na tabela 1 estao relacionados os nimeros de
Mach com as respectivas velocidades méfliasU,| na correntes livres superior e inferior.

As simulag@es numéricas so realizadas num dominio cocipntdcom dimens6€s.,., L, | = [800, 800], onde uma
zonabufferse estende d&55L, a L,. Uma malha Cartesiana consistindo[dg, n,] = [2071, 745] pontos é utilizada.
Esta malha é estirada na dire¢cdo normal ao escoamentojralpargido de mistura. Na direcdo do escoamento, a malha

+ —— tanh

uo(y) B 9

_ Ui+l AU <2y> 1)
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é uniforme no dominio fisico e gradualmente estirada na baffar, com o propoésito de atenuar perturbacdes de grande
amplitude, por meio do aumento artificial da dissipagéo.

NUmero de Machl = AU /¢y

Velocidade| 0.20 0.25 0.30 0.35 0.40
Uy 0.40 0.50 0.60 0.70 0.80
Us 0.20 0.25 0.30 0.35 0.40

Table 1. Velocidades médifis; , Us| referentes a faixa de nimeros de Magt20 < M < 0.40.

Para desestabilizar a camada de mistura, sem uma interi@excessiva nas condi¢des de entrada, uma perturbacéo
de pequena amplitude e de natureza incompressivel (Bogily, 8 Juve, 2000) é aplicada na regido de mistura proxima
ao contorno de entrada. A modulacao de frequéncia destalpacéo é obtida através da analise de estabilidade lieear d
uma camada de mistura compressivel estacionaria (Michkdicla).

3. METODO NUMERICO
3.1 Equacgdes governantes do movimento

Neste trabalho, a formulacdo com base em caracteristicBesterhenn (2001) é empregada para resolver por DNS
o sistema de equagdes de Navier-Stokes compressiveisfolstalacdo decompde a parte inviscita das equagfes em
varios modes de ondas, propagando-se com velocidadeserésticas associadas. A estrutura modular ondulatésa da
equacdes é especialmente adaptada para definir condigéestdeno ndo-reflexivas. O sistema de equacgdes governantes
é representado em coordenadas Cartesianas em termosidesisato escoamenip, u, v, s]T, respectivamente, presséo,
componentes da velocidade e entropia.

% = —%((XWXH(YWY))+%(§+XS+YS> @)
% - —(%(X*—X)+Y“)+%%E ®3)
% = —(X“+%(Y+—Y))+%aa7;j (4)
% = _(XS—s—YS)—i-%(—gquZ—i-‘I)) )

No sistema de equacdes, os modos de propagacio de ondasstnlde por ondas acusticaé{ e Y *), entropicas
(X eY?) e vorticais X" eY"), definidos pelas seguintes relacdes

10p , Ou 10p Ov
Xt =(ute)| —== + — YE=(pte)( =L L0
(ue) (pc Ox c%c) ’ (ve) (pc dy ay) ©
S 88 S __ 88 v o__ @ u __ @
X—u%,Y—vay e X—uax,Y—vay (7

Na equagéo (5);; = —A\IT'/0x; € o fluxo de calor, ondg = nC),/ Pr € a condutividade térmica’e a temperatura.
¢ = 7;;5;; € adissipagéo viscosa, ongle € o tensor taxa de deformagée;¢ o tensor das tensées viscosas

1 (0u;  Ou, o Ouj 8ui_g% -
%ij = 2 (8xj + 817) ¢ T =H [817 + Oz 38mkdw ’ (8)

ondey, é a viscosidade dinamicag a funcéo delta de Kronecker.
O fluido é assumido como um gas caloricamente perfeito. Deste, o sistema de Eqgs.(2-5) pode ser fechado pelas
seguintes relacfes para um gas ideal

1/~
_ P _ P 2 _ P
P=c T_pR e =" 9)

ondeR é a constante universal dos gasese C,/C,, araz&o entre os calores especificos a presséo e a volumartenst
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3.2 Condicdes iniciais e de contorno

O perfil inicial de velocidades da camada de mistura é dadopel(1), de modo que a razdo entre as velocidades
médiasl; /U = 2, enquanto que as demais variaveis do escoamento sdo nsantaiamente constantes.

O modelo conceitual com base na analise caracteristicaa®dson (1987, 1990) é usado para prescrever condicdes
de contorno nao-reflexivas. Por este modelo ondas com pagfagara fora do dominio sdo determinadas pelo sis-
tema de Egs.(6-7), enquanto que ondas com propagacao paegiorido dominio sédo especificadas por condi¢cbes de
contorno. A especificacao imprépria destas condi¢Oesteesm perturbag8es artificiais que podem levar a uma solugéo
numérica inadequada (Hixon, Shih & Mankbadi, 1995). No@n&sestudo restringiremos nossos atencdes a escoamentos
subsdnicos, em que este problema é mais acentuado.

Como o dominio computacional deve ser suficientemente lpaga permitir a propagacdo de ondas acusticas no
campo distantefér-field), condig8es de contorno podem ser especificadas nas saderdominio pela simples anulacgéo,
nas Eqgs.(6), das ondas" e Y~ com propagagdo para o interior do dominio, respectivameateontorno inferior e
superior.

No contorno de entrada do escomento existem ondas acuystite&picas e vorticais que se propagam para o interior
do dominio computacional. Para estimar estas ondas, e@assé uma entrada com entropia, entalpia e a componente
transversal da velocidade fixas (Sesterhenn, 2001). Em eampor condi¢cdes a estas quantidades, que sdo quase
constantes no tempo na entrada, condi¢gbes de contorno pédfeemdas para forcar a zero suas derivadas temporais:
(i) 22 =0, (i) ZL =0, and (iii) 2 = 0.

Considerando a condicéo de entrofiena Eq.(5) é possivel resolver a onda entrépica com propagega o interior
do dominio

R 0q;
Xo=_ys 42 (— %, <I>) (10)
p Ox;
Aplicando-se a condicagi) a definicdo de entalpia? = E + pV, ondeFE, p e V séo, respectivamente, a energia,
pressao e volume do sistema, obtém-se

OH 0oh 0 (u2> _.0s  10p ou
2

o "o ta\z) " Ta e e =0 )

ondeh é a entropia local. Posteriormente, aplicando-se a coodi¢®a Eq.(11), podemos reter

dp ou
4 - 12
ot TP =0 (12)
Substituindo-se na Eq.(12) as Egs.(2) e (3), e inserindoquagdio resultante o termo de entropid + Y*, obtido
considerando-se a condi¢c&d na Eq.(5), resulta na seguinte expresséo para a onda acastit propagagdo para o
interior do dominio
2 1 1 ; —1 "
xt o= 2 (L ye 10T ey oy 2 (L0 (13)
u+c \2 p Ox; 2u pU ;

Aplicando-se na Eq.(4) a condi¢éai), obtém-se a onda de vorticidade com propagagéo para cointerdominio

1 _ 187'2 i
XV = = Y+_Y _ »J 14
2( ) p Oz (14)

3.3 Zonabuffer
Uma zonabuffer é construida na regido de saida do dominio computacionalocpropésito de dissipar ondas de
vorticidade e entropia de grande amplitude e de absorveaadlsticas espurias de pequena amplitude. A grande

diferenca de escala de energia das ondas de vorticidadepiartomparada com as ondas acusticas, requer a combinacao
das seguintes técnicas de absor¢ao/dissipacgéao.

3.3.1 Dissipacao aerodindmica

De modo similar a Colonius, Lele & Moin (1993), as ondas ddigmlade e de entropia sdo efetivamente dissipadas
antes de interagir com o contorno de saida, pela adicdo derum tle amortecimento as equa¢des do escoamento

) ) ,
a_? _99 ;. q (15)

dp ot
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ondeQ = [u,p] e % é dado pelas Egs.(2) e Q' (,,) = Q(n) — (BQ(n-1) + (1 — B)Q(n)) € a perturbacéo no passo
de temp, comg =0.90 e Q(n_l) uma média temporal da perturbacéo calculada no passo de tmtgyior.og, € um
coeficiente de amortecimento aerodinamico definido comoeseg

0ap(w,y) = 5 (L4 tanh(By(x — 20))) (1 + tanh(Ba(y — o)) (16)

com{0 < ogp(z,y) < 0.05} para{zg, < = < Ly} e{—vap < y < Yap}, ONde[zqp, yap] S0 0s limites da zona de
dissipacéo. Os valores dos parametros na Eq.(16) sdo dadas= 0.025, 31 = 0.02, 3, = 0.12, 2, = 0.875L, e
+0.075Ly se y > 0,
Yo —0.075L,, no caso contrario.

3.3.2 Absorcao acustica.

Na regido de absorcao da zdméfer, as ondas acusticas refletidas no contorno de saida do dsamabsorvidas por
meio da aplicagéo gradual de uma condig&o de contorno fii@ésiva (Moser, Lamballais & Gervais, 2006) as equagdes
governantes do movimento

0Q 0Q 0Q

A, = Oab 7, 1-—- ab) 17
ot |, =0 e |, T (7

ondeQ = [u,p] e % é dado pelas Egs.(2) e (3yap = 5 (1 + tanh(a(z — z,))) € um coeficiente de absor¢éo, com
r=1,a=0.052,=090L, e{0 < o (x) <1} para{z., <z < L, }. Desta forma, resulta que

2Q %—? para ogp(xap) = 0,
ot ab % X-—0 para U(LI)(L:J:) =1.

3.4 Perturbagéo proxima ao contorno de entrada

Com o propésito de desestabilizar mais rapido a camada darmisle melhorar o controle sobre os processos de
enrolamento e apariamento de vortices, e de introduzir wécter determinista em computacdes aeroacusticas, a eamad
cisalhante é forcada nas proximidades do contorno de entrach uma perturbacdg;() de pequena amplitude e de
natureza incompressivel (Bogey, Bailly & Juvé, 2000) daota p

p=aU ( 127'2)22: in[2rfit + (i —1)6] (18)
, = —exp | —In o, sin | 27 f; 1 —

P Ay, Ay? P

Esta perturbagéo € diretamente aplicada as componentetodaadeu, = u+ f, (y—yp) €v, =v—f, (v —1}),

ondeAy, = 0.125 é um comprimento de referéncia® = (z — x,)° + (y — y,)°, cOm[z,;y,] = [2.5;0] o centro da
perturbacdod = 7/6.66 é o deslocamento de fase entre as perturbacées harméaicas.2.5 x 10~% e as = ay/2
sdo amplitudes correspondentes a freqiiéncia mais instaveD.132U. /4., e seu sub-harmdnict = f1/2, previstos
pela andlise de instabilidade linear (Michalke, 1964ajlean,, € uma espessura local de vorticidad€e= (c¢;Us +
Uic2)/(c1+ c2) a velocidade de convecgdo. Conforme mostra o esquema d2, lBigvido ao baixo nimero de Reynolds
consideradoRe,,, = 400), o crescimento da difuséo viscosa na camada cisalhantétpegjustar automaticamente os

130

INFLOW BOUNDARY

Figure 2. Esquema do crescimento da espessura de vorgaidwitio a difusdo viscosa na camada cisalhante. Efeitos da
perturbacéo séo ajustados para desestabilizar a camadatdearemz, ~ 80, posicdo em qué,,, ~ 20,,,.
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efeitos da perturbacdo para desestabilizar a camada deranigtma posicde; ~ 80, para a qual a espessura local de
vorticidade &,,, ~ 24, .

Para minimizar a reflexdo de ondas espurias geradas pelalgdo no contorno de entrada, uma zona de absorcao
acustica € construida nas proximidades da perturbacamgiorda adi¢édo de termos de absor¢éo as equagdes governantes

0Q 1

. - QA - ac 19

5| = (@) (19)
ondeQ = [u,v,p], %—? sdo dadas pelas Eqgs.(2-49¥ é a média temporal da perturbaddqy,,) = Q) — Q(o), ONde
Qo) = [to, 0, po] €1 0 passo de tempo computacional. € um coeficiente de absorgéo acustica definido como segue

T
Oac(T,y) = 31 ((1 — tanh(ai(z — xp))) (1 — tanh(azly — ypl)) —
(1 — tanh(an |z — zp[)) (1 — tanh(asly — yy)))) (20)
ondex,; y,] = [2.5; 0] € o centro da perturbagdo. = 0.2, a; = 0.08, ae = 0.055 e g = 0.155.

4. RESULTADOS

O efeito do nimero de Mach sobre 0os mecanismos fisicos deageespropagacado sonora € investigado por meio da
computacdo por DNS de camadas mistura em evolucéo espaciad ffaixa de numeros de Madh:20 < M < 0,40
e numero de ReynoldBe,,, = 400. Uma descricdo completa e precisa do escoamento é forngoideomputacdes
por DNS, visto que sé@o capturados numa mesma computacaopm @erodinamico de geragdo e o campo acustico de
propagacéo sonora, sem a necessidade de recorrer a modelagscalas.

Conforme mostra a figura 3, em consisténcia com a analiseastde geracdo sonora (Howe, 1975), a teoria de insta-
bilidade linear (Michalke, 1964b) e resultados numéridatidms em jatos axi-simétricos (Mitchell, Lele & Moin, 1999
com o aumento do numero de Mach observam-se modificacfes daagreziveis no campo aerodindmico de geracéo
sonora (centro do dominio). Contudo, contrariamente acpcatie geragdo sonora, 0 campo acustico de propagacao
€ consideravelmente modificado pelo aumento do niumero dé.Macadiacdo emitida pela camada de mistura mais
lenta (M = 0,20) assemelha-se a emissédo sonora de uma fonte quadripokingétrica observada em experimentos
com jatos de Bridge& Hussain (1992). A solugdo do campo acustico apresenta bordacom resultados anteriores
(Billson, Erikson & Davidson, 2002), obtidos por meio de slatédo de grandes escalasige-Eddy SimulatiorLES) a
nameros Reynolds elevados. Aspectos comuns aos resutthtidss por LES podem ser mencionados. Frontes de onda
apresentam forma oval, com maior comprimento de onda ateisarzona de emissao sonora. A emissao sonora se torna
acusticamente menos compacto pelo aumento do niumero de Wikstolgue a escalas de comprimento do campo acustico
(comprimentos de onda) sdo gradualmente reduzidas, etoqga@ as escalas da fonte sonora (tamanho dos turbilhdes)
permanecem constantes. O som radiado pela camada de mistisrédpida {/ = 0, 40) € altamente diretivo ou superdi-
retivo. Este resultado estd em conformidade com resultdel@ighton& Huerre (1990), que demonstraram a partir da
solucéo exata da equacao da onda que a ndo-compacidadesdd@aulstica na direcéo axial conduz a possibilidade de
radiacao sonora superdiretiva, isto é, fontes sonoras @@tividlade concentrada principalmente a pequenos asgigo
radiacéo (Laufe& Yen, 1983; Jiang, Avital & Luo, 2004).
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Figure 3. Superposi¢cdo do campo aerodindmico de geraca&m@zacisalhante) e do campo acustico de propagacéo

sonora de camadas de mistura & nimeros de Maeh: < M < 0, 40. Iso-contornos de vorticidadg:em[—0, 7 : 0, 0].

Iso-contornos de dilatag&od em[—1,0 x 10~ : 1,0 x 10~*] espagados com taxa de progressdo geométrica 10~5.
Setas indicam a dire¢&o de propagagao sonora nas corrapte®s e inferior do escoamento.

Com o proposito de discutir padrées de radiagdo sonoraislaparentes da fonte: () séo estimados pela projecdo
de linhas radiais (indicadas por setas na Fig. 3) partindegido de emissdo acustica (local de apariamento de \&rtice
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e posicionadas na direcéo de propagacao sonora (perpkmdiente aos frontes de onda) para angulos de radié@gfo (
Estes angulos correspondem a maximos locais de radiacacasuas correntes inferior e superior, dados pelo diagrama
de diretividade da Fig. 4. Os valores gdge 6, estdo representados na tabela 2. Observa-se que os loasegt@s da
fonte (x,) movem-se ligeiramente a jusante pelo aumento do nimercad MO pequeno deslocamento da fonte (regido
de apariamento de vértices) estd em acordo com a teoria @dbilidade linear de Michalke (1964b), que mostra que
a taxa de crescimento das perturbacdes decresce ligeit@cean o aumento do nimero de Mach. A tabela 2 também
mostra a forte dependéncia do nimero de Mach do angyldé maximo local de radiacdo sonora nas correntes superior
e inferior das camadas de mistura.

Numero de MachVf = AU /¢,
Corrente| 0,20 0,25 0,30 0,35 0,40
superior | 195 199 202 207 213

Ts | inferior | 226 230 235 241 248
5| upper 64°  59°  49°  47°  42°
% | lower —59°  —60° —H59° —H4° —52°

Table 2. Local aparente da fonte,f e &ngulo de radiacddly), correspondentes ao maximo local de radiacdo sonora por
camadas de mistura a nimeros de Matho < M < 0.40. Medidas d&; tomadas a partir da direcdo do escoamento
no diagrama de diretividade na Fig. 3.

4.1 Padrdes de radiac@o sonora

Na figura 4 estéo representados padrdes de diretividadeldagda sonora emitida por camadas de mistura. Um lobe
de diretividade pode ser claramente identificado em cadadasaorrentes do escoamento, para todos os nimeros de
Mach considerados. Padréo este ja observado por Bogely, Bailivé (2000), mas ndo confirmado por Billson, Erikson
& Davidson (2002), os quais relataram uma diretividadeifggeente descentrada, com dois lobes nas correntes superio
e inferior. Conforme discutido anteriormente, com aumelotaimero de Mach observa-se que a emissdo sonora adquire
gradualmente um caréacter altamente diretivo, com o picardeséio concentrando-se a pequenos angulos de radiagédo.
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Figure 4. Padrdes de diretividade da radiacdo sonora enitidcamadas de mistura a nimeros de Mact < M <
0.40, computados como a média tempaokRal/ S da dilatacdo em semi-circulos de raie= 150, centrados nos locais,
dados na tabela 2, para angulos de radiacdo medidos a padiie¢ddo do escoamento.

4.1.1 Intensidade do som

Aintensidade da emisséo sonora no campo de propagacadsdlayatla medida da taxa média de energia sonora que
passa através de uma determinada area por unidade de tempo:

(p B ]50)2
p3cs

ondep é a pressdgy, € uma média espago:temporal da presséo logak ¢, sdo a massa especifica e a velocidade

do som na corrente inferior de referéncia. E importantestdir que a Eq.(21) fornece pequenas flutuacdes de presséao,

I= , (21)
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definidas como a intensidade do sof lo campo acustico, e grandes flutuacdes de presséo na caisatiante do
campo aerodindmico, que ndo devem ser interpretadas coresd&mnsonora.

Conforme mostre a figura 5, no campo acustico da camada deranisiais lenta{/ = 0,20) observa-se que a
intensidade da emissao sonora € quase duas ordens de rdagniémor do que na camada de mistura mais rapida,
irradiando-se por uma ampla regido do campo acustico. Buaentnente a camada de mistura mais lenta, na mais rapida
(M = 0,40) o som é altamente concentrado em dire¢cdes de propagacasefiendas e a pequenos angulos de radiacao.
Este aspecto, mais uma vez, identifica claramente o cadtaenente diretivo da emissdo sonora a numeros de Mach
mais elevados.

M = 0,20 M = 0,40
2.5¢-18 3e-88
Ze-10 2.5e-88
1.5¢-18 s
1.5¢-08
1e-10
1e-88
ekl S5e-89

a a

Figure 5. Padr@es da intensidade do sd)m@ campo acustico e de flutuagbes de pressao no campo @smichimas
camadas de mistura mais lente/ (= 0,20) e mais rapidaf/ = 0,40). Representa¢do no dominio computacional
completo, incluindo a zonlaufferde absorcéo/dissipacéd., x L,] = [800 x 800].

Na figura 6 s&o mostrados perfis longitudinais de flutuacaoes@o na corrente inferior da camada cisalhante, dados
pela Fig. 5. Para o numero de Magf20, sdo claramente identificadas seis zonas de siléncio cosisrde flutuacao
de pressado decaindo mais de duas ordens de magnitude. ®&Bsamna pequena expansao destas zonas na dire¢do do
escoamento, visto que a distancia entre duas zonas coresdein um ligeiro aumento nesta direcdo. Aumento-se 0

M=0,20
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Figure 6. Representacéo logaritmica de flutuacdes de presséorrente inferior da camada cisalhante de camadas de
mistura a numeros de Maail = 0, 20 €0, 40, dados pela Eq.(21). Perfis longitudinais sdo tomados margerinferior
a distancias do eixo da camada cisalhante: 30, 32,34, 36 e 38, paral60 < = < 400.
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namero de Mach pai@ 40, estas zonas de siléncio sdo gradualmente deslocadaselelgsana dire¢do do escoamento,
com niveis de flutuacdo de pressdo decaindo menos de uma dederagnitude, exceto na primeira zona de siléncio.
O decaimento mais acentuado dos niveis de flutuagao de presgiimeira zona de siléncio, observado para ambos os
nameros de Mach, provavelmente esté associado a forteagéitss do escoamento com o campo acustico, devido a sua
maior proximidade da fonte sonora dominante (veja os lagaésentes da fonte na tabela 2).

Perfis radiais da flutuac&o de presséo na corrente inferican@das de mistura a nameros de Mac?D e 0, 40,
obtidos da Fig. 5 estéo representados na Fig. 7. Estes pestisadem tanto as flutuac6es de pressdo na camada cisalhante
guanto a intensidade do som no campo de propagac¢éo. Em asdzsadas de mistura, duas regides distintas podem ser
claramente identificadas por estes perfisrédgiéo com grandes flutuagfes de presséo nédo-linearesnaaaaisalhante,
localizada a pequenas distancidsda fonte sonora, €4) regido com pequenas flutuagfes de pressao lineares no campo
de propagac&o sonora, correspondendo ao decaimento diagaressio a distancia da foate> 100. E importante
observar que a presenca das zonas de siléncio descritaa trithém pode ser detectada para ambos 0s nimeros de
Mach para certos angulos de radiagédo, na regido de trarei¢@grandes e pequenas flutuacdes de presséo.

Conforme observado por Mitchell, Lele & Moin (1999) em jatos-simétricos a baixos nimeros de Mach, a dispari-
dade das escalas de energia é notadamente marcante na cematkura mais lental{ = 0, 20) (Fig.7), visto que
a intensidade sonora no campo de propagacédo é aproximagard@i0 vezes menor do que as flutuacdes de presséo
na camada cisalhante, com padr8es de decaimento linedarsisna lei classica de decaimento sonoro ho campo de
propagacdod '), para todos os angulos de radiagdo. Distintamente da @adechistura mais lenta, na mais rapida
(M = 0,40) (Fig.7), o decaimento da intensidade do som tem forte d§rezia do &ngulo de radiagao. Valores maximos
da intensidade sonora no campo de propagacao sao atingidopgrjuenos angulos de radiacés’), com decaimento
linear similar ad—'. Contudo, com o aumento do angulo de radiagdo ocorre umrdento consideravelmente maior,
devido ao deslocamento das medidas da intensidade do sarfopada regido superdiretiva de propagagéo sonora.
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Figure 7. Representagéo logaritmica de flutuacdes de pressGamada cisalhante e da intensidade sonora no campo

acustico de camadas de mistura a nimeros de Mack 0.20 e 0.40, obtidos da Eq.(21). Perfis radiais tomados na

corrente inferior a distanciagl( da fonte, obtidos por meio de interpolagdo a partir dositoca dados na tabela 2.
Angulos de radiagéio medidos a partir do eixo da camada eisth(- -) Lei classica de decaimento sonaio'.

Medidas da emisséo sonord o campo acustico efetuadas a partir da definicdo (21) agdstna Fig. 8, revelam
uma taxa de aumento da intensidade méaxima de emigsgg)(proporcional aV/” em ambas as correntes da camada de
mistura. Este resultado é consistente com a analise tedgietowe (1975), que demonstrou que a poténcia da emissao
sonora radiada pela turbuléncia bidimensional é propoatia/p,v>M*, onde/ e v sdo, respectivamente, o tamanho
caracteristico e a velocidade de fontes sonoras indivddtiaibilnGes), o, a massa especifica de referéncia. Enquanto
gue resultados numéricos obtidos em camadas de misturacdng@o temporal, a baixo nimero de Mach (Fortuné, 2000;
Golanski, Fortuné & Lamballais, 2004) obtiveram intensgielaaxima de emisséad,{,..) proporcional a\/6.
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Figure 8. Representacao logaritmica da intensidade méaiima.) do som radiado nas correntes superior e inferior de
camadas de mistura a nimeros de Macho < M < 0.40. Medida da intensidade méxima tomada em semi-circulos de
raior = 300, centrados nos locais aparentes da fontg fornecidos na tabela 2:-¢) Lei de poténcial/”.

5. CONCLUSOES

Neste trabalho foi apresentada uma metodologia numérreargalizar a computagdo do som radiado pelo processo
de apariamento de vortices em camadas de mistura a nimehladte 0,20 < M < 0,40 e a niUmero de Reynolds
Re,,, = 400. A analise paramétrica do efeito do numero de Mach nos mewasi de geracéo e propagacao sonora em
conjuncao com o custo computacional inerentemente elel@dproximacdes por DNS, especialmente a baixos nimeros
de Mach, restringiu o presente estudo a computacdes bidioreis.

As bases fundamentais da analise caracteristica forabedstadas por esta aproximagao numeérica, visto que ela com-
bina a utilizacdo de uma formulac@o com base em caractasgesterhenn, 2000) para a resolucéo do sistema completo
de equacdes de Navier-Stokes compressives com um modeleitt@h baseado na analise caracteristica (Thompson,
1987, 1990) para a prescricdo de condi¢des de contornodfi@aivas e de uma zortauffer de absorcéo/dissipagcédo. A
aplicagcéo de uma perturbagéo harmdénica de natureza inessipel (Bogey, Bailly & Juvé, 2000) introduziu um caracter
determinista na solugdo do campo acustico e permitiu olmemelhor controle dos processos de enrolamento e aparia-
mento de vortices.

A analise do efeito do nimero de Mach na geracdo e propagag@®oasmostrou que o processo de apariamento
de vortices se constitui na fonte sonora dominante, pam@stod nimeros de Mach considerados. Devido aos baixos
ndameros de Mach adotados na presente analise, modificag8peediveis foram identificadas na dindmica da fonte
sonora. Conforme previsto pela analise de instabilda@atide Michalke (1964b), com o aumento do nimero de Mach
ocorre um ligeiro deslocamento do local do enrolamento gpdaamento de vortices na diregao do escoamento. Contudo,
guando o niumero de Mach é aumentado, a regido da fonte s@twena menos compacta e a emissao sonora mais
diretiva. Em bom acordo com a andlise teérica da geracadiaémica do som (Howe, 1975) foi observado um aumento
da intensidade maxima de emissdo sonora proporcionél a Para a camada de mistura mais rapitta & 0, 40), a
ndo-compacidade espacial da fonte na dire¢édo axial conduecaracter superdiretivo da emissao sonora, com o pico de
emissao concentrando-se a pequenos angulos de radiacao.

O método numérico desenvolvido neste trabalho tem sidacespeente aplicado na anélise do efeito do nimero de
Mach e de efeitos térmicos na geracdo e propagacao sonoaar@elas de mistura compressiveis em evolucdo espacial.
Contudo, existem muitas outras aplica¢cfes e possiveioniedigue podem ser introduzidas. A presente metodologia ve
sendo atualmente utilizada por Cabana, Fortuné & Lambg24l07a, 2007b) como solugdo de referéncia para validar
resultados obtidos pela computacao do ruido aerodinarerealg por camadas de mistura utilizando esquemas compactos
upwind (CUHD) de elevada ordem de precisdo. Utilizando axipracdo DNS como metodologia de referéncia o autor
pretende construir um codigo 3D para simulagéo de grandasasyLarge-eddy simulation — LES) do som radiado por
escoamentos cisalhantes livres, como camadas de mistatase A aproximacgdo por DNS também pretende ser usada
para fornecer uma base de dados precisa para o desenvdwieeeraliagéo de previsdes sonoras por meio de modelagem
de escalas submalha (SGS) baseada em analogias acustlegisi®72; Lighthill, 1952).
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Resumo. A turbuléncia continua sendo, ainda hoje, um grande desafio para os pesquisadores, pois os escoamentos
turbulentos sdo complexos e dependentes do tempo e do espagco. A combinagdo entre Simulagdo de Grandes Escalas e
Método de Elementos Finitos estd provando ser de grande relevincia a comunidade de Engenharia, no entanto, ainda
sdo escassas as publicagdes que tratam dessa combinagdo. Os objetivos desse trabalho sdo: analisar escoamentos de
Sfluidos viscosos, incompressiveis e isotérmicos partindo de um codigo computacional tridimensional apresentado por
Petry, 2002; verificar o comportamento dos Modelos Submalha em problemas de simulagdo de escoamento em canal
tridimensional; estudar e aplicar a simulagdo de grandes escalas no dmbito do método de elementos finitos. Para alcangar
esses objetivos sdo utilizados o modelo cldssico de Smagorinsky e o modelo Dindmico de viscosidade turbulenta,
inicialmente proposto por Germano et al., 1991. Para o processo de segunda filtragem do modelo dindmico emprega-se a
filtragem por elementos finitos independentes de Petry, 2002. Na implementag¢do do algoritmo é utilizado o Método dos
Elementos Finitos e, para integrar as equacdes governantes, é usado o esquema de Taylor-Galerkin para a
discretizagdo no tempo e no espago. O elemento finito de discretizagcdo do dominio computacional é o hexaedro linear.
Os resultados obtidos com Simulagdo de Grandes Escalas no modelo cldssico de Smagorinsky e no modelo Dindmico,
tiveram boa concorddncia com dados experimentais e com Simulacdo Numérica Direta, mas, o modelo Dindmico mostrou
melhor comportamento proximo a parede.

Palavras-chave: Elementos Finitos, Modelos Submalha, Turbuléncia.

1. INTRODUCAO

O interesse no estudo dos fluidos em movimento existe em grande parte pela presenca dos fendmenos que ocorrem
na natureza e em algumas aplicacdes da engenharia. Conseqiientemente, a andlise de escoamentos turbulentos é
extremamente importante. Tennekes e Lumley, 1972, observam que tudo o que se pode fazer no sentido de definir a
turbuléncia € listar algumas das caracteristicas principais dos escoamentos turbulentos, como: irregularidade,
difusividade, associacdo com elevados niimeros de Reynolds, tridimensionalidade das flutuagdes de vorticidade,
dissipagdo, validade da hipétese do continuo e que estd sendo caracterizada pelas as propriedades do escoamento, nio
pelas propriedades fisicas do fluido. Em 1950, com o advento dos computadores, apareceu uma alternativa de se obter
solugcdes numéricas das equacdes de Navier-Stokes, comecando uma drea nova no estudo dos fluidos, chamada
Dinadmica dos Fluidos Computacional (CFD), que estuda métodos computacionais ou simula¢cdes numéricas de
escoamentos.

Diferentes métodos numéricos sdo usados nestas simulagdes. Uma técnica eficiente para a andlise dos problemas
com geometrias complexas € o Método dos Elementos Finitos, que é a metodologia adotada neste trabalho. As
simulagdes numéricas diretas (DNS) e as equacdes médias de Reynolds (RANS) representam as duas extremidades dos
métodos possiveis para a simulagdo de escoamentos turbulentos. Na metodologia DNS todas as escalas do movimento
sdo simuladas, o que € muito caro para qualquer escoamento turbulento. Na metodologia RANS, onde a demanda
computacional € relativamente baixa, tem a remog¢ao de todos os detalhes dos processos turbulentos, conseqiientemente
passam para ser representados em funcdo dos valores médios.

A simulacdo de grandes escalas (LES) estd entre estas duas extremidades, conseqilentemente as maiores estruturas
turbulentas, sdo resolvidas diretamente, ¢ modelos sdo usados para representar o efeito das escalas submalha. Esses
modelos t&ém a mesma proposta dos modelos de turbuléncia convencional, mas sdo mais simples porque consideram
somente o efeito das pequenas escalas. Além disso, os modelos submalha tém menor dependéncia da geometria porque
as pequenas escalas sdo de uma natureza mais universal do que a turbuléncia total.

Para superar as dificuldades na andlise numérica de escoamentos incompressiveis € necessario adotar algum esquema
para estabilizar a solucdo (Reddy e Gartling, 1994; Franca e Frey, 1992). A alternativa adotada neste trabalho € a
formulagdo quase-incompressivel (Kawahara e Hirano, 1983). A formulac@o usual para o escoamento incompressivel é
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baseada na hipétese de um valor constante para a densidade e, desta hipdtese, a derivada da velocidade do som no
campo de escoamento € infinita (Schlichting, 1968). Entretanto, no escoamento real a propagacdo do som ocorre sempre
com velocidade finita. As equacdes para o escoamento quase-incompressivel supdem a densidade constante (as
flutuacdes da densidade sdo consideradas sem valor) e um valor finito para a velocidade do som. Com esta consideragdo
a equagdo da conservacdo de massa contém uma derivada da pressdo no tempo.

Este trabalho apresenta a aplicagdo de um algoritmo numérico para a andlise de um escoamento turbulento
tridimensional. A metodologia é baseada no método dos elementos finitos e na simulacdo de grandes escalas. O cédigo
computacional para simular o escoamento transiente, quase-incompressivel e tridimensional, foi desenvolvido por Petry,
2002, usando o esquema de Taylor-Galerkin, com elemento hexaédrico de oito nds. Os modelos submalha utilizados sdo
o modelo cldssico de Smagorinsky e o modelo Dindmico de viscosidade turbulenta, inicialmente proposto por Germano et
al., 1991. As simulagdes de escoamento em um canal retangular, presentes neste trabalho, confirmam a validez do
projeto executado, porém igualmente demonstram que melhorias sdo necessdrias para superar dificuldades em grandes
problemas computacionais.

2. ASPECTOS MATEMATICOS E NUMERICOS
2.1. Equacgoes Governantes

As equagdes para a Simulacdo de Grandes Escalas sdo derivadas (Petry, 2002) das equagdes de conservacdo de
massa, energia € momento de um escoamento viscoso, quase-incompressivel, tridimensional, transiente e isotérmico de
um fluido Newtoniano (White, 1974; Kawahara and Hirano, 1983). Na simulag¢do de grandes escalas (Findikakis and
Street, 1982) cada varidvel é decomposta em campo de grande escala (identificado por barra sobre a varidvel) e campo
submalha (identificado pelo apéstrofo):

Vo=V Y] P=p+p’ p=p+p’ (1)

Se a densidade € constante, entdo p’=0.
Prosseguindo o processo de filtragem das equagdes de conserva¢do de massa e do momento do escoamento
isotérmico, viscoso, quase-incompressivel, tridimensional e transiente, as equagdes governantes sao dadas por:

B 0
¥+C a—xj(pvj)—o (2)

J/ _ J ( __ ap d J0  _ J  _ Ao _
(pvi)+_j(pvivj)+_j6ij__. V[a_xj(pvi)"'a_Xi(ij)}"'E[a ) (ka)]SU

BXJ X

+ %{P(Lu +C; +T"’j)}_fi =0

i

(j=12,3)inQ 3)
Com as condi¢des de contorno:
v, =V, inT, 4
{_54_%831( (PZ)}SU +v{ai&(pv_l)+aixl(pvj)} n; =t in I't 5)
e as correspondentes condicdes iniciais:
v, =V, in t=0,Q (6)
P:f’o in t=0,Q @)

Onde:
p — massa especifica do fluido
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v; — componente da velocidade na direcao i
X; — coordenada na direco i

517 - delta de Kronecker
V; - valores prescritos da velocidade i no contorno indicado
n; - cosseno diretor do vetor normal ao contorno

t, - valores prescritos das for¢as de superficie no contorno
M - coeficiente de viscosidade dindmica do fluido

A - coeficiente de viscosidade volumétrica do fluido
C- velocidades de propagacdo do som
Vv - viscosidade cinematica

V; — componente, correspondente as grandes escalas, do vetor de velocidade na diregdo x;.
P — pressdo, componente correspondente as grandes escalas.

v'; = componente, correspondente as escalas submalha, do vetor de velocidade na dire¢do X;.

Lij= vV, Vi—=Vv,v; = termos de Leonard.

Ci=V, V'j + V', V; — termos cruzados.

V'i V' j — tensor de Reynolds submalha.

Os termos /;; e C; podem ser negligenciados (Findikakis e Street, 1982). Estudos anteriores ( Petry e Awruch, 1997)

confirmam que a consideracio desses termos ndo afeta significativamente os resultados aumentam em torno de 20% o
tempo de processamento.

As equagdes (2) e (3), negligenciando os termos de Leonard e cruzados, com as condi¢cdes de contorno e iniciais
dadas pelas equagdes (4), (5), (6) e (7), sdo as equacdes governantes de um escoamento turbulento, isotérmico, quase-
incompressivel, de um fluido Newtoniano e, com as equagdes dos modelos submalha, consistem no sistema a ser
resolvido.

2.2 Modelos Submalha

Os dois modelos implementados sdo baseados no conceito de viscosidade turbulenta, usando a hipdtese de
Boussinesq, as tensdes de Reynolds submalha sdo dadas por:

dv. , v,
_+_
an aXi

1 1

—Vi Vj =V

®)

Onde v, é a viscosidade turbulenta.

Esta é a equagdo original de Bousssinesq. Usualmente para escoamentos incompressiveis a equagdo (8) €
modificada, introduzindo um termo com energia cinética submalha para fazer o modelo compativel com a equagdo
usual da conservacdo de massa para escoamentos incompressiveis (Hinze, 1975). Porém neste trabalho a equagdo da
continuidade é modificada, para escoamentos quase-incompressiveis, conseqiientemente, a equagdo (8) ¢ valida.

2.3 Modelo de Smagorinsky

O modelo de Smagorinsky (1963) tem sido tradicionalmente usado para representar o efeito das escalas submalha
em simulacdo de grandes escalas (Findikakis and Street, 1982; Lesieur et al, 1995). E um modelo de viscosidade
turbulenta no qual as tensdes de Reynolds submalha sdo dadas pela equacdo (8) e a viscosidade turbulenta é definida

como:
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2 —2 | =
vi=Cs A |3 ©
Onde Cs € a constante de Smagorinsky, com valores de 0.1 to 0.22, e os outros termos sdo dados por:
|§‘ =4/ 2§ij§ij (10)

= 1[adv, OV,
Si =— i J 11
' Z[E)xj +8xi} (

K=3/I§1Axi (12)
i=1

2.4 Modelo Dindmico de Viscosidade Turbulenta

O modelo dindmico foi primeiramente proposto por Germano et al., 1991, e modificado por Lilly, 1992. As tensdes
de Reynolds submalha sdo obtidas também com a equagio (8), entretanto a viscosidade turbulenta € definida por:

vi=Cx0A’[5] (13)

O coeficiente dindmico € calculado em funcdo de caracteristicas locais do escoamento, usando um processo de dupla
filtragem. O célculo de C(x, t) € baseado na informacdo das pequenas escalas resolvidas pela malha, e € definida como:

_ 1 LyMy

C(x,t) = MM
ij ij

(14)

Onde Lij e Mij sdo dados por:

Lij=<vivj>_< i

<
I
—
<
S
I
—
g
=l
[

<§ij>|<§ij> - <Kz |§ij| §ij> 15)

K@F 2(8:)(S:) (16)

<Z> - comprimento caracteristico da segunda filtragem, com <A> >A.

Nas equagdes acima, a barra indica o primeiro processo de filtragem (filtro em nivel de malha) e o simbolo < >
indica o segundo processo de filtragem (filtro teste).

Para a solucdo do sistema de equagdes, o Método de Elementos Finitos é empregado. Para obter o sistema de
equagdes algébricas, as derivadas temporais sdo expandidas em séries de Taylor, incluindo os termos de segunda ordem
e para a discretiza¢do no espaco o método cldssico de Galerkin € aplicado (Reddy and Gartling, 1994). Para economizar
tempo de processamento sdo utilizadas expressdes analiticas para as matrizes e elementos hexaédricos isoparamétricos
sdo usados (Burbridge e Awruch,2000). Esse esquema € conhecido como Taylor-Galerkin, (Donea, 1984). O esquema
temporal € explicito e condicionalmente estdvel e o passo de integracéio possui a seguinte restricao:
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Ax, (min
At < Ax; (min) 17)
C+V
onde Axi(min) ¢ a minima dimensdo dos elementos de malha, C é a velocidade do som e V € a velocidade de
referéncia.
2.5 A Segunda Filtragem

O modelo de viscosidade turbulenta submalha de Smagorinsky apresenta como maior limitacdo a dificuldade de
representar corretamente, com uma constante Unica, diferentes campos de escoamento turbulento, tais como
recirculagdo, recolamento e escoamento préximo a parede.

Uma alternativa ao modelo de Smagorinsky é o modelo dindmico de viscosidade turbulenta, proposto por Germano
et al.,, 1991 e modificado por Lilly, 1992. Nesse modelo o coeficiente é calculado de acordo com a evolugdo do
escoamento, sendo uma fungdo do tempo e do espaco.

A equacdo (14) define o coeficiente dindmico C(x,t). Este depende do uso de dois filtros de diferentes comprimentos
caracteristicos. A primeira filtragem € considerada aplicada quando se realiza a discretiza¢do das equacdes. O primeiro
filtro (filtro ao nivel de malha) tem dimensdo caracteristica relacionada as dimensdes dos elementos da malha.

Para o segundo processo de filtragem (filtro teste) emprega-se um filtro com dimensdo caracteristica maior que o
primeiro filtro. Baseado nestes dois niveis de escala, os modelos dindmicos usam informagdes das menores escalas
resolvidas (situadas entre os dois filtros) para calcular o coeficiente dinamico.

Para o processo de segunda filtragem muitas propostas t€m sido apresentadas.

Findikakis e Street, 1982 e Oshima, et al., 1996, apresentam uma expansdo em série de Taylor. Padilla e Silveira
Neto, 2004, analisam a influéncia de diferentes tipos de filtros.

A proposta para a segunda filtragem apresentada neste trabalho € referida como segunda filtragem por elementos
finitos independentes, que foi apresentada por Petry, 2002.

Um exemplo de elemento independente em malha tridimensional é o vermelho apresentado na figura 1.

O processo consiste em construir elementos em torno de cada né da malha, definido por ndés vizinhos ao né de
interesse e empregar as fungdes de interpolagdo lineares do elemento para efetuar o processo de segunda filtragem.
Desta forma, emprega-se uma interpolacdo linear dos valores calculados nos pontos vizinhos da malha, para obter o
valor filtrado no ponto de interesse.

Figura 1 — Elemento independente em uma malha tridimensional, [Petry, 2002].

Para gerar esse conjunto de elementos independentes foi utilizado o algoritmo apresentado por Petry, 2002.
Considerando e elemento hexaédrico de oito nés, representado no espago fisico (X,X»,X3) € no espago computacional

(&, n, C) na figura 2, com fungdes de interpolagdo lineares dadas por:

dﬂ§n0=%0+i£ﬁ+nmﬁ+€$) (@=1,...8) (18)

onde &w MNes Ca sa0 as coordenadas do né o do elemento no sistema de eixos referencial &, ne Z; , dadas por:

& =t LlL-1-1LL-1} (19)
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n' = 1-LLL-1-111}

(20)

¢ =t 1-1-1-LLLLI} (m
Y d g 5
A g |

espag¢o computacional espago fisico
Figura 2 — Elemento hexaédrico de oito nés no espaco computacional e fisico, [Petry, 2002]

As coordenadas de um ponto I qualquer no interior do elemento podem ser calculadas pela seguinte transformacao
de coordenadas:

azg_;q)oc gl’ T]I’ C )Xla

(22)
onde:

(x;); = coordenada de um ponto I qualquer no interior do elemento (i=1,2,3)
X, — coordenada i do né a que define o elemento (0=1,2,3,4,5,6,7,8)

O (E_,I, N, C ) — fungdo de interpolag@o do né «, avaliada no ponto I, com coordenadas naturais (&I, N, C )

Esta € a transformacao usual empregada em elementos finitos

Entdo, dispdem-se das conectividades dos elementos independentes e das coordenadas naturais de todos os nés da
malha, relativas ao seu elemento independente

A etapa incluida no algoritmo principal de solug@o consiste em avaliar as quantidades
—\ —— = =
<Vi>, <ViVj> € <A | Sij | Sij>

utilizando as funcdes de interpolacdo do elemento e as coordenadas naturais de cada né no interior do elemento
independente associado a ele da seguinte forma

< > iq)a él’ e C )VI“

(23)
(vivy > Zglcpa i, Civivig, (24)
(&Bifss), = Z%&Mu(lw&) es)

Empregando esta interpolacdo os valores dos nds vizinhos sdo ponderados, através de uma interpolacdo linear, na
obtencdo do valor filtrado de acordo com a distdncia dos mesmos ao né |
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- = 2|5 e s
Para avaliar as quantidades é necessério calcular os valoresde ViVv; € A ‘SIJ‘SIJ para os ndés que compdem o

elemento independente. No programa implementado, estes valores sdo calculados para todos os ndés da malha e
armazenados para utilizacio na solucéo das equagdes (14) e (16).

A dimensdo caracteristica do primeiro filtro € avaliada como a raiz ctibica dos volumes dos elementos da malha:

A =3/Vol.

A dimensdo caracteristica do segundo filtro € calculada analogamente como sendo a raiz ctibica dos elementos
independentes:

(26)

<Z>I =3/Volume(E)

€2))

Avaliadas as expressoes relativas ao segundo processo de filtragem, finalmente pode-se calcular C(x,t) segundo a
equacdo (14) para cada n6 da malha.

Este coeficiente serd empregado para o cdlculo da viscosidade turbulenta, segundo a equagdo (13). Sendo a
viscosidade turbulenta avaliada ao nivel de elemento, e os valores do coeficiente dindmico definidos para os nds da
malha, o valor empregado para cada elemento é a média dos valores de C(x,t) para os nés que compdem os elementos
da malha original. Isto equivale a uma interpolacdo dos valores de C para o centro do elemento. Este procedimento estd
de acordo com o adotado por outros autores como Oshima et al., 1996, Zang et al., 1993, Breuer e Rodi, 1994, que
empregam médias do coeficiente dindmico para evitar que as variagcdes bruscas, tanto espaciais como temporais, sejam
fontes de instabilidades na solucao.

Neste trabalho adotou-se um limite, também adotado por Zang et al., 1993, para a viscosidade turbulenta negativa,
como sendo:

V+v: 20 (28)

Outra verificagdo que teve de ser adotada foi que, quando o denominador da expressdo para cdlculo de C(x,t) se

anula, assume-se C(x,t)=0 (lembrando que esse valor € relacionado ao né e que o valor empregado para cdlculo da
viscosidade turbulenta é a média dos valores nodais do elemento).

3. RESULTADOS

Simulacdes de escoamento em canal tridimensional com nimero de Reynolds 3300 sdo realizadas para validar o
codigo. Os resultados sdo obtidos usando os modelos de Smagorinsky e Dindmico e comparados com dados
experimentais de Nishino & Kasagi (Gavrilakis, 1992) e com as simulagdes numéricas de Kim et al., 1987 e Abrunhosa,
2003.

A geometria do canal e a malha uniforme utilizada sdo mostradas, respectivamente, nas Fig. 3 e 4.
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Figura 3. Geometria do canal.

Figura 4. Malha uniforme.
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Como condi¢des de contorno na entrada usa-se um perfil turbulento de velocidade, completamente desenvolvido
(v1=V(y), v2=0) e condi¢@o de ndo-deslizamento (v1=v2=v3=0) prescrita nas paredes superior e inferior. Na saida do
canal existem condi¢des de contorno naturais (t;=t,=t;=0) (vide equac@o(5)). As condi¢des iniciais usadas sdo v1=50,49
m/s, v2=v3=p=0. E importante observar que, diferentemente do procedimento normal adotado em simulagdes
numéricas de escoamentos turbulentos em canais com DNS ou LES, as condi¢des de contorno nas direcdes x e z ndo
serdo periddicas.

Na Fig. 5 sdo mostrados os resultados da simula¢do, nos modelos de Smagorinsky e Dindmico, do perfil de
velocidade U comparados com resultados experimentais e outras simula¢des. Pode-se dizer que os resultados
concordam bem com os dados experimentais ¢ com a simula¢do de Abrunhosa, 2003. A tensdo de Reynolds(u'v')
estimada pelos modelos é mostrada na Fig. 6.

1,0 = 25
0.9 4 e 2at 20 u'v'-Dindmico
= - -+ uVv'-Smagorinsky
081 “ 1,5 A KIM-Abrunhosa
0.7 1 - 1,0
06 1 J
o " :
=} of !
S 05] o
5 N
044 o
L/
034 Y :
. -1,07:
! Dinamico
0,2 4 .
A *  Experimental 154
014 e  Abrunhosa
------- Smagorinsky 209:!
00 ‘ ‘ ‘ ‘ i y
0,0 0,2 0,4 yh 0,6 0,8 1,0 -25
Figura 5. Perfil de Velocidade U. Figura 6. Tensdo de Reynolds u'v'.
4. CONCLUSOES

Foi apresentada a metodologia de resolucdo de escoamentos de fluidos Newtonianos quase-incompressiveis,
turbulentos, isotérmicos e transientes em canal retangular, usando o método de elementos finitos e simulag¢@o de grandes
escalas, com os modelos de Smagorinsky e Dindmico. Os resultados sdo coerentes com os dados experimentais e com
as simulacdes numéricas de Kim et al., 1987 e Abrunhosa, 2003.

Observa-se que os resultados do modelo Dindmico estdo em melhor concordincia com os dados experimentais e de
simulacdo direta do que os resultados apresentados pelo modelo de Smagorinsky. Além disso, pode ser observado que a
metodologia da segunda filtragem proposta em Petry, 2002, de fato é melhor do que os resultados obtidos pelo modelo
de Smagorinsky.

A andlise desse problema apresentado aqui demonstrou a capacidade desta metodologia em simular escoamentos
turbulentos complexos, sem limitagdes sobre o alocamento de memdria. A grande redugdo no passo de tempo de
integracdo a medida que o nimero de Reynolds aumenta, acarreta em grandes tempos de processamento e inviabiliza a
constru¢do de uma malha mais refinada, o que traria melhorias na andlise do escoamento para o canal. Pesquisas nesse
aspecto estdo em andamento.
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0.1 Introducgao

O presente trabalho trata de alguns métodos de redugao de ruido,
utilizados freqiientemente em ensaios experimentais. Existem di-
versas maneiras de detectar fontes de ruido e agoes que podem ser
tomadas para reduzir a sua influencia sobre o fendmeno que se de-
seja estudar. O presente trabalho aborda duas principais fontes de
ruido presentes em experimentos com fluidos: ruido do escoamento
(turbuléncia) e ruido de medicao/digitalizagdo. A primeira parte do
trabalho trata da redugao de turbuléncia no projeto de tineis de
vento. A segunda parte trata de técnicas para reducdo de ruido elé-
trico dos equipamentos de medicao, e algumas técnicas de aquisi¢ao
e processamento de sinais que podem ser empregadas para melhorar
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a qualidade do sinal medido.

0.2 Reducao de Ruido no Projeto de
Ttineis de Vento

Desde o principio das pesquisas e desenvolvimentos aerodinami-
cos, o tinel de vento tem sido o equipamento padrao mais importante
do aerodinamicista. O rapido desenvolvimento de métodos numéri-
cos em dinamica dos fluidos mudou a relacao entre experimento e
teoria, mas de maneira nenhuma tornou o tinel de vento obsoleto.
Dessa forma, novos tineis de vento serao construidos e usados no
futuro.

Muitos tuneis de vento existentes sao resultados de considera-
¢oes individuais e que atenderam os requisitos iniciais do usuério.
Isso justifica, em parte, nenhum tinel de vento ser copia de outro.
Por outro lado, para cada tunel de vento projetado, o trabalho de
engenharia é praticamente feito desde o inicio e as solugoes de en-
genharia sao feitas quase que exclusivamente para cada tunel, nao
havendo intercambio e troca de idéias suficientemente elevadas para
que possam ser reutilizadas baixando assim, os custos de projeto.

O conhecimento bésico para o projeto de tunel de vento de baixa
velocidade estd altamente desenvolvido. Mesmo para o projeto de
tineis de grandes dimensoes a construgao de um tunel piloto em es-
cala normalmente nao é mais necessaria. Projetos de tuneis de vento
que sao baseados em metodologia comprovada constituirao provavel-
mente equipamentos de boa qualidade. Entretanto, diferentes pro-
jetos e métodos de fabricagdoes podem levar a formas geométricas
diferentes e qualidade de escoamentos diferentes.

Independentemente da metodologia de projeto e da construcao
todo tunel de vento deve seguir certos padroes geométricos para ga-
rantir a qualidade do escoamento, tais como:

e Difusores suaves com angulo de difusao nao excedendo 4° para
o difusor de alta velocidade e 5° para o difusor principal.

e Difusor de alto angulo na entrada da camara de estabilizacao
com telas (ou o trocador de calor) para prevenir separagao.

e Guias de curva (corners vanes) com perfis de baixo arrasto.
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e Projeto cuidadoso das telas e/ou colméias instaladas na camara
de estabilizacao para que sejam obtidas pequenas perdas e alta
qualidade do escoamento.

e Contragao projetada com razao de contragao (Rc) 6< Re <15,
de maneira a ter o menor comprimento sem separagao para que
a camada limite tenha a menor espessura possivel na camara
de ensaios.

e Projeto do ventilador para alta eficiéncia e baixa emissao acts-
tica.

e Baixa turbuléncia:
0,005% < Tugziar < 0,11% e 0,06% < Twaterar< 0,13%

Teste em tunel de vento é um fator critico no desenvolvimento
de veiculos aerodindmicos e suas tecnologias associadas. Os custos
e o tempo despendido nos testes sao significativos, mas essenciais
na reducao do custo e do risco tecnoldgico dos ensaios em voo de
aeronaves e novas tecnologias. Decisoes tomadas durante a evolugao
e execugao dos programas de ensaios em tunel de vento, podem ter
uma influéncia importante no desempenho, no cronograma de desen-
volvimento e financiamento através do ciclo de vida de uma aeronave.
Fabricantes tém aplicado um enorme esfor¢o no sentido de reduzir
riscos técnicos, custos e tempo nas atividades de desenvolvimento de
uma nova aeronave.

Ensaios aeroactsticos em tineis de vento ja sao desenvolvidos ha
vérias décadas para aeronaves e veiculos terrestres. Do ponto de vista
da técnica de ensaio apareceram avancos significativos como conjunto
de microfones em fase (phased microphone array), “microphone mir-
rors”, processamento de dados, e outras tecnologias usadas para iden-
tificagao e estudo de fontes de ruido.

Do ponto de vista do equipamento de ensaio, a tendéncia tem
sido a construcao ou, adaptagao de tineis de vento de grande porte
com segoes de ensaios com baixo ruido de fundo, especialmente em
baixas freqiiéncias. Ttneis de vento de grande porte permitem en-
saios de veiculos terrestres detalhados em escala real e, componentes
em escala real de aeronaves. Com esses avangos hoje é possivel o es-
tudo e a identificacao de fontes aeroacusticas de baixas intensidades.
A industria aeroespacial tem focado no desenvolvimento de novas
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tecnologias de medidas, com uma énfase secundaria em tuneis de
vento aeroacusticos novos ou melhorados. Para o caso da industria
automobilistica acontece exatamente o contrario com investimentos
em novos e renovados tineis de vento com pouca énfase em novas
tecnologias de medidas.

Existem dois procedimentos gerais para suplantar o problema do
ruido de fundo da secao de ensaios de um tunel de vento o qual pode
influenciar o sinal aeroacustico de um veiculo em teste: O primeiro
é testar em um tunel cujo ruido de fundo é muito baixo com isso
aumentando efetivamente a relagao entre o sinal e o ruido tanto para
as medidas internas quanto externas. Esse foi o procedimento da
industria automobilistica nos dltimos quinze anos a qual construiu
ou renovou pelo menos doze tineis aeroactsticos de grande porte.
Esses tuneis sdo na grande maioria do tipo 3/4 aberto com édrea de
testes de 10 a 56 m?.

O segundo procedimento para minimizar os efeitos do ruido de
fundo é utilizar técnicas de medidas aciisticas modernas. Nos tiltimos
15 anos esse foi o procedimento utilizado pela industria aeroespacial.

O ruido de fundo na camara de testes é predominantemente ruido
de banda larga (broadband), mas também existem ruidos tonais dis-
cretos. Dentre as fontes de ruido de fundo destacam-se as mais im-
portantes como sendo o ruido do ventilador; o ruido do escoamento
através de componentes o circuito do tinel (guias de curvas, telas e
trocadores de calor); o ruido devido & turbuléncia da camada cisa-
lhante; e o ruido proveniente da camada cisalhante incidindo sobre
o coletor (cAmaras abertas ou 3/4 abertas). Fontes de ruido tonal
em tuneis de vento sao: freqiiéncia de passagem das pas do ventila-
dor, interacao pa do ventilador e estatores, ruido eletromagnético do
motor, “vortex shedding noise” do escoamento passando em sondas
ou estaiamentos de suporte, alto ruido do escoamento sobre pla-
cas perfuradas metélicas dos flapes de coletores (chapas metdlicas
perfuradas sdo usadas no tratamento acisticos de muitos tineis), e
ressonancia de baixa freqiiéncia associada com a interagao do bocal
de saida, coletor e o circuito do tunel.

Essa lista de fontes de ruido de fundo em tuneis de vento néo sig-
nifica que todas sao importantes e devam ser atenuadas. Usualmente,
somente algumas dessas fontes sao importantes para um dado tunel
de vento. Num tinel de vento que nao foi tratado acusticamente, o
ruido de fundo na secao de ensaios é tipicamente dominado pelos rui-
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dos tonais e de banda larga provenientes do ventilador. Desde 1960
foram construidos varios de tineis de tamanho pequeno a moderado
0s quais estao disponiveis para pesquisa e desenvolvimento. Na me-
tade de 1980, surgiram varios tineis de vento de grande porte que
foram modificados ou modernizados visando testes aeroacusticos. A
maioria desses tineis serve a industria aeroespacial.

0.2.1 Projeto de Ventiladores

Como apontado na segao anterior, uma das maiores fontes de
ruido de banda larga e tonal sdo provenientes do ventilador (ou ven-
tiladores) do tinel de vento. Para tineis de grande porte (drea de
ensaio de 12 a 60 m?) normalmente se projeta um ventilador do tipo
axial, mas dependendo do balango custo/energético é possivel adotar
multi-ventiladores também axiais. O conjunto ventilador motor é o
item mais caro no projeto de um tinel de vento e dependendo do
tamanho do circuito, a utilizacao de um ventilador apenas pode ser
uma solucao mais cara do que um projeto com varios ventiladores
menores. Atualmente, com sistemas robustos de “feedback-control”
é possivel controlar multi-ventiladores de maneira eficiente sem que
haja descompasso tanto de rotacao quanto de empuxo. Para o caso
de tineis aeroactsticos ainda é necessario um estudo de compromisso
entre custo e ruido uma vez que multi-ventiladores podem produzir
mais ruido tonal e ruido eletromagnético e mecanico dos motores.

Para tineis de pequeno e médio porte hd uma tendéncia na uti-
lizagao de ventiladores centrifugos e circuito aberto. Ventiladores
centrifugos sdo menos eficientes, mas podem produzir menos ruido
de fundo na camara de ensaios. A configuragdao de circuito aberto
favorece a utilizagao do ventilador centrifugo no fim do difusor para
a sucgao do escoamento.

A maior porc¢ao do ruido que é gerado pelo ventilador é de origem
aerodinamica e pode ocorrer devido a:

e passagem das pds através do ar;

e forcas exercidas pelas pas no ar;

esteira das pas passando num ponto fixo ou estrutura;

interferéncia da separagao do escoamento com alguma superfi-
cie sélida;
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e turbuléncia causada pelas forgas cisalhantes em regices do flui-
do longe das paredes.

Em geral é sabido que o ruido do ventilador é uma fungao da velo-
cidade da ponta da p4, da pressao estética, da potencia do ventilador,
do escoamento, nimero de pas e didmetro, mas ndo ha parametros
especificos para calcular o nivel de ruido esperado a ser emitido por
um ventilador para uma dada condigao de operacao.

Fatores que afetam o ruido de ventiladores:

a. Estruturas do sistema motor ventilador: O movimento do ar
passando sobre estruturas de suporte do motor e dos endi-
reitadores gera turbuléncia através da esteira, que produzem
ruido aerodindmico. Além da turbuléncia, um ruido de baixa
freqiiéncia ocorre quando as esteiras das pas passam sobre essas
estruturas.

b. Rotagdo do ventilador (velocidade na ponta): Em geral, é sa-
bido que o ruido de um ventilador é proporcional a quinta
poténcia da velocidade da ponta da p4, ou seja, quanto maior
a velocidade na ponta maior o ruido gerado.

c¢. Numero de pas: Num dado sistema, o trabalho realizado por
cada pa é inversamente proporcional ao nimero de pas. O
aumento do nimero de pas acarreta uma diminuicao do carre-
gamento em cada uma delas. Logo, utilizando-se um nimero
maior, é possivel ajustar um angulo de ataque menor em cada
pé para manter o mesmo carregamento total. Com isso é pos-
sivel obter uma redugao do nivel de ruido gerado.

d. Tamanho da corda da pa: Quanto maior a corda da pa, melhor
a distribuicao de carregamento sobre a pa, portanto, menor o
ruido produzido.

e. Angulo de ataque das péas: O nivel de ruido é minimizado para
um angulo de ataque menor que o maximo recomendado.

f. Formato da entrada: Uma vez que a forma da entrada do ven-
tilador afeta a pressao dinamica, afetara também o ruido pro-
duzido.
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Os itens ¢, d e e levam sempre a uma solugdo de compromisso
entre eles, nao é ficil projetar um ventilador com miiltiplas pds (por
exemplo, >10) que contemplam o item d, pois um ndmero grande
de pas levam a pas delgadas. Uma solugao é aumentar o diametro
do cubo, mas esse tamanho nao pode passar de 60% do diametro do
ventilador com risco de aumentar a carga alar das pas inviabilizando
os requisitos ¢ e d simultaneamente.

A faixa de nimero de Reynolds em que um ventilador opera é um
fator muito importante para o seu projeto. A variacdo do nimero de
Reynolds com a rotagdo da pa é significativa e, em geral, os valores
se mantém na faixa considerada de baixo nimero de Reynolds, ou
seja, abaixo de 1 x 105. Por exemplo: um ventilador tipico de 4
m de didmetro com 450 rpm de rotagao, corda na raiz de 0.30 m e
corda na ponta de 0.15 m, terd uma faixa de variacao do nimero
de Reynolds na ponta de 942478 a 282740 quando funcionando na
rotagdo maxima e a 10% desta respectivamente.

Aerofélios comumente usados em ventiladores de tineis de vento,
tais como o Clark Y e RAF-6 foram projetados e testados para ni-
mero de Reynolds acima de 1 x 10° cuja estrutura de desenvolvi-
mento da camada limite é usualmente composta de escoamento la-
minar, transi¢ao e escoamento turbulento. No caso de baixo nimero
de Reynolds essa estrutura pode nao se desenvolver necessariamente
dessa maneira onde a transicao provavelmente acontecera através de
separac¢ao laminar, formacao de uma bolha de separacao laminar e
recolamento. Ainda, em escoamentos de baixo nimero de Reynolds,
a separacao turbulenta ocorre do bordo de fuga para o bordo de ata-
que ou ainda pior, pode ocorrer separacao laminar sem recolamento
(bubble bursting) principalmente para aerofdlios projetados para al-
tas velocidades operando em baixas velocidades. Todos esses fatores
sao geradores de ruido.

Em resumo, aerofdlios projetados para operarem em altas ve-
locidades simplesmente perdem rendimento em baixas velocidades.
Dessa maneira, deve-se escolher um aerofélio que apresente alto ren-
dimento em baixo nimero de Reynolds, tais como os da familia Ep-
pler e Wortman. Outro fator importante, nao levado em conta na
escolha do aerofélio das pas de ventiladores, é o seu desempenho
aerodinamico numa faixa de angulos de ataque negativos até pouco
maior que zero. E nessa faixa de angulos de ataque que mais freqiien-
temente opera toda a envergadura da pa (satisfazendo o item e) e,
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como se deseja alto desempenho em ventiladores de tiinel de vento,
aerofélios com alto desempenho nessa faixa de incidéncia deverao
ser escolhidos. Aerofélios anteriormente usados, como os ja citados
Clark-Y e RAF, s@o na sua maioria planos no intradorso (essa era a
principal razao de serem escolhidos, devido a facilidade de constru-
¢ao das pés) fazendo com que o camber seja devido principalmente
a curvatura do extradorso, a Fig. 1 apresenta uma comparacao en-
tre os aerofélios citados. Esse fato faz com que o camber nao seja
elevado prejudicando seu desempenho a baixos angulos de ataque.
Aumentando-se o camber apenas pela curvatura do extradorso tam-
bém nao é uma solugao, pois deteriora ainda mais o desempenho
aerodinamico do aerofélio operando a baixos nimero de Reynolds.
A distribuicao de camber ideal para assegurar bom desempenho
em baixos angulos de ataque e baixos niimero de Reynolds tem dois
fatores importantes: camber maximo acima de 15% da corda e intra-
dorso na regiao de 70% até 100% da corda com curvatura concava.

Clark-Y
0151 “° Eppler 662

0.10 -
0.05 4 RAF -6

—0.00

-
1_0057 0.1——————0.3———05 0.7 09

-0.10 -

-0.15

Figura 1: Perfil dos Aerofélios ClarkY, RAF 6 e Eppler 662.

O aerofélio Eppler 662 reune as caracteristicas citadas acima,
alem disso possui espessura geral que possibilita boa resisténcia es-
trutural. Caracteristicas bidimensionais podem ser diretamente usa-
das no céalculo da geometria aerodindmica da pé, pois, assume-se que
a distancia entre a ponta da pa e o duto que envolve o ventilador
é suficientemente pequena para garantir escoamento bidimensional.
A Fig. 2 apresentam os resultados de Cp, e Cp para os trés aerof6-
lios para um n° de Reynolds de 1 x 10%. Para esse n° de Reynolds,
para angulos de ataque na faixa de -4° < a < 1° o aerofélio Ep-
pler apresentou o melhor desempenho. O RAF-6 apresenta Cp,qz
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equivalente ao Eppler 662, no entanto, para angulos negativos seu
desempenho diminui bastante devido a sua curvatura no intradorso
no bordo de ataque. Nessa regiao pode ocorrer separagao laminar
caso o ponto de estagnacao fique no extradorso como é o caso de
angulos negativos. A eficiéncia aerodinamica também é melhor para
o Eppler em todas as faixas de angulos de ataque e sua maior efici-
éncia esta na regiao em que normalmente operam os ventiladores. A
Fig. 3 apresenta as curvas L/D para o Eppler ¢ RAF-6.

—e— CL (Eppler)
—& CL(Clark Y) 16 -

1035
—= CL(RAFB) f/ R"\ /
—+ CD (Epplen) 4 103
s CD(RAFS) ,

IJEN

T 025

+02

Uy 7
W /A

%/; ’4'/ 4005
A

cD

Figura 2: Comparacao entre Eppler 661, Clark Y e RAF-6.

Portanto, para um ventilador produzir baixo ruido seu projeto
aerodinamico devera ser cuidadosamente elaborado e, se possivel,
distinguir secoes ao longo da envergadura da pa onde as condigoes
como n° de Reynolds e razao de avanco, exigirem perfis aerodina-
micos mais adequados. Nesse caso uma pa com diferentes perfis ao
longo de sua envergadura serd uma solucao elegante e eficiente bas-
tante possivel de ser construida. Outro fator importante seria avali-
acao do enflechamento das pas que pode reduzir ruidos produzidos
nas pontas das pas.

Como dito anteriormente, um ntmero grande de pas pode re-
duzir o ruido produzido por ventiladores axiais. Se o numero de
pas for igual ao numero de endireitadores a interrupcao aparece em
todas as pés simultaneamente e o nivel de ruido produzido seré con-
sideravelmente grande. Em geral, fontes de ruido iguais emitindo
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uD

-
o
-]

—+— L/D(Eppler)
—o— L/D(RAFS)

S -
/

\

LD
/

Figura 3: Eficiéncia aerodinamica dos Aerofdlios Eppler 662 e RAF-
6.

simultaneamente, aumentam o nivel de ruido em 3 dB. Se esse tipo
de perturbacao simultanea for eliminado haverd uma reducgao da in-
tensidade do ruido emitido. A tabela 1 fornece a redugao do nivel
de ruido em dB se perturbagGes simultaneas forem evitadas. Por
exemplo, para um ventilador com 16 pés espera-se que seja obtida
uma redugao de 12 dB se os 16 endireitadores forem colocados de
uma maneira que nao coincidam com as pas. Isso pode ser feito com
torgao dos endireitadores diferentes das pas do ventilador. O mais
comum é colocar um numero de endireitadores diferente do numero
de pés do ventilador. A tabela 2 fornece uma relagao entre o niimero
de pas e o de endireitadores.

Ntmero de péas do ventilador | 1 | 2 | 4 | 8 | 16
Diminuigao nivel de ruidodB | 0 | 3 | 6 | 9 | 12

Tabela 1: Reducao do nivel de ruido com o aumento do nimero de
pés do ventilador.
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Numero de péas do ventilador 418112 |16
Nimero de endireitadores (min) 11 | 15
Nimero de endireitadores (méx) | 5 | 9 | 13 | 17

w
N

Tabela 2: Relagao entre niimero de pés e endireitadores.

0.2.2 Corner Vanes

Em tuneis de circuito fechado, um dos fatores mais importantes
na qualidade do escoamento e na eficiéncia do circuito é o projeto
das guias de curvas (corner vanes). Existem védrios projetos de guias
de curvas cada um com suas vantagens e desvantagens porem, todos
devem satisfazer as seguintes condigoes:

a. Acarretar baixas perdas ao circuito

b. Garantir que o escoamento que passa nas curvas seja 0 mais
uniforme possivel, sem aceleragoes e geragao de vértices.

c. Rigidez suficiente para evitar vibragoes.

d. Construcao seriada para obtencao de similaridade entre as va-
rias guias.

Guias que satisfacam todas essas condigoes sao dificeis de proje-
tar, pois hd sempre um compromisso entre as condigoes acima. A
Fig. 4 apresenta alguns resultados de testes com diferentes guias,
onde KO é o coeficiente de perda de pressao e P/C ¢é a relagao entre
a distancia entre as guias e sua corda.

Esses experimentos foram feitos por [21] onde o nidmero de Rey-
nolds e angulo da curva puderam ser variados. Nota-se da Fig. 4
que guias de arco circular podem apresentar bom desempenho com-
parativamente as guias espessas do tipo Collar [8]. No entanto esse
bom desempenho é conseguido para uma razao P/C de 0.25 o que
significa que uma quantidade muita elevada de guias seria necessaria
para a construcgao da secao. Por outro lado, de acordo com a Fig. 4,
as guias do tipo Collar apresentam o melhor desempenho para P/C
= 0.4. A decisao de qual guia deverd ser usada pode ser mais influen-
ciada pelas condigoes c e d acima. Guias do tipo Collar apresentam
uma forma geométrica mais complexa do que um simples arco circu-
lar. Para as guias de arco circular é necessario a construcao de duas

HOME PROXIMA




12 Reducgao de Ruido em Ensaios Experimentais

Ko=DPIPD
1.0p

|
{

oy

fad

V7

; /|

33}\%

L
B
: // ;
7

]

Tipadepeinde sena | Simbals |Aagels decwa | Cards | ¥ Delipalis
Ares o 2" 22004

Snmalar x 1.2 \
Ares direster of £l
rota X 0 1.2 2m
I

G ipa Caliar 3 TS | E0F L=l
ros cincelber ©f Bl

ol i) 135~ 1M ANl
Aros cinceler © Bmal

ol 2 L3 82 AN

3 925 5 R

et 4 9.2 w2 o Collar profile

Figura 4: Comparagao entre vérias guias de curva em relacao a perda
de pressao e distancia entre as guias, [21].

ferramentas para a conformagao das guias para as curvas 1-2 e 3-4
que possuem cordas diferentes. O custo dessas ferramentas mais a
quantidade de chapas de aco podem inviabilizar a utilizacao de guias
de arco circular.

As guias do tipo Collar possuem 6timo desempenho aerodina-
mico e podem ser construidas utilizando-se tecnologia de material
composto. Como para as guias do tipo Collar o melhor desempenho
aerodindamico é conseguido para P/C = 0.4, deve-se construir uma
quantidade de guias para cada curva com a respectiva corda para sa-
tisfazer esse coeficiente. Se no projeto do circuito do tinel de vento
forem adotadas segoes de curvas sem difusao, as curvas 1 e 2 deverao
ter a mesma quantidade de guias e todas com as mesmas dimensoes.
O mesmo acontecerd com as curvas 3 e 4 porém com dimensoes mai-
ores, pois a entrada da curva 3 é o final do segundo difusor. Com
esse lay-out é provavel que seja adotado um difusor de alto angulo
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ao final da 4% curva.

As guias de curvas do tipo Collar possuem um bordo de ataque
arredondado o que permite um passeio maior do ponto de estagnacao
com isso evitando que possiveis e inevitaveis desalinhamentos do
escoamento provoquem separagoes tanto no extradorso quanto no
intradorso.

Para que as guias do tipo Collar possam ser utilizadas em um
tunel de vento com tratamento acustico seu bordo de fuga devera
ser afilado e sua superficie coberta com material isolante acustico
como espuma de poliéster poroso ou tinta emborrachada. Seu in-
terior deve ser preenchido com material absorvente tipo espuma de
poliuretano expandida. As se¢des de curvas s@o ideais para a inser-
¢ao de abafadores de ruidos, as Figs. 5 e 6 mostram o tratamento
acustico dado as guias de curvas e as placas separadoras verticais
com camadas de material absorvente de ruido. As paredes das cur-
vas sao ideais para a colocacao de absorvedores de ruido de banda
larga do tipo apresentado na Fig. 7. Com esse tipo de arranjo é
possivel abater o ruido proveniente de ventiladores nas freqiiéncias
de 80 a 200 Hz. Ruidos em outras freqiiéncias podem ser absorvidas
também mudando a espessura da espuma absorvedora.

0.2.3 Camara de Estabilizacao

Geralmente se utiliza uma sec¢ao de estabilizagdo do escoamento
antes e depois da contragao. A camara de estabilizacao antes da en-
trada da contragao serve principalmente para atenuar a turbuléncia
gerada pelo sistema de telas e colméia. E sabido que a escala de
turbuléncia é reduzida ao passar por uma tela, no entanto o nivel de
turbuléncia aumenta. Mas como a escala diminui essa turbuléncia
é dissipada rapidamente, mas exige certo comprimento. O compri-
mento da cdmara de estabilizagao é uma solugao de compromisso
entre a dissipagao da turbuléncia e o aumento da camada limite das
paredes que nao pode ser muito grande, pois conseqiientemente ira
aumentar o risco de separagdo na contracao ou pelo menos aumentar
a camada limite da cAmara de ensaios. Uma das fontes de ruido de
banda larga na cdmara de ensaios é sua camada limite (no caso de
camara de ensaios fechada ou 3/4 aberta) ou a camada cisalhante
(cAmara aberta). As fontes sdo distribuidas ao longo das superfi-
cies da camara de ensaios ou das fronteiras do jato. Devido a sua
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1 | Duto de retoro subdividido em secdes diferentes com a mesma perda de carga e transmissao
acustica.

“Acoustic Lining” das paredes laterais dos tiinel com membranas absorvedoras de ruido

3 | Placas verticais dos dutos do duas das de 1 absorvedoras de ruido

4 | Guias de curva de metal perfilada com espuma de poliéster porosa Figura YYY

(%)

Figura 5: Curvas 3 e 4 do ttinel de vento da Universidade de Stuttgart
apos tratamento acustico para diminuigao do ruido de fundo, [13].

localizagao na camara de ensaios essas fontes de ruido nao podem
ser totalmente atenuadas com o uso de tratamento acustico. Em
tuneis de vento automobilisticos, as segoes sao geralmente % abertas
com o solo rigido e acusticamente refletivo para simulara a pista de
rolagem. Em alguns tineis aeroespaciais se¢oes de ensaios fechadas
com tratamento acustico das superficies sao utilizadas para melhorar
a velocidade e diminuir a energia do ventilador. No caso de segoes
de ensaios fechadas o ruido produzido pela camada limite é o maior
contribuidor de SPL de media e alta freqiiéncia.

0.2.4 Contragao

A fungao principal da contragao num tunel de vento é acelerar o
escoamento de maneira uniforme, ou seja, o escoamento na saida da
contracao deve ter distribuicao uniforme em toda a sua area. Para
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e,

Figura 6: Guia de curva perfilada com espuma de poliéster porosa,
1 guia integrada com as paredes verticais dos dutos e 2 guias entre
as paredes verticais dos dutos, [13].

fazer isso a geometria da contracao deve possuir curvaturas que pos-
sibilitem a aceleracao do escoamento o mais uniformemente possivel.
O uso de contragoes com razao de contragao entre 6 e 9 é altamente
recomendado. Também ¢é importante escolher uma curvatura que
possua a maior mudanca de area préxima a seccao central da con-
tracao, ou seja, que o ponto de inflexao esteja entre 50% a 60% do
comprimento da contragdo. O comprimento da contragao deve ser de
1 a 1.25 vezes o diametro hidraulico da entrada da contracao. Man-
tendo a relagao comprimento L e didametro hidraulico nessa faixa
evita-se separagao em contragoes com razao de contragao entre 6 e
9. Inclinacao zero na entrada e curvatura nula no ponto de inflexao
também ajudam na prevengao da separagao da camada limite, in-
clusive em baixas velocidades. Inclinagao e curvatura nulas na saida
da contragao também garantem boas condigbes da camada limite e
de turbuléncia proximo a entrada da camara de ensaios. Contra-
¢oes com razao de contragao maior que 9 produzem condigdes na
camara de ensaios com varios problemas na estrutura e desenvolvi-
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(1) | Placa de metal perfurada

(2) | Espuma de poliéster porosa

(3) | Paredes das cavidades

(4) | Membranas com fendas e finas tapando as cavidades
(5) | Membrana de cobertura

Figura 7: Esquema de um absorvedor de banda larga consistindo de
espuma de poliéster e membranas absorvedoras.

mento da turbuléncia do escoamento. Além disso, um crescimento
acentuado dos vértices de Gortler é uma fonte de instabilidade de
baixa freqiiéncia.

Segundo [19], entre os vdrios problemas de uma contracdo com
alta razao de contracao, estao os descompassos entre as intensidades
e escalas das componentes longitudinal e lateral da turbuléncia. Isso
resulta nao somente numa anisotropia artificial, mas também numa
camara de ensaios com um crescimento rapido de sua turbuléncia.
Ambas as caracteristicas quase nunca sdo encontradas em condigoes
de voo. Portanto, a tnica vantagem real conseguida por uma con-
tragao larga é o aumento da velocidade na camara de ensaios. Com
uma otimizagdo do tamanho do ventilador em relagdo ao circuito
do tunel pode resultar numa velocidade maior através do uso de um
ventilador maior com capacidade de produzir maior vazao com baixa
queda de pressao.

A contragao deve ser projetada mantendo-se em mente a discus-
sao acima. H& varios métodos de projeto de contracoes tridimensi-
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onais. Um dos métodos mais populares é o método das duas curvas
cibicas desenvolvido por [16]. O método de Morel constitui na de-
terminacdo de duas curvas cibicas (Eq. 1) cujo ponto de inflexao
esta localizado na parte central da contragao. Para o projeto da con-
tracdo o ponto de inflexdo foi fixado a 60% da entrada da mesma.

51=1—Fi<1§1>3. (1)

Onde D; é o diametro hidraulico da entrada da contragao, D é o
diametro na posicao x e F; é uma funcao m da razao entre os dia-
metros hidraulicos da entrada e saida. A funcdo F; é definida pelas
equacoes 2 e 3 para a entrada e saida da contragao respectivamente:

F; (entrada) = mT_lX—2 (;) 73, (2)
p;@mmoz’z;lu-xf<£i>4. 3)

Onde X é a localizagao do ponto de inflexao e L o comprimento da
contracao. Essas dimensoes podem ser vistas na 8

Para manter a camada limite segura e com a menor espessura
possivel, Morel sugere que:

0.75 < <125 e 02<X <08 (4)

L
D,
0.2.5 Difusores

Difusores podem ser classificados em duas diferentes categorias:

I. Difusores de baixo angulo ou difusores de saida, como por
exemplo, o difusor apds a camara de ensaios. Esse tipo de di-
fusor, geralmente possui pouca expansao com angulo de cone
equivalente até 5° e com uma razao de dreas (A) menor que
1.5.
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Ponto de
Inflexdo

R1

b —r

Figura 8: Geometria do contorno da contracao construida a partir
de dois arcos ciibicos com curvatura rc unidos num ponto de inflexao
em xm.

II. Difusores de alto angulo. Com a utilizagao de contracoes com
razao de contragao maior que 6 significa que a area de entrada
da contragao serd grande em relacao a area da camara de en-
saios. Se uma grande razao de area de difusao for necessaria,
entao deverd ser projetado um difusor longo, com angulo de
cone equivalente até 5°. Isso nao é desejavel economicamente,
pois o circuito do tunel serd muito grande, cada curva e guias
serao diferentes, pois serd necessario que haja difusao nessas
secoes. Um difusor curto com grande razao de difusao e con-
seqiientemente um angulo de cone equivalente grande pode ser
uma solucao mais adequada. Esse tipo de difusor é um difusor
de alto angulo, definido como um difusor no qual a drea da sec-
¢ao transversal aumenta tao rapidamente que a separagao pode
ser evitada somente se for utilizado algum tipo de controle da
camada limite.

Um dos mais populares métodos de controle da camada limite
para evitar a separacao em difusores de alto angulo é a colocagao de
telas ao longo de seu comprimento. A colocagao de telas provoca uma
redugao da pressao total em regioes de alta velocidade muito maior
do em regioes de baixa velocidade, como por exemplo, na camada
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limite. Portanto, a jusante da regiao de perturbagao na pressao total
causada pela tela, a velocidade é mais uniforme. As telas sao usu-
almente usadas na camara de estabilizacao para uniformizagao do
escoamento e reducao da turbuléncia, lembrando que o processo de
reducao da turbuléncia por uma tela é diferente do processo de uni-
formizacao citado acima. Telas instaladas na camara de estabilizagao
reduzem a intensidade da turbuléncia da camara de ensaios através
de um processo de quebra de grandes vértices em varios menores
que por sua vez se dissipariam mais rapidamente antes de atingirem
a camara de ensaios. As telas podem ser empregadas em difusores
de alto angulo para evitar a separacao e, se forem bem instaladas
podem também agir tal como uma tela instalada na camara de es-
tabilizagao, reduzindo turbuléncia e uniformizando o escoamento da
camara de ensaios.

A eficiéncia de uma tela depende simplesmente do seu coeficiente
de perda de pressdo (K), o qual é definido pela razao entre a va-
riagao de pressdo total ( AP) e a pressao dindmica do escoamento
(Pp = 1/2pV?) que se aproxima da tela perpendicular ao seu plano.
K é fungao da porosidade (3 da tela, do nimero de Reynolds base-
ado no diametro do fio e da inclinagdo do escoamento que entra na
tela. O indice de refracdo de uma tela, definido como na Otica, é
aproximadamente 0.9y/1 4+ K ou seja, a presenca de uma tela no es-
coamento age na componente lateral da velocidade atenuando a nao
uniformidade da velocidade.

Em difusores de alto angulo, ao invés de se utilizar somente telas
com K elevado é preferivel a utilizacao de varias telas com K pequeno
(entre 1 e 2), colocadas em pontos onde poderia haver separagao. Isso
se deve ao fato de que o aumento de K numa tnica estagao produz
pouco efeito no atrito superficial numa estacao a jusante. Difusores
eficientes necessitam menos telas, como por exemplo, os de paredes
curvadas. No entanto, difusores de paredes curvadas sao dificeis de
serem construidos com precisao em grandes dimensoes. Por outro
lado, difusores com paredes planas, apesar das descontinuidades na
entrada e saida, sao faceis de construir e apresentam desempenho
satisfatorio se o angulo de cone equivalente nao for muito grande.
A posicao das telas em difusores de paredes planas é determinante
para o seu bom desempenho.

[15] apresenta uma andlise de desempenho entre 130 difusores de
alto angulo que foram testados experimentalmente por varios auto-
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res. Metha utilizou essa andlise para definir certas regras para o
projeto de um difusor eficiente. Os resultados sao apresentados em
relagao a razao de areas e angulo de cone equivalente sendo que cada
dado relaciona a geometria e o niimero de telas. A Fig. 9 apresenta o
grafico elaborado por Metha, onde as curvas cheias enquadram os di-
fusores que tiveram desempenho satisfatério com 0, 1, 2 e 3 telas. A
linha pontilhada em 2i= 55° é a linha limite para evitar separagao.

Metha conclui que as regras para um difusor de alto angulo operar
com Sucesso Sao:

a. Manter pontos de projeto a esquerda da curva relevante e antes
da linha pontilhada limite de separacao.

b. A razao de dreas deve ser menor que 1.14> " K + 1, onde > K
é a soma dos coeficientes de perda de pressao de todas telas
empregadas no difusor.

c. Utilizar telas para o controle da camada limite se a razao area
(Ar) é menor que 5 e o dngulo de cone equivalente menor que
50°.

d. Podem-se utilizar telas planas caso Ar < 4.

Com K da tela de nylon igual a 1.4 [5] e [6] as regras b e d acima
sao satisfeitas.

Primeiramente, estudou-se a possibilidade do emprego de duas
telas, mas decidiu-se por apenas uma deixando a possibilidade de
duas telas para o caso do difusor apresentar algum problema de
separacao. No entanto, em nenhum regime de velocidade ocorreu
separacgao da camada limite no difusor e, portanto, uma tinica tela
plana foi mantida.

As telas de nylon sao convenientes para aplicagao em difusores de
alto angulo devido a sua flexibilidade podendo ser facilmente ajus-
tada para trabalhar curvada, o que favorece o controle de separagao
em difusores com Ar > 4. A ndo uniformidade das telas provocada
por tensionamento desigual na instalagao pode ser facilmente cor-
rigida, pois o desalinhamento das malhas nao é permanente como
pode acontecer nas telas metélicas. Além disso, o maior atrativo das
telas de nylon é o custo muito menor em relagao as telas metdlicas.
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Wao fumcions
Paredes planas kel ol
(portosianifica ) el

paredes curvadas) 1 Forma geométrica
da seccio
Traneversal

"W_Funciona com
duas telas

Figura 9: Razao de dreas Ar vs 21 para difusores com (ou sem) telas
[15].

0.2.6 Exemplos Implementados em Tineis
de Vento Existentes

Como dito anteriormente a industria aeroespacial ja possuia ini-
meros tineis de médio e grande porte com bom escoamento e condi-
¢oes de testes bastante avancados. Na maioria desses tuneis, foi feita
uma adaptacao de varias solugoes para que o ruido de fundo fosse
atenuado e pudessem ser usados para ensaios aeroacusticos. Como
as exigéncias de qualidade de escoamento na area aeroespacial sem-
pre foram muito rigidas, as adaptagoes referidas foram na colocagao
de “liners” quase sempre nas segoes de curva, troca de ventilador
mais moderno e menos ruidoso etc. Mas, o desenvolvimento e ado-
¢ao de instrumentacao precisa e sensivel com uma metodologia de
pos-processamento de sinais adequada foram os principais avangos.

Para o caso da industria automobilistica, alguns tuneis foram
adaptados, no entanto, muitos outros foram construidos ja com a
filosofia de baixo ruido. A razao disso é que a grande maioria dos
tuneis automobilisticos possuia escoamento de baixa qualidade, pois
por possuirem grande drea de ensaios (>15m?) a utilizagdo de mais
telas e colméia para a melhoria do escoamento exigiria uma potencia
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ainda maior. De qualquer forma a Fig. 10 apresenta um levanta-
mento do ruido de fundo para varios tuneis tanto automobilisticos
quanto aeronauticos.
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Figura 10: Comparagao entre tineis do nivel de ruido medido na
secao central da camara de ensaios [12].

Na Fig. 10 pode-se notar que o tinel da DNW é um dos tineis
que possuem ruido de fundo maior, apesar desse tunel ser um dos
mais importantes da industria aeroespacial. Possui capacitagao para
medidas de varias categorias como possibilidade de mudar o tipo de
camara de ensaios de fechada para aberta. A camara de ensaios
fechada pode ter trés dimensoes diferentes: 6 mx 6 m: 0 < V < 152
m/s,8mx6m: 0<V <1l6m/s, 95mx95m: 0<V <62
m/s e a cAmara aberta possui a dimensdo do jato de 8 m x 6 m:
0 <V < 80 m/s. Somente a cAmara de ensaios aberta é utilizada
em ensaios aeroacusticos. Essas dimensoes permitem a utilizagao de
modelos em escala real de asas e pequenas aeronaves. As Figs. 11
e 12 mostram ensaios de uma asa com “high-lift” e uma fuselagem
com hélices.

O complexo de tuneis da DNW é um consorcio entre as agencias
aeroespaciais da Holanda e Alemanha. Para o mapeamento de fontes
de ruidos a DNW utiliza um outro tinel localizado em Braunschweig,
suas dimensoes sao: Closed or slotted wall test section: 3.25 m x 2.8
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Figura 11: Tuinel da DNW | ensaio de uma semi-asa em escala real
com hiper-sustentadores. Nota-se na figura um “array” de microfones
para quantificar o ruido e o “Microphone Mirror” para localizar fontes
de ruido.

m x 8.0 m e Open jet section: 3.25 m x 2.8 m x 6 m. A Fig. 13
mostra a camada de ensaios desse tinel onde estd sendo testado um
meio modelo com hiper-sustenadores. Notar o “array” de microfones
na parede lateral esquerda.

Essa placa de microfones deve ser cuidadosamente projetada para
evitar a interferéncia da camada limite da parede. Uma solugao en-
contrada foi colocar uma fenda para separar a escoamento da camada
limite da parede do tinel e da placa. Mais detalhes dessa placa pode
ser observado na Fig. 14.

Um dos tuneis de vento projetados especificamente para ensaios
aeroacusticos de veiculos terrestres é o tiunel da Audignin.. Esse
tinel projetado para velocidades até 300 km/h possui baixo ruido
de fundo e esta totalmente equipado para medidas aeroacusticos.
Novamente, as guias de curvas aparecem como um local para grandes
abatimentos do ruido como pode ser visto na Fig. 15 as guias das
curvas 2 e 3 com dutos retos coberto por absorvedores de ruido.
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Figura 12: Tunel de Vento da DNW, ensaio de uma fuselagem e
hélice.

0.3 Ruido de Instrumentacao e
Aquisicao de Dados

O ruido existente nos varios estdgios envolvidos em um processo
simples de medigao pode ser descrito conforme o diagrama da Fig. 16.
Na secao anterior abordou-se algumas técnicas para a reducao
de ruido do escoamento que é a primeira etapa do diagrama da Fig.
16. Nesta secao sao abordados os ruidos introduzidos pelos estagios
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Figura 13: Camara de ensaios do tiinel NWB para ensaios de iden-
tificagao de fontes de ruidos.

seguintes. Algumas técnicas utilizadas na redugao do ruido nesses
estagios sao discutidas. Entretanto, antes de tratar de cada estagio
especificamente, sao avaliadas as fontes de ruido que sdo comuns a
praticamente todas as etapas do processo de medigao. Conforme
observado na Fig. 16, as fontes comuns aos diversos estagios sdo a
alimentacao dos circuitos, o cabeamento e o terra.

0.3.1 Ruidos Provenientes de Alimentacao

Fontes ruidosas podem comprometer seriamente a qualidade do
sinal medido. Além disso, freqgiientemente nos experimentos em flui-
dos, as flutuagoes de velocidade que se deseja observar possuem
freqiiéncias da mesma ordem da freqiiéncia da rede elétrica e seus
harmonicos. Sendo assim, a reducao do ruido elétrico de um ex-
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Figura 14: Detalhes da placa de array de microfones.

perimento, usualmente, passa pela analise da qualidade do sinal de
alimentacao dos equipamentos. Uma vez contaminado pelo ruido de
alimentacao, dificilmente o sinal de interesse podera ser separado do
ruido.

Na escolha de uma fonte de alimentacao com nivel de ruido
adequado , deve-se observar algumas caracteristicas importantes do
equipamento, que indicam a qualidade e estabilidade do sinal forne-
cido. Dentre essas caracteristicas destacam-se:

e regulacao de carga: variacao do valor de saida na faixa de
operacao da fonte,

e “drift” : variagao da tensao de saida com o tempo,

e “ripple” : valor da componente alternada observado com uma
carga ligada & saida da fonte.

Com base nesses parametros é possivel, entao, estimar o nivel de
ruido esperado na fonte de alimentacao. Para exemplificar o efeito do
ruido de fonte de alimentacao no sinal de saida de um equipamento
realizou-se testes com um anemometro a fio quente de temperatura
constante. Esse equipamento foi escolhido por ser bastante sensi-
vel a ruidos de alimentacao e pelo fato de ser muito empregado no
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Figura 15: Detalhes da placa de array de microfones.

estudo experimental de escoamentos. O anemometro utilizado nos
ensaios foi construido no Laboratério de Aeronautica da Escola de
Engenharia de Sao Carlos [9] com base em um protétipo constuido
na Universidade de Cambridge. Foi investigado o sinal de saida do
equipamento quando este era alimentado por uma fonte retificada,
regulada, e com ripple em carga menor do que 1%. Esse sinal foi com-
parado com o sinal obtido quando a alimentacao do equipamento foi
feita com uma fonte limpa, que no caso era uma bateria de 12V.
Nos dois casos nao havia escoamento sobre a sonda do anemémetro.
Conforme se pode observar na Fig. 17, no caso com alimentagao da
fonte regulada o modo de oscilagao da rede (60Hz) e seus harmonicos
estao claramente presentes no sinal.

Existem outras fontes de ruido associadas com a alimentagao dos
circuitos. Um exemplo ¢ o efeito de campos magnéticos introduzidos
pelos transformadores utilizados na conversao de tensao. O efeito
causado pelos transformadores é mais perceptivel em equipamentos
que trabalham com ganhos elevados do sinal do sensor, como é o
caso do anemémetro a fio quente.

Existem algumas formas de reduzir os efeitos magnéticos sobre

HOME PROXIMA




HOME

28 Redugao de Ruido em Ensaios Experimentais
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Figura 16: Ruido nos diversos estagios de um experimento.

os circuitos. Um meio simples é através da separagao do circuito
de alimentagao do restante do equipamento por meio de divisorias
blindadas ou mesmo abrigar os circuitos em caixas blindadas dife-
rentes. Quando isso nao é possivel, é comum optar-se pela utilizagao
de transformadores do tipo toroidais. Esse tipo de transformador
produz uma menor dispersao do campo magnético em comparac¢ao
ao transformadores tradicionais. Em contrapartida o rendimento dos
transformadores toroidais é menor.

0.3.2 Ruido de Terra

Uma fonte de ruido elétrico comum é o ruido devido ao terra dos
equipamentos. A utilizagdo de um aterramento correto dos equipa-
mentos ¢é essencial para se ter um baixo nivel de ruido em medigoes.
De acordo com as normas NBR5410 e IEEE 1992, o aterramento de
uma planta, nao deve variar com as condig¢oes do solo, deve ter baixa
impedancia, e ter uma distribuicao espacial condizente com a &area
da planta em que ele for utilizado. Os detalhes construtivos de um
aterramento sao encontrados nas normas. Tendo o aterramento ade-
quado, deve-se preocupar entao com a ligacao dos circuitos de modo
a se evitar um acoplamento através de diferencas de potenciais entre
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Figura 17: Espectro do sinal de saida de um anemometro a fio quente
para duas diferentes fontes de alimentacao.

terras. A Fig. 18 mostra como ocorre esse tipo de acoplamento.
Para evitar esse problema deve-se procurar ligar os instrumentos de
medi¢cdo em um tunico terra. Além disso, deve-se adotar diferentes
terras para instrumentos de medicao e maquinas elétricas. Na cons-
trugao de circuitos, deve-se buscar diferentes terras para os compo-
nentes que trabalham com sinais digitais e analégicos. Isso porque os
circuitos digitais, normalmente trabalham sinais TTL (0-5V), consi-
derados de alta amplitude em comparac¢ao com sinais de sensores, e
induzem consideravel ruido nas trilhas de terra dos circuitos.

0.3.3 Ruido na Transmissao de Informacgoes

A descricao das técnicas de reducao de ruido nas transmissoes de
sinais elétricos requer uma breve revisao dos mecanismos de interfe-
réncia que essas transmissoes estao sujeitas. Dentre esses mecanis-
mos de interferéncia destacam-se como os 3 principais:

e 0 acoplamento capacitivo,
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Figura 18: Desenho esquemadtico do acoplamento através de dife-
renga de potenciais entre terras.

e 0 acoplamento indutivo,

e a condugao através de impedancia comum.

O acoplamento capacitivo ocorre quando um condutor passa proé-
ximo a uma fonte de ruido (Fig. 19). E muito comum ocorrer nas
trilhas de alimentacao dos circuitos. Nesses casos busca-se proteger
as entradas de alimentacao dos circuitos utilizando-se capacitores ce-
ramicos monoliticos ou capacitores de tantalo. Esses capacitores sao
mais indicados por possuirem uma baixa indutancia proépria.

m\—H—\ SRS

I_

Figura 19: Desenho esquemdtico para exemplificar como ocorre o
acoplamento capacitivo.

Quando esse efeito ocorre na transmissao de sinais, uma saida
para a reducgao do problema é a utilizacao de cabos coaxiais com
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blindagem aterrada. Uma descricdo mais completa dos tipos de ca-
bos coaxiais aplicados a cada situacdo pode ser encontrada em [17].
Utilizando cabos coaxiais com malha aterrada adiciona-se um cami-
nho de baixa impedancia ao ruido, Fig. 20. Quanto menor a impe-
déancia da blindagem em relagao ao terra, menor sera a amplitude da
contaminagao do sinal pelo ruido. Pode-se observar nessa figura que
o retorno do ruido ocorre através da blindagem. Sendo assim, nao é
recomendavel a utilizagao da blindagem para a transmissao de infor-
magoes. Em casos onde se deseja observar a amplitude de um sinal
em relacao a outro, utiliza-se 2 cabos coaxiais distintos e ajusta-se o
sistema de aquisicao de dados ajustado para modo diferencial. Um
caso especial é quando o potencial da blindagem é uma referencia
diferente de zero. Nesse caso adota-se nos sistemas de aquisigao a
configuracao de sinal nao referenciado. Nesses casos deve-se levar em
consideragao o valor da voltagem de referencia, pois o ruido sempre
tende a seguir o caminho em dire¢do ao menor potencial. Em ope-
ragoes normais o sinal é referenciado com relagdo a malha ligada a
um referencial nulo.

ruido \
ruido '
—_ «—— —T— blindagem
. —4 I SEEE
sinal —_1 = sinal —_ R

Figura 20: Desenho esquematico da protegao, na transmissao sinais
em cabos coaxiais, através do aterramento da malha (blindagem ater-
rada).

No caso do acoplamento indutivo os efeitos que levam a trans-
missao do ruido para o circuito sao de natureza diferente. O aco-
plamento ocorre devido a efeitos magnéticos cuja variagao induz o
aparecimento de correntes parasitas no circuito de interesse. Nesses
casos as medidas para redugao do ruido estao relacionadas a blinda-
gem contra campos magnéticos. Entretanto, esse tipo de blindagem
normalmente nao é tao eficiente quanto a blindagem contra campos
elétricos, [17] and [23]. O que se faz, normalmente, ¢é evitar a emis-
sao de campos magnéticos ou ainda evitar que cabos de informacoes
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passem muito proximos de equipamentos que sabidamente tem emis-
sao consideravel. Nos equipamentos a emissdo em baixas frequencias
(faixa de oscilagao da rede de alimentagao) é reduzida envolvendo-os
com materiais de alta permeabilidade magnética (caixas de ago, por
exemplo). A emissdo de campos magnéticos através de cabos pode
ser reduzida significativamente utilizando-se par trancado de cabos.

O caso de ruido através de impedéancia comum o ocorre no retorno
de corrente para o terra e devido a diferencas de potenciais entres
equipamentos. Os meios de reducao desse tipo de ruido ja foram
abordados no item ruido de terra. As consideragdes feitas naquele
caso também sao validas no caso de transmissao de informagoes.

O aterramento e a blindagem, quando aplicados corretamente,
podem resolver a grande maioria dos problemas de ruido em equi-
pamentos. Em contrapartida, aterramentos e blindagens ruins, nor-
malmente, estdo entre as principais fontes de ruido observadas na
prética [18].

0.3.4 Ruido Introduzido por Calibracao
dos Sensores

O segundo estagio de um processo simples de medicao, dado pela
Fig. 16, envolve a utilizacao de um sensor para medicao da grandeza
desejada. Normalmente, é necessario realizar a calibragao desses sen-
sores com relagao a um medidor padrao. Como a calibragao fornece
a base para as medigbes com o sensor, é extremamente importante
assegurar que a base de dados de calibragao seja confidvel e nao ten-
denciosa. Logo, todas as consideragoes sobre ruido em experimentos
devem ser aplicadas nesse estagio. Além do ruido elétrico dos equi-
pamentos e ruido de escoamento, existe também a possibilidade de
insercao de ruido, nesse caso, melhor chamado de incerteza, através
da introdugao de erros sistematicos na calibragao.

Uma das formas comuns de se evitar uma calibracao tendenciosa
é através da utilizacao de técnicas de amostragem. Existem diversas
técnicas que podem ser aplicadas em diferentes situagoes. Uma re-
visdo dessas técnicas pode ser encontrada em [7]. N&o é o objetivo
desse trabalho fazer uma extensa revisao sobre essas técnicas. Entre-
tanto, cabe citar a técnica de amostragem aleatéria que além de ser
extremamente simples é adequada a grande parte dos processos de
calibragao de instrumentos de medigao. Com a amostragem aleatéria
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de dados reduz-se tendéncias induzidas na calibragao por efeitos de
histerese, variacoes das condic¢oes de calibragao com o tempo, dentre
outros.

A amostragem aleatéria permite a realizagdo de analises mais
detalhadas dos erros presentes na calibragao. Um exemplo de analise
de calibracao de um sistema de anemometria pode ser observado nas
Fig. 21 e 22. O sistema utilizado foi o mesmo utilizado nos testes
sobre ruido da fonte de alimentacao.

v Data
— Lei de King

9.8 N

10

EV]

20

Figura 21: Curva de calibragao de sistema de anemometria (CTA).

A Fig. 21 mostra a curva de calibracao da tensao de saida do
sistema em relagao a uma medi¢do padrao com um tubo de Pitot
ligado a um manoémetro. Nessa calibragao foi utilizada a amostragem
aleatdria. A relagdo de calibracdo utilizada foi a Eq. 5, conhecida
como lei de King ([20] e [2]).

E? = AU™ + B. (5)

Onde E ¢ a tensao de saida do anemoémetro, U a velocidade do es-
coamento, A e B s@o os coeficientes de calibracdo e n é o expoente
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Figura 22: Variacao do erro de calibragao com o expoente n da lei
de King.

da velocidade, que no caso de uma sonda tipica de anemometria fica
entre 0.4 e 0.5 [2]. A Fig. 22 mostra que na calibragio realizada,
o menor erro das curva de calibracdo foi obtido para valores de n
dentro do intervalo sugerido por Bruun.

A andlise do erro dessa calibragao feita pode ser observada na
Fig. 23. A normalidade do residuo da calibragdo é mostrada nos
graficos superiores da figura. A curva de normalidade do residuo,
que para distribuigoes normais se aproxima de uma reta, apresenta
caracteristicas préximas a uma distribuicao normal, enquanto que o
histograma apresenta uma distribuicao que lembra uma forma gaus-
siana. Isso confirma que o erro possui uma distribuicdo aproxima-
damente de normal. No grafico inferior da mesma figura, pode-se
observar a variacao do erro de calibracao de acordo com a seqiiéncia
de amostragem dos dados. Nessa figura observa-se claramente uma
tendéncia no comportamento do erro. Aqui essa tendéncia foi mos-
trada propositalmente, pois ao longo da calibragao escolhida houve
uma variagao da temperatura do escoamento pouco maior que 1°C.
Essa variagao é claramente percebida na analise do residuo, pois a
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Figura 23: Andlise do erro de calibragao.

maior parte dos valores de erro no inicio da calibragao possuem valo-
res positivos, enquanto que ao final da calibragao a maior parte dos
valores assume valores negativos. Erros de histerese também podem
ser investigados. Para isso basta relacionar a seqiiéncia do residuo
com seqiiéncia de valores amostrados.

Um outro tipo de informagao importante sobre o sistema, além
da calibracao estética é a avaliagao da sua resposta dinamica. Geral-
mente a calibracao do equipamento é feita para o caso estatico. Nos
casos onde ha oscilacao da varidvel medida a resposta do sistema
pode variar de acordo com a freqiiéncia de oscilagao. No caso do
anemometro a analise em freqiiéncia é feita através do teste da onda
quadrada. Esse teste é descrito em [2] and [20]. A Fig. 24 mos-
tra a resposta Otima de um sistema de anemometria convencional
(extraido de [2]). A Fig. 25 mostra a curva de resposta ao degrau
do anemémetro utilizado na calibragao da Fig. 21. Como se pode
ver no caso do anemoémetro testado a resposta em freqiiéncia nao
estava otimizada. A andlise em freqiiéncia permite avaliar também
a resposta em freqiiéncia de sondas nao convencionais, quando essas
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respondem mais lentamente do que o circuito, como foi o caso do
sistema testado. Naquele caso utilizou-se sondas construidas com fi-
lamentos maiores do que 15um de diametro. A partir da analise em
freqiiéncia da Fig. 25 pode-se observar que a resposta em freqiiéncia
naquele caso era da ordem de 5kHz. Sendo assim, naquele caso a
sonda utilizada nao seria adequada para se observar flutuages de
velocidade com freqiiéncias da ordem kHz.

4 N l
7, \J/—f\o.wh !
—-

Figura 24: Resposta ideal de um anemémetro submetido ao teste de
onda quadrada (extraido de [2]).

0.3.5 Ruido no Estagio de Amplificagao do Sinal

Os circuitos amplificadores sao amplamente utilizados em expe-
rimentos, pois normalmente os sinais de saida dos sensores possuem
tensoes baixas. Esse procedimento em si ja é uma técnica para se
aumentar a razao entre o sinal de interesse e ruido. Entretanto, ele
deve ser realizado com extremo cuidado para que o ruido do estégio
de amplificagao nao contamine de maneira significativa o sinal de in-
teresse. Para se avaliar/selecionar os equipamentos, deve-se primeiro
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Figura 25: Resposta do anemoémetro testado & uma excitagao do tipo
onda quadrada.

conhecer algumas caracteristicas importantes do amplificador a ser
utilizado. Dentre essas caracteristicas destacam-se:

e a rejeicao de modo comum (CMR- common mode rejection),
e rejeigao de ruido da fonte (PSRR - power supply rejection),
e distor¢cao harmonica,

e ruido introduzido.

A rejeicdo de modo comum é a razao entre o ganho diferencial e
o ganho comum de um amplificador. Esse ganho comum é o ganho
do amplificador quando o mesmo sinal é aplicado nas duas entradas.
O ganho comum ocorre devido a assimetria da entrada diferencial
dos amplificadores e resulta em um “offset” no sinal de saida do
amplificador. Para contornar esse problema, normalmente utiliza-se
um resistor para o ajuste da tensao nula do amplificador. Um teste
simples para verificar o offset de um amplificador é conectar (curto
circuito) as entradas e verificar a tensdo na saida.

A rejeicio de ruido de fonte é uma medida da ’imunidade’
do amplificador a variacbes na tensao de alimentacao
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(AVlimentacao/ AVsaida): Quanto maior o PSRR, menos sensivel o
amplificador serd a flutuacoes provenientes da fonte de alimentagao.

A distorgao harmonica é uma medida da energia dos harmonicos
do sinal de entrada que sao geradas pelo amplificador. Essa caracte-
ristica deve ser avaliada nos casos onde se deseja observar oscilagoes
no sinal com amplitudes de ordem significativamente diferentes.

O ruido introduzido é uma medida RMS da amplitude do ruido
inserido pelo amplificador. O sinal de interesse deve ter uma ampli-
tude significativamente maior do que o ruido. Por isso, normalmente
se opta por separar o sinal dos sensores em componentes continua
(DC) e alternada (AC) de modo a se evitar a saturacao dos am-
plificadores. Geralmente, busca-se aplicar ganhos consideraveis na
componente alternada do sinal. Desse modo, utiliza-se um maior
numero de bits do conversor analégico/digital durante a discretiza-
¢ao do sinal. Um cuidado especial que se deve tomar é para que os
amplificadores trabalhem sempre em uma faixa segura de ganhos.
Isso porque os amplificadores respondem de forma diferente quando
sujeitos a saturacdo. Alguns exibem sinais caracteristicos claros de
saturagao, como uma tensao constante igual a tensao de saturacao.
Nesse tipo de equipamento é ficil reconhecer que houve saturagao.
Entretanto, existem equipamentos que quando sujeitos a saturagao
exibem um sinal de saida nao constante e de amplitude menor do
que a tensao de saturacao. Nesses casos fica dificil reconhecer quando
houve a saturagao dos amplificadores o que pode gerar a ocorréncia
de falsas medigoes. O que se utiliza normalmente é uma fragao da
faixa de operagao do amplificador (ex.: 80% da amplitude de satura-
¢a0). Uma descri¢ao detalhada das caracteristicas dos amplificadores
operacionais e suas aplicagoes é encontrada em [4].

0.3.6 Filtros

A compreensdo das técnicas descritas a seguir requer uma breve
revisao sobre transformadas discretas de Fourier. A representagao es-
pectral de Fourier busca descrever um sinal qualquer como uma série
de senos e cossenos. Assumindo z(t) como sendo um sinal qualquer,
com duragao finita de 7', amostrado N vezes em intervalos igual-
mente espacados de At, pode-se escrever a série da transformacao
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discreta de Fourier (DFT) como na Eq. 6.

N-L o 2mnk
FT(I):ZIG N, (6)
n=0

com k = 0,1,....,(N —1). Onde e *@™*/N) = cos (2rnk/N) —
i sin (2rnk/N), n é o indice de amostragem de dados em intervalos
At (freqiiéncia de amostragem f = 1/At). Os coeficientes espectrais
sdo computados para freqiiéncias igualmente espagadas. As frequen-
cias correspondentes aos coeficientes de Fourier sao dadas de acordo
com a equacao 7 .

_kkf
fk*mfﬁ' (7)

A partir da equacao 7 pode-se calcular o espacamento de frequen-
cias do espectro (equacao 8).

S Al ®

Esta também é a menor freqiiéncia que pode ser observada no
espectro. A maior freqiiéncia que pode ser observada ocorre quando
k = N/2. Isso corresponde a uma freqiiéncia fy = f/2, que é
conhecida como freqiiéncia de Nyquist. Com essa revisao breve é
possivel compreender melhor os termos e técnicas descritos nas segoes
seguintes deste trabalho. Uma descricao mais detalhada pode ser
encontrada em [1].

Antes da discretizacao de um sinal continuo analégico para uma
serie discreta de dados digitais é importante assegurar que sinais
com freqiiéncia acima da freqiiéncia de Nyquist nao causarao erros
nas medigoes. De acordo com a teoria de transformacao discreta de
Fourier, s6 é possivel reconhecer freqiiéncias em um sinal que tem
mais de dois pontos amostrados por periodo. Essa freqiiéncia limite
é a freqiiéncia de Nyquist. Freqiiéncias maiores que a de Nyquist
nao podem ser reconhecidas e caso a energia desses modos nao seja
retirada do sinal, ela acaba contaminando os coeficientes da repre-
sentagao de Fourier relacionados com freqiiéncias mais baixas. Esse
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fendomeno é conhecido como aliasing. A ocorréncia de aliasing na
aquisicao de dados é evitada utilizando-se filtros analégicos para re-
duzir a niveis nao significativos a energia contida nos modos de altas
freqiiéncias. Filtros analdgicos possuem caracteristicas diferentes,
que variam de acordo com a ordem e com as fungoes de atenuagao
do sinal. Alguns dos principais filtros utilizados na pratica sdo os
do tipo Butterwoth, Chebyshev e Bessel. Cada tipo de filtro possui
caracterfsticas particulares (Figs. 26 e 27) que sdo adequadas para
diferentes aplicagoes.

Ganho dB

—— BESSEL 4a Ordem ;
901 = = BUTTERW 4a Ordem FOLE
== CHEBY1 4a Ordem A

T L L L L Lo \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Norm Freq

Figura 26: Ganho de diferentes filtros.

Os filtros do tipo Bessel possuem uma funcao com atenuagao mais
suave. Isso faz com que a banda de freqiiéncias que sao afetadas
por esse tipo de filtro seja mais larga. No caso de filtros do tipo
Chebyshev e Butterworth a atenuagdo da fungao é mais abrupta. Por
outro lado, o atraso de fase induzido pelos filtros aumenta juntamente
com aumento atenuagao da funcgao do filtro. Sendo assim, nao h&
um filtro melhor ou pior, mas sim um filtro mais adequado para cada
situacdo. No livro [22] pode-se encontrar a descri¢ao detalhada de
cada tipo de filtro assim como alguns exemplos de implementacao
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Figura 27: Atraso de fase.

em circuitos.

E importante sempre considerar que os filtros analégicos cau-
sam distor¢ao do sinal (fase e amplitude) em uma banda préxima a
freqiiéncia de corte. Por isso deve-se selecionar freqiiéncias de corte
significativamente superiores a banda de interesse do sinal. As con-
seqiiéncias da utilizagao de um filtro com parametros nao adequados
podem ser piores que a nao utilizagao do filtro.

Na construcao de filtros analégicos normalmente se utiliza com-
ponentes eletrénicos ativos (amplificadores operacionais) para ajuste
da curva de resposta em frequéncia do filtro. Nesses casos, os pa-
rametros de ruido dos amplificadores também estdo presentes nos
filtros, tais como offset, ruido inserido, etc. Sendo assim, nao é reco-
mendével a realizagao da filtragem analdgica com filtros ativos antes
da amplificagao do sinal.
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0.3.7 Conversao A/D

A escolha adequada dos parametros de aquisicao de dados tais
como resolugdo, freqiiéncia de amostragem e nimero de amostras
também é um meio para se aumentar a amplitude do sinal de in-
teresse em relagao ao ruido. No caso da resolugao da conversao
analégico digital, é bastante claro e intuitivo que, o aumento na re-
solugdo (ndmero de bits) implica em redugao do nivel de ruido. No
entanto, pode ocorrer que o nivel de ruido elétrico do equipamento
de conversdo A/D ser maior do que a resolucao do sistema. Sendo
assim é de se esperar que na conversao A /D, normalmente exista
uma resolugdo nominal (numéro de bits do conversor) e uma reso-
lugao efetiva. A avaliacdo da resolucao efetiva deve ser considerada
quando se busca analisar sinais com amplitudes muito pequenas em
relacao a faixa de medicao do conversor. Uma maneira simples de
avaliar a resolucao efetiva de um sistema de aquisicao é fazendo a
coleta de um sinal ’limpo’. Uma bateria pode ser utilizada para
fornecer esse sinal. Geralmente, sistemas ajustados para escalas da
ordem de 10V apresentam resolucao nominal préoxima da resolugao
efetiva. A medid