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ANALISE NUMERICA DO ESCOAMENTO TURBULENTO EM
MATRIZES TUBULARES COM AFUNILAMENTO

Paulo Sergio Berving Zdanski, paulo.zdanski@udesa.b

Fernando André Lindroth Dauner, Fernando_daunerl@hcbmail.com1
Douglas Pauli, dougpaulio@gmail.corh

Maico Jeremias da Silva, maicojs@weg.net

1Departamento de Engenharia Mecanica, Centro dei@&Mecnoldgicas — CCT, Universidade do Estado de&atarina —
UDESC, Cep.: 89223-100 - Joinville - SC

Resumo. Este trabalho teve como objetivo determinar atrad@sima metodologia numérica/experimental os fatore
gue influenciam a transferéncia de calor em umarimdubular (com 6 cilindros) imersa em um escoatmen
turbulento cruzado. Nesta etapa os dados obtidperaxrentalmente (fluxo de calor na superficie diiadros,
temperatura e velocidade do ar na entrada do dampiforam utilizados como condi¢gbes de contorno para
simulag&o numérica do problema, sendo que paraasidise foi empregado o Software comercial AngyX“COs
aspectos estudados neste trabalho foram: a veldeidde incidéncia do escoamento e o posicionameoso d
cilindros na matriz tubular. Os principais resul@globtidos indicaram uma influéncia consideravehflmilamento
da matriz tubular bem como do nimero de Reynoldsamaferéncia de calor por conveccéo forcada.

1. INTRODUCAO

O problema da convecc¢éo forcada visa analisarca tie calor associada com o escoamento de um fluido
podendo ser tanto para o resfriamento como aquetin@de um equipamento/produto. Estes problemas séo
amplamente estudados e empregados na indUstride gescessos de secagem de produtos (onde também é
estudado o transporte de matéria), como por exengplprocesso de secagem de madeira, até processos d
refrigeracdo de motores de combustéo interna. Uasgpdncipais aplicacdes da conveccao forcadadiesina é
no projeto de trocadores de calor, sendo este @smahplexo e dispendioso para a aplicacdo excldgvama
metodologia experimental, de forma que a simulagioputacional vem ganhando espaco e sendo disskmina
tanto na indulstria como na area de pesquisa.

E possivel constatar na literatura recente umadgrajuantidade de publicacdes na andlise de sistema
térmicos compostos de matrizes tubulares (Khang;2B@an et al., 2006; Mandhani et al., 2002; Wilson
Bassiouny, 2000; Huang et al., 2009; Ay et al.,2002na pequena sintese das analises realizadas tredtalhos é
apresentada na sequéncia. (i) Khan et al (2006ljsaraan a influéncia do posicionamento e, também, d
espacamento dos tubos numa matriz tubular; (iipEtro trabalho, Khan (2004) também realizou umap=nagao
entre diversas equagdes obtidas empiricamentesptinaativa da troca de calor convectiva em umairatioular;

(i) Mandhani et al. (2002) realizaram um estuabre a influéncia da variagdo da porosidade de mnaziz
tubular na troca de calor em sistemas térmicopWilson e Bassiouny (2000) estudaram a troca b esa perda
de carga em uma matriz tubular alternada com die&s$; (v) Huang et al. (2009) analisaram experitalmente a
troca de calor convectiva para uma matriz tubl&tada, variando o espacamento das aletas pargoaredinhadas
e alternados; (vi) Ay et al. (2002) apresentaranestundo experimental onde foi avaliado a variagitethperatura
e a troca de calor em uma matriz tubular, utilizepara tanto, a técnica de termografia de infragrm

Neste trabalho o foco principal foi a realizac&uiina simulacdo numérica do escoamento cruzado de a
para um novo arranjo de matriz tubular (denominadtriz tubular afunilada). Para a execucéo daslagdeas foi
empregado Goftwarecomercial Ansys CFXem uma abordagem tifpANSpara o escoamento turbulento médio.
Alguns resultados experimentais também foram atltis para confiar mais credibilidade nas simulac@ss
principais resultados obtidos indicaram que o éumento da matriz tubular resultou em um incremeattroca de
calor convectiva (especialmente na faixa de altgnRles) quando comparada ao caso do arranjo akassini
tubos alinhados.

2. FORMULACAO TEORICA
2.1. EQUACOES DE GOVERNO
Neste trabalho foram utilizadas as equacdes deeN&wkes com média de ReynoldRANS(Reynolds-averaged

Navier-Stokes Equatiohs- para a solucdo do problema convectivo. Paraesppamento turbulento médio e
incompressivel, as equages do modelo resultam em,
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ondey, ek, sdo definidos como coeficientes efetiveosy, e k+k. Para determinar os valoresge k;, utilizou-se o
modelo de turbuléncia-¢ padrdo para altos nimeros de Reynolds (Laundgratifig, 1974; Wilcox, 1998). As
variaveis presentes no equacionamento para estelongfib a energia cinética turbulentae a taxa de dissipacéo de
energia cinética por unidade de massa,Como se trata de um modelo classico, ndo serasamiado o
equacionamento desta metodologia neste documento.

2.2. METODO NUMERICO

O esquema numérico utilizado p&oftwarecomercial Ansys CFX® é composto pelo método demels finitos
baseado em elementdsBFVM), sendo que este modelo é brevemente discutidMaliska (2004) e descrito mais
detalhadamente em Rezende (2008). Vale salientaratpavés deste método é possivel se valer dasigais
vantagens de cada abordagem que sdo: a naturezenativa dos volumes finitos e a liberdade gedo&tlo
método dos elementos finitos. Desta forma, é pitisada a utilizacdo de malhas ndo estruturadas pemer as
caracteristicas conservativas do método de voldiniss. E importante destacar que a estratégiaatglamento
pressdo-velocidade utilizada software comercial corresponde ao esquema classico propustdRhie e Chow
(1983) para arranjos de malha co-localizadas.

2.3. CONDICOES DE CONTORNO

Para a realizacdo da simulacdo do escoamento ésaeiee a especificacdo das condicdes de contorno
apropriadas, na entrada e saida do dominio, berm cas superficies dos cilindros (ver Fig. 1). Devas fato do
softwarerealizar somente simulagdes em ambito tridimerdjod necessario utilizar um dominio com espessura
unitaria, aplicando sobre as paredes a condicasirdetria, determinando que o gradiente das propdies na
direcdo normal a parede é igual ao gradiente na fate

d¢p
on

_ 9¢

s1 on

: (4)

s2

ondeS1le S2sédo as superficies de simetnaé a direcdo normal a superficiepe& uma propriedade qualquer. A
condicdo de entrada foi definida pelas Eqgs. (B) e (

Ventrada= Var 5)
Tentrada= Tar (6)

nas quaisy, é a velocidade do arTg, a temperatura do ar (Temperatura ambiente). Asdearsuperior e inferior
foram consideradas adiabaticas, ndo apresentanda tte calor na sua superficie. Na saida do donfaiio
especificada a pressdo estatica relativa, sendnidiefum valor nulo. Na superficie dos cilindros fdilizada a
condicdo de parede com troca de calor, sendo dispéc o fluxo térmico, relacéo esta dada pela(Egna qual o
sub-indicew indica a parede,

" w= Q" cilindro (7)
3. RESULTADOS E DISCUSSOES

Este trabalho é composto de duas etapas, sendeagquémeira foi realizado um teste de validacasadltware
comercial Ansys CFX, através da simulacéo da troca de calor sobrenuataz tubular alinhada sobre a qual incide
um escoamento cruzado de ar, sendo comparadosuisdes obtidos com dados empiricos da litergla@opera
et al., 2008). A seguir, foi estudado o escoamemouma matriz tubular com afunilamento identificaras
tendéncias na troca de calor por convecg¢do pam &shnjo. Um esquema para a matriz afunilada sede
visualizado na Fig. 1, onde um novo paraméi¢fator de afunilamento) foi incorporado.
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Figura 1. Esquema de uma matriz tubular afunilata as dimensdes utilizadas.
3.1. VALIDACAO PARA UMA MATRIZ ALINHADA

Para uma matriz tubular alinhad8=0 — ver Fig. 1), o nimero de Nusselt médio do caojymode ser
determinado pela equacao empirica de Grimisondp&a et al., 2008), a saber,

Nup = 1.13*C1*C2*R€"p maPr’® (8)
ondeNup € o valor de Nusselt médio para a matriz tub@ar,C2 em séo constantes que dependem dos valores de
S, S e do numero de fileiras da matriz, € o nUmero de PrandtiRe, nax € 0 valor maximo do nimero de Reynolds
na matriz, ou seja, o valor de Reynolds para a Mmeaxvelocidade do escoamento. Os valoreClee m sao
apresentados na Tab. 1, enquanto o val@2lé dado na Tab. 2 (Incropera et al., 2008).

Tabela 1. Valor das constante$ em para a Eq. (8).

S/D=3eS/D=3
C1 M
0.286 0.608

Tabela 2. Valor d€2 para a Eg. (8).

3 fileiras
0.87

E importante salientar que todas as propriedadefuiio utilizadas para o célculo do nimero de Rdgs sédo
estimadas utilizando a temperatura de filme,

T = (TwtT.)/2 9)

na qualT; € a temperatura de filme&, a temperatura da paredd.gé a temperatura da corrente livre de ar, que neste
trabalho é a temperatura de entrada dp,ar

Para a execucgdo da simulagdo numérica desta gémifioeam utilizadas as condi¢des de contorno qtéoes
representadas nas Tabs. 3 e 4 a seguir. Na Tab. &sesentados os valores de propriedades quamereram
inalterados durante as simulacdes, sendo importestacar que os fluxos de calor especificados camdicdes de
contorno nas superficies dos cilindros da matniarfoobtidos através de medicdes experimentais gmnoarranjo
de tubos foi testado experimentalmente em um tmeknto). Por outro lado, na Tab. 4 séo forneaidos
parédmetros variaveis da simulacdo na entrada ddnimna saber, a velocidade e a energia cinétitaukenta (que
corresponde a 10 % da energia cinética do escoarnmandente). Finalmente, vale destacar que a ntlleaa malha
computacional utilizada na discretizagao do doméoistém 170000 nés.
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Tabela 3. Condi¢cBes de contorno fixas.

Propriedades Simbolg Valor
Temperatura de entrada do ar [K] Tar 292.85
Dissipacéo de energia cinética por unidade de njagssi] € 392
Pressao relativa na saida [Pa] Pest rel 0

Residuo 2 0.00001

Fluxo de calor no cilindro 1 [W/fh Q1 20505.30
Fluxo de calor no cilindro 2 [W/fh Q2'y 22415.15
Fluxo de calor no cilindro 3 [W/fh Q3 19259.49
Fluxo de calor no cilindro 4 [W/th Q4 20824.25
Fluxo de calor no cilindro 5 [W/th Q5 22378.35
Fluxo de calor no cilindro 6 [W/th Q6'y, 22750.46

Tabela 4. Condi¢des de contorno variaveis paramataz alinhada

Velocidade [m/s]| Energia cinética turbulenta/st]
18.00 16.20
15.00 11.25
12.00 7.20
6.50 2.11
6.00 1.80
5.30 1.40
4.50 1.01
4.00 0.80

100 =
80 -
S I
A4
= 60p
z i
40
- —l—— Nu Simulado
—@—— Nu Grimison
20

] ] ] l L ] 1 Il I ] il L ] I L
10000 15000 20000

Reynolds maximo

Figura 2. Comparacéao entre os resultados simukadosquacéo empirica.

Na Fig. 2 é exposta a comparagio entre os valdrigos utilizando dSoftwarecomercial ANSYS CFX e os
valores obtidos através da Eq. (8). Inicialmentgossivel verificar que para valores de Reynoldsosa(<10000) o
erro é mais significativo do que para valores nesate Reynolds (>10000). Este comportamento eexadp uma
vez que o modelo de turbuléncia empregado ndo eeesim desempenho adequado para escoamentosxde bai
Reynolds (Wilcox, 1998). O erro percentual entrewasas € calculado partindo da seguinte equagidl@b. 5)
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A%Grimison = (Nu'NLbrimison)*]-OO/NLbrimison (10)

na qualNu é o nimero de Nusselt para a simuladd@;imison € 0 Nusselt dado pela equacdo empirid&og;imison € a
diferenca percentual entre as curvas. Ao analisaeps resultados da Tab. 5 é importante destaeaagiequacgdes
empiricas podem apresentar erros da ordem de &t(Rtcropera et al., 2008). Desta forma, é possieficar que
para escoamentos com velocidade de incidénciaattaisobre a matriz (acima de 10 m/s), os valoasdiferencas
ficaram abaixo de 20 %, enquanto que para a faxaetbcidades menores o erro foi superior a 30 %.

Tabela 5. Diferenca percentual entre os valorestithoero de Nusselt empirico e simulado.

Velocidade [m/s] A%crimisor [%0]
18.00 -2.64
15.00 7.56
12.00 -13.16

6.50 -31.50
6.00 -32.18
5.30 -37.15
4.50 -44.22
4.00 -43.70

3.2. ESTUDO DE MATRIZES TUBULARES AFUNILADAS

Nesta etapa realizaram-se simulagfes para umaznaltilar afunilada, onde o fator de desalinhame®iD,
apresentou valores iguais a 3/16 e 6/16 (ver BigC@mo nao foram encontrados resultados na liteagiara esta
geometria, os resultados da simulacdo foram cordparaom dados obtidos experimentalmente em ensains
tanel de vento. As condicBes de contorno fixaszatilas nas simulacées foram as mesmas do casoaenatriz
alinhada (ver Tab. 3), sendo a velocidade e a enengética turbulenta na entrada especificadasocoe valores
apresentados na Tab. 6. Neste ponto é importahémtsa que 0s ensaios experimentais foram realigzain um
tunel de vento de sucgdo com circuito aberto neafde velocidades entre 3.8 — 6.25 m/s. O niveéudmiléncia na
secao de testes do tanel € menor que 1 %, ser@iw-aniformidade média do perfil de velocidades emd de 2 %.
Como o escopo principal deste artigo € uma analiseérica, ndo serdo apresentados os detalhes ddalogfia
experimental utilizada. Entretanto, vale destacar @ incerteza experimental para as medi¢fes denolnle Nusselt
foi em torno de *4 %. Maiores detalhes sobre a dwtgia experimental utilizada podem ser enconsaeim
Zdanski et al. (2012, 2013).

Tabela 6. Velocidade e energia cinética turbuleatantrada da matriz tubular afunilada

S/D = 3/16 S/D = 6/16
Velocidade [m/s] K [M°1s7] Velocidade | Velocidade [m/s] K [m?s7] Velocidade
maxima [m/s] maxima [m/s]
18.00 16.20 29.87 18.00 16.20 29.91
15.00 11.25 25.46 15.00 11.25 25.45
12.00 7.20 21.31 12.00 7.20 21.13
6.25 1.96 11.45 5.90 1.74 11.42
5.80 1.68 10.73 5.55 1.54 10.80
5.05 1.28 9.50 4.80 1.15 9.45
4.40 0.97 8.40 4.10 0.84 8.18
3.80 0.72 7.36 3.60 0.65 7.29

Analisando a Fig. 3 é possivel realizar a comparagd resultados obtidos usando a simulacao numésit 0s
resultados obtidos experimentalmente. Esta comar&c dividida em dois graficos, a saber: no primeiéo
mostrados os valores obtidos experimentalmentengericamente e, no segundo sdo mostradas as mesmas,c
porém apos a realizacdo de uma regressao lineaegoktados experimentais foram extrapolados para faixa de
Reynolds mais elevada). Esta regressao foi realizach o auxilio d&oftwarecomercial Microsoft Excel 200
sendo as equagles para as retas das distribuigdesioca e experimental dadas pelas Egs. (11) e (12)

NUp = 4.814*10°Reb mx+6.4432, (11)

NUp = 4.41*10°Rey ma,+16.6647. (12)
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Figura 3. Comparacao entre o resultado experimerdgadimulagdo para um fator de afunilamento dé. 3/1

Analisando a Fig. 3 € possivel perceber que o tambulobtido através da simulacdo apresentou algumas
discrepancias quando comparado com o resultadaimgeal. As diferengas percentuais obtidas utiliitaas Egs.
(11) e (12) para o célculo do valor de Nusseltdéecomo base o valor experimental, sdo apresentaldsb. 7.
Neste ponto é importante salientar que a curva riaen@presenta uma boa concordancia com a tendéadiarva
experimental extrapolada na faixa de alto Reynfidsta faixa néo foram executados experimentodirpdnacdes
no aparato experimental). Desta forma, apesar desaéem confirmados experimentalmente na faixa pHoa
Reynolds (>10000), fica como conclusdo que a siglidanumérica pode ser empregada com um intervalo de

confianca médio de aproximadamente 10 % na andlsée novo tipo de arranjo de matrizes tubularesn(c
afunilamento).

Tabela 7. Diferenca percentual entre os resultagpsrimentais e simulados

Reynolds maximo AYexc
5000 -21.1845
10000 -10.1729
15000 -5.0251
20000 -2.0422

Finalmente, na Fig. 4 sdo apresentadas as curvasgsatrés configuracdes estudadas, a saber: I/®=0/
S/D=3/16 e S/D=6/16. Inicialmente é possivel veaifique, para a faixa de baixos valores de ReynBkeks10000, 0
fator de afunilamento ndo apresentou uma influésaaificativa sobre a troca de calor convectiva natriz
(expressa pelo numero de Nusselt). Porém, paraeglde Reynolds superiores a 15000, este fatomopass
apresentar uma influéncia consideravel sobre a eccalor da matriz (houve um incremento do ndrderblusselt
a medida que se aumentou o fator de afunilamento).
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Figura 4. Influéncia do fator de afunilamento nonefio de Nusselt

A seguir, na Tab. 8, sdo expostos os valores dwsrrentos percentuais no nimero de Nusselt paratizes
afuniladas em relagdo a matriz alinhada (S/D =)0KD6serva-se que para baixos valores de Reyngldsiohos na
troca de calor apresentaram valores pequenos (¥, Séhdo que para valores mais elevados de Reyfarias
obtidos ganhos de quase 10% em relacdo a disposi@inal dos tubos (maximo incremento foi paraasa de
S/D=6/16 e Reynolds de 20000). Visualiza-se tamlgm, para o fator de afunilamento de 3/16, o ganho
permaneceu aproximadamente constante ao longoddeotintervalo de simulacdo, apresentando uma géuide
aproximadamente 1 %.

Tabela 8. Aumento percentual do nimero de Nusaedt matrizes afuniladas em relagdo a uma matrihadia.

Reynolds maximo A%g1¢ A%g)1¢
5000 4.0174 -0.7274
10000 4,7252 2.7799
15000 4,9229 6.3444
20000 3.8878 9.4245

Com o intuito de estudar melhor os motivos destmemto na troca de calor, foram comparados os perfis
verticais (direcao Y — ver Fig. 1) da energia dogéturbulenta) para os diferentes fatores de afunilamento nas
posicdes frontais e tangentes a montante dos i@knem cada uma das trés fileiras (a secédo avahasisa pelo
ponto de estagnacéo frontal de cada cilindro).sestparac6es podem ser visualizadas na Fig. 8o $eyportante
destacar que estes resultados foram extraidosipsaimulacao com velocidade de entrada igualra/s2
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Figura 5. Perfis de energia cinética turbulentapa) primeira fileira, b) segunda fileira, c) &ra fileira.

Analisando a Fig. 5 é possivel constatar que aceatanse o fator de afunilamento, a energia ciadticbulenta
apresentou picos mais elevados (em relacdo a nalinizada). Observa-se também que este aumentmdts
consideravel na secéo tangente aos cilindros daiterfileira (provavelmente devido a interferéntés outras duas
fileiras sobre o escoamento incidente nesta Ulfileaa). Desta forma, como conclusédo desta andicseevidente
que o incremento no ndmero de Nusselt para o d&se 8/16 na faixa de alto Reynolds é devido asemento do
mecanismo da producéo de turbuléncia (expressoiqiabFatravés dos perfis da energia cinética datsidtboes

turbulentas).

4. CONCLUSAO

Neste trabalho foi inicialmente realizado um estdgovalidagdo computacional onde foram comparados o
resultados obtidos numericamente com correlacdepirieas da literatura, bem como com dados obtidos
experimentalmente. Estas comparacfes tiveram cdjstiva dar credibilidade aos resultados numérigbsdos
através d@oftwarecomercial Ansys CFX®.

Num segundo momento, foram efetuadas simulac8esocohjetivo de verificar os efeitos do afunilamedt®
uma matriz tubular sobre a troca de calor convactie conjunto (principalmente verificar quais fatrque
apresentariam as maiores influéncias nesta trocalde). As principais variaveis estudadas nesgarsga etapa do
trabalho foram: a velocidade do escoamento incgdend fator de afunilamento da matriz tubular (petho este
definido como sendo S/D). Sendo assim, as prireipanclusdes obtidas apos a realizagao desta pasquam:

(i) O fator de afunilamento apresentou uma infli€rgignificativa na troca de calor global da mattibular,
principalmente em situagbes onde os valores dedRiysdo mais elevados, com incrementos de até f@r&oum

numero de Reynolds igual a 20000.

(ii) Foi constatado, também, que a energia cindtidaulenta apresentou picos mais intensos contrerimento
do fator de afunilamento da matriz; Portanto, exésevidéncia de que o incremento na troca de caforectiva da
matriz (na faixa de alto Reynolds) foi devido a&mdificacdo do mecanismo de producédo de turbuléncia
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Abstract.

The present investigation is part of a study on the stability of complex mixing layers whose long term objective is the
understanding of combustion stability. Compressible, binary mixing layers linear stability, with and without jet and wake
components are been studied considering variable properties base flows. Besides the local normal mode stability analysis,
compressible mixing layers are also been addressed through direct numerical simulations in order to elucidate the flow
topology due to initial stage stability development. Those studies show that a wake component has a considerable effect
on the development of the Kelvin-Helmholtz instability, both in terms of growth rates and vorticity distribution. In this
study the effect of wake on the stability of the mixing layer is further considered. The influence of the ratio parameter R
between the wake thickness and the mixing layer thickness and the wake deficit amplitude Ry, are studied. Preliminary
results show that for small wake deficit amplitude and R greater than I the base flow is more complex in the shear layer
region, increasing the instability of the flow. For Rs less than 1, the wake spreads the velocity gradients and the resulting
shear layer is more stable than shear layers with higher Rs, but still more unstable than the mixing layer due to the
presence of other inflectional points in the base flow velocity profile. The present study considers incompressible stability
analysis of a base flow given by a combination of hyperbolic tangent and hyperbolic secant velocity profiles.

Keywords: mixing layer, inviscid hydrodynamic stability, normal modes stability analysis, wake stability
1. INTRODUCTION

The present investigation is part of a study on the stability of complex mixing layers whose long term objective is the
understanding of combustion stability. Compressible, binary mixing layers, with and without jet and wake components
are been studied considering variable properties base flows (Salemi and Mendonca, 2008; Mendonga, 2010; Freitas
et al. , 2014; Mendonca, 2014). Besides the local normal mode stability analysis, compressible mixing layers are also
been addressed through direct numerical simulations in order to elucidate the flow topology due to initial stage stability
development (Manco and Mendonca, 2014). Those studies show that a wake component has a considerable effect on the
development of the Kelvin-Helmholtz instability, both in terms of growth rates and vorticity distribution.

The stability of mixing layers modified by a wake have already been addressed by other research groups, such as the
early work of Zhuang (1995) who showed the destabilizing effect of the wake component. Gennaro and Medeiros (2008)
also studied the effect of a wake component on the stability of mixing layers and proposed a different scaling in order
to explain differences found on previous investigations. Recently Shin (2011) addressed the problem of a mixing layer
modified by a wake and compared the effect of density stratification on the stability of the complex mixing layer plus
wake and concluded that sinuous modes are more unstable than varicose modes when the fast stream has a higher density.

Figure 1 from Manco and Mendonca (2014) DNS simulations compares the vorticity distribution for a hyperbolic
tangent mixing layer velocity profile and the mixing layer profile with a wake component. It shows that the wake compo-
nent destabilizes the mixing layer and changes the flow topology, which enhances the mixing between the fast and slow
streams.

In this study the effect of wake on the stability of the mixing layer is further considered. The ratio parameter Rs be-
tween the wake thickness and the mixing layer thickness, and the wake deficit amplitude Ry are considered as illustrated
in Fig. 2. Preliminary results show that for small wake deficit amplitude and Rs greater than 1 the base flow is more
complex in the shear layer region, increasing the instability of the flow. For R; less than 1, the wake spreads the velocity
gradients and the resulting shear layer is more stable than those for R higher or equal to 1. This study considers incom-
pressible stability analysis of a base flow given by a combination of hyperbolic tangent and hyperbolic secant velocity
profiles.
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Figure 1. Vorticity distribution.
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Figure 2. Base flow velocity distributions. Different thickness ratios and wake deficits.

2. FORMULATION AND METHODOLOGY

The base flow velocity is given by a combination of hyperbolic tangent mixing layer Uy and hyperbolic secant wake
Uw velocity profiles. The amplitude of the wake component is controlled by the parameter Ry while the thickness ratio
between mixing layer and wake is controlled by I2s5. The parameter 2 ;¢ controls the misalignment between the mixing
layer and the wake component. The base flow is nondimensionalized by the upstream velocity U; and a slow stream
velocity of .50 is taken such that the velocity ratio results Sy = .5.

Um = .5[(1+ Bu) + (1 — Bu) tanh(n)] (D
Uw = 1 — tanh [R5 (77 - Rmis)] tanh [R5 (77 - Rmis)} 2)
U(n) = Um — RwUw 3)

Three different thickness ratios and three different wake amplitudes are considered. The wake component amplitudes
Ry are chosen such that the resulting velocity profile minimum amplitudes u,y;,, are 0.45, 0.40 and 0.35. The lower
the minimum velocity the stronger the wake deficit. Table 1 shows the wake amplitudes Ry for the three different wake
thicknesses ratios Rs and the three different base flow minimum amplitudes. The resulting profiles are shown in Fig. 3.

A second experiment considers the case when the center of the mixing layer and the center of the wake component
are misaligned. For this second experiment the thickness ratio is fixed at Rs = 1 and four different values of R are
considered, Ry,ic = —5, —2, +2 and +5. The wake component velocity deficit Ry of 20% is taken, resulting in the base
flow profiles shown in Fig. 4

The spatial stability of these base flows is investigate through a linear, local, normal mode inviscid analysis where the
eigenvector v, frequencies w and streamwise wavenumbers « result from the solution of the incompressible Rayleight
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Table 1. Base flow thickness and amplitude ratios. Wake amplitude Rw as a function of i, and Rs.

Umin
45 40 35
0.5 | 0.1235 0.1990 0.2663
Rs 1. | 0.2329 0.2975 0.3561
1.5 | 0.2736 0.3283 0.3815
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Figure 3. Base flow velocity profiles for the conditions of Tab. 1.

equation.

(aU —w) (v — a®v) —=U"v =0, “)
which, written in terms of x (similar to the Gropengeiser variable for compressible flow stability analysis (Gropengeiser,
1970)).

ap
X=— (&)
v

the Rayleigh equation results in the following first order ordinary differential equation

)2 x(x+U")

X' =a”(U-c) -0 (6)
with boundary conditions at +oco, where U’ = 0,

x(y = £00) = Fa (U —¢). (7)

Where U’ and v’ are the first derivatives of the base flow streamwise velocity U and disturbance normal velocity eigenvalue
v.
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Figure 4. Base flow velocity profiles for the test cases with wake component misalignment.

3. RESULTS

Figures 5 to 7 show the growth rate versus frequency for the three different thickness ratio R tested (Rs = 0.5, 1.0and1.5.

In each figure a comparison is presented showing the effect of the magnitude of the wake component. As the wake deficit
increases the minimum base flow velocity decreases and the maximum amplification rate increases for all three thickness
ratios. For the thickness ratio of Rs = 0.5 the range of unstable frequencies is reduced, but the other thickness ratios the
range of unstable frequencies are not so sensitive to the wake component and the frequency corresponding to the highest
growth rate does not change.

Figures 8 to 10 show the same results but presenting a direct comparison between different thickness ratios for a given
wake component. As the wake component gets thinner the flow becomes more and more unstable, both in terms of the
maximum growth rate as in terms of the range of unstable frequencies. This result is summarized in Fig. 11 that shows
the highest growth rate as a function of thickness ratio for the three different wake component amplitudes. Reducing the
thickness of the wake component results in stronger velocity gradients at the inflectional point on the base flow profile,
which explains the higher growth rates observed.

As also observed by previous investigations (Zhuang and Dimotakis, 1995; Gennaro and Medeiros, 2008; Shin, 2011),
the wake component introduces other unstable modes, but here only the more unstable modes are shown. The other modes
have growth rates that are at least one order of magnitude lower that the ones presented here.

When there is a misalignment between the mixing layer and the wake, as shown if Fig. 4 the stability characteristics
change as presented in Figs. 12 and 13. Displacing the wake downward, if the misalignment is such that there is still
interference between the mixing layer and the wake (R;q = 2), the maximum growth rate is about the same as that of
the aligned shear layers but with a reduce range of unstable frequencies. Displacing the wake upwards (R ic = —2)
results in a more stable flow with about the same stability limits (growth rate and range of unstable frequencies) as the
mixing layer.

When the misalignment result in a base flow velocity profile where the mixing layer shear region does not get distorted
by the wake (R,j; = +5) the dominant instability mode is the mixing layer mode as shown in Fig. 13.

4. CONCLUSIONS

In this study the effect of a wake component on the stability of a mixing layer for different wake component thicknesses
and velocity deficit has been investigated. The results show that the wake component destabilizes the mixing layer and
the thinner the wake thickness the higher the resulting growth rates. The range of unstable frequencies also increase
with decreasing wake thickness. These results are associated with the higher velocity gradients on the base flow velocity
inflection points. When the mixing layer and the wake are misaligned but still interfering the stability characteristics
change depending on the wake component displacement. When the misalignment is such that the mixing layer and the
wake do not interfere the dominant mode is the mixing layer mode. These results will be extended to compressible and
binary mixing layers.
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8. APPENDIX
8.1 Modified Rayleigh Equation

Decomposing the instantaneous flow variables into a base component ®; and a disturbance component ¢4 and search-
ing for normal mode solutions to the incompressible disturbance equations (mass, x momentum and y momentum)

y(y) + dalw,y,t) = ®o(y) + ¢(y) exp (iax — iwt),
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the following equations result

w4
. v
iau+v =0 such that — u=—,

Q

ia(U — c)u+ U'v +iap = 0,
ia(U — c)v+p' =0,

where, for a given variable ¢, ¢' = d¢/dy.
Using the first equation to eliminate u from the second and defining (Gropengeiser, 1970)

(e XV 1
X = ap such that — D= —L, and p = ——
v o o

(X'v +xv'),
results

—(U =)' +U'v + xv =0,
or in terms of v

(u—c)v'

U +x)

Given p’ above inserted into the y momentum equation results

. by

ia(U —c)v— —x'v——xv' =0.

e !
Inserting v from the expression above into this last version of the y momentum equation, results
2 2 / AN

a*(U=c) =x'(U—-¢)=x(x+U") =0,

or rearranging

P o x(x +U")
X =« (U—c)—ﬁ.

Which is the final version of the stability equation used in this work.
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VERIFICATION AND VALIDATION OF A HIGH-ORDER
LAMINAR-TURBULENT NUMERICAL CODE
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Abstract. The verification of a numerical code is carried out using the Method of Manufactured Solutions. Numerical re-
sults from the Direct Numerical Simulation code are also compared in a boundary layer over an airfoil with experimental
and Linear Stability Theory results. Characteristics from the boundary layer, as displacement thickness, momentum thick-
ness and shape factor, are taken into consideration. Comparisons considering the amplitude of the velocity disturbance
caused by two-dimensional Tollmien-Schlichting waves are also made. The results shows that the DNS code is verified
and validated.

Keywords: Boundary Layer Flow, High-Order Compact Finite Differences, Direct Numerical Simulation, Verification and
Validation, Method of Manufactured Solutions

1. INTRODUCTION

The numerical studies aiming the simulation of boundary layer flows has been the focus of many researchers in CFD.
Due to the great importance of these numerical predictions for practical applications, the credibility of mathematical
models and numerical methods is a factor that should be investigated. Validation and Verification is the field of study that
provides different techniques to quantify how reliable is a simulation code.

The no-slip condition on a solid body reduces the velocities of the outer flow to zero on the surface. This reduction
generates large velocity gradients in a thin layer adjacent to the surface of the body. This layer is the boundary layer,
in which strong viscous effects exist (Currie, 2003). The boundary layer is directly affected by the outer flow (Reed
et al., 1996; White, 2006). The presence of a favorable pressure gradient causes the outer flow to accelerate and stabilizes
the boundary layer flow. On the other hand, the presence of an adverse pressure gradient decelerates the outer flow and
increases the instability of the boundary layer. An increasing instability leads to transition to turbulence and predicting
the location of the transition point is still a challenge. Experimental and numerical studies are being used to explain and
predict this phenomenon.

In this paper, the results carried out by a Direct Numerical Simulation (DNS) code are verified through the Method of
Manufactured Solutions (MMS). This is the most efficient method for verification of codes. The basic idea is producing a
solution and transforming the original set of governing equations into a set of similar equations where the exact solution
is available. In this sense, this paper presents a verification study of the DNS code using MMS.

A comparison of the amplification rate of Tollmien-Schlichting waves in a boundary layer to Linear Stability Theory
(LST) and to experimental results were also used to verify and validate the code. Small disturbances produce Tollmien-
Schlichting (TS) waves in the flow. The growth or decay of this waves indicates if the flow is stable or unstable. According
to LST, when the amplitudes of these waves are small, they can grow until certain point (neutral curve) and start to decay.
Based on this, TS waves were introduced in the flow, in order to study the disturbance caused by them in the velocity
profile. The amplitude of the disturbance in the streamwise direction was also compared between experimental, LST and
numerical results with the aim of verifying and validating the DNS code.

The governing equations are the incompressible Navier-Stokes equations written in vorticity-velocity formulation. The
numerical method adopted is based on high-order finite difference approximations for the discretization of the streamwise
and wall-normal spatial derivatives. In the spanwise direction a spectral method based on Fast Fourier Transformation is
applied. The time integration is carried out by a fourth-order Runge-Kutta scheme.

2. FORMULATION
In this section the governing equations are presented.
2.1 Governing equations

The governing equations are the Navier-Stokes equations written in orthogonal coordinates for incompressible flow
with constant viscosity. The non-dimensional equations are considered for the results presented in this research. The



Anais da EPTT 2014 IX Escola de Primavera de Transigao e Turbuléncia
Copyright © 2014 by ABCM 22 a 26 de setembro de 2014, Séo Leopoldo — RS, Brasil

non-dimensionalization is made based on the Reynolds number, given by:

i
Re = U=l ()
1%

where Us, is the reference velocity, L is the reference length and v is the kinematic viscosity. The reference velocity is
the free stream velocity and the reference length is a distance from the leading edge.
The non-dimensional variables are written as:

7 7V Re F i ovRe W
T==; Y="=—; Z==; U==—; UV=—=——j W= =—;
L L L Use Use Uso
) . . = 2
. w, L L W, L iU,

TOvER T T OwvE L
where the variables with a tilde denote dimensional variables; x, y and z are the spatial coordinates, in streamwise, normal
and spanwise directions, respectively; u, v and w are the velocity components in each direction; w;, w, and w, are the
vorticity components in each direction; and ¢ is the time.

The vorticity can be defined as the negative curl of the velocity vector and the vorticity component in each direction
can be written as:
1 0v Ow

Wy = Reor @7 3)
ow Ou

Wy = 9z 02 “)
Oou 1 0v

=5y o ®

Using the fact that both velocity and vorticity fields are solenoidal, one can obtain the following vorticity transport
equation in each direction:

Ow, 0Oa Ob

_ = 2
ot oy 9z Ve ©
Owy, Odc Oa 9
Ty o 20 T 7
ot T o: ow Y v @
Ow, Ob 0Oc _,
ot Jr%fa—ywaz, 3)

where

a = VWz — UWy, ©)]
b =uw, — wwy, (10)
€= Wwy — VW, (11D

are the nonlinear terms resulting from convection, vortex stretching and vortex bending. The Laplace operator is:

1 [ 9? 0? 0?

2 = — —_— . 12
v Re (8x2+822)+8y2 (12)
The continuity equation is given by:

Oou Ov Ow
Ty 1
o + a9 + 9 0 (13)

Taking the definition of the vorticity and the mass conservation equation, one can obtain Poisson-type equations for
each velocity component:

?u  *u ow, 0%

a2 92~ 0z 0wy’ (1
Ow Ow

2, z x

Vv = e Pt (15)

2 2 2

Ow 0w _dw 07 (16)

Ox2 + 022 Ox  Oydz’
The set of Egs. (6)-(8) and (14)-(16) describes the flow being simulated and will be solved in the integration domain
defined in the next section.
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2.2 Reference system and integration domain

The reference system considered for the numerical procedure is shown in Fig. 1. The z-axis lies on the surface, in
the streamwise direction and its zero position is a certain distance from the leading edge. The y-axis is normal to the
surface and its coordinate is zero at the surface, and assume positive values within the boundary layer. The z-axis is in the
spanwise direction, parallel to the leading edge, and is oriented so that the resulting system is right-handed.

Y

Ymax,

R

- - - - x
To T1X2 T3 T4 Tmazx

Figure 1. Computational domain.

In the streamwise direction the domain goes from z, a certain distance from the leading edge, to x,4,. In the normal
direction, the domain starts at the surface (y = 0) and ends in ¥.,,42- Ymao 1S large enough to guarantee that the vorticity
components are zero at the boundary. In the spanwise direction the flow is considered periodic and the domain starts at
z = 0and ends at z = A, where ), is the fundamental wavelength in z direction.

The disturbance strip is located between points x; and x5. These disturbances are introduced by mass suction and
blowing. Points x( and 1, and x3 and x4 determine the relaminarization zones. These zones are used to avoid numerical
reflexions of the disturbances at the inflow and outflow boundaries, respectively.

2.3 Baseflow

To initiate the numerical simulation, a baseflow should be calculated, and its computation can be carried out con-
sidering a two-dimensional domain. This is not necessary for the MMS tests, as the initial condition is given by the
manufactured solution.

First of all, a Falkner-Skan (FS) equation is solved, considering the experimental data as boundary condition. This
solution is used as initial condition for the baseflow simulation. The baseflow simulation removes simplification errors
from the Falkner-Skan equations.

The two-dimensional equations for the baseflow are:

0w, n O(upws, ) n O(vpwz,) i@szb Pw,,

= 1
ot Ox Oy Re 0x2 oy? "’ 17
1 0%v, O%uy Ow,,
il - _ 1
Re 0x2 * Oy? Ox ’ (18)
a’l}b 8ub
I _ T 1
Oy Ox (19)

The code that solves the baseflow equations has the same structure as the one used to solve the three-dimensional
problem, without the disturbances. For the baseflow simulation, the code is executed until it reaches the steady state, i.e.
until the differences in the vorticity values between two consecutive time steps were smaller than 1072,

3. NUMERICAL METHOD

The equations presented above are discretized by high-order finite differences schemes and spectral approximations
for the spatial derivatives. A fourth-order four-step Runge-Kutta method is used for the temporal discretization.

3.1 Discretization of field equations

As the physical phenomena involve a large number of scales in time and space, the numerical code needs to have non-
dissipative and non-dispersive characteristics to represent all the relevant scales. For this reason, a numerical integrator
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of Runge-Kutta type with 4*"-order precision is used. Moreover, the spatial derivatives are calculated using high-order
compact finite difference methods in x and y directions and spectral method in the z direction.

As the phenomenon under investigation is concentrated near the surface, a large amount of points is necessary in this
region. With the aim of reducing the total amount of points, a grid stretching is used in the normal direction (Babucke and
Kloker, 2009). The coefficient matrices for the derivative calculation and for the Poisson equation solution, suggested by
(Linnick and Fasel, 2005), were used.

3.2 Spectral method

The flow is assumed to be periodic in the spanwise direction. Therefore, the flow field can be expanded in Fourier
series with K spanwise Fourier modes, as follows:

K

glx,y,z,t) = > Grlz,y,t)e "), (20)
k=0
where
g:{uvvvwawrawy,wmaabacafxvfy»fz} (21)

represents the variables in the physical space;

Gk = {Uk,Vk7Wk7ka7ka7sz7Ak,Bk,C}g,ka,Fyk,sz} (22)

represents the variables in the Fourier space; 3 is the spanwise wavenumber, given by [ = ; A, is the spanwise

7
Az
wavelength of the fundamental spanwise Fourier mode; ¢ = v/—1; and k is the Fourier mode, that ranges from 0 to K.
Note that GG}, may be fully complex, i.e., non-symmetric three-dimensional disturbance fields can be computed. The
nonlinear terms are computed pseudospectrally, i.e. by transformation of all flow variables to physical space, computing
the nonlinear terms at consecutive spanwise stations, and transforming the products back to Fourier space.
The substitution the Fourier transforms (Eq. (20)) in the vorticity transport equations (Eq. (6) — Eq. (8)) and in the
velocity Poisson equations (Eq. (14) — Eq. (16)) yields the governing equations in the Fourier space, for each Fourier
mode k:

00y, 04 i
ot + Ty + 5kBk: - Vkak, (23)
0, 0Ay
0, 0By B oC, s
ot T ar oy - VR (25)
02Uy 0*Vy
Oz ﬂ,%Uk = BrQy, — M; (26)
V2V = L Bz, 27
ox

0*Wj, 9 00y, oV

o2 BeWi = e + ﬂ’“aT;’ (28)

where
1 0? 0?

2 _ |2 (Y9 2 v
o[k (%) &)

The time derivatives in the vorticity transport equations are discretized with the fourth-order Runge-Kutta integration
scheme of Xu and Wang (2006). The spatial derivatives are calculated using a high-order compact finite difference
schemes (Lele, 1992; Kloker, 1998; Souza, 2003; Souza et al., 2005). The V-Poisson equation (Eq. (27)) is solved using
a multigrid Full Approximation Scheme (FAS) (Stiiben and Trottenberg, 1981). A V-cycle with 4 grids is implemented.
The code is parallelized, using domain decomposition in the streamwise direction.
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3.3 Boundary conditions

At the wall (y = 0), a no-slip condition is imposed for the streamwise (U) and the spanwise (IW},) velocity com-
ponents. The wall-normal velocity component (V},) is specified at the suction and blowing strip, where the disturbances
are introduced. Away from the disturbance region this velocity component is set to zero. The function used for the
wall-normal velocity at the disturbance generator strip is:

Vi(2,0,t) = Afp(x) sin(wy, t + k) for 1 <z < 29, (30)

where A and 6}, are real constants chosen to adjust the amplitude and phase of the disturbance, and wy, is the dimensionless
frequency. The function f,,(z) is of ninth-order and ensures that the discontinuities at y = 0 in the vertical velocity
component, its first and second derivatives are avoided at the edges of the suction and blowing region.

At the inflow boundary (x = xg), the velocity and vorticity components are specified based on the Falkner-Skan
boundary layer solution. At the outflow boundary (z = z,,4.), the second derivatives with respect to the streamwise
direction of the velocity and vorticity components are set to zero. At the upper boundary (y = ¥4, ) the flow is considered
non rotational. This is satisfied by setting all vorticity components and their derivatives to zero. The wall-normal velocity
component at the upper boundary is settled according to the condition:

Vi, a*

(:)y |967’ymaw,t = \/EVk(x’ Ymax, t)v

where a* = /a2 + k232,

€29

oVj
In addition, at the wall (y = 0), the condition a—k = 0 is imposed in the solution of the Poisson equation (Eq. (26)),
Y
to ensure mass conservation. The equations used for evaluating the vorticity components at the wall are:
9?Qy, 9 0?Q
Ty Qm _ Yk VZV’ 32
92 BieSa, 9y Bk Vi Vi (32)
0,
Txk = B1Qa, — ViVi. (33)

3.4 Relaminarization

A damping zone near the outflow boundary is defined in which all disturbances are gradually damped down to zero
(Kloker and Konzelmann, 1993) so that reflections in the outflow boundary are avoided. The basic idea is to multiply the
vorticity components by a ramp function f;(z) after each sub-step of the integration method. Using this technique, the
vorticity components are taken as:

Qk(xvyat) = fl(x)QZ(x,y,t), 34

where Q5 (z, y, t) is the disturbance vorticity component that results from the Runge-Kutta integration and f; () is a ramp
function that goes from 1 to 0. The implemented function is:

4

fi(@) = fi(e) = (1 —€*)e T, (35)
where
€= roa for r3 << 24 (36)
Ty — T3

To ensure good numerical results and efficiency a minimum distance between x3 and x4 and between x4 and the end of
the domain x,,,, had to be studied. In the present study, 100 points between x5 and x4 and 40 points between x4 and
Tmae Were considered.

Another buffer domain, located near the inflow boundary is also implemented in the code. Meitz (1996) adopted a
fifth-order polynomial, and a similar function is used in the present model:

fa(x) = fo€) = 6€® — 15 + 103 37
where
€= S for ro < x < 21. (38)
1 — X9

All vorticity components are multiplied by this function in this region.
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4. VERIFICATION X VALIDATION

The words “verification” and “validation” have different meanings in CFD. There are two phrases that are widely used
in the literature (Roache, 1998; Oberkampf and Trucano, 2002) to explain this difference:

- Verification: Are we solving the equations right?

- Validation: Are we solving the right equations?

According to Roache (1997) and Oberkampf and Trucano (2002), validation is related to the capacity of the model
to represent the physical problem, i.e. the numerical code must solve the correct equations representing the physical
problem. Moreover, the verification relates to the correct implementation of the model in a computational code, in other
words, to solve properly the equations that describes the model.

In the next section, the verification of the DNS code is presented through comparisons with MMS and LST results,
and its validation is shown by means of comparisons between experimental and numerical results.

5. RESULTS

In this section, the verification of the numerical code by means of the MMS is presented. The overall convergence
order obtained for the velocity and vorticity components are also shown.

The validation of the DNS code is shown, by means of comparisons between experimental and numerical results. In
Sec. 5.2 boundary layer characteristics are compared and in Sec. 5.3 the variation of the amplitude of the streamwise
velocity disturbance, caused by Tollmien-Schlichting (TS) waves in the boundary layer, are presented.

The experimental results were performed in the laminar wind tunnel of the Institute of Aerodynamics and Gas Dy-
namics (IAG) of the University of Stuttgart (Plogmann et al., 2012).

5.1 Method of Manufactured Solutions - MMS

The method of manufactured solutions is the most efficient method for code verification and has been widely used in
the scientific community (Roache, 1998; Salari and Knupp, 2000; Roy, 2005; Eca et al., 2007).

In principle, it is not necessary that the manufactured solution satisfies the Partial Differential Equations (PDE). In-
stead, after the generation of the manufactured solution for all the unknown variables of the problem, they must be inserted
into the original PDE so that all derivatives can be calculated analytically. Then, the original PDE is rearranged and the
terms in excess are grouped into a source term that must be placed on the right side of the equation. As a result, the
creation of a modified problem in which the solution is known allow the comparison between the exact and numerical
solutions.

Initially a manufactured solution was proposed for the boundary layer code, in which a term with exponential decay in
the wall normal direction was introduced. The results have shown that the term with exponential decay is responsible to
reduce the formal overall order of the numerical method. Then, only trigonometric and polynomial functions were used
to generate the manufactured solution.

The manufactured solutions proposed are:

u = —sin(ax) sin(az) P'(y), (39)
v = acos(ax) cos(az)P(y), (40)
w = — cos(ax) cos(az) P (y) — cos(ax) sin(az) P’ (y), 41)
with the polynomial P(y) given by:
5 .4 .3 2
Ply) =2 -2 =+ b= dy(imes — 1), “2)

bt b b b
where dy and j,, 4. the grid spacing and the maximum number of points in the normal direction, respectively. The vorticity
components are computed analytically through Eqgs. (3) — (5). It is worth mentioning that the velocity components satisfy
the continuity equation.
The simulations were carried out using different amounts of points and grid spacing to get the overall order. This order
was checked using Ly, Ly and L, error norms for the velocity and vorticity components. The order of accuracy is given

by:
LB
log (EZI)
- 21 (43)

b log r

where h is the grid spacing and » = — is the grid refinement factor.

h
2
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For the MMS simulation was considered the domain of Fig. 1, with dimensions 12.8 x 12.8 x 6.086. The Reynolds
number was Re = 322, 326 and 11 Fourier modes were used (considering 32 points in the pysical space).

First of all, 4 meshes without stretching were considered: 65 x 65, 129 x 129, 257 x 257 and 513 x 513. In Tab.
1 the norm of the error and the convergence order obtained with these meshes are shown. The results obtained for DNS
code verification showed that the overall order for the velocity components are between 2.9 and 4.7. The analysis of the
vorticity components showed results between 3 and 5.5.

Table 1. Error norm and convergence order for velocity and vorticity components calculated with MMS.

Mesh Variable Norm [ Order Norm Lo Order Norm L Order
Uy 1.80 x 1077 - 9.07 x 10~ 7 - 2.98 x 10~° -
Uy, 3.32x 107 - 1.32 x 1079 - 1.08x 107 -
65 % 65 Uy 1.67 x 1077 - 852 x 107 - 312 x 10°° -
Wy 285 x 10°8 - 235 x 1077 - 1.11 x 1077 -
Wy 1.14 x 1077 - 1.57 x 107© - 6.29 x 10~ ° -
W 6.97 x 10~8 - 5.50 x 10~ 7 - 1.20 x 10°° -
Ug 6.65x 1077 | 476 | 7.39x107% | 3.62 | 3.90x 1076 | 293
Uy 202x107% [ 403 | 855x107° | 395 | 7.95x 10" | 3.76
199 % 199 U, 6.42x 107 | 470 | 6.88x10°° | 3.63 | 4.06 x 10 ° | 2.94
W 129x 107 | 447 | 176 x10°° | 374 | 1.04x 10 ° | 3.43
wy 242 x 1077 | 556 | 3.75x 1078 | 539 [ 2.07x10°% | 493
W, 1.66 x 1079 | 539 | 1.99x10°% | 481 | 1.11x 107 % | 3.44
Uy 409x10710 | 402 | 681 x107% | 344 [ 501 x10"7 | 2.96
Uy, 1.39x 1077 | 3.87 | 6.08 <1077 | 3.81 | 9.41 x 10~8 | 3.08
957 x 267 U 397 x 1070 | 402 | 629x107° | 345 [ 515x10° 7 | 298
Wy 771 x 1077 | 406 | 1.48x1077 | 357 | 1.26 x 107 | 3.04
wy 809 x 10~ | 490 [865x10"0 | 544 | 6.40x10°° | 5.02
W, 6.14x 1071 [ 476 | 1.30x 1077 | 394 [ 1.26 x10~7 | 3.13
Ug 349 x 107" | 355 [ 637x10710 | 342 | 6.34x107% | 298
Uy, 1.03x 1070 | 376 | 5.07x10" W | 358 | 1.14 x 10~% | 3.04
513 x 513 Uy 339x 107 | 355 [587x 100 | 342 [ 649x10°° | 2.99
W 551 x 10 2| 381 [ 130x10 ™ | 352 [ 1.56 x 10 ° | 3.02
wy 5.07x 1072 [ 400 |3.07x10" | 482 [ 1.90x 10779 | 5.08
W, 357 x10772 | 410 [ 1.09x 10" | 358 | 1.54x10°% | 3.03

A second test, considering meshes with stretching in the normal direction was made. Each mesh has a different
stretching value to ensure that the points coincide among them, in order to enable the calculation of the error. The meshes
and its stretching are given in Tab. 2. The results obtained with the meshes of Tab. 2 are presented in Tab. 3. The
convergence order for the velocity components are between 2.6 and 3.4, and for the vorticity components are between 2.5
and 5.

Table 2. Amount of points for each mesh and its stretching.

Points in x direction | Points in y direction | Stretching
65 33 1.0406
129 65 1.0201
257 129 1.01
513 257 1.005

In both cases the decay of the error can be noticed. It also can be seen that the use of stretching in the normal direction
reduces the overall order of the numerical code. However, this fact occurs near the upper boundary and, in the case of
boundary layer studies, the main physical phenomena occurs close to the wall. For this reason, there is no influence of
these errors in the problem under investigation.

5.2 Baseflow characteristics

The formation of the boundary layer is analyzed in this section comparing some boundary layer characteristics. The
characteristics considered here are the following: streamwise velocity component at the boundary layer edge, displace-
ment thickness, momentum thickness and shape factor.
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Table 3. Error norm and convergence order for velocity and vorticity components calculated with MMS.

Mesh Variable Norm L1 Order Norm Lo Order Norm L, Order
Uy 3.61 x10°° - 5.35 x 10~° - 1.53 x 1073 -
Uy 2.10 x 107© - 2.11 x 107° - 5.81 x 10774 -
65 x 33 U, 3.36 x 107° - 5.27 x 10~° - 1.61 x 103 -
Wy 1.21 x 10~© - 1.64 x 107° - 5.18 x 10~ % -
wy 2.41 x 10~7 - 1.95 x 107© - 6.19 x 10~° -
W, 1.54 x 1076 - 1.76 x 107 - 3.55 x 1074 -
Uy 331x1077 | 345 | 641 x107% | 3.06 | 247 x107% | 2.63
Uy 228 x 1077 | 320 [ 278 x10°% | 293 | 869 x10~° | 2.74
199 x 65 U, 310x 1077 | 344 [ 6.14x107% ] 3.10 | 259 x 10~* | 2.63
Wy 5.09 x 1078 | 457 [ 767 x1077 | 442 | 3.18 x10~° | 4.02
wy 2.00x 1078 | 359 [ 1.77x 1077 | 3.46 | 439x10°° | 3.82
W, 465 x107% | 5.05 [ 6.98x 1077 | 466 | 211 x107° | 4.07
Uy 3.01x10°% | 346 | 6.66x10~7 | 3.27 | 3.47x107° | 2.83
Uy 259 %x 1078 | 3.14 [ 349x1077 | 299 | 1.18 x10~° | 2.88
957 x 199 U, 2.86x 1078 | 344 [ 627 x1077 | 329 | 3.63x10"° | 2.84
Wy 292x 1079 | 412 [ 4.02x1078% [ 426 | 1.51 x107 | 4.39
wy 221 x 1077 | 3.18 [ 215 x 1078 [ 3.04 | 7.39x 107 | 2.57
W, 155 x 1077 | 491 | 246 x107% | 483 | 1.25 x 107% | 4.08
Uy 2.92x107Y | 337 [ 660x107% | 334 | 460x107° [ 292
Uy 299 x 1077 | 3.11 [ 425x 1078 | 3.04 | 1.54x 107 | 2.94
513 x 957 U 280 x107Y | 335 [ 6.17x 1078 | 335 | 480 x 107 | 2.92
Wy 261 x10719 | 348 [ 355x1077 | 350 | 1.63x 10~ | 3.22
Wy 257x10710 | 310 [ 261x107° | 3.04 | 1.30 x 10~ | 2.50
W, 1.15x 10710 [ 375 [ 1.54x 1077 | 4.00 | 1.50 x 10~ 7 | 3.06

The integral boundary layer characteristics are defined by:

o displacement thickness:

o u
(51 = / (1 - = ) dy;
y=0 Uoo
) dy;

e momentum thickness:

u

by = — / (1— i
Uoo y=0 Uoo

e shape factor:

o1
Hiy = —.
12 5

In the 2D-DNS code the following parameters were considered: velocity scale [7007% = 27.935m/s , where UOOM =

Um\xo, i. e., f]oo at the initial point of the domain; length scale L= 0.18m; kinematic viscosity 7 = 1.56 X 10~ %m?/s;
domain size 1,177 x 177 points in streamwise and wall-normal directions; respectively; grid space dz = 3.125 x 1073
and dyy = 1.8 x 10~* in streamwise and wall-normal directions, respectively, with stretching of mesh in wall-normal

direction of 1%.

For the comparison, three results are presented: experimental, theoretical boundary layer profile, and 2D-DNS. The
theoretical boundary layer profile uses the finite difference scheme given by Cebeci and Smith (1974). Figure 2 shows
the baseflow characteristics for decelerated flow. The streamwise coordinate is non-dimensionalized by the roughness

diameter d,. = 20mm.

It is possible to see that all numerical results are close to the experimental and theoretical ones. Good agreements were
obtained in the velocity profiles and boundary layer integral parameters. This results show that the 2D-DNS code was
capable to simulate the flow in agreement with the experimental results. This fact allowed the validation of this code.
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Figure 2. Baseflow characteristics for decelerated flow.

5.3 Downstream development of modal amplitudes

After validating the code for a boundary layer flow, a linear stability test was made. For this test, disturbances with
an infinitesimal amplitude were introduced via mass suction and blowing in the region located between x; and x2 (see
Fig. 1). These disturbances produce TS waves in the velocity field. The spatial evolution of these waves are measured
and compared to LST and experimental results. The amplitude of the TS waves is small enough to neglect the nonlinear
products.

The variation in the amplitude of the maximum value of the disturbance of the streamwise velocity component u over
the wall-normal direction y, is defined as:

amp = max(u'(1,0)), 47)
y

where v’ is the disturbance of the velocity.

The parameters used for the 3D-DNS code are the same as those for the 2D-DNS code, with wavelength in spanwise
direction A, = 0.4m. Three frequencies were considered: F' = 396Hz, 549Hz and 701Hz. Figure 3 shows the variation
in the amplitude of the disturbance v in streamwise direction for these cases.
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Figure 3. Amplitude of perturbation of the streamwise velocity component (amp - in log scale) in streamwise direction x
for the flow with adverse pressure gradient, with frequencies F' = 396Hz, 549Hz and 701Hz.

It can be noticed that the 3D-DNS numerical results agree with both the experimental and the LST code results. With
these comparisons it is possible to say that the code is capable of simulating the spatial development of TS waves properly.
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6. CONCLUSION

The MMS results showed that the numerical code has an overall order of at least 2.5. The results also show that
experimental data and numerical solution are in good agreement in the formation of the boundary layer. Experimental,
LST and numerical results also agree in the development of Tolmmien—Schlichting waves in a boundary layer. In this
sense, the DNS code can be considered verified and validated.
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Abstract.

The present investigation considers the stability of binary O2/H2 mixing layers of compressible base flows. The effect
of strong temperature gradients across the mixing layer is considered. The base flow is computed either based on a
hyperbolic tangent velocity and mass fraction profile and Crocco-Busemann relation of temperature, or on the solution
of the parabolic boundary layer equations for the compressible, binary, variable properties mixing layer. The inviscid
stability of these base flows are investigated through the solution of the compressible Rayleigh equations. The results
show a significant difference between the hyperbolic tangent base flow results and the results for the based flow computed
with the boundary layer equations.

Keywords: mixing layer; inviscid hydrodynamic stability, normal modes stability analysis
1. INTRODUCTION

The stability of mixing layers has been used extensively as a model problem relevant to combustion processes in
propulsion devices in order to understand the parameters that affect the mixing between fuel and oxidizer. Combustion
efficiency, flame stability, thermo-acoustic coupling and pollutant emissions are some of the relevant characteristics of
combustion devices that depend on the proper mixing of reactants.

In the late nineties and early 2000 the problems of binary and reactive compressible mixing layers have been address
and the main characteristics of such flows identified (Shin and Ferziger, 1991; Kennedy and Gatski, 1994; Kozusko et al.
, 1996; Day et al. , 1998; Fedioun and Lardjane, 2005; Na et al. , 2006; Salemi and Mendonca, 2008; Caillol, 2009),
among others. The stability of a reacting mixing layer using a base flow given by canonical hyperbolic tangent velocity
profiles or the solution of the compressible boundary layer equations with variable properties and chemical reaction have
been considered. Most of these works either consider constant properties of Prandtl and Lewis number equal to unit in
order to simplify the solutions. A more detailed base flow computation would have to account for the fact that viscosity,
heat diffusivity and other properties vary across the mixing layer both due to species concentration and temperature
simultaneously.

The aim of the present investigation is to extend the work presented by Salemi and Mendonca (2008) for the stability
of binary mixing layers in the compressible regime. Instead of computing the base flow through a similarity, constant
properties formulation, the base flow is computed with a variable properties binary mixing layer, boundary layer code,
taking into consideration the effect of species concentration and temperature gradients. This work addresses the question
about the effect of large temperature gradients across the mixing layer for two and three-dimensional disturbances in
compressible flow.

2. FORMULATION AND METHODOLOGY

In this section the governing equations are presented. The stability of the base flow is analysed using the compressible
version of the Rayleigh equation. The base flow velocity, temperature and density profiles are computed with a boundary
layer code marching from a initial position zy, downstream of the splitter plate to a position down stream two times .

2.1 Base Flow Equations

The two-dimensional, compressible, binary mixing layer base flow boundary layer equations are presented in this
section (Anderson, 2000; Mendonca, 2014). The equations are nondimensionalized by the fast stream properties and
the distance from the virtual plate trailing edge z( as length scale. The pressure is considered constant across the layer,
consistent with the boundary layer approximation. The continuity equation (Eq. 1), the momentum conservation equation
in the « direction (Eq. 2), the momentum conservation equation in the y direction (Eq. 3), the energy conservation
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equation (Eq. 4), the species conservation equation (Eq. 5) and the perfect gas equation of state (Eq. 6) are presented
below.

=0 1
or oy (1)
ou n ou 1 0 ou 2
U—— Ve = —— | o=
Plos TF Oy Redy H@y ’
dp
— =0 3
Oy ’ (3)
T T 11 T —1)Ma? 2
L 20 L 19 (0T | (y=DMa”p (u)™ @
or 0y  RePrc, 0y dy Re cp \ Oy
0s1 0s1 1 0 0sy
it =~ | gD = 5
- rr v Oy  ReLePr dy (p 20y ) )
1 = pRT, ©)
The nondimensional numbers are Reynolds, Mach, Prandtl and Lewis numbers.
p1U1x0 U, H1Cp, ky
Re="—"—""—  Ma= ——, Pr= , and Le= ———, 7)
p1 VYR Ty k1 p1¢p, D12 (

where, p is the density, u and v are the velocity components in the streamwise and normal directions, p is the pressure, p
is the dynamic viscosity, k is the thermal conductivity, T the temperature, ¢, the specific heat at constant pressure, I2 the
gas constant s; the mass fraction of the fast stream component, -y is the specific heat ratio and D;, the mass diffusivity
coefficient.

The nondimensional mixture properties vary across the mixing layer according to the species concentration and tem-
perature as given below. The equation of state is used to calculate the density as a function of the mixture temperature 7'
and mass fractions s; and ss.

1= pRuT (81W1 + SQWQ) . (®)
The gas constant and specific heat at constant pressure are,
R = 51+ Rpgi0(1 — 51), cp =81+ cpratio(l —$1). )

The dynamic viscosity is,

[+ )72 (Mo /)]

H= X1 Kopiz P12 = P21 = ¢’12&& (10)
X1+ Xog12  Xo+ X1’ 8 (14 My/My)]"/? ’ pro Mo
The thermal conductivity is,
2
1/2 1/4
X,k Xohy (1 U ko) > (Mo /M) ] ks My

k

P12 =

_ 7 7 = 1o 2L 11
X1+X2¢12 X2+X1¢21 [8 (1+M1/M2)]1/2 ¢21 ¢12k2 My (11)

where M is the molar mass of a given species, X; the molar fraction of species 7, the underscore “ratio” indicates the fast
to low stream properties ratio and R,, is the universal gas constant.
The boundary conditions for velocity, temperature, density and mass fraction are 1 at the fast stream side and 3, =

Utatio = U2/U1L, Br = Tiatio = T2/T'1, pratio = P2/p1 and sS40 = 52/51 at the slow stream side.

T

2.2 Linear disturbance equations

The compressible free shear layer local, normal modes, inviscid instability is investigated using the Rayleigh equation
written in terms of the Gropengiesser variable given by the x function (Gropengiesser, 1970; Salemi and Mendonca, 2008;
Mendonca, 2014).

iap dx o’ (i—w/a) |:XG+ (du/dy)} 7

= = _ _ 12
X = Mae dy RT (u—w/a) o
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with the following boundary condition:
a(t—w/a) G:az—kﬁziMazl(aﬂ—w)Q‘
VGRT pa’ v a2

where the variables identified with a hat gz§ are the eigenfunctions of the dependent variables of the flow, «,. is the wave
number in the x direction, «; is the spatial growth rate, 3 is the wave number in the z direction and w is the angular
frequency of the disturbance.

X(y — £o0) =F (13)

3. RESULTS

Results in terms of growth rate as a function of Mach number and temperature ratios for different values of spanwise
wave numbers are shown in this section. Section 3.1 discusses mean flow and stability results for the hyperbolic tangent
canonical base flow profiles and Sec. 3.2 disccuses the mean flow and stability results for the boundary layer base flow
profiles.

Table 1 show the range of Mach numbers and spanwise wave numbers for the temperature ratios considered in this
study. The temperature ratio S varies from 0.25 to 4.0 in steps of 0.25.

Table 1. Range of Mach number M a and spanwise wave numbers [3.

Ma | 0001 025 0.5 075 10 125
3 [ 00 02 04 06

3.1 Hyperbolic Tangent Canonical Base Flow

Prior to investigate the more realistic binary mixing layer base flow provided by the boundary layer code a study of the
effect of temperature ratio S = T5 /77 is conducted in this section considering the canonical hyperbolic tangent velocity
and mass fraction profile with a Crocco-Busemann temperature distribution.

First, the main characteristics of the base flow are highlighted in Sec. 3.1.1. Then, the usual stability diagram in
terms of growth rate «; versus angular frequency w is presented for two selected conditions as sample results which is
similar to the stability diagram for other conditions (Sec. 3.1.2). In Sec. 3.1.3 the largest growth rate observed on the
stability diagram for each flow condition is plotted as a function of Mach number and spanwise wave number for different
temperature ratios.

3.1.1 Base Flow Characteristics

Figure 1 shows the mixing layer velocity profile for the velocity ratio Sy = 0.5 used in this study. The Temperature
profiles for different temperature ratios S are shown in Figs. 2 to 4 for Mach number M a = 1.25. Other values of Mach
number have similar temperature distributions, but the small kinetic heating observed for the higher Mach number when
Br = 1 is accordingly lower for lower Mach numbers. The kinetic heating is overshadowed by the temperature ratio for
Br # 1. The temperature profile change very little with Mach number and the effect of compressibility observed on the
stability of the mixing layer is thus associated with the compressible Rayleigh equation itself (Eq. 12).

3.1.2 Growth Rate Versus w

Typical results for the variation of growth rate versus angular frequency are presented in Figs. 5 and 6. They show the
amplification rates and the range of unstable frequencies for Ma = 0.25 and 8 = 0.2, and for Ma = 1.0 and 8 = 0.4.
The different curves correspond to different temperature ratio S = T»/T;. The stability curves for other conditions
are similar. For low Mach number and three-dimensional disturbances the growth rate changes mostly at the lowest
temperature ratio. For two-dimensional disturbances (5 = 0) the growth rate is not a strong function of the temperature
ratio and the frequency corresponding to the largest growth rate does not change with f3;.

In the following section (3.1.3) for each Mach number M a and each spanwise wave number 3 the largest growth rate
obtained from the stability diagrams (such as Figs. 5 and 6) will be plotted as a function of the temperature ratio Sr.
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Figure 1. Base flow velocity profile.
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3.1.3 Largest Growth rate versus S and Ma

Based on the stability curves, the variation of the larges growth rate with M a number and spanwise wave number (3
are presented in this section in Figs 7 through 12. Each figure shows the variation of the largest growth rate for different
temperature ratios S = T»/T; and different spanwise wave number 8. As expected, the spanwise wave number has a
significant effect on the largest growth rate, while the effect of the temperature ratio S is not as strong. The strongest
growth rate corresponds to a temperature ratio of the order of S = 0.75, regardless of the wave number and Mach
number. As the temperature ratio increases the largest growth rate changes little with S since the temperature gradient
at the inflection point on the temperature distribution shown in Fig 4 does not vary significantly either.
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Figure 7. Largest growth rate as a function of the temper- Figure 8. Largest growth rate as a function of the temper-
ature gradient Sy = T»/T; for different spanwise wave ature gradient Sy = Ty /T for different spanwise wave
numbers at Ma = 0.005 numbers at Ma = 0.25
Ma=0.5 Ma = 0.75
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Figure 9. Largest growth rate as a function of the temper- Figure 10. Largest growth rate as a function of the temper-
ature gradient S = Ty/T; for different spanwise wave ature gradient Sy = Ty/T; for different spanwise wave
numbers at Ma = 0.5 numbers at Ma = 0.75

The same results are presented again in Figs. 13 through 16 in order to highlight the effect of the Ma number for
a given spanwise wave number. For a given spanwise wave number (3 the largest growth rates a; do not have a strong
dependence on the Mach number, The dependence on the spanwise wave number shown above is much stronger. This
is a consequence of the observation made earlier that the base flow temperature varies little with Mach number and is
associated with a small kinetic heating for the range of Mach numbers considered in this study.

Close to the lowest temperature ratios (87 = 0.25 to 0.75) the largest growth rates have a greater variation with Ma,
but as the temperature ratios increase the compressibility effect seems to be reduced even further. That must be associated
with the temperature gradient at the inflection point on the temperature distribution.

3.2 Boundary Layer Profiles Base Flow

In this section stability results are presented for base flow properties distributions given by the solution of a boundary
layer equations for the binary O2/H2 mixing layer. In Sec. 3.2.1 the base flow velocity, temperature and mass fraction
distribution are presented for different values of Mach number Ma and temperature ratios 5. Then the stability char-
acteristics of these base flow profiles are discussed in Sec. 3.2.2. The same flow conditions presented in Tab. 1 are
considered again.
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Figure 11. Largest growth rate as a function of the temper- Figure 12. Largest growth rate as a function of the temper-
ature gradient S = T»/T; for different spanwise wave ature gradient S = T»/T; for different spanwise wave
numbers at Ma = 1.0 numbers at Ma = 1.25
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Figure 13. Largest growth rate as a function of the tem- Figure 14. Largest growth rate as a function of the tem-
perature gradient S = T3 /T for different Ma numbers perature gradient S = T3 /T for different Ma numbers
at 3 =0.0 at 5 =0.2

3.2.1 Binary Mixing Layer Base Flow Profiles

A sample of the base flow properties computed with the compressible, variable properties parabolic equations solver
is presented in Figs. 17 through 21. Other combinations of S and Mach number follow similar trends and are not shown.
Fig. 17 shows the effect of compressibility when the temperature ratio is S = 0.25. Other temperature ratios show a
hyperbolic tangent like profile without the bump around n = 0 which is due to viscous heating. Note that the density
distribution does not quite follow the hyperbolic tangent profile due to the simultaneous dependence on temperature and
species mass fraction. The velocity profile shown in Fig. 18 is not a typical hyperbolic tangent profile for the same reason.
The O2 layer is much more uniform than the lower H2 layer due to mass and viscous diffusion across the mixing layer.
This have a significant effect on the stability of the mixing layer as already observed by Mendonca (2014).

Sample temperature profiles for different temperature ratios are shown in Figs. 19 and 20. When (7 is 0.75 or 1.0
the kinetic heating is clearly seen. For other values of temperature gradient, due to the temperature variation and due to
the low values of Mach number considered, the kinetic heating is not of major influence. Again, the O2 layer has a much
more uniform temperature distribution than the H2 layer.

Mass fraction profiles are shown in Figs. 22 and 21 where one can see that the compressibility does not have a strong
influence on the species distribution. As the temperature ratio increase the mass fraction becomes strongly asymmetric
with a much more uniform concentration of O2 in the upper layer and a slow transition to H2 in the lower layer. This is
due to the mass, momentum and heat diffusion properties of the two gases.

3.2.2 Binary Mixing Layer Stability Results

Only some typical stability diagram results are presented in the following figures in order to illustrate the main con-
clusions. Other combinations of Ma and S that follow the same trends and are not shown but are available from the
authors.

In general, for increasing 5 the most unstable growth rate is reduced and the range of unstable frequencies increase
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Figure 15. Largest growth rate as a function of the tem-
perature gradient S = T3 /T for different Ma numbers

Figure 16. Largest growth rate as a function of the tem-
perature gradient S = T3 /T for different Ma numbers
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Figure 17. density profile for 57 = 0.25. Figure 18. Velocity profile for S = 1.

as shown in Fig 23. As expected, comparing Figs. 23 and 24 it is possible to see that increasing the Mach the base flow
becomes more stable. This conclusion is valid for any Sr.

As the spanwise wave number increase to S = 0.4 the growth rate of the 57 = 0.25 ceases to be dominant (Fig. 25)
and as the flow becomes more compressible it is actually lower than the growth rate of other temperature ratios (Fig. 26).
In this cases the largest growth rate for different S are about the same and only starts to reduce for Sy > 2.0. In any
case, when the temperature of the slow H2 stream at the bottom is four times the temperature of the fast O2 stream at the
top, the instability is much weaker than in other conditions.

The same trend observed for § = 0.4 is also observed increasing 5 to 0.6, where the S = 0.25 case is further
stabilized with respect to other temperature ratios as seen if Figs 27 and 28. Besides this strong effect on the stability of
the S = 0.25 condition, three-dimensionality has a stabilizing effect on all temperature ratios considered in this study.

Compared to the results for the canonical hyperbolic tangent base flow profiles, the stability of the base flow computed
with the boundary layer code is much more sensitive to the temperature gradient, both in terms of the largest amplification
rate «; and in terms of the frequency of this largest «; which is shifted to higher values as 57 increases. Note that no
quantitative comparison between growth rates for the hyperbolic tangent and boundary layer profile should be attempted,
since no care was taken to ensure similar vorticity thickness between profiles.

3.2.3 Largest Growth Rates

Figures 29 through 34 show the largest growth rate variation with the temperature ratio S for different spanwise wave
numbers 3 and different Mach numbers. Regardless of Mach number, the stronger growth rate is two-dimensional and
the lower H2 layer is cooler than the upper O2 layer. Increasing three-dimensionality of the disturbances the strongest
growth shifts to the temperature ratio S in the range of 0.5 < B < 0.75. This is in contrast with the results from
the canonical hyperbolic tangent base flow profiles, where the strongest growth as always close to S = 0.75 regardless
of the spanwise wave number. As the temperature ratio increases the maximum growth rate becomes less dependent on
the three-dimensionality of the disturbances (/3). The results show the expected behaviour of decreased instability with
increasing compressibility.
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4. CONCLUSIONS

Results for single species and binary species mixing layer for compressible flows were investigated for a range of
Mach numbers, spanwise wave numbers and temperature ratios 57 = T /7. The base flow was computed either with a
hyperbolic tangent velocity and mass fraction profile and temperature profile given by a Crocco-Busemann relation, and
with the solution of the parabolic, compressible, variable properties, binary boundary layer code.

For the conditions tested the growth rate drops with compressibility and three-dimensionality of the disturbance.
For the canonical base flow profiles the largest growth rate is found to occur at the temperature ratio of S = 0.75,
and at higher temperature ratios the largest growth rate still show a strong dependence on the spanwise wave number.
On the other hand for the more detailed boundary layer base flow profiles, the larges growth rate corresponds to the
lower temperature ratio for two-dimensional disturbances, but shifts to temperature ratios of the order of 0.5 for three-
dimensional disturbances. When the more realistic boundary layer profile are considered for the base flow, increasing the
temperature ratio the growth rates are less dependent on the three-dimensionality of the disturbance, a behaviour that was
not observed on the hyperbolic tangent base flow profiles.
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Abstract. A well know method to characterize intake systems of internal combustion engines (ICE) is based on steady
flow tests, with fixed pressure drops across the system at different valve lifts. This means to consider only the average
flow, even that there is an inherent transient, caused by the complex geometry. This paper presents a comparison of
different numerical methodologies to solve the Cp in the intake system of an ICE. In this way, the k-¢ standard and the
SST k- Turbulence Models were utilized. With the k-¢ standard model it was possible to obtain the average flow, but
the SST k-w requires the transient solution, in order to satisfy the convergence criteria in the numerical solution, as a
consequence of the instable jet generated after the flow passes through the valve. The numerical results were compared
with experimental data obtained by the authors with the same boundary conditions. The Cp results revealed a good
agreement among both turbulence models, however, the SST k-w presented a better approximation of the experimental
data. Regarding the velocity fields, a notably difference between the models is obtained, with the k- standard model
revealing a smoother field, if compared with the SST k-wturbulence model.

1. INTRODUCTION

The discharge coefficient in an internal combustion engine (ICE) is studied computationally to assess the capability
of Computational Fluid Dynamics (CFD) in assisting experimental calibration and to develop better intake shapes.
Valves and ports play an important role in the design of internal combustion engines, and influence their performance in
the period they are open (Winterbone and Pearson, 1999) The steady flow data are representative of the dynamic flow
behavior of the valve in an operating engine. The pressure upstream of the valve varies significantly during the intake
process. However, it has been shown that over the normal engine speed range, steady flow discharge coefficient results
can be used to predict dynamics performance with reasonable precision (Heywood, 1988). Due to the curvature of the
intake geometry, the high gradients in the valve region and the large scale of the Reynolds number, the flow co mputation
in ICE becomes a big challenge for the turbulence models. Moreover, the flow in the valve exit generates a highly
turbulent conical jet that separates from the valve seat, producing shear layers with large velocity gradients. (Heywood,
1988). When the jet reaches the wall, it deflects the major portion of the jet toward the piston, however, a substantial
fraction flows upward toward the cylinder head (Bicen et al, 1985). The well prediction of this kind of free shear flow is
a big challenge for the turbulence models (Wilcox, 2000).

During the last years more numerical simulations have been done regarding the discharge coefficient focusing in
directed intake port types, including comparisons with experimental measurements (Bianchi et al, 2002, 2003; Paul and
Ganesan, 2010; Rech et al, 2010), With the growing availability of turbulent models and computational resources, many
works make comparisons, regarding their capacity of reproduce experimental data and CPU time demanding.

Kaario et al (2003) compared the k-¢ RNG (k-¢ Renormalization Group) turbulence model with the one-equation
subgrid scale model, incompressible and isothermal LES approach (Large Eddy Simulation). This particularized form of
the LES model used was able to capture more flow’s complex structures than the k-¢ RNG model, but remains the CPU
large time demand problem. Vielmo et al (2008) analyzed the numerical methodology applied on discharge coefficient
simu lation of a Diesel intake system with experimental results. They utilized two different CFD codes, Star_CD and
Fluent, and two different turbulence models: k-¢ standard and k- RNG. The results with the best accuracy were obtained
with Star_CD software and k-¢ RNG model. Although, the results with the Fluent are coherent if compared with the
experimental data, the difference was 6%. Martins et al. (2009) with Fluent software and k-¢ RNG turbulence model
developed an intake system with high swirl generation for a small engine in order to promote rapid combustion.
Accordingly, many works were done utilizing the group of k-¢ turbulence model and this study area lacks for more
accurately models.

It is important observe that all these computations are performed utilizing the steady state regime, because all the
boundary conditions are permanent. However, since the interaction between the valve and the flow generates an instable
jet, the steady-state solution may not describe all the reality of the phenomenon. The objective of this paper is the
analysis of different turbulence models to predict the intake system’s discharge coefficient of an internal combustion
engine. The numerical results were compared with experimental measurements in the engine with the valve stopped in a
certain gap.
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2. THE DISCHARGE COEFFICIENT

The mass flow rate through a poppet valve is usually described by the equation for compressible flow through a flow
restriction (Heywood, 1988). The Eq. (1) relates the actual mass flow rate through the intake valve to the isentropic mass
flow rate.

Cp= = 7 o)
po (M)l/y{i[l_(m)y_l/«/]} z

(RTp) 1.\ po y-1 Po

where m is obtained from the numerical solution, or experimentally. R is the gas (air) constant, T, the stagnation (inlet)
absolute temperature and vy the specific heat ratio. The variable A, that represents the valve flow area, is treated
considering the valve lift, seatangle, inner and outerdiameter as described for Blair (1999).

A global coefficient is obtaining by integration along the crankshaft angle, as follows (Vielmo et al., 2008):

e
C _ fIVO Cp do @
D_Global — IVC = IVO

where 6 is a crankshaft angular position, IVO is the intake valve angle openingand IVC is the intake valve angle closing.
3. MATHEMATICAL FORMULATION

In order to solve a turbulent flow, the Reynolds averaging is applied in the Navier-Stokes equation by means of a
decomposition of the instantaneous velocity in a mean (time-averaged) and fluctuation component. So, the velocity field
in the turbulent flow is described by the mass and momentum conservation equations (Navier-Stokes), in their transient,
compressible form as Eq.(3) and (4).

In Cartesian tensornotation,according Fluent (2014), the mass conservation is

dp 0
— 4+ —(u) =0
5t ox, (pu;) ©)

and the momentum
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The Eq.(3) and Eq.(4) are called the Reynolds Averaged Navier-Stokes (RANS) equation. They have the same
general form of the instantaneous equations, however the solution of the variables represent a time averaged value. The
turbulence effect is described by the additional term that appears in the standard Navier -Stokes equation. This additional
term —pu uj, named Reynolds stress, cause a mathematical inconsistency by adding more variable than equations. In

this way, the Reynolds stress needs to be modeled in order to solve the mathematical system. Each model depends on the
assumption made to represent the physical phenomena. The models presented in this paper employ the Boussinesq
hypothesis to relate the Reynolds stress to the mean velocity gradients as presented in Eq.(5).

- 2 ouy
TPy = HeSy — (Hta + Pk) 8y ®)
k

ulu

!
where p is the turbulent viscosity, k is the turbulent kinetic energy (k= %) and S;; is the mean strain rate. The

turbulent viscosity is not a fluid property, but a physical property of the flow, that varies point by point and with the flow
(Deschamps, 1998). Thus, the u, is modelled by an equation that depends on the utilized model. The models are
presented in the sequence of the paper.

3.1 Governing Equations for the k-¢ Standard Turbulence Model

The well-known k-¢ turbulence model was proposed by Launder and Spanding (1974). The model is based on
transport equations for the turbulent kinetic energy (k) and the turbulent dissipation rate (¢).
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In these equations, G, represents the generation of turbulence kinetic energy due to the mean velocity gradients, Gb
is the generation of turbulence kinetic energy due to buoyancy, Yy represent the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, C,,, C,, and C5, are constants, g, and o, are the Prandtl
number for k and e respectively and S, e S, are source terms. All the models constants are presented in Launder and
Spalding (1974).

The turbulent viscosity is calculated by the relation of the k and .

C,pk?
pe == ©

&

where p is the fluid density and €, a constant of the model.

The standard k-¢ model is not completely adequate for flows with curved streamlines (Deschamps, 1998), however,
the robustness, economy, and reasonable accuracy for a wide range of turbulent flows explain its popularity in industrial
flow and heat transfer simulations (Fluent, 2014).

3.2 Governing Equations for the SST K-® Turbulence Model

The standard k- model proposed by Wilcox (1988), differs from the standard k-¢ due to the better prediction of flow
with adverse pressure gradient and the near the wall region. Comparing with the Direct Numerical Simulation (DNS)
results, the specific dissipation rate (w) obtained good agreement when integrated until the wall (Wilcox, 2000). One of
the weak points of the standard k- model is the sensitivity of the solution in the free stream region (Fluent, 2014). Due
to utilize the good prediction of the k-¢ model in the free stream and standard k-« model near the wall, Menter (1993)
proposed a model that combine both models depending on the region of the flow. This combination is made utilizing a
blending function (F).

The specific dissipation rate is defined as w = ¢/C, k, and the general form of the turbulent kinetic energy is
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and specific dissipation rate is
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where. G, represents the generation of turbulence kinetic energy due to the mean velocity gradients, G,, represents the
generation of w, 7, and 7, represent the effective diffusivity of k and w respectively. Y, and Y, represent the
dissipation of k and w dueto turbulence, D,, represent the cross-diffusion term, S, and S, the source terms.

The turbulent viscosity is computed according to Eq.(11)

pk 1
Upy=——"""=""<pr3
“ max —1*,—SF2] (11)
ar’a, w

where F; is a blending function, S a strain rate, «* a damping coefficient.
4. NUMERICAL METHODOLOGY

The numerical solution was performed with FLUENT Finite Volumes CFD code, using k-¢ standard and SST k-w
turbulence. The boundary condition at the inlet was atmospheric pressure and at outlet the desired experimental suction
pressure, as can be seen in Fig.1. The mass air flow was solved for the same intake valve lift of the experimental
methodology. For all cases the temperature was 296 K, the wall treated as adiabatic, turbulence intensity 1= 0.05, and
length scale | = 0.014 m, as a consequence of the flow and geometrical characteristics. The convergence criteria used for
residuals was 10” and all computations were performed in double precision. In the k-¢ standard model the flow near wall
was computed with the High-Reynolds approach (standard wall function). The SST k-w model enabled the hybrid
treatment near the wall and was utilized in the solution. The hybrid wall treatment blends the High-Reynolds approach
and the Low-Reynolds solution depending on the mesh refinement near the wall. For both cases the pressure-velocity
coupling is solved through the SIMPLE algorithm and the differencing scheme was second order upwind .
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Fig. 1 — Cut A-A in the domain with the boundary conditions

Owing to the poor prediction of flows with high curvature, the k-¢ model can converge the solution in the steady-state
configuration, so the cases with this model were computed with the temporal term disabled. It is important to point that
computations with k-¢ model were not tested in transient state because the residual criterion could be achieved in steady
state regime. However, the studied phenomena have an intrinsic time variation due to the jet instability after the valve
gap and its recirculation. So the SST k- model can’t solve the flow in a steady state regime and computations for this
model were performed in transient configuration.

Regarding the mesh, all ones were generated with ICEM (ANSYS) software using unstructured tetrahedral cells with
three prism layers of 0.3 mm of thickness and a height ratio of 1.2. A mesh independence study was performed for each
model utilized, taking as parameter the mass flow rate in the outlet boundary.

4.1 Mesh independence study for k-¢ Standard Turbulence Model

For the mesh independence study the case taken was the 10 kPa of suction pressure and 2.5 mm of valve lift. All
meshes were generated with the same number of prism layers and thickness. After ten simulations with different volume
numbers, it was chosen about 750,000 cells in the domain. As can be seen in Fig.3, after this value, the parameter varied
only 0.5%.
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Fig.2 — Mesh independence study for k-¢ Standard Model

4.2 Mesh independence study for SST k- Turbulence Model

The case taken was the 10 kPa of suction pressure and 1 mm of valve lift. These simulations have a temporal
variation, therefore the results of mass flow rate were obtained as a time-averaged of ten emitted vortexes. First of all,
the spatial mesh independence study was performed with an appropriate time-step (4¢) that can converge the solution.
The Fig.3(a) shows the discharge coefficient of each mesh utilized. According to the figure, the mesh with about
1,500,000 volumes had an error minor than 1%, and was adopted in the temporal mesh independence study. Five time-
steps were analyzed and, as can be seen in the Fig.3(b), for all At utilized, the solution varied less than 0.2%. So, the
time-step selected was the 107 s.
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Fig.3 - Mesh independence study for SST k- Turbulence Model

The Fig.4 shows the mesh cut plane A-A adopted for each model, where the left was utilized for the SST k-w and the right
for the k-¢ Standard. In ICE, the intake flow is the minimum area for the flow, so, owing to this characteristic, a mesh
density with the half size of the global mesh was utilized in this region. A good mesh quality could be achieved in all
domain.

s

a) SST k-wturbulence model b) k-¢ Standard turbulence model
Fig.4 — Mesh utilized in each case

5. EXPERIMENTAL METHODOLOGY

Measurements were made in the intake system of a standard single cylinder four stroke Honda GX35 engine
(specifications in the Table 1).

Table 1. Specifications of the engine (Honda, 2014)

Bore x Stroke [mm] 39 x 30
IVO/IVC [BTDC/ATDC] 25.41/66.21
Displacement [cm®] 35.8
Maximum valve lift [mm] 2.82
Intake air system Naturally aspirated
Compression ratio 81

In order to generate the flow in the intake system the piston was removed, and an electrical fan controlled by a
voltage variator was put at end of the cylinder, providing a known suction pressure. The Fig.5 shows the scheme of the
developed test rig. It was set three different suction pressures: 10 kPa, 8 kPa and 6 kPa. This pressure downstream of the
valve was monitored with a piezoresistive transducer MPX4115AP (Freescale, 2010). For each suction pressure, the
intake valve was opened at: 1 mm, 2 mm, 2.5 mm. The valve lift was measured with a length gauge with an accuracy of
*+ 0.2 um (Heidenhain MT 25, 2012).
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Fig.5 — The test rig

The carburetor systemwas removed, and the mass flow measured below the intake valve with an automotive hot film
anemometer (Bosch, 2010; Beckwith et al, 1993). (Only part of the air-mass flow is registered by the sensor element.
The total air mass flowing through the measuring tube is determined by means of calibration, known as the
characteristic-curve of the sensor (Bosch, 2010). The characteristic-curve, relating output voltage of the hot film
anemometer and the air mass flow, was taken by an orifice plate, according ABNT standard (NBR 1SO 5167-1, 1994).
The hot film anemometer was connected to a data acquisition board National Instruments 6221 (NI, 2012). With the
supply of the LabVIEW software (LV, 2008), the measurements were done with a 2,000 samples per second. The
“steady” results were obtained with an average of one minute of measurement.

The intake valve opening was measured as a function of crankshaft angle in order to calculate the Cp gigpa. The
angular position of the crankshaft was measured by a rotary encoder, with a resolution of 0.175 degree (Autonics, 2012),
and the lift with the same length gauge previously described. Table 2 presents the angular interval corresponding to each
intake valve lift utilized to calculate the global discharge coefficient.

Table 2. Angular interval corresponding to each intake valve lift

Intake valve lift [mm] Angular interval A6 [degrees]
1.000 41.967
2.000 30.059
2.500 21.929

An uncertainty study was performed to estimate the total uncertainty of the mass flow measurement system. The
utilized method was the propagation of uncertainty, according Kline and McClintock (1953). By this way, the total
obtained uncertainty or the systemis 4% (Soriano, 2012).

6. RESULTS

The discharge coefficient of the intake systemof an internal combustion engine was obtained through computational
three-dimensional calculation utilizing k-¢ Standard and SST k- turbulence models. In order to compare the model’s
results, the same simulated cases were measured in a testrig developed by the authors.

The Fig.6 presents the experimental and numerical Cp results for the three valve lift utilized. The vertical line
centered in the experimental result denotes the uncertainty of the test rig. According to the Fig.4, both turbulence models
presented good results when compared with the measurement, however, for lower valve lifts the SST k-wachieved better
results, as expected. The biggest deviation of the SST k-w was in the higher valve lift, but it is still close to the
experimental result. Regarding the k-¢ model, although not perfectly adequate for this physical situation, for a global
parameter as the Cp its use can be accepted, taking into the account its lower computational cost and industrial
popularity.
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0.60-
O 0.55-
0.50-
0.45-

0.40
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Valve lift (mm)
Fig.6 — Cp for each valve lift
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The Fig.7 shows the results of Cp_gLosaL . for the three applied methodologies. Although the flow in the studied cases
had a wide range of Reynolds number, and in some regions a relaminarization occurs, both turbulence models presented
a good agreement with experimental results. However, the SST k-w is the model that presented better results compared
with the experimental data.

0.56 T I Experimental
2777 SST k-o
051 . 777 k¢

Cpb 0,53

0.524

0.51+1

0.504
Fig.7 — Cp gropar of the three methodologies applied

The Fig.8 shows the velocity contours in a section plane A-A in the center of the valve, fora lift of 2.5 mm. The SST
k- model oscillates the jet in the valve exit, so, for comparison, it was taken an instant of time that the jet was similar to
the k-¢ model. According to the results, there is a discrepancy in the velocity field regarding the turbulence model. The
difference starts upstream of the valve. When the flow hits the valve stem, a stagnation point is established, and it
behaves like a flow around a cylinder. So, in the right side of the valve stem, the SST k-w model predicts a higher
velocity due to a different prediction of the recirculating flow in this region. The difference persists inside the cylinder,
where in this instant of time the SST k- computes a bigger jet.
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Fig.8 — Contours of velocity in the section A-A for 2.5 mm of valve lift [m/s]

7. CONCLUSION

The steady flow through the intake system of an ICE was solved with FLUENT Finite Volumes CFD code, applying
the k-¢ standard and SST k-w turbulence model. The numerical results were compared in terms of Cp, for three different
valve lifts, with experimental results using an automotive hot film anemometer sensor, calibrated through an orifice
plate.

The studied phenomena have an intrinsic time variation due to the jet instability after the valve gap. In the case of the
SST k-® model, the flow could not be computed in a steady state regime. So, for this model, computations were
performed in transient configuration and the results of mass flow rate obtained as a time-averaged of ten emitted
vortexes. On the other hand, the k-¢ model permits the convergence of the solution in the steady-state configuration,
because it’s poorly prediction of this type of flow. Nevertheless, both numerical results revealed a good agreement with
the experimental data, taking into account its uncertainty. For lower valve lifts the SST k-w achieved better results, as
expected. Additionally, the worst result of this model is still in the experimental uncertainty range. Regarding the k-¢
standard model, all results are in the experimental uncertainty range too. This model is not perfectly adequate for this



Anais da EPTT 2014 IX Escola de Primavera de Transi¢ao e Turbuléncia
Copyright © 2014 ABCM 22 a 26 de setembro de 2014, Sao Leopoldo — RS, Brasil

physical situation, however, referring to a global quantity as the Cp, its use can be accepted, taking into the account its
lower computational costand industrial popularity.

Considering the velocity fields, a difference between the models results is seemed for the region of the duct upstream
the valve gap, where a recirculation region is present.

Concluding, for the well prediction of the flow simulation in internal combustion engines, the SST k- turbulence
model is more appropriated. This result is achieved because the engine ducts have a high curvature and a separating
region downstream the valve, which adds more complexity for the studied phenomenon.
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Time-resolved numerical simulations, such as Large Eddy Simulations (LES), have the capability of simulating the un-
steady dynamic of large scale energetic structures of turbulent velocity fields. However, they are known to be sensitive
to inflow conditions so that modelling of the inflow boundary conditions may become a crucial ingredient of the com-
putational model. The present work reports Large Eddy Simulations of reactive turbulent channel flows of premixed
propane/air mixtures. The principal aim of this study is to investigate the sensitivity of the flow dynamics and mixing to
inflow conditions. The analysis undoubtedly confirms that the mean velocity and turbulence kinetic energy profiles at the
inflow significantly affects the computational flowfield. It is also found that, even with properly set mean velocity and
turbulence kinetic energy profiles as available from experimental data flowfields still remain extremely sensitive to the
choice of the synthetic turbulence model retained.

1. Introduction

It is well known that a subject of great importance for fluid flow numerical simulations is the prescription of correct
and realistic boundary conditions. For outflow conditions, it appears that the use of a buffer zone (BODONY, 2006) or an
advective boundary condition (ORLANSKI, 1976), or even a combination of both, may adequately describe several flow
conditions of practical interest. The specification of inflow boundary conditions may also raise several issues. For steady
Reynolds Averaged Navier Stokes (RANS) simulations, simple analytical or experimental profiles are retained for mean
velocity components and turbulent characteristics. For LES or Direct Numerical Simulations (DNS), however, the inflow
data should consist of an unsteady fluctuating velocity signal representative of the turbulent velocity field at the inlet.

There are several ways to remedy this situation, and the existing methods belong to two principal categories: (i)
recycling methods, in which some sort of turbulent flow is pre-computed, prior to the main calculation, and subsequently
introduced at the domain inlet, and (ii) synthetic turbulence methods, in which some form of random fluctuation is gen-
erated, modulated according to experimental data, and combined with mean inflow. Other appealing strategies have been
introduced in the literature, some of them are based on Fourier techniques, and others rely on the Proper Orthogonal
Decomposition (POD) introduced by Lumley (1967), see for instance Druault et al. (2004).

The present manuscript is organized as follows: first a brief description of recycling methods is provided. Further,
synthetic turbulence generators are presented, and the four methods retained in the present work are detailed: (i) the white
noise, (ii) the method proposed by Klein, Sadiki and Janicka (2003), (iii) the Random Flow Generator - RFG introduced
by Smirnov, Shi and Celik (2001) and (iv) the Synthetic Eddy Method - SEM of Jarrin et al. (2009). The synthetic tur-
bulence generators have been implemented in a low Mach number Navier-Stokes solver, the main features of which are
presented, including a brief description of both mathematical and numerical aspects. Finally, the paper ends with the ap-
plication of the above-mentioned synthetic turbulence generators to the numerical simulation of high speed non-reactive
and reactive turbulent mixing layers, which were experimentally studied by Moreau and Boutier (1977), see also Magre
et al. (1988).

2. Literature review

The specification of realistic turbulent inflow boundary conditions remains a challenging issue for both LES and
DNS. A review of some of the existent methods that deal with such turbulent inlet conditions is provided below.
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2.1 Recycling methods

The most accurate method to specify turbulent fluctuations for either LES or DNS would be to run a suitable pre-
cursor simulation with the purpose of providing the main simulation with accurate boundary conditions. However, such a
procedure has been used only when the turbulence at the inlet can be regarded as a fully developed or a spatially develop-
ing boundary layer and in the absence of feedback mechanisms. In these cases periodic boundary conditions in the mean
flow direction can be applied to the precursor simulation. In general, the simulation of the precursor flow is initialized
with a mean velocity profile perturbed with a few unstable Fourier modes. Instantaneous velocity fluctuations in a plane
positioned at a fixed streamwise location are extracted from the precursor simulation and prescribed at the inlet of the
main simulation at each time step.

In practice, periodic boundary conditions can only be used to generate inflow conditions for homogeneous flows
in the streamwise direction, which restricts their applications to simple fully developed flows. In the present work, we
focused our developments searching for a general approach for generating inlet turbulent conditions, hence the resort to
synthetic turbulence generators.

2.2 Synthetic turbulence generators

Methods that do not rely on a precursor simulation, or re-scaling of a database obtained from a precursor simulation,
synthesize inflow conditions using some sort of stochastic procedure. These procedures use random number generators to
build a fluctuating velocity signal similar to those observed in turbulent flows. This is possible based on the assumption
that a turbulent flow can be approximated from a set of low order statistics, such as mean velocity, turbulent kinetic energy,
Reynolds stresses, two-point or two-time correlations. However, it is worth emphasizing that the resulting synthesized
signals remain only a crude approximation of turbulence. From a statistical point of view, some crucial quantities, such
as the dissipation rate, the turbulent transport or the pressure-strain term that appears in the Reynolds stresses balance are
often not well reproduced. The dynamics of the turbulent eddies are not perfectly recovered, and the synthesized flow
may undergo a transition to turbulence. Therefore, synthesized turbulence can have a structure that significantly differs
from that of the real flow fields (JARRIN et al., 2009).

2.2.1 White noise based synthetic turbulence generators

The most straightforward approach to build synthetic fluctuations is to generate a set of independent random numbers
between zero and unity which can mimic the turbulence intensity at the inlet. Indeed, if the turbulent kinetic energy level
k is known, it can be used to scale a random signal R,,, with zero mean and unity variance. Thus, the fluctuations
exhibit the correct level of turbulent kinetic energy, which yields u; = u; + Ry, \/2k/3, where R, is taken from
independent random variables for each velocity component at each instant and location on the computational inlet plane.
This procedure generates an isotropic random signal that reproduces both the mean velocity and turbulent kinetic energy
levels. However, the signal generated does not present any two-point nor two-time correlations. The white noised based
random fluctuations have their energy sprectrum uniformly spread over all wave numbers and, as already stated above, this
energy will be quickly dissipated downstream of the inlet boundary. A more valuable approach for generating synthetic
turbulence consists in creating bins of random data, which can then be processed using digital filters, so that the resulting
set of processed data will display desired statistical properties, such as spatial and temporal correlations (LUND, 1998;
KLEIN; SADIKI; JANICKA, 2003).

2.2.2 Digital filters based synthetic turbulence generators

Klein, Sadiki and Janicka (2003) proposed a digital filtering procedure to remedy the lack of large-scale correlation
in the inflow data generated from the above method. In one dimension the velocity signal w’(j) at a point j is defined as
a convolution or a digital linear non-recursive filtering, v’ (j) = ZkN:_ ~ bk R4k, where Ry, is a series of random data
generated at point (j + k) with R =0, Ry Rm = 1 and by, are the filter coefficients. The integer number N is related
to the size of the filter support.

Following Klein, Sadiki and Janicka (2003), it is possible to generate a large amount of data, store and convect it
through the inflow plane by applying Taylor’s hypothesis. However, for the applications considered here, the inflow data
will be generated on-the-fly.

It should be noted that the main parameters retained to evaluate this method are the choice of the length scales, which
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are directly connected to the filter support size, and the dimensions of the control volume. Thus, a given value of the
characteristic length scale may be reproduced by correctly choosing the filter support size as well as the control volumes
dimensions. However, as will be shown below, the length scales and, consequently, the filter support size strongly impact
on the computational cost of the method. Finally, since a fixed computational grid is used here to assess the different
turbulent inflow generators, the parameters retained to evaluate the method of Klein, Sadiki and Janicka (2003) will be
the support size, only.

2.2.3 Synthetic turbulence generators based on Fourier techniques

To the authors best knowledge, Kraichnan (1970) was the first to use a Fourier decomposition to generate a synthetic
fluctuating turbulent flow field. In Kraichnan’s early work, the flow is initialized with a three-dimensional homogeneous
and isotropic synthetic velocity field to study the diffusion of a passive scalar. Since velocity fluctuations are homo-
geneous in the three dimensions, they can be decomposed in the Fourier space, u’(x) = >, 0 e~ %>, where k is a
three-dimensional wave number vector. Each complex Fourier coefficient @) defines an amplitude evaluated from a pre-
scribed isotropic three-dimensional energy spectrum E'(|k|) and a random phase 6y, taken uniformly in the [0, 2] interval
(ROGALLO, 1981). The synthesized velocity field is thus given by u'(x) = >, /E(Jk|)e~ik*+0)  Several adap-
tations of Kraichnan’s method were proposed throughout the years. Among them,important developments can be found
in Lee, Lele and Moin (1992) and Le, Moin and Kim (1997). More recently, Smirnov, Shi and Celik (2001) modified
the method of Le, Moin and Kim (1997) in such a manner that it becomes possible to obtain a turbulent velocity field
by requiring statistical information only. The method of Smirnov, Shi and Celik (2001) is capable of synthesizing non-
homogeneous turbulence within a general framework. It relies on the Fourier decomposition, with Fourier coefficients
computed from spectral data based on local turbulent time and length scales obtained at different locations across the flow.
This method, called Random Flow Generation - RFG, differs from the original proposal of Lee, Lele and Moin (1992)
since it does not use of Fourier transforms. It is based on scaling and coordinates transformation operations only, which,
on non-uniform grids, are much more efficient.

It is worth noting that this procedure requires specifying the characteristic integral length and time scales of turbulence,
and the correlation tensor R;; of the flow. These quantities can be obtained from experimental data, but some of them
may also be approximated from preliminary RANS simulations.

2.2.4 Synthetic eddy method - SEM

The synthetic eddy method (SEM), proposed by Jarrin et al. (2009), is based on the decomposition of the turbulent
flow field into stochastic coherent structures. The corresponding eddy-structures are generated at the computational
domain inlet plane and defined thanks to a shape-function f,(z), which is intended to embrace turbulence spatial and
temporal characteristics.

The synthetic eddy method can be introduced by using a one-dimensional scheme, in which the velocity component
is generated within the range [a,b]. The shape-function of each turbulent spot features a compact support in [—c, o], a
position z;, a length scale o and is assigned a signal ¢;. In other words, the contribution v(?) (z) of a turbulent spot 7 to the
velocity field, is defined as (") (x) = ¢, f, (z — x;), with a location 2; randomly chosen within the range [a — o, b+ o] and
where ¢; denotes a random step of value —1 or +1. The synthetic eddies are generated in an interval larger than [a, b]. This

larger interval guarantees that the inlet points are surrounded by eddies. Finally, the resulting velocity field u(z) at any
N

location will be the sum of the contributions of all synthetic eddies located in the domain, u(z) = 3. € f,(z — z;)/V/'N,
i=1

where N denotes the total number of synthetic eddies. The final velocity field u; is then obtained from the above synthetic

fluctuating velocity field u; the velocity mean profile #;, and the Cholesky’s decomposition a;; of the Reynolds stress

tensor: u; = u; + aiju;.
3. Computational model

The mathematical and computational framework retained to proceed with the numerical simulation is now briefly
presented. The interested reader may find a detailed presentation elsewhere (VEDOVOTO et al., 2011). A hybrid approach
in which the LES methodology is coupled with the transport of the scalar probability density function (PDF) is retained
to describe the reactive cases. The method involves the numerical solution of partial differential equations (LES solver)
together with stochastic differential equations (PDF solver). From the LES approach the Eulerian filtered variables are
evaluated while stochastic differential equations (SDE) are solved using Lagrangian notional particles to simulate the
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modelled transport equation of the scalar PDF (POPE, 1985; COLUCCI et al., 1998). The latter yields the one-point,
one-time statistics of subgrid-scale scalar fluctuations and thus provides the LES solver with the corresponding filtered
chemical reaction rate.

3.1 Set of filtered equations

The following simplifying assumptions are used: (a) fluid is considered as Newtonian, (b) body forces, heat trans-
port by radiation, Soret and Dufour effects are not addressed, (¢) the model is developed for low Mach number flows,
(d) we consider unity Lewis number values and equal molecular diffusion coefficients for all species, (e) heat losses are
neglected. The mathematical model considers multi-species variable-density reactive flows, in which the primary trans-
ported variables are the density p, the three velocity components w;, the specific enthalpy h and the mass fractions Y}, of

the K chemical species (k = 1, ..., K), the balance equations are:
Jp O0puj
Ll
pu; | Opuju;  OTy _ony @
ot._ ox; _ 85% 6'% ’SGS
dp « opu; e} a,j a,j el
P00, OPlifa _ Tioy  Tlaj g )

ot Oz Oz 0x;
where the variable ¢, denotes the mass fraction of a chemical species or the enthalpy of the mixture, (z;,7 = 1,2, 3) are
the spatial coordinate, and ¢ is the time. T;; = 7;; — p d;; is the tensor of mechanical constraints including both a devia-
toric (shear stresses 7;;) and a spheric (pressure p d;;) contribution, while @), ; denotes the component of the molecular

diffusion flux of the scalar « in the direction j. In the above expression, 7% = (pu;u; — pu; u;) is the subgrid scale

J

(SGS) stress tensor and Q;"; = (puiqﬁa — puy %a) represents the SGS scalar flux components, respectively. Finally, the

last term in the RHS of Eq. (3), i.e. S, denotes the filtered reaction rate. The above system is completed by an equation
of state: P = Py(t) + p(x,t), with Py(t) the thermodynamic pressure.
The unresolved momentum fluxes are expressed according to the Boussinesq assumption,

Tig = OiThie /3 = 2hhsos (gij - (5@5%/3) @

where i is the subgrid scale viscosity, and Eij = (0u,;/0x; + Ou;/0x;)/2 is the strain rate tensor of the resolved
field (FERZIGER; PERIC, 1996). The eddy viscosity fis is obtained from the Smagorinsky closure, i.e., assum-
ing that the small scales are in equilibrium, so that energy production and dissipation are in balance, which yields,

fsos = 2p(CsA)2|S| = 2p(C,A)? (2§¢j§ij)l/2, where C; denotes the Smagorinsky constant. It is known that this
closure can be excessively dissipative, especially near the walls, which is corrected herein by using a van Driest damp-
ing function (FERZIGER; PERIC, 1996). Finally, the SGS scalar flux is represented with a gradient law, Q. ; =
— ﬁrma&y /0z;, where 811 is the resolved scalar field and I'y; denotes the subgrid diffusion coefficient evaluated from
Dyes = 2p(CsA)? \g |/ Seses with Seggs a subgrid scale turbulent Schmidt number.

3.2 Lagrangian Monte Carlo approach

The Lagrangian Monte Carlo approach offers the most classical framework to deal with the above PDF transport
equation (POPE, 1985; FOX, 2003). In this approach, the joint scalar PDF is represented by an ensemble of notional
particles (FOX, 2003), which evolve according to equivalent stochastic differential equations (SDE). A general framework
to construct SDEs that are equivalent to the PDF transport equation is provided by Gardiner (2009).

In the present context, the SDEs that describe the trajectory of the particles in the physical space, x, and in the sample
space of the scalar field, ¥, can be written as:

8FSGS
£

dx = [ﬁ(x,t) +5 }dt—s— V2 s dW (1), (5)

AV = [~ (¥ — (B)) + S(V)/p()] dt ©)
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where W (¢) denotes the Wiener process, associated with a gaussian random variable featuring zero mean value and a
variance dt (FOX, 2003), ,,, = C,,(T" + I'ss) /A? denotes the turbulent mixing frequency, with C, = 2.0 the mechan-
ical to scalar time scale ratio (RAMAN, 2004). The evolution of each notional particle occurs according to statistically
independent increments dW (t), with a subgrid scale diffusion coefficient evaluated from the LES solver. The possible
restrictions associated with the use of such an approach have been extensively discussed by Haworth (2010).

3.3 Numerical model

The essential features of the solver that has been used to conduct the numerical simulations are now presented and
the reader may refer to (VEDOVOTO et al., 2011) for further details.

3.3.1 Navier-Stokes equations (NSE) solver

The numerical method is based on a three-dimensional, conservative, staggered, finite-volume discretization. In the
present work, a fully implicit scheme is retained, which requires the numerical resolution of a large algebraic system; the
MSIP - Modified Strongly Implicit Procedure (SCHNEIDER; ZEDAN, 1981) is retained to this purpose.

In the low Mach number flows under consideration, the density is solely determined by the temperature and thermo-
dynamic pressure fields Py. The energy equation plays the role of an additional constraint on the velocity field, which
is enforced by the dynamic pressure. This constraint acts onto the velocity field divergence, and it is related to the total
derivative of the density, see Vedovoto et al. (2011). Once the pressure correction is evaluated, the velocity field can be
updated. The present numerical simulations are conducted with a central difference scheme (CDS) to represent the spatial
derivatives. Time integration is performed using the backward difference scheme (BDF) with a CFL number value set to
0.5. Further information about the available discretization procedures, as well as the verification of the numerical code
developed can be found in Vedovoto et al. (2011).

3.3.2 Stochastic differential equations (SDE) solver

The Lagrangian stochastic particles move through the physical space independently of each other. They are assigned
spatial coordinates and represent mass. Due to the stochastic nature of motion, the number of particles present in a
given elementary volume changes in time. In order to prevent particle accumulations in computational cells, and to
keep small computational cells from running empty, particles are ascribed a relative weight and are periodically sampled
(ZHANG; HAWORTH, 2004). Following Pope (1985), the SDEs are discretized resorting to a fractional step method. In
the next sections we proceed with the analysis of the different turbulent inflow generators by conducting the LES of the
experimental test case of Moreau and coworkers. In a first step of the analysis, the corresponding wall bounded turbulent
mixing layer flows is investigated in non reactive conditions and then attention is focused on the high-speed turbulent and
reactive mixing layer.

4. Numerical simulations of a wall bounded turbulent mixing layer flow

The influence of the synthetic turbulence generators is studied via three-dimensional numerical simulations of a
high speed mixing layer. The obtained results are compared with the experimental data provided by Moreau and Boutier
(1977). The computational domain is a three-dimensional box with dimensions (800 x 100 x 100) mm?, discretized with
a finite volume mesh featuring 320 x 100 x 100 cells in the x1, x2 and z3 directions, respectively. Since the numerical
code developed has the capability of performing distributed computing, the computational domain is divided into 40 sub-
domains. No-slip boundary conditions are imposed in the x2 and x5 directions. An advective boundary condition is used
at the outflow. The Smagorinsky model is used with Cs = 0.18, and the Van-Driest damping function is applied at the
walls. The Reynolds number, based on the initial width of the mixing layer, 6, = 5 mm, the mean velocity difference
between the two inlet streams U,. = 97.5 m/s and the value of the kinematic viscosity of air at 600 K is Re = 3075.

To perform the comparative analysis, the white noise synthetic turbulence generator is considered with fluctuation
levels of 20% and 10% imposed on the streamwise and transverse velocity components respectively. For the simulations
conducted with the method of Klein, Sadiki and Janicka (2003) the size of the filter support is set to 10, whereas 1, 000
Fourier modes are retained for the simulations based on the method of Smirnov, Shi and Celik (2001). For the simulation
carried out using the method of Jarrin et al. (2009), 10k eddies are used.
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Figure 1. Component in x2-direction of the vorticity as obtained from the simulations carried out with the method: (a)
white noise, (b) Klein, Sadiki and Janicka (2003), (¢) RFG of Smirnov, Shi and Celik (2001), and (d) SEM of Jarrin et
al. (2009).

Figure (1), which depicts the vorticity component along direction x2, also provides a valuable insight into the be-
havior of the Smagorinsky model. It is commonly agreed that the Smagorinsky model is highly dissipative. This is one
of the reasons that also explains why the white noise generator signal imposed at the inlet may be rapidly destroyed.
However, provided that a more elaborated method is retained to generate the inflow turbulence, Fig. (1) confirms that a
signal featuring large scales introduced in the domain is not so quickly dissipated, even when the Smagorinsky model is
used.

20

15F

z3 10

L e | 1 1
% 700 100 200 100

Figure 2. Mean longitudinal velocity profiles. (e): Moreau and Boutier (1977); RFG of Smirnov, Shi and Celik (2001) (-
- -); Klein, Sadiki and Janicka (2003) (— - —); white noise (— - -—); SEM of Jarrin et al. (2009) (—).

In order to assess quantitatively the methods implemented, Fig. (2) displays comparisons of the averaged u;-
component of the velocity with experimental data at four distinct locations in the computational domain, for x5 = 10. The
results confirm that the different methods provide an acceptable representation of the mean velocity field when compared
with experimental data. However the need for an improved turbulent inflow generator becomes clear to reproduce the
levels of velocity fluctuations. Indeed, it can be seen in Fig. (3) that the superimposition of white noise on the mean
velocity is unable to recover the experimental data in the first half of the computational domain along the x;-direction. In
contrast, the results obtained with the methods of Klein, Sadiki and Janicka (2003), Smirnov, Shi and Celik (2001), and
Jarrin et al. (2009) display a more satisfactory level of agreement with experimental data at the same location.
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Figure 3. /Ry stress tensor component. (e): Moreau and Boutier (1977); RFG of Smirnov, Shi and Celik (2001) (- - -);
Klein, Sadiki and Janicka (2003) (— - —); white noise (— - -—); SEM of Jarrin et al. (2009) (—).

From the computational cost point of view, it is clear that the better quality of the results obtained with the methods
of Klein, Sadiki and Janicka (2003), Smirnov, Shi and Celik (2001) and Jarrin et al. (2009) require longer CPU times than
that associated with the simple superimposition of a white noise on the mean inlet velocity. However, for the present test
case, the simulations conducted with the methods of Klein, Sadiki and Janicka (2003) and Smirnov, Shi and Celik (2001)
correspond to approximately the same computational cost, i.e., about 40% more than that associated with the white noise
methodology, for the former, and 35% for the latter. The cost associated with the numerical simulations conducted with
the SEM is 55% higher than that conducted with the white noise. The methods of Klein, Sadiki and Janicka (2003) and
Smirnov, Shi and Celik (2001), therefore, appear as particularly attractive. Nevertheless, there are two crucial differences
between the methods of Klein, Sadiki and Janicka (2003) and Smirnov, Shi and Celik (2001). The first does not yield
temporal correlations, only spatial correlations are guaranteed. Moreover, the method of Smirnov, Shi and Celik (2001)
generates a divergence-free velocity field at the inlet.

5. Reactive flows simulations

Although there is already some literature available to describe the influence of realistic turbulent inflow data pre-
scription on non-reactive flows (TABOR; BABA-AHMADI, 2010), such an analysis of the turbulent inflow data effects
is much less common for turbulent reactive flows. In this last subsection, a set of two-dimensional reactive flow sim-
ulations is conducted to evidence such effects. The computational domain is a three-dimensional box with dimensions
(800 x 2 x 100) mm?. Tt is discretized with a mesh of 320 x 1 x 100 control volumes in the z;, x5 and z3-direction,
respectively. Periodicity and no-slip boundary conditions are imposed along x5 the x3-directions respectively. The com-
putational domain is divided into 8 parallel regions. The other parameters remain the same as those retained for non
reactive cases. Concerning the turbulent inlet generators, for the reactive flow simulations we retain the set-up of the
non-reactive simulations.

For the simulation conducted with the white noise, a fluctuation level of 20% is imposed on the streamwise velocity
component, while fluctuations of 10% are set for the cross stream velocity component. For the simulations performed
with the method of Klein, Sadiki and Janicka (2003) the filter support size is set to 10, while one thousand (1, 000) Fourier
modes are used for the simulations based on the method of Smirnov, Shi and Celik (2001). Ten thousands (10k) eddies are
considered in the simulation conducted with the Synthetic Eddy Method of Jarrin et al. (2009). Magre et al. (1988) have
provided a large amount of experimental data gathered in the geometry previously used by Moreau and Boutier (1977) for
different flow conditions.

To proceed with the mathematical modelling of the chemical source term, we retain a single step, global, and irre-
versible reaction that involves the progress variable, i.e., a normalized temperature defined by ¢ = (T — T,)/(Tp — Tw)
where the subscripts © and b denote fresh reactants and fully burned gases conditions respectively. The correspond-
ing chemical reaction rate is given by S(c) = A, pS , where the pre-exponential constant can be calculated as A, =
AS? Jlvexp (—f/a)] and S = (1 — ¢)exp [-B(1 — ¢) /(1 — a(1 — ¢))] Williams (1985). In the previous expressions, o
denotes a normalized temperature factor « = (T, — Ty,) /Ty and the reduced activation energy is 8 = «(T,,/T}), where
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T, = E,/R is the activation temperature, E,, is the activation energy and R is the universal constant of gases. Here, we
set E, = 8,000J/mole, which is a value representative of CH,-air combustion. The DVODE algorithm of Byrne and
Dean (1993) is employed to perform the numerical integration of the chemical reaction rate.

The initial and boundary condition for the mean value of the progress variable at 27 = 0, are set with a hyperbolic
profile, separating the streams of gases from the auxiliary burner (¢, = 1; T, = 2000 K) and of the main duct (¢, = 0;
T, = 560 K). Concerning the Monte Carlo simulation, 50 particles per control volume are used and the Milstein scheme
is employed for the numerical integration of the system of SDEs.
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Figure 4. Instantaneous fields of chemical reaction progress variable ¢ - top, and chemical reaction rate S(c) - bottom.
The subfigures (a), (b), (c), and (d) display results of simulations with the respective inlet boundary condition methods:
white noise; Klein, Sadiki and Janicka (2003), RFG of Smirnov, Shi and Celik (2001) and SEM of Jarrin et al. (2009)

Figure (4) shows instantaneous fields of the chemical reaction progress variable ¢ and the filtered chemical reaction
rate S(c) for the present set of numerical simulations. The method of turbulent inflow data generation clearly influences
the shear layer spreading rate as well as the position of the instantaneous filtered flame front. For instance, if we consider
the subfigure (a) of Fig. (4), the longitudinal span of the turbulent flame front obtained with the white noise is larger than
the one obtained using the other three methods.

Concerning the influence of the inlet boundary condition, we observe in Fig. (5) that accounting for a fluctuation
spectrum always gives rise to a shorter and thicker flame brush. The length of the 2D flame brush, based on the location
of the iso-line {¢) = 0.9 in the x; direction, is found to be 560 mm for the simulation carried out with the superimposition
of a white noise, while for the methods of Klein, Sadiki and Janicka (2003), Smirnov, Shi and Celik (2001) and Jarrin et
al. (2009) the lengths are 543, 497 and 414 mm respectively.

Finally, an interesting point that can be evidenced from the present investigation is to determine how the choice of
the method of generation of turbulent inflow data may affect the representation of the flame-turbulence interaction. To
this purpose, we recall the definition of the Damkohler number, Da = 7;/7., which is the ratio of the characteristic
turbulent time scale, 7; and the chemical time scale, 7.. This number is one of the quantities that characterizes how
turbulence interacts with chemical reactions. It should be noted that the different synthetic turbulence generators may
lead to different Damkohler number values.

Indeed, the characteristic time of turbulence is strongly affected by the different methods retained to generate inflow
data. Considering the white noise technique, we observed that the fluctuations lie in the range 1 — 20 m/s, whereas using
the methods of Smirnov, Shi and Celik (2001), Klein, Sadiki and Janicka (2003) and Jarrin et al. (2009), the maximum
value of fluctuations downstream of the flame brush are about 60, 40 and 70 m/s respectively. Given the grid size and the
computational domain retained in the present study, which provide a minimum length of the control volumes of 1 mm,
the turbulent characteristic times for the white noise superimposition, the method of Klein, Sadiki and Janicka (2003), the
method of Smirnov, Shi and Celik (2001), and the Synthetic Eddy Method are 50 us, 16 us, 25 s and 14 us, respectively.
For the cases simulated in the present work, the Damkohler number value is found to be 0.11 for the white noise. For
the simulations performed with the methods of Klein, Sadiki and Janicka (2003), Smirnov, Shi and Celik (2001) and
Jarrin et al. (2009), the Damkohler number is 0.033, 0.055 and 0.03, respectively which clearly confirms how the results
of turbulent reactive flow simulations may be sensitive to the methodology used to generate synthetic turbulence at inlet
boundary conditions.
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Figure 5. Averaged fields of chemical reaction progress variable c - top, and chemical reaction rate S(c) - bottom. The
subfigures (a), (b), (c), and (d) are results of simulations with the respective inlet boundary condition methods: white
noise ; Klein, Sadiki and Janicka (2003), RFG of Smirnov, Shi and Celik (2001) and SEM of Jarrin et al. (2009)

6. Conclusion

Large Eddy Simulations of both reactive and non reactive turbulent channel flows of methane/air mixtures have
been conducted with special emphasis placed on the influence of turbulent inlet Boundary Conditions. The analysis
undoubtedly confirms the sensitivity of the obtained results to the choice of the synthetic turbulence generator retained
at the inlet of the computational domain. The computational results of the corresponding LES are investigated in details
and the quality of the agreement with experimental data is found to be significantly improved by resorting to elaborated
synthetic turbulence generators that account for the large scale dynamics and coherence. The results obtained for reactive
flow conditions also clearly emphasize the influence of the retained model on the chemical rate statistics, which confirms
the importance of this issue for the LES of turbulent reactive flows. From the computational cost point of view, the
methods of Klein, Sadiki and Janicka (2003), Smirnov, Shi and Celik (2001) and Jarrin et al. (2009) require longer CPU
time than the method associated with the simple superimposition of a white noise on the mean velocity inlet profile. For
the present applications, the additional CPU costs lie between 35% for the method of Smirnov, Shi and Celik (2001), and
55% for the method of Klein, Sadiki and Janicka (2003), which remains moderate considering the potential improvements
that may be obtained from their use.
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Abstract. El objeto de presente trabajo es el estudio déleroas de dispersidon de contaminantes en la atmadefe
tuneles de viento. El empleo de un modelo a esedlacida brinda la posibilidad de analizar el preoede dispersion
en modelos complejos, donde intervienen una magmatidad de variables debido a la presencia de edifiones de
gran altura o topografia complejas. Ademas, perraitestudio de varias situaciones y alternativasapel disefio de
la fuente emisora. La simulacion del proceso dpeafision de contaminantes en el tinel de vientoiesgude dos
conjuntos de criterios de semejanza, el primeraldste que el escurrimiento dentro del tinel daeteisea semejante
al viento natural en la capa limite atmosférica elysegundo que las caracteristicas de la fuentecegit modelo y
prototipo sean semejantes. Los objetivos de eatmjw son; el estudio de criterios de semejanzaedelrrrimiento
atmosférico y de la fuente de emisién para consegyiroducir el proceso de dispersion, y realizarauprimera
aproximacion al estudio experimental de este fem@mEn primer lugar se presentan los resultado®oioios de un
estudio de visualizacion de un proceso de dispensdlizado en el tinel de viento de la Facultadrigenieria de la
UNNE, empleando humo como trazador y tres velo@sdat operacién. Se realiza el estudio de la plammalada a
partir del procesamiento digital de las imageneseoldas durante el ensayo. Se analiza ademas ahtemiento de la
pluma comparando las mediciones realizadas conrgsltedricos.

Finalmente se presentan resultados preliminaregxjgerimentos realizados para evaluar el campo deEeotracion
para una fuente de emision de un gas muy liviailizartdo un modelo a escala reducida. Estas pruefb@son
realizadas en el tinel de viento del Laboratoric’@godinamica das Construcdes de la UFRGS.

Los resultados obtenidos en este trabajo contréouiren gran medida al perfeccionamiento de técnidas
visualizacion, que como se describid tienen laajande ser mas sencillas econdmicas de realizarlgsiestudios de
campo. Por otro lado, en estudios de este tipo,prmer analisis cualitativo significa una optimizén de los
posteriores ensayos de medicién puntual de coraaptres.

1. INTRODUCCION

Los contaminantes del aire son sustancias que ousstdn presentes en la atmdsfera afectan de madhezesa la
salud de humanos, animales plantas, dafian maseoajeneran molestias en la vida cotidiana. Enilliimos afios ha
crecido el interés en este tema debido a los inralies efectos que ocasiona sobre la vida en eéf@laEliminar estas
acciones seria una medida tan drastica que adtdemiestandares de vida actual, por lo cual se ppt un mayor
estudio del fendmeno y por un planteo de solucigoestiendan a controlar las emisiones que secegaii la atmosfera
(Noel de Nevers, 2000).

Los efectos que los contaminantes tengan sobrealad humana dependeran del tiempo de exposicion,
concentraciéon del contaminante y de la edad y esddadsalud de la persona. Los animales, la vegetaizimbién son
susceptibles a los efectos de los contaminanteaidelcomo asi también algunos materiales en desogasiona un
deterioro acelerado.

El control de las emisiones muchas veces se haaestar con herramientas que permitan evaluaprosesos de
dispersion de gases y determinar los niveles deertracion de los contaminantes, y otras vece® meaiza. En este
contexto, el desarrollo de experimentos y modelas germitan evaluar los procesos de dispersibrod&aminantes
descargados en la atmésfera se torna importante.

La simulacion matematica o experimental de un faman complejo como es la dispersidn atmosfénaatituye
un instrumento Gtil al momento de planificar o adopnedidas correctoras en instalaciones determimad

El transporte y la difusion turbulenta de contamtea atmosféricos, los efectos del viento en edfig estructuras
y la modificacién del viento en areas urbanas popresencia de edificios, pueden ser consideraddemas a la
Ingenieria de Vientos. Para el andlisis de estoilsl@mas, esta rama de la Ingenieria utiliza praloiente mediciones a
escala natural, ensayos en tuneles de viento delicaje y simulacién numérica.

En particular, el proceso de difusion y transpdeecontaminantes depende de las condiciones mkigiocas de la
capa limite atmosférica y es controlado por lastfiaciones de velocidad y direccién del viento. dstabilidad
atmosférica, la topografia de la zona y la rugabigiaperficial del terreno tienen gran influencidreola extension
necesaria para que las emisiones sean diluidas pmnto.
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El tinel de viento de capa limite permite estudixygerimentales sobre modelos a escala reducideegreducen las
caracteristicas de la turbulencia en la capa liatiteosférica, y también es factible modelar fued&esmision.

Los estudios de campo para la determinacion desfeeision atmosférica son dificiles de controlaogtosos. Las
teorias de difusién permiten estudiar algunos pobbk, pero las soluciones analiticas son compbcadimposibles de
realizar. Por este motivo el desarrollo de métadimsestudio de esta problematica en tlneles deoviesulta una
herramienta Gtil que puede tener una variedad lieaapnes. En este marco, un tanel de viento ge tianite se torna
una herramienta importante para el analisis delgmuds de difusion turbulenta.

Para realizar los estudios de dispersion en turddesiento se requiere de la implementacion de adecuada
técnica de simulacion del escurrimiento del airdadeapa limite atmosférica y, posteriormente, &amla fuente y el
proceso de emision.

Simular la capa limite atmosférica en un tunel idate consiste en desarrollar un modelo fisicofldg turbulento
atmosférico de manera tal que los parametros quarkcterizan se reproduzcan lo méas fielmente fgodiéntro del
tinel. Esta técnica permite representar las camiks que se darian en la realidad empleando maglelssala reducida.
Una adecuada simulacién de la capa limite atmasféequiere de la reproduccion del comportamiestdldio de los
vientos naturales dentro de la misma, lo cual icapliograr una reproduccion apropiada de la distiitbu de la
velocidad media en funcién de la altura y de patésdurbulentos.

Este trabajo se centra en el andlisis de los iostele semejanza necesarios para el estudio desm®de dispersion
de gases en un tunel de viento. con el objeto dizae una primera aproximacion del estudio expenial de este
fendmeno se presentan; resultados obtenidos dgosnda visualizacion de flujos realizados en ettate viento TV2 del
Laboratorio de Aerodinamica de la Facultad de irggé&@nde la Universidad Nacional; y algunos resldspreliminares de
medicion del campo de concentracion en procesasgersion de gases para una fuente de emisidnglusglizados en
el tnel de viento del Laboratorio de Aerodindndedas Construcciones, de la Universidad Feder&idd@rande do Sul.

2. MODELADO DE LA CAPA LIMITE ATMOSFERICA

Segun Isyumov y Tanaka (1980) la simulacion de piloana de dispersiéon en un tanel de viento requilerein
modelado representativo de las caracteristicaa depa limite atmosférica y de las propiedadeswoas y térmicas de la
pluma. Un modelado riguroso de la capa limite afénas requiere de la semejanza geométrica, lajaeme del campo
de flujo, y la igualdad de los nimeros adimensiesale Reynolds (Re), Richardson (Ri), Rossby (Ragndtl (Pr) y
Eckert (Ec).

La semejanza geométrica implica el modelado d@reaf incluyendo la rugosidad del terreno, relitagografico y
temperatura de la superficie, El modelado del campdiujo, contempla la semejanza de las velocisladedias y
turbulentas y la temperatura de estratificacionsémejanza exacta es imposible de lograr en esealasidas, por lo que
se plantean hip6tesis con el objeto de lograr amegnza aproximada.

La semejanza del numero de Richardson esté ligtalaeanejanza de la estabilidad atmosférica. Raaimulacion
de atmosfera neutra como la realizada en estejarabatimero de Richardson puede ser ignoradagelnaejanza en el
namero de Prandtl se satisface siempre que ebfleith que se trabaje sea aire; y la igualdad dekenai de Eckert es de
pequefia importancia en flujo compresible. El ninterdrossby no es considerado debido a que la fderZoriolis no
puede ser simulada en tuneles de viento. La sem@ej@del nimero de Reynolds se logra manteniendodagdiciones
turbulentas en el flujo simulado.

La simulacion aproximada del flujo, es represevaatiel viento natural para condiciones atmosfénigatralmente
estable y levemente inestable. Esta condiciéniteeadecuada para el estudio de dispersién de plulesde chimeneas
altas (Isyumov y Tanaka, 1980).

3. MODELADO DE LA PLUMA

Una vez establecida la simulacion de la capa lirattaosférica en el tinel de viento, los requeritoigrde
semejanza para el modelado del levantamiento gutaa y su dispersion requiere de la semejanzaademetros
adimensionales referidos a las caracteristicaa deilnenea y de la pluma. Para el modelado ex&tiwodhportamiento
de la pluma de emision se debe verificar (Isyumdagaka, 1980): la semejanza geométrica de ladugra igualdad
de los siguientes parametros adimensionales; eéraide Froude, la relacion de densidad de la emisié del aire, la
relacion entre la velocidad de salida de la emisida velocidad del flujo atmosférico, y finalmenta igualdad del
nimero de Reynolds. Esta semejanza completa tanp@zte realizarse, y al igual que sucede con lalagidn de la
capa limite atmosférica se debe aplicar el criteléo semejanza a algunos parametros, buscando uomgjasea
aproximada (Poreh & Kacherginsky, 1981). Las sifigalciones propuestas son variadas y dependeracagel a
estudiar. Para simular la elevacién de la pluma gispersion es importante que el nimero de Regrdgt flujo que
sale de la chimenea se lo suficientemente grarag ara despreciar su efecto como asi tambiérleitonero de
Prandtl y el nimero de Schmidt. Ademas, la maydeidos autores (Poreh & Kacherginsky, 1981) cormareque el
efecto de la densidad en la simulacién no es eritipodria ocasionar como maximo el desplazamidetoorigen
virtual de la pluma en unos pocos diametros dehimenea. Melbourne y también Isumov et al propuosiegue la
semejanza de la elevacion de una pluma se logréeemando la igualdad de un pardmetro de flotacidnparametro
relacionado a la cantidad de movimiento del efleent la escala geométrica de la chimenea (Ec.ljefPé&
Kacherginsky, 1981).
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Skinner y Ludwig también emplean el parametro adsimnal de cantidad de movimiento, que apareca &g.l (1),
pero modificaron el parametro de flotabilidad. Béam que la pluma a sotavento es dominada pootabflidad, y
sugieren que el pardmetro de semejanza adecuaaa@soribirla es la relacion entre la cantidad deimiento de la
corriente y la cantidad de movimiento de flotaliiden un pequefio volumeév, que asumen que es iguall
Cs)o,U%Cs(o,- o)L, dondeCs es la concentracion del gas emitido por la chimedelemas, asumiendo que a una
distancia alejada de la fuente a sotavéldo<< 1y queCses directamente proporcional a la velocidad dakafe al
salir de la chimene®ls e inversamente proporcional a la velocidad dehtei®&), el parametro de flotabilidad puede
aproximarse com,U3/(40gLW). Finalmente, los pardmetros para realizar una semmejaproximada del proceso de
dispersion serian los citados en la Ec. (2).

3 2
1 _pal” =1 : 2 PsWs =1 ,1(2):1 2)
JpgLWs an2 L

3. ENSAYOS DE VISUALIZACION

El estudio de la pluma simulada se puede realizptando una serie de fotografias del proceso yzasalo
posteriormente un procesamiento digital de las @anég obtenidas. Estudios de este tipo se hanadalizn distintas
partes del mundo con resultados satisfactorios cpanolos obtenidos por White y Stein (1990) quesdrinaron la
dispersion a sotavento producida por una chimeeealtdra variable en un edificio, empleando humo tazador y
grabando con una video camara el ensayo, para pregesar las imagenes adquiridas. Gerdes y Oli%8€9) también
emplearon la técnica de visualizacion del flujodiemdo la intensidad pixel a pixel de imagenesackgst con una cadmara
en el analisis de fendmenos de dispersion en cafighanos.

En este trabajo se busco aplicar en el tinel deosidV2, de la UNNE, una técnica de visualizagina el analisis de
las concentraciones en una pluma, determinandantzdificaciones que se necesitan implementar pararanelos
resultados obtenidos, para ello se examind el campéento y la configuracion de la pluma obtenidaiapdiferentes
nameros de Reynolds. La concentracion del contarténfue medida empleando humo como trazador y mtéo
fotografias del proceso; seguidamente estas imadeamn procesadas digitalmente.

Los experimentos se realizaron tunel de viento (Td&la Universidad Nacional del Nordeste, Argenf{ilvarez y
Alvarez y Wittwer, 2004). Es un tanel de circuitmexto cuya longitud total es de 7,50 m, su cardaransayos consiste
en un conducto de seccién cuadrada de 0,48 m deylaé 4,45 m de longitud. La maxima velocidad ftigb en el
canal vacio es aproximadamente 18 m/seg y emple@ntilador centrifugo accionado por un motor sica de 1450
rpmy 10 CV de potencia.

La simulacion de la capa limite atmosférica setéteempleando elementos de rugosidad y dispositeomezcla
apropiados para reproducir una capa limite neutnaenestable de espesor parcial. En la Figuradueden ver los
elementos de rugosidad y las agujas que permit&mounlar la capa limite superficial correspondieamign terreno de la
categoria IV de la norma NBR-6123/1988, equivalemtana categoria de exposicién B del reglamentendirgp
CIRSOC 102. El analisis de la capa limite simulagapresentada en trabajos previos (Alvarez y Atwar Wittwer,
20086).

Para la realizacion del ensayo se empled humo pidalpor un generador que utiliza un liquido a lesglicerina,
la velocidad de salida del humo fue aproximadam@#i® m/seg. La fuente del contaminante fue reptada mediante
un conducto metalico de 1,02 cm de diametro intgrid® cm de alto, ubicado en el centro de la canfeapresto
especial cuidado a la iluminacién de la plumaatrdd que solo un haz lineal de luz la intercepses. imdgenes fueron
captadas por una camara digital y luego trasfeadas ordenador.

3. 1. RESULTADOS EN ENSAYOS DE VISUALIZACION

En una primera instancia se efectud el ensayargama velocidad posible en el canal, 18 m/segsta ocasion el
nimero de Reynolds con respecto a la altura dell dae de Re =5,7 x£0/ con respecto al diametro de la chimenea
1,2x1d. A continuacién, se redujo la velocidad alcanzasidealor de 9,82 m/seg en la mitad de la alturéadsimara
de ensayo y alcanzandose un nimero de Reynolddxttd3y 6,7x10 con respecto a la altura del canal y al diametro
de la pluma, respectivamente. Finalmente, se obanamnfiguracion de la pluma para una velocidadl@3 m/seg
determinada en la mitad de la altura de la camarandayo con un consiguiente nimero de Reynolds8tad con
recto a la altura del canal y de 1,2%&6n respeto al didmetro de la chimenea. En lar&igise aprecia la configuracion
de la pluma para los tres casos citados.
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Figura 1. Disposicion del instrumental duranterslago.

Figura 2. Pluma de dispersion en la camara del d.'meiéento, correspondiente a Re= 5, A®e= 3,1,x18
Re=5,8x10.

Las imagenes captadas con la camara fueron deeatihicion, para que permitieran su posterior Eamm@ento. El
mismo consistié en superponer a la fotografia uabamy realizar una valoracién en funcién de kemsidad del color
que tuviese cada cuadro, comparando con un pataizado. El patron empleado en la comparaciérdeserminé
asignando el menor y mayor valor, a la menor y mayensidad encontrada en la imagen, respectiveamen

A continuacién, se procedio al trazado, cada 0,tevips perfiles longitudinales de concentraciénfumcion de los
valores asignados a cada cuadro de la malla. Eiglaa 3 se aprecia el resultado del procesammomn@spondiente al
ensayo realizado a una velocidad de 1,83 m/segabmwnte fueron procesados los resultados corresmoesl a la
menor velocidad y No. de Reynolds, porque esl@asibn en que mejor se puede visualizar el prodesbfusion.

Figura 3. Desarrollo de la pluma en tanel, corragignte una velocidad de 1,83 m/seg.

En la discusion cualitativa del comportamiento depluma y su dependencia de la estabilidad atmoafér
frecuentemente se mencionan tres modelos basicuijlamlo, el que ocurre cuando la temperatura digmin
rapidamente con la altura (gradiente es inestatdeico, si disminuye poco o es constante contlaaa(en condiciones
aproximadamente neutrales) y abanico, si aumemtéacaltura (inversién).
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También se mencionan tres modelos intermediosgetlevacion, que ocurre cuando la chimenea sendgtia
través de la inversion de superficie con una cagstable arriba; fumigacion y confinado que ogumegando una capa
de superficie inestable o neutral esta limitadaymar inversion arriba de la altura de la chimenea.

El levantamiento de la pluma por encima de la altle la chimenea depende de factores meteoroldgidesla
emision; entre los meteorolégicos se tiene a lacidhd del vientdJ, la temperatura del aifi, el gradiente vertical de
la velocidad, la presion atmosféripay la estabilidad atmosférica. Y los factores ddas&m que influyen son la
velocidad del efluente al salir de la chimeiéa su temperaturds y el didmetro interior de la chimendala mayoria
de las férmulas para determinar el levantamientdadplumah, son empiricas debido a la complejidad de las

relaciones entre las variables, como por ejempézismcion de Holland Ec. (3) la cual fue desamalla partir de datos
experimentales.

W (o)

0 (Ve

En la Tabla 1, se expresan los valores de levaatdmie pluma hallados en los ensayos, en fun@dasidistintas
velocidades, junto con los determinados empleam@xpresion de Holland.

Zh (m)=

3 Ts(CK) - Ta (°K)
(1,5+ 2,68.10° .p (hPa).d(m):. . CK) ] 3)

Tablal. Comparacion de valores de la elevaciom géuima calculadas con la expresion de Hollandgrdenadas
experimentalmente.

An tedérica 4n
U (m/seg) U/ Wy experimental
(m)
(m)
18,0( 1,2¢ 0,01: 0,01z
9,57 0,67 0,02: 0,021
1,82 0,1z 0,121 0,18¢

La determinacién del levantamiento de la plumaezesario para el calculo de la altura efectivadehimenea, ésta
se obtiene de la suma de la altura real de la cl@emends el levantamienfth de la pluma. Esta altura interviene en las
expresiones de los modelos mateméaticos de difusaimop es el caso del modelo de Gauss.

4. MEDICIONES DEL CAMPO DE CONCENTRACION

Las mediciones de concentraciones fueron realizasas! tinel de viento “Prof. Joaquim Blessmann! de
Laboratorio de Aerodindmica de las Construcciodeda Universidad Federal do Rio Grande do Sula Rate ensayo
se empled una simulacion de capa limite neutraknestable correspondiente a un terreno suburbamoscexponente
de la ley potenciat = 0,23 y una escala geométrica de 1:300. Pamsodklado de la capa limite se emplearon en
forma conjunta elementos de rugosidad dispuestaa eiso del tunel, barrera y dispositivos de meZdVittwer et
al.,2003).

La altura de la fuente de emision modelada tiersealtura de 250 mm y 17 mm de diametro, represdatan la
escala natural a una chimenea de aproximadamentedbaltura y 5 m de diametro (Fig. 4). El gagador emitido
desde la fuente fue emitido helio puro. La emisiérrealizé con caudales y fueron analizados dass ddiferentes; el
caso 1 con una velocidad del escurrimiento a laalie la chimened = 2,3 m/s y una velocidad de la emislifs=
1,26 m/s, y el caso 2 cdd = 0,7 m/s yWs= 0,56 m/s. En la tabla 2 se resumen las velocglgdes parametros

adimensionales que permiten caracterizar cada (celExion de velocidades, cantidad de movimientoUgnero de
Froude densimétrico).

Figura 4. Fuente de emision y elementos de simardade la capa limite.
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Tabla 2. Parametros caracteristicos de los expetase

2 3
W,
Casos u@m/s) W, (m/s) Ws Ps_s2 _ral”
U paU (ps—pa) dgWs
1 2,3 1,2¢€ 0,5¢€ 0,04: 52,63
2 0,7 0,8( 0,8( 0,08¢ 3,55¢

Para la medicidn de las concentraciones, se utiliz@nemémetro de hilo caliente con una sondaaagpirque
permite medir valores medios y flotantes. En cadlatgpde medicion fue obtenido un registro con ueauencia de
adquisicion de 1024 Hz y 60 segundos de duracion.

4.1. RESULTADOS

En la Figura 5, se muestran los perfiles verticalesoncentracion masica de helioasa,/(masay.+ masa,),
determinados a sotavento de la chimenea. Las diataxl y X2 indican la posicion en que fueron oioias los perfiles
para los casos 1 y 2, respectivamente, con relaitan chimenea. Son considerables las diferen@abgl perfiles
obtenidos en cada caso para el valor medio y paaar RMS.

Altura z ——Caso 2 media
(mm)
330 4 ——Caso 2 RMS
’ ——Caso 1 media
310 - -x-Caso 1 RMS
200 44y e T .
T
2101 vy, o~ - x
S e L de la chimenea; 250 mm
230 % 4
Vientoa = 0,23
210 + ¢ U1=0,7 m/s, U2=2,3 m/s
4 x1=80 mm, x2=145 mm
190 -4
Concentracion (-)
170 T T T T T 1
0 0,02 0,04 006 008 01 0,12

Figura 5. Perfiles de concentracion de las pluneasndision.

Para el caso 1, se presentan los registros deofe®mtraciones fluctuantes, en forma parcial (urségs) en dos
puntos de medicion; en la posicion central de lanpl y en el extremo superior (en los bordes déulag). Los valores
pico tienen el misma orden de magnitud, tanto dyeceeso es altamente intermitente en el extreenta ¢pluma y de
baja intermitencia en el centro de la pluma. Esteportamiento del campo de concentraciones es artegjl obtenido
por Cheung & Melbourne (2000).

2800 2800

2700 ‘ ‘ ‘ ‘ 2700 - ‘ ‘ ‘ ‘ !
14500 15500 16500 17500 18500 19500 O 1000 2000 3000 4000 5000
Extremo superior de la pluma Posicion central de la pluma

Figura 6. Registros de las concentraciones flut&san
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5. DISCUSION DE RESULTADOS Y CONCLUSIONES

El ensayo de visualizacién de la dispersién deldang permitié hacer un analisis cualitativo y citativo de las
imagenes fotogréaficas. En la Figura 2, se apreldanmodificaciones generadas en la pluma simuldderar el
nimero de Reynolds. Se ve que Unicamente para n&rderReynolds bajos se produce un levantamiegiifisativo
de la pluma.

Como el ensayo fue realizado en condiciones déiédtad neutra la pluma deberia adaptarse al mod#iao, si se
analizan las configuraciones de la pluma pararésdasos analizados (Fig. 2) se puede aprecidaqiaptacion de la
pluma a este modelo es correcta. En el ensayaadala una velocidad de 1,83 m/seg se produceimemplugar un
levantamiento de la pluma, pero a continuaciém, gshde rapidamente a adoptar una forma conica.

En la comparacion efectuada en la Tabla 1 se apotaiamente que el levantamiento de las plumasrgdas a
distintas velocidades serd mayor cuanto menor &eglbcidad y se ve que en los dos primeros casa#tuacion
simulada concuerda con los valores calculadosacerpresion (3). La disparidad que se presentd tmcer caso entre
el valor tedrico y el experimental ddr puede atribuirse a las condiciones de realizadgbensayo. Es necesario sefialar
que la técnica empleada tiene sus limitacionegjugala iluminacién y adquisicion de imagenes, encpio, deben
mejorarse. Debe apuntarse a generar un haz deniforme que intercepte a la pluma linealmente, ta e® debe
provenir de una fuente de luz puntual como la eatf@leen el ensayo que puede verse en la Fig. 1.idarsé puede
mejorar la toma de las fotografias si estas senhdeeacuerdo a una secuencia y siempre desde taanpissicion,
cuidando que sombras o luces exteriores alteriemagen, como sucede en el tercer caso de la Fig. 2.

Con respecto a los resultados obtenidos del amdlisilos campos de concentracion en la region peadd una
fuente de emisién de un gas muy liviano, se obsguealos dos casos analizados representan sitesciaisi extremas.
En el caso 1, se tiene una situacién en la cuatfiestos inerciales del escurrimiento incidentevglecen sobre los
efectos de empuje de la propia emision; y en alrahg caso, son evidentes los efectos del empujgadetmitido, en la
elevacion de la pluma, y la menor diluciéon en lacemtracién del gas. La intermitencia en las cotnaeiones sera
analizada a continuacion utilizando distribuciords probabilidad. Los resultados preliminares prasEs son
ejemplos de los mlltiples perfiles verticales yitmmtales que ya fueron medidos, y que permitinde caracterizacion
mas general del proceso de dispersion.

Los resultados obtenidos en este trabajo contéhuat perfeccionamiento de técnicas de visualinagjGe como se
describié tienen la ventaja de ser mas sencillasd@uicas de realizar que los estudios de campoofforiado, en
estudios de este tipo, un primer analisis cualitasignifica una optimizaciéon de los posterioresagws de medicion
puntual de concentraciones.
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Abstract.

The effects of pressure gradient variations on the development of the Gortler instability are investigated. A linear Direct
Numerical Simulation code in vorticity-velocity formulation is used. The flow is decomposed in steady and perturbation
parts. Periodicity in the spanwise direction is assumed in agreement with experimental observations. The time derivative
is integrated using the classical fourth-order Runge-Kutta method. High-order, compact, finite-difference schemes are
applied to discretize the spatial derivatives in the streamwise and wall normal directions. A spectral method is used to
discretize the spatial derivative in the spanwise direction. The Poisson equation is solved by a multigrid technique. The
use of the Message Passing Interface library is adopted for code parallelization. The results obtained show that variations
in the pressure distribution under investigation are not very effective to control Gortler vortices development.

Keywords: Gortler vortices, pressure gradient, laminar-turbulent transition, Direct Numerical Simulation

1. INTRODUCTION

The influence of geometry parameters in flow stability analyses has been frequently discussed due to its applicability
in industry. By playing with different geometry configurations one may reduce drag in an aircraft’s wing or increase the
efficiency of a mixing process.

It is well known that in boundary layer flows over concave geometries the instability mechanism is inviscid and it is
generated by imbalances between the centrifugal force and normal to the wall pressure gradient (Saric, 1994; Floryan,
1991). This instability mechanism generates streamwise vortices. The vortices are historically named as Gortler vortices.
The instability is represented by counter-rotating streamwise pair of vortices with spanwise periodicity. Theoretical
analysis establishes an instability criterion based on a dimensionless parameter defined as

)
Go = Reg B (1

where Re;s is the Reynolds number based on the boundary layer reference length § and R is the radius of the wall. Go is
here called Gortler number.

Following Gortler much has been done in the transition field aimed to understand the curvature effect and its interaction
with other geometry parameters. Specifically one can choose the pressure as a possible parameter of influence. Linear
local and nonlocal studies focused on the pressure gradient influence are provided by Goulpie et al. (1996). Moreover
some nonlinear studies are discussed by Matsson (2008).

In this sense the purpose of the present paper is to investigate the influence of pressure variations on the control of
Gortler instability. In Section 2 are written down the system of equations and boundary conditions. Numerical procedures
are described in Sec. 3. Some verification tests are described in Sec. 4. Results and main considerations are provided in
Sec. 5. Section 6 provides final considerations.

2. FORMULATION

It is considered the motion of an incompressible, isothermal and Newtonian fluid flow on concave geometries. Defining
the vorticity as the opposite of the curl of the velocity vector the dimensionless governing equations in vorticity-velocity
formulation are expressed as

~ o~ ~ ~ o~ 2 9~2
O(Wz¥ — wytt) B 0(W,u — W,w) Go % _ LV%TJI, @)
oy 0z v/ Re 0z Re
AWy — w;0)  O(wWgV — Wyli) _ LV%@, 3)

0z ox Re
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where @w,, w, and @, are the vorticity vector components in streamwise (), normal to wall (y) and spanwise (z) direc-
tions respectively. u, v and w are the velocity vector components in the x, y and z directions.

The reference length is a characteristic plate length L and the reference velocity U is the freestream velocity. The
Reynolds number is given by Re = Uy, L/v, where v is the kinematic viscosity. Following the order of magnitude anal-

yses provided by Floryan and Saric (1982) the terms GOQ% (V Re) and GOQ% (v Re) are the remaining curvature
terms.
The continuity equation is given by

Ju Jv Ow

T 5

ox * oy + 0z ©®)

Using the vorticity definition and the Eq. (5) one can obtain the following Poisson equations for each velocity compo-
nent:

Ou  u 06y 0% ©)
0xr2 022 0z  Oxzdy
0%*v N 0*v N v 0w, N 0y 7
w2 o e T T T o (
ow w0y, 0% )
0x?2 = 022 Oor  0Oyoz

A solution for the system of equation represented by a generic function f ={u,7, 7, W,, Wy, W, } is rewritten as

f=fh+f )

where fj, is the base and f is the perturbation part of the function. frepresent the global vorticity and velocity variables.
Here the baseflow is considered steady and bidimensional.

A system of equations is obtained by introducing the Eq. (9) in Eq. (2)-(4) and (6)-(8), and then subtracting the
baseflow. Thus,

Oa  Ob Go* dd 1 o
9a b g9a Ly, 10
dy 8z+\/Rehaz ReV “ (10
dc  Oa 1 o
- = - ) 11
0z Ox ReV Y (1
db  Oc Go> ad 1,
o _9c  Gom od L, 12
dr 0y /RehOx R@v v (12)
u  0%u ow, 0%
Z oy - 7Y 1
Ox? + 072 0z  O0xdy’ (13)
v 9w 0% Ow, Owy
wtaptar T T o (14
Pw 0w Owy 0%v
- =Y _ 1
Ox2 + 022 Ox  Oydz’ (13)
where the nonlinear terms a, b, ¢ and d are:
a = wy(vp+v) —wy(up + u), (16)
b = (ws +w.)(up +u) — wyw, 17
¢ = wyw — (wy +w.)(vp +v), (13)

d = 2upu+ u®. (19)
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Figure 1. Sketch of the simulation domain for each Fourier mode. Buffer regions are represented by rectangles in gray
color. Suction and blowing region (regarding just the fundamental mode) is represented by the dashed rectangle.

Regarding the boundary conditions, at the upper boundary the flow is assumed to be nonrotational. At the wall, the
streamwise and normal to the wall velocity components are zero by the no-slip condition. At the outflow boundary the
second derivative of the velocity and vorticity components are set to zero. Inflow boundary and baseflow are specified
based on Falkner-Skan similar solutions (Schlichting, 1979).

3. NUMERICAL METHOD

Justified by experimental evidences it is assumed periodicity in the spanwise direction. All the variables can be written
as combination of K Fourier modes as

(z,9,2,1) ZFk x,y,t)e IRz (20)
k=0

where f a variable, 7 is the imaginary unit, % is a Fourier mode and -y, is the wavenumber in the spanwise direction. The

wavenumber is defined as
21k

PV
where )\, is the spanwise wave length of the fundamental Fourier mode.
The Eq. (10)-(15) is expressed (for each k Fourier mode) by:

Ve =

%+i6k3k— \C/’%Wfi) - Lvio,. @1)
g0 - 2t = 1w, (22)

aaik +aac; - \/GRi:h 8(;;;%) _ é V20, | (23)
O0h U = B0y, - gig;, 24)

fvhra;‘;’“ Wi = _a(;z;k — 1B, (25)

O _giw, = P i, . (26)

where V7 = (6302 + ay - Br).

For each Fourier mode the Eq. (21) to (26) are solved in a domain represented by Fig. 1. Inflow and outflow regions
are represented by the points ¢ = xp and x = x,,45-

Vortices are generated by a suction and blowing at the wall. The suction and blowing region is located between x5 and
z3. In the regions from xg to 21 and from x4 and x5 buffer zones are included in order to avoid reflections.

A pseudo-temporal technique is applied aimed to solve the transport of vorticity equations. A 4'" order Runge-
Kutta method is applied for that purpose. Spatial derivatives are calculated using high order compact finite difference
schemes (Souza et al., 2005; Lele, 1992). The V—Poisson equation (25) is solved by the use of the Full Approximation
Scheme(FAS) multigrid method.
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The large amount of points necessary to obtain acceptable results in a physical way justify the use of a parallel
strategy. A domain decomposition strategy in the streamwise direction is adopted. The physical domain is partitioning
into n equal parts. There is an overlap region and communications points are conveniently placed. The Message Passing
Interface(MPI) library is used for the message-passing process. It is also applied a stretching technique in the normal
direction.

The baseflow solution is represented by boundary layers approximations based on bidimensional Navier-Stokes solu-
tion (Falkner-Skan similar solution).

4. VERIFICATION

Based on the assumption that the dimensional spanwise Gortler wavenumber () is constant, the global wavenumber
parameter defined as

_ Uso >\z /\z

v R

can be used to characterized the vortices. In the previous equation U is the potential velocity at L.
Otherwise specified all simulations adopt physical parameters presented by Tab. 1. It is also imposed the global

Gortler number (Go) and the global characteristic wavelength (Ag) at L. The characteristic length L, the Re number and

the spanwise wavenumber are calculated straightforward.

Ao 27)

Table 1. Adopted physical values

R 9m
v 1.59 x 107 ®> m2.s~ 1
Us 5m.s 1

The Gortler number is taken equal 1. It is considered 985 points in the streamwise direction with step size dx =
7.5 x 1072, 137 points are taken in the wall normal direction with first step size dyy = 2.0 x 1073 and stretching factor
of 1%. Linear simulations require just 2 Fourier modes. Inflow starts at zy = 1. Buffer zones are defined by z; = 1,
r9 = 1.2, x4 = 69.6 and x5 = 72.6. The suction and blowing region is defined between xo = 2.4 and x5 = 4.2. For that
set of parameters the code shows to be grid-independent.

4.1 Agreement with literature results

Based on experiments of Tandiono et al. (2008, 2009), Schrader et al. (2011) reports spatial DNS of the Gortler flow
over concave walls for different geometry configurations. Linear results are compared with ones provide by the present
code for a Gortler boundary layer with wavelength parameter Ay = 250.

Some calculations are necessary to express the variables of Schrader et al. (2011) in terms of local Gos. Considering
the list of physical parameters represented by Tab. 2 one can associate the authors initial Res, = 198.36 with the
approximate value of the initial position (zg = 2.071 x 10~! m).

Table 2. Physical parameters extract from Tandiono et al. (2008, 2009)

R 1m

Uso 2.85m.s~!

v 1.5x 10 °m2.s7 1
A 12 mm

Following Schrader et al. (2011) we represent the streamwise evolution of disturbances by the wall-normal maximum
of spanwise root-mean-square of the velocity vector components. Figure 2 provides a qualitative comparison for a Gortler
flow with Ag = 250. The maximum of the RMS-metric for each velocity component are plotted as a function of local Gos.
Square symbols represent literature results and full lines represent our DNS results. One can notice good agreement for
all the three metrics in the region of interest. Effects of the buffer zones and transient can be noticed in a neighbourhood
of the inflow and outflow regions.

5. RESULTS AND DISCUSSION

Some linear tests have been done to investigate the influence of pressure variations in the control of Gortler vortices.
In this paper results based on geometry configurations for two Falkner-Skan parameters (5 = —0.15 and 5 = 0.25) and
two constant pressure gradients (dp/dz = 0.003 and dp/dx = —0.01) are compared for a range of spanwise wavelengths
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Figure 2. Linear comparison with Ag = 250 based on literature results provided by Schrader et al. (2011). Square symbols
represent literature results. Full lines represent the result provided by our numerical code.

aimed to identify zones of maximum amplification rate. Neutral case (dp/dxz = 0) simulations are used as reference for
comparison. Results are normalized by the dimensionless position z = 15.1.

Figure 3 describes variations of the most dangerous A as a function of the dimensionless position z. For the cases
under consideration the higher the boundary layer thickness, the higher the most dangerous wavenumber parameter. This
can be supported based on the facts that (a) the maximum Ag increases as a function of the streamwise direction and (b)
adverse pressure configurations (5 = —0.15 and dp/dx = 0.003) have bigger maximums compared with neutral and
favorable (8 = 0.25 and dp/dx = —0.01) ones.

Figure 4 shows the maximum ug ;s metric for the Falkner-Skan configurations. Just max(Ag) limits for each case
are considered. In the figure numbers follow by the letter A (adverse, 5 = —0.15), N (neutral, 3 = 0) or F (favorable,
B = 0.25) identify different A vortice configurations.

For the cases under consideration the pressure gradient does not affect the development of Gortler vortices signifi-
cantly. Close to the inflow region the tests support the conclusions of Goulpie et al. (1996) in which an adverse pressure
gradient is more effective in destabilizing the flow. However in a region further downstream the favorable pressure gradi-
ent shows to be more unstable. The most unstable case in the linear region is § = —0.15 with Ag = 250 (full line with
label 250 4).

A similar behavior can be observed in the cases characterized by constant pressure gradient. For constant pressure
gradient tests results are provided by Fig. 5. Letter A in the figure represents dp/dx = 0.003, letter N denotes dp/dx = 0
and letter F, dp/dxz = —0.01.

6. CONCLUSIONS

In linear simulations pressure gradient distributions different from the neutral case are not a very significant geometry
parameter aimed to flow control. At the region where the linear approximation is physically acceptable an adverse pressure
gradient is more unstable than a neutral or a favorable pressure one.
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Figure 3. Most dangerous wavenumber parameter as a function of the streamwise position for different geometry config-
urations.
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Abstract. A correlation-based transition model is tested against two different zero pressure gradient flat plate test cases.
Special attention is dedicated to analyze how simulation setup impacts the results. Calculations are performed with the
CFD++ finite volume solver. The compressible preconditioned Navier-Stokes equations are considered. Turbulence clo-
sure is achieved with the SST model. This turbulence model is augmented by a transition model based on two additional
transport equations, one for the intermittency and another for the momentum thickness Reynolds number. Flow parame-
ters, such as freestream turbulence intensity and turbulence length scale, have important effects on transition onset and
extent of the transition region. Mesh refinement, y dependence and number of time steps for convergence are numerical
parameters also considered. Different limiter formulations and reconstruction polynomials, nodal and centroidal bases,
have also been investigated. It is observed that the transition model is robust and the results are not sensitive to numerical
settings. On the other hand, the dimensionless wall distance, yT, has significant impact in the computational results. Skin
friction and velocity profiles are presented and used for validation of the present computations. Good agreement with the
experimental data is observed.

1. INTRODUCTION

Stability analysis in fluid flows plays an important role in many engineering applications. In the aerospace industry,
the nature of the fluid flow, e.g., laminar or turbulent, has a direct impact on drag and, hence, on overall flight efficiency.
Additionally, heat and mass transfer are equally influenced by the nature of the flow. These aspects of industrial situations,
in which an accurate prediction of transition might be extremely important, have led to several studies on possible modi-
fications to existing turbulence models such that they would be able to predict the transition onset and extent [1]. These
studies have looked at viscous modifications and a more recent approach takes into account correlation-based transition
models built upon local variables. The model presented by Langtry and Menter [2] is herein adopted and further studied
against experimental data. Some other attempts have been made, such as the three-equation eddy-viscosity model by
Walters and Cokljat [3] or the single-point k — ky — w model discussed in Ref. [4], for which simulations were carried out
by Fiirst [5]. At present, it is clear that transition modeling is an active research area.

If one considers the physical basis for transition, several mechanisms are recognized as the starting point for a full
turbulent flow. Unstable Tollmien-Shclichting waves are, generally, the prevailing mechanism for natural transition in
airplanes. Crossflow effects are an important transition mechanism in swept wings. Bypass transition occurs when linear
transition steps are bypassed by means of boundary layer nonlinear disturbances due to high levels of turbulence in the
freestream. RANS turbulence models are based on a time-averaging procedure, which corresponds to a low-pass filter.
As a result, only an average frequency is seen by the model and, therefore, important spectral information is lost. For
example, Tollmien-Schlichting waves are not detected by RANS turbulence models. The natural approach to overcome
such difficulty is, typically, the development an extra model for the transitional region and its integration into the original
turbulence closure.

In order to simulate transition phenomena, some specific methods have been developed in the last decades. Low
Reynolds number models have the idea of avoiding a mismatch between turbulence and transition models by considering
low-Reynolds number phenomena in a single model. This approach makes the necessary assumption that the applications
are restricted to broadband transition-triggering disturbances. Additionally, they typically suffer from a close interaction
of the transition prediction capability and the viscous sublayer modeling, which can prevent an independent calibration
of either phenomena [6, 7]. Low Reynolds number models are only applicable to bypass transition, what clearly reduces
their range of application.

Another methodology available for evaluating transitional flows is the e’V technique. Based on linear stability theory,
this method assumes parallel flow in order to calculate the growth of the disturbance amplitude from the boundary layer
neutral point to the transition location [8, 9]. It is considered a semi-empirical method, because the N factor depends on
wind tunnel or flight test calibration. The transition is assumed to start when the factor e exceeds the limiting value of
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N. Transition due to nonlinear effects, such as high freestream turbulence levels, cannot be predicted by the e method,
because it uses linear stability theory.

Empirical correlations are the next step into the transition modeling capability. The first attempts were performed
by Abu-Ghannam and Shaw [10], Mayle [11] and Suzen et al. [12]. In general, the transition momentum thickness
Reynolds number is correlated to local variables such as the pressure gradient along the wall-normal direction and the
freestream turbulence intensity. The growth of Tollmien-Schlichting waves, crossflow-induced instabilities, roughness
effects and bypass transition are different transition mechanisms, which, hence, demand distinct correlations. Standard
correlation-based methodologies present several technical challenges. The onset of transition is described as the point
in space where the momentum-thickness Reynolds number, Rey, exceeds a threshold value. The calculation of Reg
is performed by integration until the edge of the boundary layer. In aerodynamic applications, in which boundary layer
effects are typically combined with wall-curvature issues, the edge of the boundary layer is not well defined. Additionally,
the need for performing simulations based on unstructured grids in parallelized CFD codes poses extra challenges. In fact,
unstructured meshes do not have easily identified wall-normal grid lines. As a result, the integration of boundary layer
global parameters is difficult. These issues make standard correlation-based models not compatible with modern CFD
codes.

Unlike other approaches, the correlation-based transition model presented in Ref. [2] does not require non-local infor-
mation. The strain-rate Reynolds number [13] is a key factor for assuring the code locality. It is a local variable and it is
defined as

2 2
:py@:&‘s’ (1)

Re, —_
p Oy 0

where y is the distance from the nearest wall, . is the dynamic molecular viscosity coefficient, p is the density and S is
the absolute strain rate. In a physical standpoint, the term %25 is responsible for the growth of disturbances inside the
boundary layer, whereas v = p/p represents damping of such disturbances [14, 15]. As stated by Menter and Langtry
[2], the strain-rate Reynolds number has its maximum value inside the boundary layer related to the momentum thickness
Reynolds number according to the expression

max(Re,)
2.193

The approach just described has proven to be superior than the use of low-Reynolds number models. However, an
independent calibration of both viscous sublayer damping and transition prediction is not possible. For solving such in-
convenient, Langtry and Menter [16, 17, 18] propose a new model where two additional transport equations are employed
to estimate transition onset and extent. This is possible thanks to the combination of the strain-rate Reynolds number with
experimental transition correlations. In addition, viscous sublayer damping and transition prediction are independent. A
first transport equation based on the intermittency allows for an estimation of the extent of the transition region. Transition
onset is triggered by the momentum thickness Reynolds number transport equation. The SST turbulence model [19] is
coupled to the intermittency transport equation, which turns on the term responsible for producing the turbulent kinetic
energy downstream of the transition onset point. The proposed transport equations do not attempt to model the physics of
the transition process, but they form a framework for the implementation of correlation-based models into general-purpose
CFD methods. Therefore, the term Local Correlation-Based Transition Model (LCTM) [2] is used in order to distinguish
the present model formulation from physics-based transport modeling.

Numerical simulations included in the present work are performed with the CFD++ finite volume solver, version 11.1.
The present paper is organized as follows. Section 2consists of an overview of the governing equations and the 7 — Reg
transition model. Section 3 presents the numerical results for two flat plate test cases and Section 4.concludes the present
paper with some final remarks.

Reg = (2)

2. THEORETICAL FORMULATION
2.1 Governing equations

The unsteady motion of a viscous and compressible fluid is represented by the Navier-Stokes equations. In a conser-
vative form, these equations are written as

dp  Opuy) _
ot " o, O
d(pui)  Olpujuj) = Op  Omij
ot om; 0w om0 ©

Oe 0]
" oz, [(e+p)uj — Tijui + qm,] =0
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where v = {u,v,w} is the vector of velocities in the Cartesian coordinate system and p stands for the density. The
equations above do not form a closed system and, therefore, additional constitutive relations are required. The total
energy per unit volume, e, is defined as

1
e=p ei+§(u2+v2+w2) (G))

The internal energy, e;, is expressed as

e, =C,T (5)
where C), is the gas specific heat at constant volume. The state equation for a perfect gas can be written as

p=(r—1) e 5ot +07 +u?) ©)

where p is the static pressure. The heat flux vector, qy, is obtained from the Fourier law for heat conduction as

ag = —kVT 7
Cott
- 8
: Pr ®)
For a Newtonian fluid, the components of the viscous tensor are expressed as
Ou;  Ou; 2 Ouy
i = — SH50ij 9
Tij M(@xj +3xi> 3M6xk J ©)

where d;; is the Kronecker delta.
2.2 Transition model

The Langtry-Menter [2] correlation-based transition model is composed of two additional transport equations. The
transport equation for the intermittency reads

(p7) n A(pu;v)

0 B\ Oy
=P, —E,+ — +— 10
ot Ox; K T Oz [(# oy) Ox; (19)
The intermittency equation allows for the estimation of the extent of the transition region since the intermittency represents
the probability of a fluid cell to be turbulent. Transition onset, on the other hand, is triggered by the momentum thickness
Reynolds number transport equation which can be written as

aéegt

o
= P _— —_—
0, + oz, [Uet(ﬂ+ L) oz,

9(pReg;) N 0(pu; Regr)

ot 0x; (11

The empirical correlations that complete the model can be found in the literature [2]. The interaction between the transition
model and the SST turbulence model is performed by a modified kinetic energy production term, P, as

pk)  Olpujk) 5 = 0 Ok
ot + oz, = P Dk—i_axj (M+0kut)8xj (12)

Py, Py, 13)

Teff
3. TEST CASES AND RESULTS

3.1 Definition of test cases

The test cases for zero-pressure flat plate are introduced in this section. The forthcoming results have been computed
using the European Research Community on Flow Turbulence and Combustion (ERCOFTAC) T3 flat plate, cases A and
B, as test bed. The ERCOFTAC T3 flat plate cases were specially designed to validate numerical procedures for the
calculation of transition phenomena. The experimental results are available in the literature [20]. Both cases have a zero
pressure gradient boundary layer, with different freestream turbulence intensity (FSTI) levels, which are above 1%. This
is relevant because 1% of FSTI corresponds to bypass transition. Table 1 presents important experimental data for testing
the transition model. Both A and B cases share the same geometry, i.e., a 1, 500 mm long flat plate with a small leading



Anais da EPTT 2014 IX Escola de Primavera de Transigao e Turbuléncia
Copyright © 2014 by ABCM 22 a 26 de setembro de 2014, Séo Leopoldo — RS, Brazil

Table 1: Experimental data for the ERCOFTAC T3A and T3B flat plate test cases.

Test Case Uy [m/s] FSTI at Leading Edge (%) Density [kg/m®] Dynamic Viscosity [kg/(m.s)]

T3A 54 3 1.2 1.8 x10°
T3B 9.4 6 1.2 1.8 x10°
0.25 r
02F
E 0.15 ;
= 0.1FE

0.05

Figure 1: Representative computational mesh for the T3 test cases.

edge radius of 0.75 mm. In order to control the circulation around the flat plate and, hence, ensure an attached flow, a
trailing edge flap is used. Since no data concerning this trailing edge flap could be found and Ref. [21] states that the
experimental data is free of separated flow, the rounded leading edge, the 0.5 deg. angle of attack and the trailing edge
flap were not considered in the numerical simulations in the present work. Therefore, a simple flat plate is used here and
a representative computational mesh is shown in Fig. 1.

Three different meshes are tested. The coarsest one has 11, 000 cells and the finest one has 42, 000 control volumes.
An intermediate mesh with 22,000 cells, which is actually shown in Fig. 1, is also created. The best practices for the
use of the SST model together with the present transition model [15] recommend the use of y* values smaller than 1.
The computational domain and the boundary conditions are as follows. Inflow/outflow characteristic-based boundary
conditions are specified at the left, right and top boundaries. At the bottom boundary, the first 200 mm are defined as an
inviscid wall, or as a symmetry condition. The remainder of the bottom boundary comprises the plate itself and, hence,
viscous wall boundary conditions are specified. All simulations in the present work perform integration to the wall or, in
other words, no wall functions are used.

The simulations are performed considering the compressible preconditioned Navier-Stokes equations, which is one of
the options offered by the CFD++ finite volume solver, version 11.1.. An implicit steady approach is chosen, given the test
case characteristics. In most of the simulations, the CFD++ nodal based reconstruction polynomials are used, although
centroidal base reconstruction polynomials are also considered for verifying the model robustness to numerical settings.
Furthermore, both minmod and van Albada limiters [22] are used in the simulations and their results are compared.
Clearly, however, as one should expect, the limiter choice has no effect in the present results, since low speed flows are
considered here.

3.2 T3A test case

The first of the ERCOFTAC test cases, addressed here, is the T3A flat plate case. Freestream speed is 5.4 m/s and the
leading edge freestream turbulence intensity is 3%. Grid refinement is investigated by means of the three aforementioned
meshes. It is clear that the intermediate mesh, with 22, 000 cells, is refine enough to study the flat plate bypass transition
case here addressed. Figure 2 presents friction coefficient results for the three meshes, together with the experimental
data.

The nondimensional wall distance, 3, has important effects on the model behavior. As specified in the literature [15],
values smaller than 1 must be used to assure that the model works properly. Herein, three values of yT are tested, 0.6,
1.3 and 2.7, as illustrated in Fig. 3. The first cell heights are, respectively, 5.6 x 107%m, 1.5 x 107® mand 4.5 x 107°
m. The results clearly indicate that the model has a dependency on the wall dimensionless distance, 3. The use of
y*t = 0.6 yields the best results and shows that employing values smaller than 1 is necessary for an adequate model
performance. Solution convergence is addressed by performing simulations with 1000 and 3000 time steps, as shown in
Fig. 4. The results show that the skin friction coefficient is already converged after 1000 iterations. Therefore, these tests
are indicating that the use of a mesh with 22,000 cells, y™ = 0.6 and 1000 time steps yield results in good agreement
with the experimental data. Therefore, the forthcoming simulations have used this numerical set up as the standard for
grid refinement and number of time steps.

The turbulent length scale, L, has a direct impact on transition onset and extent of transition. According to Yang and
Voke [23], the value for the turbulent length scale for the T3A test case is L = 12 mm. These authors performed DNS
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Figure 2: Mesh refinement effect on the skin friction coefficient.
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Figure 3: Dimensionless wall distance, yT, effect on the skin friction coefficient.
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Figure 4: Effect of solution convergence on the skin friction.
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calculations for the present configuration. In order to verify the model ability to respond to variations in the turbulent
length scale, which is linked to the i /u ratio, values of L ranging from 5 to 30 mm are used in the present calculations.
The results for the skin friction coefficient for such tests are shown in Fig. 5. The results are in accordance with the

0.01

Experimental
i Transition Model, L=smm
Transition Model, L=10mm
Transition Model, L=15mm
« Transition Model, L=20mm
———  Transition Model, L=25mm
—--—--— Transition Model, L=30mm
0.006 | Transition Model, L=12mm

0.008

0.002

0 0.5 1 1.5

Figure 5: Skin friction coefficient dependency on freestream turbulence length scale.

problem physics, that is, a larger L moves the transition onset upstream and decreases the extent of the transition region.
Although the DNS calculations in Ref. [23] have indicated that L = 12 mm, the present results are indicating that the best
fit of the experimental data is obtained for RANS simulations with L = 15 mm. Of course, this might be dependent on
the choice of turbulence closure and of transition model. In general, the skin friction coefficient in the turbulent region of
the boundary layer is underpredicted by the present model, regardless of the value of turbulent length scale used.

The influence of numerical settings is further investigated by performing two additional simulations, namely with
nodal base polynomials and minmod limiter, and with centroidal base polynomials and the van Albada (continuous)
limiter. The results of such tests are presented in Fig. 6. The model is robust with regard to numerical settings and both

0.01

O Experimental
“““““““““““““ Trans. Model, Continuous Limiter, Centroidal Polynomials
Trans. Model, Minmod Limiter, Nodal Polynomials

0.008

0.006 |-
0.004 -

0.002 |-

0 05 1 1.5
x [m]

Figure 6: Skin friction coefficient dependency on numerical settings.

numerical schemes yield similar results for the skin friction coefficient. Another interesting evaluation for the transition
model can be performed by observing the velocity profiles. Two streamwise stations are used to analyse such profiles,
namely one at z = 45 mm and another at x = 1, 295 mm from the leading edge. Experimental data show that the flow is
laminar at the first station but it is turbulent at the latter. The velocity profile results are shown in Fig. 7. The numerical
results are clearly in accordance with the experimental data, showing a laminar profile near the leading edge of the flat
plate and a turbulent profile further downstream. The velocity profile in the laminar region is very well predicted by the
simulation, whereas the turbulent profile does not reach the same agreement. Furthermore, it seems that the computed
boundary layer thickness for the turbulent region is somewhat smaller than the experimental one.
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Figure 7: Velocity profiles at two stations along the flat plate; = is measured from the leading edge.

3.3 T3B test case

For this test case, freestream speed is 9.4 m/s and the leading edge freestream turbulence intensity is 6%. Since the
freestream turbulence intensity and freestream speed are larger than those for the T3A test case, transition onset is expected
to move upstream and the extent of the transition region should be smaller than the corresponding results obtained for the
previous test case. Solution convergence is, again, verified by performing simulations with 1000 and 3000 time steps, as
shown in Fig. 8. As in the previous case, it is clear that 1000 time steps are sufficient to obtain convergence of the skin

o Experimental
0.008fF | L Transition Model, 3000 time steps
Transition Model, 1000 time steps

0.002 -

0 05 1 1.5
x [m]

Figure 8: Effect of solution convergence on the skin friction for the T3B test case.

friction coefficient.

The sensitivity of the skin friction coefficient to the turbulence length scale can be observed in Fig. 9. Considering
the results obtained for the T3A test case, similar behavior, concerning the onset of transition and extent of the transition
region, is observed in the present test case. An increase in the turbulence length scale yields an upstream motion of
the transition onset and a decrease in the extent of the transition region. DNS calculations by Yang and Voke [23] have
indicated that, for the T3B test case, the value for the turbulent length scale is L = 13.5 mm. Figure 9 is indicating
that such value of turbulence length scale does not yield good agreement of the calculated skin friction coefficient with
experiment in the transition region. However, since the present computational results have a tendency of exaggerating
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Figure 9: Skin friction dependency on turbulence length scale for the T3B test case.

the variation in C’y in the transition region, there is no value of L that would actually fit the experimental data adequately
throughout the transition region in the present simulations.

As discussed, the present computational skin friction coefficient is underpredicted for L = 13.5 mm in the transition
region. Moreover, the extent of the transition region is overpredicted for this value of turbulence length scale. However, a
comparison of the values of freestream eddy viscosity specified in the present calculations with those reported in Ref. [15]
indicates that our simulations are using fairly smaller values of the p;/u ratio at the flow entrance boundary. The cited
reference uses y;/p = 100, whereas the present calculations use p; /1 = 56, for instance, when L = 13.5 mm. Clearly,
values of u;/p and L are related, and u;/p = 100 corresponds to a value of L = 25 mm. Therefore, such observations
can explain why the results in Ref. [15], and also our results for L = 25 mm, have such overprediction of C; in the
transition region.

The present test case is assuming a freestream turbulence intensity which is twice that used in the T3A test case. This
higher value of FSTI has moved the transition onset much closer to the flat plate leading edge, as expected. Moreover,
the larger FSTI value yields a transition region which is smaller that that observed in the previous test case, as one should
also expect. Finally, Fig. 10 presents boundary layer velocity profiles for two streamwise stations along the flat plate,
namely at x = 45 mm and x = 1, 295 mm from the leading edge, as in the previous case. Furthermore, as in the T3A test
case, experimental data indicates that the boundary layer at x = 45 mm is laminar, whereas it is turbulent at z = 1,295
mm. The numerical results are clearly in accordance with the experimental data, showing a laminar profile near the plate
leading edge and a turbulent profile at the downstream station. The results in Fig. 10 also indicate that the increase in
the freestream turbulence intensity makes the velocity profile at x = 45 mm sharper than the one observed at the same
station for the previous test case, but it is still laminar. It is also interesting that one obtains a better agreement between
the computational results and the experimental data for the velocity profile at x = 1,295 mm in the present test case.

4. CONCLUDING REMARKS

In the present paper, the Langtry-Menter transition model is investigated by simulating two ERCOFTAC flat plate test
cases, namely the T3A and T3B cases. A brief review of some recent CFD transition models indicates some weaknesses
present in previous approaches, especially in what concerns their applications to unstructured grid CFD simulations. An
overview of the Langtry-Menter model is provided and some of its important aspects are highlighted. The model is free
of non-local variables, which makes it appropriate for daily industrial CFD applications.

The model sensitivity to freestream turbulence intensity and turbulence length scale is investigated in the paper. As
one should expect, an increase in the turbulence length scale moves the transition onset upstream and reduces the extent of
the transition region. Similarly, an increase in freestream turbulence intensity also yield the same behavior for transition
onset and length of the transition region. Mesh refinement and dimensionless distance to the wall, yT, are evaluated in
order to understand how the grid may affect the model performance. The results show that one must use y™ < 1, since
values larger than 1 may lead to a slight underprediction for the skin friction coefficient in the upstream portion of the
turbulent boundary layer region.

The present paper also addressed the effect of some numerical settings of the CFD++ code. For instance, the use of
both nodal and centroidal base reconstruction polynomials was tested, as well as the use of the van Albada and minmod
limiters. The results are essentially independent of such numerical parameters. It is correct to state that, in general, good
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Figure 10: Velocity profiles at two stations along the flat plate for case T3B; x is measured from the leading edge.

agreement with experimental data is observed in the present calculations. It is true that such behavior might be explained
by the fact that the T3 test cases were considered in the calibration of the empirical correlations present in the transition
model here adopted.
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Resumo. O presente trabalho refere-se a um estudo aeroacUstico experimental do dispositivo hipersustentador
denominado eslate sob a presenca de excrescéncias instaladas no interior de sua cova. O eslate é um elemento posicionado
no bordo de ataque do perfil aerodindmico e possibilita a aeronave se manter em voo com uma menor velocidade, de
maneira a permitir procedimentos de pouso e decolagem mais seguros e uma pista menor para ambas as operagoes. O
estudo contempla o aerofélio denominado MDA 30P30N, com excrescéncias presentes em diferentes posi¢6es na cova do
eslate, ao longo de toda a envergadura do elemento, para diferentes de angulos de ataque e velocidades de escoamento.
Os experimentos foram realizados em um tanel de vento de secéo e circuito fechados. O pds-processamento dos dados
aeroacusticos adquiridos nos ensaios realizados, de forma a caracterizar o ruido a partir de espectros de frequéncia e
mapas para localizacdo e determinagdo da intensidade das fontes sonoras, foi efetivado com cddigos in-house de
beamforming e DAMAS. Os resultados obtidos para excrescéncias de se¢éo transversal quadrada e em quatro posi¢des
distintas na cova do eslate, revelam que a posicdo do selo possui grande impacto no ruido de eslate, alterando
significativamente o espectro em frequéncia.

Palavras-chave: aeroacUstica, dispositivos hipersustentadores, ruido de eslate, beamforming, DAMAS.
1. INTRODUCAO

Os dispositivos de hipersustentagdo sdo sistemas aerodinamicos acoplados a aeronave capazes de aumentar a
sustentacdo em certas condi¢des de voo, tais como decolagem e pouso. Como consequéncia, a velocidade de estol é
reduzida consideravelmente, sendo a aeronave capaz de efetuar um voo mais lento (e seguro) nos momentos de pouso e
decolagem. Com o desenvolvimento dos motores turbofan, a partir da década de 70, a contribuicdo dos trens-de-pouso e
dos dispositivos de hipersustentacdo, como eslate e flape, tornou-se significativa em condicBes de aproximacgéo e
aterrissagem.

Existe um aumento no ruido aeroacustico devido a presencga dos dispositivos hipersustentadores. Dobrzynski (2010)
afirma que, para uma mesma velocidade, uma asa com dispositivos de hipersustentacéo estendidos é cerca de 10 [dB] mais
ruidosa do que quando comparada com a mesma asa em condigdo de cruzeiro (com os elementos hipersustentadores
recolhidos). O eslate possui um ruido de fonte menos intenso por unidade de area em comparagdo com o ruido de ponta
de flape. Entretanto, na contribuic&o total, o ruido de flape € menos importante quando comparado com o eslate, pois este
Gltimo apresenta uma fonte estendida em linha, ao longo da envergadura. Em aeronaves de médio porte, tais como
aeronaves regionais, a razdo entre a envergadura da asa e as demais dimens@es caracteristicas dos componentes da
fuselagem da aeronave é muito maior do que aquela observada em avides de grande porte, dai entdo a importancia do
entendimento dos mecanismos de geracéo de ruido em eslate para aeronaves regionais.

O eslate é um dispositivo hipersustentador localizado a montante do bordo de ataque do elemento principal da asa. Seu
formato geométrico possui uma cavidade (cova), devido ao espagcamento existente entre ele e o elemento principal da asa,
e uma cuspide em sua superficie inferior, de forma que, quando recolhido, as caracteristicas aerodindmicas do perfil em
condicdo de cruzeiro sejam minimamente afetadas. A Fig. (1) mostra o esquema de um eslate, incluindo um tipico
escoamento ao redor deste componente, e a representacdo das linhas de corrente baseadas na média temporal do
escoamento. A camada limite no intradorso do eslate é forcada a separar na cuspide por um forte gradiente adverso de
pressdo. Essa separacdo forma uma camada de mistura que representa uma fronteira entre o escoamento acelerado, entre
0 eslate e 0 elemento principal, e o escoamento lento da bolha, dentro da cova do eslate. O perfil de velocidade da camada
de mistura confere a esta uma condicdo de instabilidade, ou seja, ela amplifica pequenas perturbacdes, levando a formagéo
de vértices discretos que crescem e se emparelham a medida que séo convectados em dire¢do ao ponto de recolamento na
parede da cova. Simulagdes numéricas e experimentos de tinel de vento demonstram que o tamanho da bolha de separacao
na cova do eslate reduz a medida que se aumenta o angulo de ataque do aerofélio e que o had uma oscilagdo do ponto de
recolamento, (Dobrzynski e Pott-Pollenske, 2001). Ap6s o recolamento, parte dos vértices da camada de mistura sdo
ejetados através da folga entre o eslate e o elemento principal e a outra parte adentra a bolha de separacao, e fica presa
dentro dela, recirculando, o que acaba por introduzir perturbages no estagio inicial da camada de mistura, préximo a
cuspide.
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Figura 1 — Desenho esquematico de um eslate. (a) Principais pontos de referéncia e (b) campo de escoamento tipico ao
redor de um eslate, apresentando as linhas de corrente para um angulo de ataque de 4 [°], retirado de Souza (2012).

Medicdes aeroacusticas em perfis hipersustentadores sdo de dificil realizacdo com modelos de testes em escala real,
devido a indisponibilidade de tdneis de vento acUsticos com tamanho apropriado. Por outro lado, modelos de testes em
escala reduzida raramente reproduzem o regime observado em condi¢es operacionais, 0 que pode induzir o surgimento
de mecanismos de geracao de ruido atipicos, de acordo com Dobrzynski et al. (2008). Ensaios com modelos completos,
em tlneis de vento de larga escala, sdo muito caros para serem utilizados com o intuito de pesquisar os complexos
mecanismos de geracao de ruido. Dobrzynski (2010) afirma que geralmente este tipo de pesquisa é conduzido em modelos
de asas bidimensionais em escala, empregando tineis de vento menores. Com o tunel de vento devidamente adaptado para
medi¢des aeroacusticas e utilizando-se de uma matriz (antena ou array) de microfones, torna-se possivel quantificar os
niveis de som propagado, bem como a identificar as regides das fontes de ruido.

Uma representagdo esquematica do espectro de ruido gerado pelo eslate é apresentada na Fig. (2). Conforme Imamura
et al. (2009) descreve em seus trabalhos, o ruido de eslate pode ser dividido em trés componentes. A primeira componente
¢ de banda larga (BB — broadband), sendo esta a fonte principal de ruido de eslate, entretanto seu mecanismo de geracao
ainda ndo é completamente entendido. A segunda componente € a de multiplos picos tonais (multiple tonal peaks — MTP).
Muitos estudos tém sido feitos a respeito desta componente, tal como pode ser observado em Kolb et al. (2007), Dobrzynski
et al. (1998), Dobrzynski e Pott-Pollenske (2001) e Kaepernick, Koop e Ehrenfried (2005). Estes picos ndo sdo harménicos
de um modo fundamental, a provavel causa do aparecimento desta componente € um mecanismo de retroalimentagdo,
conforme Kolb et al. (2007) explora em seu trabalho, porém seu mecanismo de geracdo de ruido também ndo é
completamente entendido. A terceira componente, o pico tonal de alta frequéncia (high frequency tone — HT), € emitida
pelo bordo de fuga do eslate. Sua frequéncia dominante é consistente com o fenémeno de desprendimento de vortices em
bordos de fuga, (Khorrami, Berkman e Choudhari, 2000) e (Choudhari et al., 2002).
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Figura 2 — Espectro tipico de ruido de eslate.

O processamento de sinais, beamforming convencional e DAMAS, faz parte da etapa de p6s-processamento dos dados.
A técnica de beamforming aplicada a acUstica € bastante utilizada para o mapeamento de fontes de ruido. Para este trabalho
foi utilizado um c6digo in-house de beamforming, contendo o método de deconvolugdo DAMAS.

Aeronaves reais apresentam diversos elementos na cova do eslate, tal como mecanismos de deflexdo, tubos do
sistema anti-gelo e selos que isolam a cova e evitam o contato direto do eslate com o elemento principal em condi¢édo
de cruzeiro. A maioria dos estudos dedicados ao ruido gerado pelo eslate consideram geometrias idealizadas, sem a
presenca destes detalhes geométricos na cova do eslate, por exemplo. O objetivo deste trabalho refere-se a
caracterizacdo de ruido de eslate sob a presenga de excrescéncias no formato de selos em sua cova, conforme a Fig.
(3). Nesta figura é mostrado um selo na cova do eslate bem como uma representacdo do gabarito utilizado para
posicionar os selos. Os resultados experimentais sdo fundamentados na base de dados obtida com a campanha 2014-1
de ensaios aeroacusticos do projeto Aeronave Silenciosa, uma cooperacgdo entre EMBRAER e universidades. Foram
feitas medicBes aeroacusticas e aerodinamicas para diversas de velocidades de escoamento livre, &ngulos de ataque,
geometrias e posi¢des de selos na cova do eslate. Os resultados apresentados consistem em espectros de ruido e mapas
de beamforming gerados a partir de um algoritmo de deconvolucdo DAMAS in-house.
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Figura 3 — Detalhe do perfil hipersustentador MDA 30P30N bidimensional contendo um selo quadrado
posicionado na cova do eslate.

A estrutura deste artigo esta organizada como descrito a seguir. A se¢do 2 traz a metodologia utilizada, relatando a
estrutura (modelo, equipamentos, sistemas, etc.) empregada nos ensaios, 0s procedimentos experimentais adotados e
uma breve descricdo sobre as técnicas de beamforming e DAMAS. Ja a terceira secdo apresenta os resultados e
discussdes para a configuracdo padréo (sem a presenca dos selos) e para os selos de segéo transversal quadrada em
determinadas posicdes da cova. Por fim, a quarta se¢cdo mostra as conclusdes obtidas a partir do estudo realizado.

2. METODOLOGIA

O modelo utilizado nos ensaios foi confeccionado basicamente em aluminio, a partir de uma geometria de aerofélio
nomeada MDA 30P30N, sendo este um perfil hipersustentador para o qual as cordas do eslate e do flape correspondem,
respectivamente, a 15 [%] e 30 [%] da corda do aerofolio em condicéo de cruzeiro (com os elementos de hipersustentacéo,
flape e eslate, recolhidos). No modelo ensaiado, a corda em condi¢do de cruzeiro é de 0,5 [m]. Na configuracdo padréo,
as deflexdes do flape e do eslate sdo de 30 [°], 0 gap e overlap do flape séo, respectivamente, 1,27 [%] e 0,25 [%] (valores
relativos a corda em condi¢do de cruzeiro), e o gap e overlap do eslate sdo, respectivamente, 2,95 [%] e -2,50 [%)] (valores
relativos a corda do perfil em condicdo de cruzeiro). O comprimento ao longo do span (envergadura) para o eslate,
elemento principal e flape é de 1,3 [m]. A Fig. (4) apresenta o perfil do aerofélio estendido e recolhido, bem como o
modelo instalado na cdmara de ensaios do tanel de vento LAE-1.

@
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Figura 4 — MDA 30P30N. (a) perfil com flape e eslate estendidos, (b) perfil em condicdo de cruzeiro, com flape e eslate
recolhidos (detalhe para a linha de corda), (c) e (d) modelo na cdmara de ensaios.

Os selos possuem secdo transversal quadrada, de aresta 3 [mm], e estdo presentes ao longo de toda a envergadura do
eslate, localizados em sua cova e com posicdo medida a partir do bordo de fuga do eslate. A Fig. (5) mostra a vista do
intradorso do modelo, com detalhe para o eslate, na qual é possivel visualizar os selos posicionados na cova do eslate. Ao
todo sdo quatro posi¢cdes medidas a partir do bordo de fuga do eslate: 8 [mm], 17,5 [mm], 30,5 [mm] e 45 [mm].

O tanel de vento utilizado nos ensaios é subsdnico, de secdo e circuito fechados e esta localizado no Laboratdrio de
Aerodindmica (LAE) da Escola de Engenharia de S&o Carlos (USP-EESC) e é denominado LAE-1. A se¢do de testes é
retangular, possuindo 1,30 [m] de altura, 1,67 [m] de largura e 3 [m] de comprimento Util e esta envolta em uma camara
plena, que isola a area de medicoes do ambiente externo. O ventilador axial de 8 pas é propelido por um motor de 115
[HP], de corrente alternada, é controlado por um inversor de frequéncia. A razdo de contracdo é de 1:8, a faixa de
velocidades esta entre 10 [m/s] e 45 [m/s] e o nivel de turbuléncia é cerca de 0,25 [%)]. Este tlnel de vento foi originalmente
projetado para ensaios aerodinamicos, sendo posteriormente adaptado para experimentos aeroacusticos, sendo que a
metodologia adotada reduziu marginalmente o ruido de fundo do tinel sem alteracdo significativa em suas caracteristicas
aerodindmicas, conforme pode ser observado em Santana et al. (2010).
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Figura 5 — Vista d intradorso do modelo contendo os selos na cova do eslate. PosicOes: (a) 8 [mm], (b) 17,5‘ [mm], (c)
30,5 [mm] e (d) 45 [mm].

O sistema de aquisicdo de dados inclui uma antena com 62 microfones, montada em um painel na parede do tinel
voltada para o intradorso do aerof6lio. Esta antena foi projetada na forma de uma espiral logaritmica de maltiplos bragos
e de maneira a permitir variadas configuragdes, tais como maior ou menor nimero de microfones. Os microfones da antena
sdo do tipo GRAS 40BD ¥ [pol]. Eles possuem uma faixa de frequéncia util maior que 20 [kHz] e faixa dinamica de 135
[dB]. O restante do sistema de aquisicéo de dados é baseado no hardware da National Instruments. Maiores detalhes sobre
o sistema de aquisicdo de dados utilizado podem ser encontrados em Pagani Jr, Costa e Medeiros (2011).

Os ensaios foram realizados com o aerof6lio em angulos de ataque de 2 [°], 4 [°], 6 [°], 8 [°] e 10 [°] e velocidade de
escoamento de 24 [m/s], 27 [m/s], 31 [m/s] e 34 [m/s], para o caso de referéncia, e 31 [m/s] e 34 [m/s] para 0s casos com
selos na cova do eslate. Foi utilizado um sistema de suc¢do da camada limite na turntable da se¢do de testes do tunel de
vento, de forma a atenuar efeitos de tridimensionalidade que ocorrem no escoamento ao redor do modelo.

A técnica de beamforming é comumente utilizada para mapear fontes acUsticas a partir do processamento das
medicdes realizadas com uma antena de microfones. Esta técnica permite a separacao de fontes concorrentes sobre um
modelo de testes e a estimativa do nivel de ruido emitido por cada distribuicdo de fontes pela simples integracéo de
niveis discretos de pressdao sonora, conforme Sarradj (2012). A resolucdo de um algoritmo de beamforming define a
sua capacidade em distinguir ondas incidentes de dire¢des préximas umas das outras. Para uma distancia focal finita, a
resolucdo é a minima distancia entre duas fontes que permite separa-las. A presenca de I6bulos laterais (side lobes)
causa a interferéncia de ondas incidentes de outras direces que ndo a de foco na avaliacéo da direcdo principal e isso
resultara em picos ou fontes falsas no mapa direcional. Um sistema de beamforming eficiente pode ser caracterizado
por um reduzido nivel maximo de lébulos laterais, medido em relagéo ao Iébulo principal (main lobe). O desempenho
de um sistema de beamforming é largamente dependente da geometria da antena, uma vez que ela define a sua funcédo
de forma, conforme constatam Brooks e Humphreys (2006).

O algoritmo de beamforming utilizado neste trabalho assume a propagacéo de ondas esféricas em condi¢do de campo
livre, com origem em uma distribuicdo de fontes pontuais descorrelacionadas, do tipo monopolo. O principio do
beamforming envolve o algoritmo bésico de atraso e soma (delay-and-sum), estando este descrito em Christensen e Hald
(2004). Um plano de varredura, encerrando uma malha discreta contendo N pontos, é definido ao redor da regido da fonte
de ruido. Um cédigo de beamforming combina as matrizes de correlacdo espectral dos sinais medidos pelos microfones,
Cross-Spectral Matrix (CSM) e os vetores dire¢do, steering vectors (estando estes associados com o ponto n da malha),
focando sucessivamente a antena de microfones em cada ponto da malha, de forma a obter uma estimativa da amplitude
das fontes e sua distribuicdo aparente, (Mueller et al., 2002).
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Figura 6 — Desenho esquematico dos referenciais utilizados para formulagdo de beamforming convencional.

A Fig. (6) exibe, esquematicamente, os referenciais utilizados para a formulacdo de beamforming deste trabalho, bem
como a malha de escaneamento, encerrando a regido de interesse em que supostamente se encontram as fontes, e a antena
de microfones. A posi¢do n é um ponto na malha a ser varrida a procura da fonte sonora, onde 1 < n < N; o é aposicao
de referéncia ou de origem (para este trabalho, o centro da antena) e m é a posicdo do m-ésimo microfone, onde 1 <
m < M, sendo M o nimero total de microfones ativos da antena.
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A expressdo da Eqg. (1) mostra uma formulagdo geral para beamforming convencional no dominio da frequéncia

bastante encontrada na literatura, tal como em Sarradj (2012). Espera-se de um algoritmo de beamforming que a resposta
maxima (pico), ocorra quando o ponto focal na malha (n) coincida com a posigao real da fonte.

b(Fym @) = K (T, @) (P(Fon0r @) DT (Frnor ©)) BTy ) 1

Nesta formulacdo, b € um escalar e denota a estimativa espectral do nivel de pressdo sonora a frequéncia angular w
(onde w = 2.7. ), no ponto focal n (sendo o vetor posi¢éo dado por 7, ,) em relagdo a uma referéncia, ou origem, dada
por o. O vetor p contém as estimativas espectrais dos niveis de pressdo sonora, sendo escrito como a transformadas de
Fourier dos sinais adquiridos pelos microfones de vetor posi¢éo 7, ,. J& 0 vetor h contém os steering vectors, ou vetores
direcdo, sendo estes funcdes de transferéncia normalizadas utilizadas para modelar a propagacdo de uma onda acustica
entre o ponto na malha em relacéo a referéncia, 7, ,, € 0s microfones da antena, 7, ,. O operador hermitiano é dado pelo
simbolo 1, e o simbolo {...) denota o valor esperado de uma medida.

Os resultados de beamforming apresentados de maneira tradicional, geram mapas acusticos a partir dos resultados
obtidos com as medicdes da antena. Estes ndo necessariamente representam a distribuicdo de fontes, devido ao resultado
desta operacao estar convolvida com o padrédo de resposta da propria antena (point spread function - psf), entre outros
parametros. No método DAMAS, apresentado por Brooks e Humphreys (2006), o objetivo é que as quantidades desejadas,
tais como os niveis de pressdo sonora e distribui¢do das fontes, sejam extraidas de forma independente das caracteristicas
de forma da antena de microfones. Assume-se a existéncia de um nimero N de fontes estatisticamente independentes,
cada uma em posicao diferente. Assim, é construido um sistema linear determinado por N incdgnitas, de forma a relacionar
0 campo espacial de pontos do beamforming convencional com a equivalente distribuicéo de fontes na mesma localizagédo
de pontos, sendo que a distribui¢do de fontes é resolvida de forma iterativa. Desta maneira, o problema € escrito como:

b=AX 2

A Eq. (2) representa um sistema linear de equagdes, relacionando o campo espacial de pontos com o beamforming
proveniente da resposta da antena, b, e sua equivalente distribuicdo de fontes, X, na mesma localizacdo dos pontos do
beamforming. Neste sistema linear de equacgdes da Eq. (2), a matriz A é quadrada, de ordem N, e ndo-singular. Justamente
por ser mal condicionada, sua solugdo de maneira X = A~1. b é imprecisa. Bons resultados s&o obtidos utilizando um
método iterativo de Gauss-Seidel adaptado, no qual é aplicada a restricdo de que os valores X,, (componentes do vetor X)
devem ser positivos para cada iteragéo.

Alguns parametros a serem adotados sdo muito importantes para 0 bom funcionamento e convergéncia do algoritmo
DAMAS, tais como 0 espagcamento entre os pontos na malha que encerra a regido de interesse, as dimensdes da malha, e
etc. Estes parametros podem ser verificados em Brooks e Humphreys (2006). Maiores detalhes sobre 0 método numérico
utilizado, bem como o completo desenvolvimento das equagdes, analises de desempenho e validagdo dos cddigos de
beamforming convencional e DAMAS, podem ser encontrados em Pagani Jr (2014), Sarradj (2012) e Mueller et al. (2002).

3. RESULTADOS E DISCUSSOES

O eslate apresenta, de maneira ideal, uma fonte de ruido distribuida linearmente ao longo de sua envergadura, sendo
que o nivel de pressdo sonora medido pela antena é estimado através da soma dos niveis discretos (integragcdo) em um
subdominio da malha no qual encontram-se as fontes de interesse. A regido de integracéo (regido de interesse ou region
of interest — ROI) pode ser escolhida com base na localizacdo espacial das fontes presentes nos mapas de beamforming
para as frequéncias analisadas. No caso do eslate, as fontes de baixa frequéncia se mostram irregularmente distribuidas
nos mapas de beamforming, sendo dificil a determinagdo de uma regido de interesse adequada. J& para médias e altas
frequéncias, as fontes se mostram bem distribuidas ao longo da envergadura do eslate. A regido de integragdo deve ser
definida de maneira a representar uma boa amostragem da distribuicdo de fontes ao longo da envergadura do eslate e
excluir fontes espurias. Esta regido deveria representar, idealmente, uma distribui¢do bidimensional de fontes, excluindo
eventuais fontes tridimensionais, tais como aquelas geradas na jungdo entre 0 modelo e a mesa giratoria (turntable).

Para este trabalho, adotaram-se os parametros referentes a malha estudados por Pagani Jr (2014), onde se verificou a
independéncia dos resultados para diferentes condi¢cdes operacionais do aerofélio, tais como angulos de ataque,
velocidades de escoamento e entre outros. Também sdo apresentados estudos de independéncia em relagdo a resolugdo em
frequéncia, ao nimero de pontos da malha, ao tamanho e a posicéo espacial da malha, ao tempo de aquisicao e a regido de
interesse a ser aplicada. Em um breve resumo, a malha utilizada neste trabalho possui dimensfes minimas de 1,4 [m] de
altura (na direc¢do do eixo y) por 0,3 [m] de largura (na direc¢do do eixo x), estando centrada em um ponto localizado & 0,34
[m] de distancia horizontal (em relacéo ao eixo x) do ponto de referéncia (sendo este o centro da antena de microfones).
Para a faixa de angulos de ataque e &ngulo de deflexdo do eslate abordados neste trabalho, a posicéo central do eslate em
relacdo ao eixo x varia muito pouco, de forma que um ponto distante de 0,34 [m] em relacdo a origem (centro da antena,
no eixo x), representa bem a posicdo central do eslate para os casos analisados. A regido de interesse possui 0,8 [m] na
direcdo da envergadura do modelo por 0,18 [m] na dire¢do da corda do modelo, estando centrada na malha. Estes valores
foram definidos ap6s analise conjunta dos espectros de ruido, dos mapas de beamforming e da posicdo do modelo no tanel
de vento, conforme Pagani Jr (2014). A Fig. (7) expde esquematicamente as posi¢des e tamanhos da malha (retangulo
azul) e da regido de interesse (retangulo cinza) em relagdo ao modelo e a antena de microfones e o esquema da regido de
interesse no intradorso do modelo.
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Figura 7 — (a) Malha (dimensBes minimas) e regido de interesse (ou de integracdo) utilizadas para este trabalho e (b)
esquema da regido de interesse no intradorso do modelo.

As duas figuras seguintes apresentam o espectro de frequéncias para o caso padrdo, sem a presenca dos selos na cova
do eslate. E possivel observar claramente as trés componentes de ruido: multiplos picos tonais de baixa frequéncia, banda
larga e pico de alta frequéncia, vindo de encontro com os trabalhos encontrados na literatura, tais como os de Imamura et
al. (2009), Ura et al. (2010) e Dobrzynski e Pott-Pollenske (2001).

Na Fig. (8) sdo exibidos os espectros para as velocidades (U) de 27 e 34 [m/s] e angulos de ataque (AoA) de 2 a 10 [°].
Nota-se que quanto menor o angulo de ataque, maior a intensidade do ruido e mais salientes os picos tonais de baixa
frequéncia, sendo que a frequéncia de ocorréncia dos picos varia ligeiramente conforme o &ngulo de ataque analisado. O
pico tonal de alta frequéncia acontece em frequéncias tdo maiores quanto maior o angulo de ataque.
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Figura 8 - Espectro e frequéncias para o caso padrdo, AoA de 2 [°] a 10 [°]. (a) U 27 [m/s] e (b) U 34 [m/s].
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Figura 9 — Espectro de frequéncias para o caso padrdo. U de 24 a 34 [m/s]. (2) AoA 4 [°] e (b) AoA 4 [°] e colapsos em
Mach e Strouhal.
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A Fig. (9) mostra os espectros de ruido de eslate para angulo de ataque de 4 [°] e velocidades entre 24 e 34 [m/s]. Nesta
figura observa-se a dependéncia da intensidade do ruido com a velocidade do escoamento (quanto maior a velocidade,
maior a intensidade). Também é apresentado o escalonamento das curvas com o nimero de Mach para poténcia de 4,5,
conforme Dobrzynski e Pott-Pollenske (2001), e com o nimero de Strouhal, baseado na corda do eslate e na velocidade
do escoamento livre. Os picos tonais, tanto de baixa quanto de alta frequéncia, sdo deslocados para frequéncias maiores
conforme a velocidade do escoamento aumenta. Existe um bom colapso no escalonamento com o nimero de Mach elevado
a poténcia de 4,5 e normalizado por um Mach de referéncia, tal que M, = 0,1, e para Strouhal compreendido entre 2 e
10. Observa-se ainda que o pico de amplitude do espectro gira em torno de St = 2 (quando baseado na corda do eslate e
na velocidade do escoamento livre), estando em acordo com os resultados apontados por (Imamura et al., 2009).

Os proximos dados sdo referentes aos selos instalados na cova do eslate, ao longo de sua envergadura, possuindo se¢ao
transversal quadrada com 3 [mm] de aresta cada.

Na Fig. (10) séo exibidos os espectros de frequéncia para a velocidade de escoamento de 34 [m/s] e angulos de ataque
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de 2, 4, 8 e 10 [°], comparando o caso padrdo, sem a presenca de selos, com o0s casos em que ha a presenca dos selos.
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Figura 10 — Comparacdo entre os casos padréo e com a presenca de selos para U 34 [m/s]. (2) AoA 2 [°], (b) AocA 4
[°], (c) AoA 8 [°] e (d) AoA 10 [°].

Quanto ao primeiro pico tonal de baixa frequéncia, atenta-se que este é mais pronunciado para 0 caso com o selo
posicionado a 30 [mm] do bordo de fuga do eslate para angulos de ataque entre 2 e 8 [°], chegando a ser 20 [dB] mais
intenso em relagdo ao caso padrdo (quando o angulo de ataque é de 4 [°]). Nota-se também que a frequéncia de ocorréncia
deste pico € menor para o caso de 30 [mm], e nos demais casos a ocorréncia deste pico é apenas ligeiramente diferente,
girando em torno dos 800 [Hz] para &ngulo de ataque de 2 [°], por exemplo. O segundo pico tonal & melhor pronunciado
quando o selo estd a 45 [mm] do bordo de fuga do eslate, sendo a excecdo feita quando o &ngulo de ataque é de 10 [°].
Para este pico, a frequéncia de ocorréncia € menos similar para os diferentes casos analisados. Quanto maior o angulo de
ataque, mais distantes em frequéncia estes picos se encontram, porém oscilam em torno de 1200 [Hz]. Quando o angulo
de ataque é de 4 [°], 0 segundo pico tonal do caso 45 [mm] é cerca de 15 [dB] mais intenso em relagdo ao caso padréo.
Por fim, o terceiro pico tonal € mais ruidoso no caso com o selo em 30 [mm], para angulos de ataque de 2 & 6 [°], sendo
que para 8 e 10 [°] o caso de 8 [mm] se sobressai. Sua frequéncia de apari¢éo difere significativamente com a posic¢éo dos
selos e 0 angulo de ataque, sendo 0s mais proximos os casos padréo, 17,5 e 45 [mm], nas proximidades de 1500 [Hz]. Para
angulo de ataque de 4 [°], o selo na posi¢do de 30 [mm] é cerca de 8 [dB] mais intenso do que o caso padréo.

A componente de banda larga se apresenta bem comportada, com as curvas colapsando bem para os casos padréo, 17,5,
30 e 45 [mm] entre os angulos de ataque de 2 [°] e 8 [°]. Quando o angulo de ataque é de 10 [°] ocorre a presenca de dois
picos tonais na faixa de frequéncia compreendida entre 3,5 e 6 [kHz]. Os selos mais distantes do bordo de fuga do eslate
apresentam menor intensidade nestes picos (estes fendmenos ainda precisam ser melhor compreendidos). O caso com o
selo posicionado a 8 [mm] mostra um comportamento peculiar, com a componente de banda larga se sobressaindo em
intensidade em relacdo aos demais casos para todos 0s angulos de ataque. Para angulos de 8 e 10 [°], o espectro é quase
que inteiramente de banda larga, porém apresentando alguns tonais ao longo do espectro. Quando 10 [°] de &ngulo de
ataque, todo o espectro de frequéncias é dominado pelo caso de 8 [mm], sendo que para 8 [kHz] a diferenca de intensidade
do ruido em relagdo ao caso padréo chega a 25 [dB].

No que diz respeito ao pico tonal de alta frequéncia, este decresce ligeiramente, em intensidade, conforme o &ngulo de
ataque avancga. Com excecdo do caso com o selo posicionado a 8 [mm] do bordo de fuga, os demais praticamente colapsam
em intensidade e frequéncia para todos os casos em cada angulo de ataque, apresentando apenas uma ligeira diferenca.
Quanto maior o angulo de ataque, maior a frequéncia de ocorréncia desta componente. Ja para o caso de selo em 8 [mm],
0 pico tonal de alta frequéncia também existe, porém ocorrem em frequéncias menores que as dos demais casos, com
excecdo para angulo de ataque de 2 [°] (quando em todos 0s casos praticamente existe um colapso). Outro fato curioso é
que neste caso a frequéncia de ocorréncia do pico tonal de alta frequéncia praticamente ndo se altera com o0 aumento do
angulo de ataque, mantendo-se em torno de 7,5 [kHz]. Importante destacar que o pico mais ruidoso é sempre o do caso 8
[mm], chegando a diferenca em intensidade, chegando a cerca de 10 [dB], em relagdo ao caso padrdo, quando o angulo de
ataque é de 10 [°].

A Fig. (11) exibe os espectros de frequéncia para os selos acima citados, para velocidade do escoamento livre em 34
[m/s] e &ngulos de ataque entre 2 e 10 [°].
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Figura 10 — Espectros de frequéncia para U 34 [m/s]. Posigdes relativas ao bordo de fuga do eslate: (a) 8 [mm], (b) 17,5
[mm], (c) 30 [mm] e (d) 45 [mm].

No selo posicionado a 8 [mm] do bordo de fuga do eslate, nota-se que a intensidade do segundo pico tonal é
ligeiramente maior do que a do primeiro e do terceiro picos, porém, para o angulo de ataque de 2 [°], o primeiro e 0
segundo pico tonais praticamente se equivalem em intensidade. Para efeitos de comparacdo com o caso de referéncia,
utilizando o angulo de ataque de 2 [°] e o primeiro pico tonal, este é cerca de 8 [dB] mais ruidoso para selo a 8 [mm]. O
selo posicionado a 17,5 [mm] do bordo de fuga do eslate, é o que possui as menores intensidades dos picos tonais de baixa
frequéncia, em comparagdo com 0s demais casos. Para dngulos de ataque de 2 e 4 [°], 0 segundo pico tonal possui maior
intensidade, porém com o primeiro e terceiro picos com intensidade comparavel. J& para os angulos de ataque de 6 e 8 [°],
0 primeiro pico possui a maior intensidade, entretanto o segundo e terceiro picos também possuem intensidade comparavel,
ndo havendo um grande destaque. O primeiro pico tonal, para angulo de ataque de 2 [°], chega a ser 8 [dB] menos ruidoso
em relagdo ao caso de referéncia. Com o selo posicionado & 30 [mm] do bordo de fuga do eslate, o primeiro pico tonal
mostra-se pronunciado em relacdo aos demais (com excecdo para o angulo de ataque de 10 [°]), podendo ser cerca de 17
[dB] mais intenso do que o caso padrdo, para angulos de ataque de 2, 4 e 6 [°]. O préximo pico tonal de maior intensidade
é o terceiro. Ja para o caso com o selo posicionado a 45 [mm] do bordo de fuga do eslate, o segundo pico tonal se destaca
em relacdo aos demais (também com excecdo para o angulo de ataque de 10 [°]). Para angulos de ataque de 2, 4 e 6 [°],
este pico pode ser 13 [dB] mais intenso em relagéo ao caso de referéncia. Em todos os casos é perceptivel que a intensidade
do ruido, em quase todo o espectro de frequéncias, diminui conforme o angulo de ataque avanca.

Quanto a componente de banda larga, para o selo posicionado a 8 [mm] do bordo de fuga, esta possui maior intensidade
do que as dos demais casos, sendo que para angulo de ataque de 10 [°] o espectro de frequéncias é quase que totalmente
de banda larga. Para os selos posicionados a 17,5, 30 e 45 [mm], nota-se que a componente de banda larga para &ngulo de
ataque de 10 [°] é caracterizada por possuir dois picos tonais entre 4 e 5 [kHz], sendo que sua intensidade diminui conforme
o selo é deslocado no sentido da cuspide do eslate.

No caso de 8 [mm] praticamente ndo ha pico tonal de alta frequéncia. Para os demais casos, o tonal de alta frequéncia
ja é mais evidente e 0 comportamento global dos espectros estd mais em acordo com o caso padréo.

A Fig. (12) exibe os mapas de deconvolugdo DAMAS para algumas frequéncias selecionadas, tais como os trés
primeiros picos tonais de baixa frequéncia, Figs. (12a), (12b) e (12c) respectivamente, o pico tonal de alta frequéncia, Fig.
(12d), e uma frequéncia que esteja na parcela de banda larga dos espectros, Fig. (12e). Nota-se nos mapas a antena de
microfones (circulos azuis), o eslate (retangulo de borda preta), bem como a regido de interesse (ou de integracdo), e 0s
niveis de ruido. A faixa dindmica exibida nos mapas é de 12 [dB]. N&o ha grande diferenca na posi¢do e no formato das
fontes nos mapas DAMAS para os selos em diferentes posicGes e para o caso padrdo. Verifica-se que no primeiro pico
tonal ha a presenca de duas fontes localizadas sobre o eslate, bem definidas, nas extremidades da regido de interesse. No
segundo pico é possivel observar trés fontes, nas extremidades e no centro da regido de interesse, enquanto que no terceiro
pico ja se observa um padrao de distribuigcdo das fontes. Para o pico tonal de alta frequéncia e para a frequéncia de banda
larga, constata-se uma fonte em linha ao longo de toda a envergadura do eslate na regido analisada.



Anais da EPTT 2014 IX Escola de Primavera de Transigéo e Turbuléncia
Copyright © 2014 ABCM 22 a 26 de setembro de 2014, Sdo Leopoldo — RS, Brasil

800 [Hz] - run638 1100 [Hz] - rund73

45 42

04 -

Spanwise Direction [m)
Spanwise Direction [m)

0.6 04 -02 o 02 04 06 22 -06 0.4 -0.2 o 02 04 06
(a) Streamwise Direction [m] (b) Streamwise Direction [m]

30

10800 [Hz] - run757

—— . . 54 1

Spanwise Direction (1)

0.6 04 -02 o 02 04 06 42 -06 0.4 -0.2 o 02 04 06 1
Streamwise Direction [m] (d) Streamwise Direction [m]

4000 [Hz) - runB32
; - 28

Spanwise Direction [m)

————a |
8
8

(e) '0:6 'D‘Q gﬁeamw‘sjpimmon EE;:] Ojd D‘E 16
Figura 12 — Mapas DAMAS para os casos com selos na cova do eslate. (a) 800 [Hz], selo @ 8 [mm], U 34 [m/s] e AcA
8[°], (b) 1100 [Hz], selo a 17,5 [mm], U 34 [m/s] e AoA 8 [°], (c) 1450 [Hz], selo & 30,5 [mm], U 34 [m/s] e AoA 4 [°],

(d) 10800 [Hz], selo a 45 [mm], U 34 [m/s] e AoA 4 [°] e (e) 4000 [Hz], selo a 17,5 [mm], U 31 [m/s] e AoA 6 [°].
4. CONCLUSAO

A partir dos dados levantados no presente estudo, verifica-se que os selos tém grande influéncia no espectro de
frequéncias do eslate, tornando o ruido mais ou menos intenso, conforme a posicéo do selo, deslocando ligeiramente a
posicdo dos picos tonais e, na posicdo de 8 [mm], modificando completamente o espectro de frequéncias. Os mapas de
beamforming também s&o alterados, porém mantém as caracteristicas das fontes semelhantes ao caso padrdo. Em suma, é
possivel afirmar que o selo de posicdo 17,5 [mm] reduz a intensidade de ruido para praticamente todas as frequéncias,
velocidades de escoamento e angulos de ataque analisados (com exce¢do do angulo de 10 [°], para médias frequéncias em
diante), enquanto que os selos nas demais posi¢des ora intensificam o primeiro tonal de baixa frequéncia, ora intensificam
0 segundo tonal de baixa frequéncia, e por vezes ainda modificam a componente de banda larga do espectro.
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Abstract. In this work, we show that a appropriate choice of the subgrid scale model is very important in turbulent large
eddy simulations (LES). For this purpose, we presents a comparison of three different LES models, namely, LES with

Smagorinsky, LESwith dynamic subgrid scale models, and ILES (Implicit LES) model.

1.

INTRODUCTION

When solving the Direct Numerical Simulation (or DNS) sietidn of Navier-Stokes equations for high Reynolds

number flows strategy calculates the entire turbulent grergctrum by solving all turbulent motions, being a impicedt
strategy for high Reynolds number flows in terms of compaoieti cost. In this sense, one of the first approach developed
was RANS (Reynolds-average Navier-Stokes), in which albulent fluid dynamic effects are replaced by a suitable
model. A more recent and reliable approach for turbulent fWES, which solves directly the large-scale turbulent
spectrum and employ modeling only for the small structudss strategy is based on the separation of turbulent scales
by a filter function, which removes the components of the k(sabgrid) scales.

To provide a closure for the Navier-Stokes equations in L&ES)bgrid scale (SGS) stress model is employed. In this

work, we use SGS models based on an eddy viscosity assump#aarely, Smagorinsky (1963) and dynamic models
(Germancet al., 1991). A another strategy applied in this work to model tilegsid stress is the ILES model (Grinstein
and Drikakis, 2007), where no subgrid modeling is used, the. eddy viscosity is considered null. The influence of the
unresolved scales on the resolved ones is accounted foeluthnerical dissipation of the convective scheme applyed in
the discretization of the momentum equation.

In this sense, we present here a comparison of the three LE®Ismmencioned previously, which are applied in

turbulent simulations of the channel flow&e, = 395: 1) LES with Smagorinsky model; 2) LES with dynamic model;
3) ILES. The results are compared with channel flow DNS datagnted by Laurent (2011).

2.

MATHEMATICAL SETTING

We consider the dimensionless incompressible filtered éte®iokes equations given by

o, o op 1 82’[1_1 aTij
i Y ey = 9P 2 T 1
ot + Ox; (%) ox; * Re, 8x? oz’ (1)
ou;

1 — 2
e, )

wherew; is the filtered instantaneous velocity fieftis the pressure, Re= U,h/v is the Reynolds number, beidg the
bulk velocity andh the channel half-height.

Moreover,r;; is the SGS stress tensor (subfilter stress), given by
Tij = Uglly — U Uj. 3

To provide a closure for the system formed by equationsZ},)te SGS models are presented in the next section,

which are applied to approach the SGS stress tensor basedeatugp viscosity assumption.
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2.1 SGS models

These models are employed to provide a closure for the filtdevier-Stokes equations, modeling the turbulent small
scales. For this, the SGS stress was described by the Besgsimodel, as a function of the turbulent viscosity

— 1
Tij = —21Si5 + ngk(sij- 4

According to Erlebachest al. (1992), in this work, the effect of the term; is negligible. In the next susbsections, we
describe the Smagorinsky and dynamic SGS models.

2.1.1 Smagorinsky model

According to Smagorinsky (1963), considering the localildgium hypothesis for the small scales, the subgrid
turbulent stress productiop) may be equal to the dissipatios) (where

I —cl(u;u;)%/A, (6)

being(u;u;)% and A the velocity and subgrid length scales, respectively. $ajpyg that the turbulent viscosity is pro-
portional to these two scales, it can be written as
vy = e A(uju). )

L)

After some manipulation of egs. (5), (6) and (7), we obtain
v =(Cs - A)*-[8], (8)

where|S| = 1/2S;; Si;, andCs is the Smagorinsky constant. The vattie = 0.18 was obtained analytically by Lilly
(1967), however this value was further questioned. Dedir{id70) considered’s = 0.1 in channel flow simulations,
because the value calculated by Lilly caused damping oftfieitence large scales. Still, tests made by Mason andrCalle
(1986) showed that the valdeés = 0.2 produced good results for a fine grid. However, Pioreedl. (1988) presented
Cs ~ 0.1 as the optimal value using finer grids than Mason and Calleshort, the literature considers the Smagorinsky
constant between the values and0.22.

Considering that the model provides a constant value, aemeydifications in the Smagorinsky subgrid model have
been developed in the literature, since it is not possibtafiure a variety of phenomena with a single constant. Errth
more, the Smagorinsky model is not capable of capturing duokdratter phenomenon (energy flux from small to large
scales).

To fix this problem, Van Driest (1956) proposed to computettineulent viscosity as

v =(Cs- f-A)?-]8], )
wheref is a damping function, given by
v\
f=1—exp (2—5> , (20)

andy™ is the normal wall distance. According to KrajnoyR011), if a damping function is used, wall effects areiptyt
taken into account by “damping” length scéle: C's - A near the walls.

2.1.2 Dynamic model

Other subgrid models are developed, however the most poputee literature is the Dynamic Subgrid Model (DSM)
of Germancet al. (1991). Considering the filtering process given by

u(z,t) = /u(m',t)@(x —2')dz’, (11)
%

whered is a filter function (grid filter), they introduce the testdilfunctionG, which represents a second filtering process
in the form

u(r) = /u(x/,t)é(z —a')d2', (12)

\%4
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where the characteristic length of the test filter is largantthe grid filter. Furthermore, one can note fat G G.
As previously seen, when the filtéf is applied to the Navier-Stokes equations, one obtain

o, 0 B 1 Op 1 82u_1 aTij

— (mw;) = _ _ _ , 13

ot Oz, (%) po0x; Re 8x? Oz, (13)
wherer;; represents the SGS stress, that needs to be modeled, given by

vy = WG — T . (14)
Applying the filterG to eg. (13), the filtered momentum equation becomes
o, 0 [~ ~ 10p 1 d%w OTy

— (T - _— — 1
ot + Oz (uZ uj) po0xr; Re 8:17? oz’ (15)

and now the subgrid stress of thdield is given by

Tyj =0ty = i ;. (16)
The resolved turbulent stress (also called global Leortagds), which corresponds to the test filter applied to the fie
is given by

£ij =T U5 — W . (17)
The stress;;, T;; and £,; defined, respectively, in the eqgs. (14), (16) and (17), ayelahically related by
Lij = Tij — 7ijs (18)

wherer;; is obtained applying the test filter to eq. (14). This relatii® known by Germano identity, which gives the
stress£;; explicitly, since stresseg;; andr;; are modeled. Using the Boussinesq hypothesis, we can write

Tij — %@,5@ = —20A%A,;, (19)
with 4;; = |S] S;;. The stresg;; can also be analagously determined by:
1 ~
nj - ngk(S” = 72CABij, (20)

whereB;; = |§| S:w C=C3% andA the size grid of the test filter (in generz?i,: 2- A is adopted, according to Lesieur,

1996). The variable§S| andsS;; are analogous to the quantitief andsS;; obtained from the filtered fiefd. Subtracting
7;; from T;;, we have

£ij — %fkkaij = —2CAB; + 20A%A;;, (21)
or still,
1
Lij — gfkkéij = —20M;;, (22)
where
M;; = AB;; — A%A;;. (23)

In order to determine the value 6, two alternatives are presented in the literature. Thefiastproposed by Germano
et al. (1991), that was obtained multiplying both members of e@) & S;;. Since we are considering incompressible
flows, we haves;; = 0, so that constan’ can be calculate by

o= 1 LSy

2 Mi; Si

This allowsC' to be determined dynamically, and consequently, we dehat('s, as a function of space and time.
However, when performing DNS tests for the channel flow, Gaeron(1991) showed that the denominator of eq. (24) can
become very small, allowing numerical instabilities. Tove these instabilities, Lilly (1992) computédusing a least
squares approach, by definiggas the error, which is written as

(24)

1 2
Q= <‘£1J — §£kk5w + 20]\/[”) . (25)

By takingdQ/dC = 0 and performing some algebraic manipulations, we finallawbt

B 1 fjij ]\/[z]
C = —3 Mf] .

(26)
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2.2 ILES model

One of the more recents LES approaches is the implicit LES¢iwhas recently achieved great acceptance in the
research area (see Georgiadisl., 2010). In this strategy, no subgrid modeling is used, tlee, eddy viscosity is
considered zero. The influence of the unresolved scalessaesiolved ones is accounted for by the numerical dissipatio
of the convective scheme applied in the discretization efrfomentum equation. This model depends on numerical
computations to obtain the turbulent energy dissipatidrictvis lost because the small structures are not beinguesol

The term “implicit large eddy simulation” was originally e by Visbalet al. (2003) to describe approaches that are
based in numerical methods to provide turbulent energypdigen instead of using an explicit SGS model. The esskentia
characteristic of ILES is that the numerical dissipatiommgs sufficiently well the physical process of turbulenttices
dissipation. To apply this model to simulate LES, it is enotmset the Smagorinsky constary = 0 in the SGS model.

One of the problems in using this strategy is the lack of keolge on how the numerical scheme solves turbulent
structures, especially those closest to the cutoff scalethis sense, to obtain success in the application of nualeric
scheme, is very important to have some information aboutrtéthod. For example, Grinstein and Fureby (2002) found
that a key component with dissipative nature is the upwinategjy for the construction of the numerical flows, which
provides a virtually all implicit dissipation. However, @lging low-order numerical schemes using coarse meshes to
simulate problems at high Reynolds numbers probably willcapture many small structures.

According to Drikakis (2009), there are two categories &8 related of the numerical resolution:

— The first one considers that mesh and numerical methodstrmusimbined in such way that the numerical viscosity
does not influence in the resolution of the large scales, wstould be completely resolved. Still, the numerical dissi
pation of the scheme should not influence the numerical uésal of the problem. For this, one should know well the
limitations and requirements of the numerical scheme.

—The second category of ILES often appear in complex in@fiows, where the application of LES is very common.
In this case, both large and small scales are not well segghrdor this, the numerical method should influence the
dissipation of large scales, such that separation occurs.

3. NUMERICAL METHOD

The discretization is based on finite volume method for spaliscretizations and explicit projection method for
pressure segregation. The equations are integrated ar@atigs theorem is used to transform the volume integral in
transverse flux at the facets of the control volume. Due tahuice of a staggered grid, the velocitigsare calculated
in cells facets, while other variables are calculated dtamiters. The filtered Navier-Stokes equations:jry and z
directions are discretized ét+ %,j, k), (1,5 + %, k)and(i,j, k+ %), respectively. The continuity equation is discretized
at position(i, j, k). The spatial derivates are approximated by second ordérateifferences, while temporal derivates
are approximated by explicit Euler scheme. The diffusiventeand pressure gradients are discretized by second order
central difference. For the convective terms, the 3rd o@I8ICK scheme is applied.

4. RESULTS

For a comparison of the LES models studied here, we perfotheekctangular channel flow, with Reynolds number
Re, = 395, corresponding to a bulk Reynolds number, Re6800. A mesh ofl51 x 65 x 65 computational cells was
used in &5m x 2m x 4m domain. The time step used wés= 0.001h/U,. For the initial conditions, the DNS data
(Laurent, 2011) of instantaneous velocity fields was appl&so the no-slip boundary condition was used for the rigid
surfaces. In the streamwise direction, periodic boundanglition was applied.

Figure 1 presents the streamwise velogity as a function of the normal distance to the wail. The models pre-
sented in this work were simulated and compared with the D#¢8lts, showing a good agreement. As expected, the
Smagorinsky model is dissipative, while the dynamic andSlrodels present a similar and best profile, as compared to
DNS results.

Figures 2 and 3 show selected components of the Reynoldsssite, and R,,, compared to DNS data. The
Smagorinsky model is very dissipative for this property, taile the other models show similar profiles in both fig-
ures. For the component,,. of the Reynolds stress, the dynamic model show resultsstio$éhe DNS profile, however,
for the componenk,,,,, the ILES model presents best profile.

To show the influence of the eddy viscosity in LES simulatjofig. 4 displays a comparison of eddy viscosity
profiles provided by SGS models. According to Temmeretaal. (2003), the theoretical wall-asymptotic behaviour for
the eddy viscosity is cubic in™, represented by the straight line in Fig. 4. Also it is impottto observe that the greater
importance of the eddy viscosity is in the buffer regidf & y™ < 20), and not in the logarithmic region, because the
SGS transport is a small portion of the resolved transpattii;iregion. Considering this, we can concluded from this
figure, as expected, that the dynamic model presents bestsrés eddy viscosity, considering that its profile is et
of they™* in the buffer region.
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Figure 5 shows the temporal evolution of the streamwisecigloFrom this profile, it is possible to clearly see the
dissipation provided by the Smagorinsky model. The othedetspresented good velocity variation until tite 250s,
a time long enough that allows the fluid to travel 10 chanmgdtles, obtaining a stable turbulent profile.

We depicted in Fig. 6 a-plane velocity profile, showing the turbulent behaviortet tenterline of the channel.

25
- o LES with Smagorinsky
&  LES with dynamic o
20— o ILES
— DNS

Figure 1. Streamwise velocity™ as a function of the normal distance to the wail

LES with Smagorinsky
LES with dynamic

ILES
— DNS

o > o

ol | | |

0 100 200 300

Figure 2. Reynolds stress: comparison of LES and DNS results

5. CONCLUSIONS

We presented a comparison of three different LES modelsehalrES with Smagorinsky model, LES with dynamic
subgrid scale model, and ILES model. As expected, the Sriredggrmodel proved to be highly dissipative, while the
other models showed a similar profile and in agreement wittsD&sults. However, in general, we can concluded that
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Figure 4. Eddy viscosity sensivity of SGS models.
the ILES model is a better choice for this type of simulaticmsidering that this model is computationally cheapen tha
LES with dynamic SGS model.
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Abstract.

The main goal of this work is to perform a linear stability analysis of double mixing layers. By a double mixing layer
it is meant a free shear layer composed of two parallel mixing layers separated by a distance . This type of flow field
is a model for coaxial jets and is present in many technological applications, ranging from aerospace to environmental
engineering. Nevertheless, the motivation for this work are the coaxial jets used by injection systems of liquid rocket
engines. In order to carry out the investigation, two codes were developed, one to solve the similar boundary layer
equations for the base flow and another for the inviscid stability equation. To generate the double mixing layer profile
two single mixing layers are added using matched asymptotic expansions. Only incompressible flows were considered in
the present study. However, the codes are capable of simulating compressible flow effects controlled by the Mach number,
temperature and mass fraction differences. The external layer was considered either faster or slower than the internal
one. Despite the fact that only one mode is found in a single mixing-layer, three modes were discovered for the double
mixing-layer. Finally, evidence for an instability transition was found when the distance between layers decreases below
a critical value.

Keywords: hydrodynamic stability, Kelvin-Helmholtz stability, binary mixing layer
1. INTRODUCTION

Thermal and hydrodynamic instabilities are found in many problems in fluid mechanics, such as in mixing layers, jets,
wakes and boundary layers. They are present in many applications in mechanical and aerospace engineering as well as in
environmental engineering. In propulsive systems they can be found in turbojets, ramjets and scramjets, both in subsonic
and supersonic regimes and have a significant effect on component performance. Flame stability, mixing of reactants,
emissions and component cooling are directly affected by hydrodynamic stability conditions.

The mixing layer is strongly unstable and sensitive to acoustic excitation. One of the grate challenges faced by
designers is to avoid that the unsteady flow and noise resonate with the combustor natural frequencies, leading to its
destruction. The present study aims at mapping the instability regions associated with the double mixing layer in order to
aid the design of the fuel injection system and of the combustion chamber to avoid acoustic resonance.

The experimental works by (Leyva et al. , 2007) and (Rodriguez et al. , 2008) motivated the present work. The
experiments considered coaxial jets excited by high intensity acoustic disturbances in order to investigate the effects on
combustion stability. Those studies considered the subcritic and supercritic transition effects on the coaxial injector shown
in Fig. 1. This type of injector is found in the J-2 type engines used on the Saturn V rocket, on the RS-24 space shuttle
main engine and on the Ariane 5 Vulcan engine. The coaxial injector work with both liquid and gaseous oxidyzers (Oo,
Hs O2, N2Os, etc) in the inner stream and gaseous fuel (Hs, kerosene, C15Hog, etc) in the outer stream.

In the present work the results presented by (Salemi, 2006) for the single mixing layer are extended to consider double
mixing layers. The double mixing layer profile composed of two single mixing layers separated by a distance § represents
better the shear layer studied in by (Leyva et al. , 2007) and (Rodriguez et al. , 2008).

The single mixing layer shown in Fig. 2 results from the interaction of two parallel streams where small disturbances
evolve into spanwise vortices that transition the laminar flow to a turbulent regime. The double mixing layer in cartesian
coordinates is an approximation of a free jet in cylindrical coordinates when the thickness of the shear layer is thin
compared to the jet radius. It is formed by two regions, where for the first region U; is the upper layer velocity and
U, < Uj is the middle layer velocity. The second region Us is the middle layer velocity and Us is the lower layer velocity.
The two velocity ratios present are 3,21 = g—f and B,31 = g—f as shown in Fig. 3.

Besides the extension of the results from (Salemi, 2006), the present investigation also proposes the use of matched
asymptotic expansions of simple mixing layers in order to obtain the base flow. The methodology to matched two simple
mixing layers is presented in Sec. 4. This approach is proposed due to the fact that the stability analysis is strongly
sensitive to discontinuity in the base flow profiles or on its derivatives and the matched asymptotic expansion provides a
better base flow profile than just superposed profiles used in previous works.
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Figure 1. Coaxial injector.

uil

U2

AV,

—_—
us ——

—_—

—

Figure 2. Single mixing layer. Figure 3. double mixing layer.

2. FORMULATION

The linear stability analysis considers the stability of small disturbances on a given base flow. For the present study
the base flow is computed from the boundary layer equations written in similarity variables. For the disturbances, inviscid
normal mode solutions are sought leading to a compressible, binary version of the Rayleigh equation.

2.1 Base Flow

For the steady, laminar, two dimensional, compressible base flow of a perfect gas, without chemical reaction, the
usual boundary layer approximations are considered, leading to the following equations (Anderson, 2000) in Cartesian
coordinates x, y for the velocity u, v, pressure p, density p, enthalpy h and mass fraction Y:
continuity

d(pu)  0(pv)

3x+8y

z and y momentum

Jou 0w Op 9 Ou op _
Pl TPy = "oz "oy \Pay ) oy

=0, (D

0, 2)
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mass fraction and equation of state
8Y1 3Y1 0 8Y1
—_— — = — | pD12— = pRT 4
pU 97 + pv oy ay (,0 12 dy s p=p ) S

where D15 is the mass diffusion coefficient, x is the gas mixture conductivity, . is the dynamic viscosity, 7" is the absolute
temperature and R the gas constant.
Applying the Levy-Less similarity transformation (Less, 1956; Levy, 1954) to the above boundary layer equations

x Uy Yy
§=/puudﬂc7 n=7ﬁ/ pdy, ®)
0 1wl M1 2£ 0

where p1, u; and p; are the density, velocity and viscosity coefficient for the upper layer, and, defining the velocity f”,
enthalpy ¢, and mass fraction s as

of _
on

u h

/77 —_ —
f—U17 g I s1 =Y1. (6)

the following system of ordinary differential equations result (Anderson, 2000)

LePr

f/// (f//)2 _ 0’ S// + fS/ _ O7 (7)

fr v, Pr., PrU?
=0 gl

where C is the Chapman-Rubesin parameter, Pr is the mixture Prandtl number and Le is the Lewis number

c= Pt pr=t%  [e= " p, (8)

o K PCp

The boundary conditions for the upper layer are

f(O) = 07 f/(+OO) — ]-7 f,(—OO) — ﬂuZlv (9)
g(+00) =1, g(—00) = Bpa1, (10)
s(+00) — 1, s(—o0) — 0. (11)

And for the lower layer

f(0) =0, J'(+00) = Bua1, f'(=00) = Bus1, (12)
g(400) = Bhrat, g(—00) = Brsi, (13)
s(4+00) — 0, s(—o0) — 1, (14)

The system of ordinary differential equations for the base flow similarity solution is solved through a shooting method.
2.2 Matching The Base Flow Mixing layers

The double mixing layer velocity, temperature and other profiles will be constructed using matched asymptotic expan-
sions of simple mixing layer profiles U, and U, (Alves, 2006; Cole, 1968). The double mixing layer velocity profile will
be composed as follows:

0

Uab - Ua(y - 7)

y 0
;) UG5 -W (15)

o 2

where § is the distance between the different layers and W is the matching velocity at the central layer. Figure 4 shows
the matching process for a double mixing layer profile.
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Figure 4. Velocity profile matching for 8,21 = 1/2, Bus1 = 0, Brs1 = Br21 = 1and §/2 = 4.5.

2.3 Stability Equations

The free shear layer base flow is subject to inviscid instability described by the evolution of small disturbances.
Normal modes solutions are sought for the disturbance in the velocity component v’ with complex amplitude 4, complex
streamwise wave number and spatial growth rate &« = «,- + i, spanwise wavenumber [ and frequency w.

v (z,y, z,t) = R[a(y) exp (iaz + ifz — iwt)]. (16)

Upon substitution of »’ (and similar expressions for the other variables) on the Euler equations and linearization, an
eigenvalue problem results, and using the transformation proposed by (Gropengiesser, 1970)

iap
_ 17
X= 2 a a7)
the equivalent of the Rayleigh equation for compressible, inviscid stability analysis is obtained.
dx a? (i —w/a) B {XGﬂ—(dﬂ/dy)} (18)
dy RT (@ —wfa) |’
2 2 N2
= ypnlanel (19)
pa vy o
where May is the Mach number of the upper stream.
The boundary condition at y — Foo are (Salemi and MENDONCA, 2008):
a(u—w/a
x(y - o0) = 3 LLE_/2). (20)

GRT
3. RESULTS AND DISCUSSIONS

The following results consider only the stability of double mixing layers of a single fluid on all streams in order to
search for additional instability modes. All simulations consider the base flow in the incompressible regime (Ma; =
0.01), with C = Pr = Le = 1, By31 = 0 and uniform temperature distribution, 831 = S7ro1 = 1.

The effect of the velocity ratio 3,21 on the stability of the shear layer is shown in Fig. 5. The base flow is shown on
the right (with 6/2 = 4.5) and the amplification curves on the left. Due to the existence of two inflection points in the
velocity profiles, two instability modes are found. The lower the value of 3,2 the closer are the two instability modes,
but for increasing velocity ratio they become distinct, with one mode with a much higher maximum amplification rate and
another mode with a wider range of unstable frequencies. When 3,27 = 1 or 0 a single mixing layer is recovered and a
single mode is found

Figure 6 show results for the condition where the external stream is slower than the central stream, as shown on the left.
Again, two modes are found, one with a stronger growth rate and another with a wider range of unstable frequencies. The
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Figure 5. Shear layer and amplification rates variation with 0.1 < S,21 < 1.
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Figure 6. Shear layer and amplification rates variation with 1.1 < (01 < 2.

least unstable mode shows a strange behaviour around (3,21 = 1.7 that needs further investigations. The wavenumbers
for the above cases are shown in Fig. 7.

A third mode was found with a significant amplification rate for the range of .6 < 8,21 < .9 as shown in Fig. 8. The
range of unstable frequencies does not start at zero, which shows that these are not Kelvin-Helmholtz modes.

The following results consider the condition when de distance § between the two mixing layers is reduced. Two values
of By21 are considered, 0.5 and 1.5. The base flows considered for 3,27 = 0.5 is shown in Fig. 9. Similar results are
encountered as before with two instability modes. But for § < 1. a significant change is observed since only one mode
was found. This suggests that a minimal distance between mixing layers is necessary for two modes to exist.

Increasing (3,21 to 1.5 results in the base flow profiles shown in Fig. 10. In this case no minimum distance was found
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that resulted in a single instability mode. Again a stronger mode and a mode with wider unstable frequency range are
found.

2.7F
2.4F
=0 o Pu,,=1.1 (modo1)
,=0.1 (modof) 21F (modo2)
=0.1 (modo2) - (modo1)
=0.2 (modof) - (modoz)
=0.2 (modo2) 1.8 (modot)
,=0.3 (modo1) o Bu,,=1.3 (Mmodo2)
=0.3 (modo2) I o pu,,=1.4 (modo1)
- 0.4 (modof) « V5 — — = FH) s — — — — — — Pu,,=1.4 (modo2)
te] =0.4 (modo2) 3 - Bu,,=1.5 (modo1)
,=0.5 (modof) P SN //////7/: i ——— Bu,,=15 (modo2)
=0.5 (modo2) - o pu,,=1.6 (modo1)
=0.6 (modo1) o ———— Pu,,=1.6 (modo2)
=0.6 (modo2) 09F — —/HFE — — — — — — — — — o pu,,=1.7 (modo1)
,=0.7 (modof) 5 i (modoz)
=0.7 (modo2) o o [il (modo1)
=0.8 (modo1) 06fF -/ - ————— - — - i (modo2)
=0.8 (modo2) - Pu,,=1.9 (modo1)
,=0.9 (modo1) o Pu,,=1.9 (modo2)
=0.9 (modo2) 083y ——————————— — — — o pu,,=2 (modo1)
Buy,=1 o ————— Pu,,=2 (modo2)
AN FEREY NNREE FRREE SRNEE PR RRREY FRREN SRRTS SR o] | “SSE FEEEN TUEEY INGSY SYREE FRESN ESE X TRRES SRS FENa T
025 05 075 1 125 15 175 2 225 25 0 04 08 12 16 2 24 28 32 36 4
, @,
Figure 7. Wave numbers with varying 3,21 for the conditions of the previous figures.
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Figure 8. Third instability mode found for the base flow shown on the left.

4. CONCLUSIONS

A methodology based on matched asymptotic expansion was used to construct a double mixing layer profile which is
subject to an inviscid stability analysis. This complex free-shear layer is a model for coaxial jets present in the injector
of combustion devices used in aerospace propulsion systems. The stability analysis showed the existence of at least two
modes, and a third mode was also found for some flow conditions. Further investigations are necessary to investigate the
nature of these third mode. Compressibility and binary gas systems will be considered in future work.
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Figure 9. Base flow and stability diagram for 5,21 = 0.5 and varying §.

o 8=0.5(modo1)
048 — — — — — — — — — 8=0.5(modo2)
8=1(modo1)
8=1(modo2)
5=1.5(modo1)
———————— 8=1.5(modo2)
o 8=2(modo1)

8=2(modo2)
_______ 3=2.5(modo1)
————— $=2.5(modo2)
8=3(modo1)
———— $=3(modo2)
****** 5=3.5(modo1)
———— 3§=3.5(modo2)
3=4(modo1)
—————— 3=4(modo2)

o

0.4

0.32

S 024

u(y)

0.16

LS L I B

0.08

1
1 4 5

Figure 10. Base flow and stability diagram for 3,21 = 1.5 and varying §.
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Resumo. Empregando CFD (Dindmica dos Fluidos Computacional), este estudo propde um novo modelo para simular
a esteira aerodindmica de turbinas e6licas de eixo horizontal, bem como a magnitude e direcdo da velocidade do vento
incidente sobre cada maquina, sem a necessidade de modificar a discretizagcdo do dominio para diferentes direcdes de
vento global. Esta nova metodologia baseia-se no modelo de disco atuador descrito por Burton et al. (2001),
substituindo o disco por uma regido volumétrica esférica, dentro da qual um sumidouro de quantidade de movimento é
distribuido, representando a energia extraida do escoamento pelo aerogerador. O modelo tradicional baseia-se no
conhecimento prévio da velocidade de vento incidente sobre a maquina, no que diz respeito a sua magnitude e direcao,
enquanto o modelo desenvolvido é capaz de determinar tanto a magnitude quanto a dire¢do da velocidade incidente
por meio de um calculo iterativo simples interno a cada iteracdo do modelo fluidodindmico. Os resultados obtidos s&o
muito satisfatérios e promissores para o calculo de parques edlicos, pois € possivel alterar as dire¢des do vento global
sem modificar a discretizacdo do dominio. Esta caracteristica € especialmente adequada para aplicacdo em parques
eblicos sobre terrenos complexos onde, para uma mesma magnitude e direcdo de vento global, o vento local pode
tomar direcGes e velocidades variadas. As aplicacbes estudadas neste trabalho, no entanto, ainda apresentam
resultados e fatores de correcdo dependentes do software utilizado.

Palavras-chave. energia e6lica, CFD, disco atuador, quantidade de movimento.
1. INTRODUCAO

A avaliagdo do potencial de producdo energética previsto para um parque edlico em fase de projeto envolve a
modelagem da esteira aerodindmica dos aerogeradores, em outras palavras, da reducdo de energia cinética do vento apds
este atravessar o plano de rotagdo da turbina. Essa esteira, chamada pela comunidade de energia eélica de sombra
aerodindmica, pode incidir sobre méaquinas adjacentes e, portanto, afetar sua producao de energia elétrica.

O foco da presente pesquisa séo as turbinas eolicas de eixo horizontal. Em projetos de pesquisa, é possivel utilizar a
Din&mica dos Fluidos Computacional (CFD) para simular a geometria completa do rotor em rotacdo e obter a esteira.
Contudo, esta abordagem tem um custo computacional muito elevado, conduzindo a necessidade de modelar a esteira sem
calcular o rotor. Para isto, existem modelos analiticos ou semi-analiticos, baseados em dados empiricos, muito
empregados em programas comerciais de projeto de parques eolicos. Entretanto, tais modelos tém limitagGes,
principalmente quanto ao conhecimento da magnitude da velocidade de vento incidente sobre cada maquina. Também, no
caso dos modelos hoje utilizados em conjunto com CFD, a malha utilizada na discretizacdo do dominio precisa ser
modificada para lidar com as diferentes dire¢cBes do vento incidente e, logo, da esteira.

2. OBJETIVO

Para contornar as limitagcBes descritas, é proposto um novo modelo para simulagdo de esteira fundamentado no
modelo de disco atuador descrito por Burton et al. (2001), sendo tal disco uma representacdo numérica do aerogerador
por meio de uma superficie ou volume virtual que tem a funcéo de extrair energia do escoamento.

O novo modelo consiste ndo mais na utilizacdo de um disco atuador, mas sim de uma esfera atuadora. Essa
abordagem tem como objetivo sua utilizagdo na simulagdo numérica de parques eélicos sem modificar a discretizacdo do
dominio, considerando:

e A necessidade de realizar testes numéricos com ventos vindos de diversas direcdes.

e A necessidade de se fazer calculos sobre terrenos complexos onde, para uma mesma magnitude e direcdo de
vento global, o vento local pode tomar direcdes e velocidades variadas.

¢ Alinfluéncia direta da esteira de uma maquina sobre outra maquina.

3. REVISAO BIBLIOGRAFICA

Estudos recentes em aerodinamica de turbinas edlicas tm mostrado grande interesse na reproducédo por CFD (Sezer-
Uzol e Long, 2006; Ribeiro, 2012; Fleck, 2012) de resultados obtidos experimentalmente (Hand et al., 2001),
aproveitando-se do consideravel aumento do poder computacional na Gltima década. Outro foco, porém, tem sido a
comparacdo de resultados de esteira obtidos por modelos analiticos e semi-analiticos ja existentes com os obtidos pela
simulacdo de um rotor completo por CFD, a exemplo de Wenzel (2010).

Burton et al.(2001) descreve um modelo de esteira baseado num disco atuador, aplicado em conjunto com CFD por



Anais da EPTT 2014 IX Escola de Primavera de Transigéo e Turbuléncia
Copyright © 2014 ABCM 22 a 26 de setembro de 2014, S&o Leopoldo — RS, Brasil
Calaf et al. (2010) e Norris et al. (2010). Entretanto, a abordagem utilizada por esses autores consiste na fixacdo de um
parametro que, na realidade, ndo € constante, conforme descrito na Secdo 5.1.

Todas as referéncias citadas utilizam vento incidente de magnitude e dire¢do constantes, enquanto que o presente
estudo prop8e um modelo que avalia as variaveis envolvidas na modelagem, incluindo a magnitude e direcdo da
velocidade de vento incidente sobre cada maquina.

4. FUNDAMENTACAO TEORICA

Um aerogerador é uma turbina que converte a energia cinética do vento em energia elétrica, de forma que a
velocidade a jusante do aparato € menor que a montante (Burton et al., 2001). Como a massa se conserva e ndo se
comprime, o resultado é um tubo de corrente de maior didmetro a jusante, conforme mostra a Fig. 1a, sendo um tubo de
corrente uma fronteira imaginaria do escoamento através da qual ndo ha fluxo de massa, dentro da qual a vazdo massica
é constante. A esteira aerodindmica, ou sombra aerodindmica, é a regiéo interna ao tubo de corrente e a jusante do rotor.
A zona externa ao tubo é dita regido de corrente livre.

A Fig. 1b apresenta, de forma genérica e qualitativa, 0 comportamento da pressdo e da velocidade de vento através
do plano de rotacgdo das pas. A energia mecanica do ar disponivel numa unidade de volume pode ser definida pela soma
da pressdo estatica (termodinamica) com a pressao dinamica, e sua taxa em relacdo ao tempo é chamada de poténcia
aerodinamica. A diferenca entre a poténcia aerodindmica disponivel & jusante da turbina e a existente a montante é a
poténcia extraida pela maquina.

Tubo de corrente

Plano de rotagao

/’) -~
- Pressiio

Esteira aerodinamica
(sombra)

@ (b)

Figura 1. (a) Tubo de corrente representativo do escoamento através de uma turbina edlica de eixo horizontal e (b)
variacdo da presséo e da velocidade. Adaptados de Burton et al. (2001).

Disco atuador é a superficie ou o volume virtual representativos do plano de rotacdo das pas e que tem como fungdo
extrair energia do vento. O propdsito do uso da teoria do disco atuador em simulagdes numéricas de parques eolicos é
modelar a esteira gerada pelo aerogerador para um vento incidente de magnitude U, e direcdo conhecida, sem a
necessidade de modelar o escoamento sobre a geometria completa do rotor de cada turbina eélica. Essa esteira, por sua
vez, ird influenciar na velocidade de vento incidente sobre maquinas adjacentes.

Além das forcas atuantes no plano de rotagdo, que contribuem para o torque, o vento também produz uma forca de
arrasto sobre o rotor, na direcdo perpendicular a esse plano, chamada pela comunidade de energia edlica de forca de
empuxo. Por reagdo, a turbina gera a mesma forga sobre o ar, no sentido contrério ao do vento incidente, promovendo
uma reducéo da velocidade de corrente livre U,,, ou uma reducao da energia cinética a jusante do rotor (lado esquerdo da
Fig. 1b). Como a energia mecénica se conserva antes do disco, esta reducéo da velocidade & jusante ocorre juntamente
com um aumento da pressao na mesma regiao.

A energia extraida do vento pelo rotor — e convertida em trabalho de eixo — é energia termodinamica. Essa extracéo
da energia do vento se manifesta por meio de uma rapida queda de pressao, sabendo-se que a pressdo de um fluido é a
sua energia termodindmica por unidade de volume. O ar, que ao atravessar o rotor ja tinha uma velocidade reduzida
(Uy), agora tem também uma presséao reduzida.

A pressao do ar na esteira (lado direito da Fig. 1b) tende a aumentar novamente para equilibrio com a pressao
atmosférica (p.,). Como a energia mecénica do ar volta a se conservar nessa regido, o aumento de pressdo ocorre em
detrimento de uma diminuicdo adicional da energia cinética e, portanto, de velocidade do vento.

N&o havendo turbuléncia e nem viscosidade (hipétese tedrica ideal da Fig. 1b) a velocidade do vento na esteira
manter-se-ia constante e igual a U,, logo apés o equilibrio de pressdo. Entretanto, a hip6tese de escoamento inviscido da
Fig. 1b ndo é mais valida na regido da esteira. Como mostrado na Fig. 2, a viscosidade e a turbuléncia geram uma
camada de cisalhamento, transferindo quantidade de movimento da regido de corrente livre para dentro da esteira. A
consequéncia é uma recuperacao gradual da velocidade média do vento na esteira e, logo, da energia cinética.
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Figura 2. Representacdo esquematica da recuperacdo de velocidade na esteira devida a viscosidade e turbuléncia.
Adaptado de Gémez-Elvira et al. (2005).

O valor da poténcia aerodindmica do ar extraida pelo disco atuador depende do conhecimento do empuxo (somatério
das forcas perpendiculares ao plano de rotagdo). O empuxo pode ser imposto computacionalmente por meio da
imposicéo de um salto de pressdo através de uma superficie ou por meio de um sumidouro de quantidade de movimento
dentro de uma regido volumétrica. A escolha de um ou de outro é dependente das capacidades de modelagem de
fendmenos oferecidas pelo software utilizado.

O desafio é descobrir o valor do empuxo para cada velocidade de vento incidente U,. O modelo do disco atuador

atende a este desafio e o raciocinio é descrito abaixo, adaptado de Burton et al. (2001).
A poténcia elétrica (P,;,) pode ser dada pela Eq. (1):

Pele = nPext (1)
onde P,,. € a poténcia extraida e n é a eficiéncia da maquina, que depende do modelo de aerogerador, das condi¢Ges de
vento, torque e rotagéo.

A poténcia extraida pode ser dada pela Eq. (2):

Pext = FUqg (2)
onde Uy é a velocidade do vento que atravessa o disco e F é a forca de empuxo, que pode ser calculada por:

F =AUm (3a)
onde AU é a variag8o de velocidade do vento antes e depois do rotor e rh a vazdo massica de ar atraves do rotor. Ou seja,

F=Us—Uy)pAsUg (3b)
onde U, € a velocidade de corrente livre do vento incidente, U, a velocidade tedrica do vento na esteira, p a massa
especifica do ar e A, a rea varrida pelo rotor.

Burton et al. (2001) define U, como

Uy =Uy(l—a) 4
onde a é chamado de fator de inducéo axial, sempre entre 0 e 1. Essa equacdo € uma hip6tese para 0 modelo, a qual diz
que Uy, é igual a U, subtraida de aU..

Das Egs. (3b) e (4) tem-se que:

F= (Uoo - Uw)pAdUoo(l - a) (5)

Aplicando a equacdo de Bernoulli antes e depois do plano de rotacdo (nas duas regiGes onde a energia se conserva),
Burton et al. (2001), prova que:

1
F=2pUs’ = Uy)Aq (6)

Entdo, igualando as Egs. (5) e (6), chega-se a:
U, = (1-2a)U, (7

Finalmente, as Egs. (5) e (7) fornecem a equagdo fundamental para a o calculo da forca de empuxo e modelagem da
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estelra:
F =2pA,Us%a(l —a) (8)

Dai, das Egs. (2), (4) e (8), temos que:
Pext = ZpAdUoo3a(1 - a)z (9)

Mesmo conhecendo-se U, 0 fator de inducédo axial (a) ainda precisa ser determinado. Isso é feito por meio da
definicéo de coeficiente de poténcia utilizado por Burton et al. (2001):

P
o= (10)

Entdo, das Egs. (9) e (10), e dado que P, = éonfAd, tem-se:
Cp = 4a(1 — a)? (11)

A Eq. (11) é de terceiro grau, interessando-nos apenas o intervalo 0 < a < 1, que fornece C,, > 0 (vide Fig. 3). O
valor maximo possivel para C, ocorre quando sua derivada em relagdo a a € nula, que ocorre paraa = 1/3, resultando
num C, = g = 0,593. Tal valor de C, é conhecido como maximo de Betz, e significa que, teoricamente, nenhuma

turbina edlica seria capaz de extrair mais de 59,3% da poténcia aerodindmica incidente disponivel. De fato, nenhum
aerogerador conseguiu ultrapassar esse limite até a presente data.

Cp(a) |

0 I
0 0.2

/

Figura 3. Coeficiente de poténcia (C,) em funcdo do fator de indugéo axial (a). O maximo de Betz (Cp = 0,593) ocorre
paraa = 1/3. Adaptado de Burton et al. (2001).

Ressalta-se que o propdésito do modelo de disco atuador ndo é determinar a poténcia elétrica extraida pela maquina
para um vento incidente conhecido, e sim determinar a poténcia aerodindmica que a maquina extrai do vento, com o
objetivo de avaliar o comportamento da esteira. Tal modelagem depende do calculo de F pela Eq. (8), que depende do
conhecimento de U, € a.

5. MODELAGEM
5.1. Limitac6es do modelo tradicional de disco atuador

O estudo numérico do potencial edlico de um parque em fase de projeto envolve a necessidade do célculo de ventos
vindos de diferentes setores da rosa dos ventos. Diferentes direcbes de U, significam angulos diferentes dos discos
atuadores em seus eixos verticais. Para aplicacfes de CFD, a alteragcdo do angulo do disco significa a necessidade de
modificar a malha utilizada na discretizagdo. 1sso implica uma nova malha para cada nova direcéo de vento, elevando os
custos computacionais ou de trabalho humano.

Mesmo quando o disco e a malha estdo adaptados a direcdo do vento, a esteira de uma maquina pode estar gerando
sombra sobre outra maquina adjacente, onde a velocidade de vento incidente acaba sendo inferior aquela de corrente
livre. Isso faz com que U, para maquinas sob o efeito de esteira de turbinas préximas seja desconhecida.

O valor de U,, € utilizado na Eq. (8) para o célculo de F. A metodologia usualmente empregada para determinagao
de U, como mostram Calaf et al. (2010) e Norris et al. (2010), tem-se restringido a obtengdo de U, como sendo a
velocidade média que atravessa o disco atuador, seguida do célculo de U, pela Eq. (4) e usando-se um valor constante
para a, normalmente igual a 0,25. Uma abordagem mais direta poderia ser o monitoramento da velocidade U,, por meio
de um ponto localizado & montante do disco atuador.

No entanto, além do fator de inducdo axial a ndo ser constante na realidade, a utilizagdo de um ponto de
monitoramento para determinar a magnitude de U, é uma abordagem que carece de precisdo, especialmente para
parques edlicos sobre terrenos complexos. Este ponto ndo garante a captura da velocidade média real que realmente
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incide sobre a area do rotor, principalmente quando existe influéncia parcial da esteira de uma maquina proxima.

5.2. O modelo de esfera atuadora

Com o propdsito de contornar essas limitagdes do modelo de disco atuador tradicional, é proposta uma nova
abordagem, através de uma esfera atuadora representante da maquina, inspirada nas discuss6es dentro da STE Pesquisa e
Desenvolvimento, sob financiamento do Conselho Nacional de Desenvolvimento de Pesquisa (CNPq) no contexto dos
editais de inovacio RHAE (Recursos Humanos para Areas Estratégicas).

O modelo proposto tem como objetivos:

e Substituir o disco por uma esfera, eliminando a necessidade de modificar o angulo de um disco para cada direcdo
de vento incidente e a consequente modificacdo da malha.

e Calcular corretamente os valores de U, € a antes do calculo de F.

A abordagem apresentada, com uso de CFD, envolve o acoplamento de dois grupos principais e independentes de
equacdes, ou dois modelos trabalhando em conjunto:

¢ Modelo fluidodindmico.

e Modelo de esfera atuadora.

O modelo fluidodindmico envolve a andlise do escoamento turbulento através das equacfes de conservacdo de
massa, principio da quantidade de movimento com médias de Reynolds (RANS) e modelo de turbuléncia k-w SST.
Estas equacdes sdo resolvidas pelos softwares de CFD utilizados, ANSYS CFX 13.0 e ANSYS Fluent 13.0, e ndo foram
alteradas ao longo do trabalho, sendo descritas ha monografia do autor (Lovatto, 2013) e também nas documentages
ANSYS Inc. (2009) e ANSY'S Inc. (2010).

O ANSYS CFX 13.0, software onde o modelo de esfera atuadora foi testado, é capaz de obter a magnitude da
velocidade média dentro de um volume esférico de mesmo didmetro do rotor. Essa velocidade média, comprovadamente
igual & Uy, tem componentes u, v e w relativas as coordenadas espaciais, que também podem ser determinadas. O
sumidouro de quantidade de movimento, distribuido no volume esférico, pode ser decomposto em componentes
espaciais que respeitam a direcdo do vento obtida pelas componentes de U,. Isso torna o modelo de esfera atuadora
capaz de lidar com ventos vindos de qualquer direcdo, sem a necessidade de mudar o &ngulo de um disco e modificar a
malha para cada direcdo de vento incidente.

Os dados de entrada fundamentais para a utilizacdo do modelo de esfera atuadora sdo a curva de poténcia do
aerogerador (P,;, em funcdo de U,,), a eficiéncia n e a area ou o didmetro do rotor. Os fabricantes de turbinas eélicas
seriam capazes de fornecer todos os dados, embora a eficiéncia n ndo seja uma informagdo atualmente disponivel no
mercado. Portanto, num primeiro momento, n deveria ser estimado de maneira arbitraria. Assim, na presente pesquisa,
como dado de entrada escolheu-se trabalhar diretamente com a curva de coeficiente de poténcia, C, = f(Us). A area ou
o diametro do rotor servem de base para o tamanho da esfera que, neste trabalho, terd um diametro ligeiramente maior
que o do rotor e uma se¢do méxima de area A,.

O modelo de esfera atuadora comega com a leitura de U,; como sendo a magnitude da velocidade média dentro da
esfera, segundo a Eq. (12).

_ fffesferalul dv
Vesfera

(12)

No inicio do calculo, U, sera igual & velocidade com a qual o dominio fluido foi inicializado, e seu valor é atribuido
a U, como chute inicial. Em seguida, segue-se o calculo iterativo descrito a seguir:

1. Determina-se C,, a partir de U, por meio de uma tabela representativa da curva de coeficiente de poténcia,
CZ’ = f(Uoo)

2. Obtém-se a a partir de C,, por meio de uma tabela construida com a Eq. (11).

3. Atualiza-se U, pela Eq. (4).

Para cada iteracdo espacial das equacgdes do modelo fluidodindmico, os trés passos acima se repetem num processo
iterativo interno até a convergéncia de C,, a e U,,. Testes apresentados por Lovatto (2013) mostram convergéncia de C,,
a e U, em 10™ ap6s seis iteragdes. Finalmente, calcula-se a magnitude do empuxo F pela Eq. (8), que é a taxa de
variacdo da quantidade de movimento extraida pelo sumidouro (ANSYS Inc., 2010) distribuido dentro da esfera.

Essa magnitude do empuxo precisa ser dividida em componentes espaciais correspondentes as componentes de U,.
Com essa finalidade, para cada uma das dire¢des x, y e z do espago, 0 empuxo é multiplicado pelos fatores
multiplicadores u*, 7* e w*, das Eqgs. (13), abaixo. Tais fatores sdo as componentes espaciais da velocidade média na
esfera (1, 7 e w) adimensionalizadas pela magnitude da velocidade média na esfera, igual a U,.

u* = _ 13
Ud ( a)

vt = d 13b
Ud ( )

* = ad 13
w Ud ( C)
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O sumidouro de quantidade de movimento reflete-se no calculo com um aumento da pressdoc a montante e
diminuicdo a jusante, o que leva a uma reducdo da velocidade U, que atravessa a esfera. Na iteragdo espacial seguinte
do modelo fluidodindmico, o valor de U, sera atualizado. O novo U, de cada iteracdo do modelo fluidodinamico é
utilizado no passo 3 das iteracdes do modelo de esfera atuadora. Segue-se, entdo, um novo processo iterativo da esfera
atuadora antes da préxima iteragdo espacial do modelo fluidodinamico.

Portanto, a convergéncia final dos calculos nessa metodologia ocorre por meio da convergéncia do modelo de esfera
atuadora para cada iteracdo do modelo fluidodinamico, junto com a convergéncia posterior do modelo fluidodindmico.

6. VALIDACAO DO MODELO DE ESFERA ATUADORA

O estudo do modelo de esfera atuadora foi realizado em seis etapas. Na primeira, a geometria virtual completa de um
aerogerador em rotacdo foi simulada com a finalidade de se obter a forca de empuxo. Esta forca foi utilizada como
referéncia nas etapas seguintes. Testando-se 0 modelo por partes, foi possivel rastrear os possiveis pontos fracos com
maior facilidade e aplicar as corre¢es necessarias.

6.1. Empuxo e esteira de rotor completo em rotagéo sob vento incidente de 7m/s
6.1.1. Descricdo do problema do rotor completo em rotacéo

Num primeiro momento, foi calculado, por CFD, um rotor em rotacdo sob vento incidente, com a finalidade de
determinar a forca de empuxo (F) e o comportamento da velocidade média do vento em diversas se¢Bes da esteira. O
proposito é usar o valor calculado da for¢a de empuxo como valor de entrada na Etapa 2. A Etapa 2 € o primeiro teste do
modelo de esfera atuadora, com a finalidade de analisar se 0 comportamento da esteira é semelhante.

O rotor calculado por CFD reproduz um dos testes reais (Hand et al., 2001) efetuados em tanel de vento pelo
National Renewable Energy Laboratory (NREL) sobre uma turbina eolica de eixo horizontal com rotor de 10m de
diametro, composto por um cubo (parte central) e duas pas com angulo de passo de 0°. O aparelho é dotado de um
motor-gerador, que mantém a velocidade de rotagfo constante. Para o célculo CFD, as condi¢Bes de teste foram com
vento de corrente livre incidente forgado (Uy) a 7m/s e rotagéo do rotor a 72rpm. Como o objeto de estudo € a esteira
aerodindmica provocada exclusivamente pelo rotor, as outras estruturas presentes na maquina real, como a torre, nao
foram reproduzidas na geometria virtual.

A Fig. 4 mostra as geometrias virtuais do rotor (a) e do tanel de vento virtual (b). A geometria do rotor foi modelada
por Fleck (2012) a partir dos dados de Hand et al. (2001). O rotor esta dentro de um volume esférico (Fig. 4a) onde sdo
utilizados modelos de fluido rotativo (ANSYS Inc., 2009). Esse volume sera chamado de dominio rotativo, o qual esta
dentro de um dominio estatico (Fig. 4b) por onde escoa o vento de corrente livre forcado, Uy, igual a 7m/s.

A superficie esférica € uma interface virtual entre o dominio estatico e o dominio rotativo, e ndo deve interferir no
escoamento, pois ndo é uma parede real. Entretanto, para o calculo utilizando o ANSYS CFX, houve problemas de
continuidade da solucdo nessa interface (Lovatto, 2013). Por essa razdo, este caso foi recalculado no ANSYS Fluent.

E importante salientar que tal problema n&o foi motivo suficiente para fazer uma migracio completa de ferramenta,
do CFX para o Fluent, para as etapas seguintes. Embora o rotor completo tenha sido calculado no Fluent, os testes do
modelo de esfera atuadora foram feitos no CFX. O motivo é que o Fluent exige um codigo escrito em linguagem C para
programar 0 modelo de esfera atuadora. Esse cédigo significaria habilidades e complexidade adicionais para um
primeiro teste do modelo; enquanto isso, 0 CFX permite a insercdo de expressdes de forma interativa, gréfica, intuitiva e
simples. Embora a troca de software de uma etapa para a outra ndo seja a abordagem cientifica correta, ela foi
considerada inevitavel para os primeiros passos de compreensdo do hovo modelo proposto.

,/ }%{

5,5m| > SAIDA
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l‘/,l D = 240m
7 ©
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‘1 PAREDE
. 7 ¢
> X < I ° Z
0 4.500 9.000 (m) 0 100.00 200.00 (m)
— —] | |
2.250 6.750 50.00 150.00
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Figura 4. () Rotor e seu sentido de rotacdo, dentro de um dominio rotativo; e (b) dominio estatico por onde escoa 0 vento
de corrente livre.
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A malha foi criada no software ANSYS ICEM e é mostrada por Lovatto (2013). Somam-se 6,8 milhGes de volumes
tetraédricos — e prismaticos na regido de camada-limite —, onde o menor indice de qualidade é 0,16, e menos de 0,002%
destes elementos tém qualidade inferior a 0,25. Lovatto (2013) também disponibiliza os parametros de simulacédo
numérica utilizados no ANSYS Fluent.

6.1.2. Resultados do rotor completo em rotacdo

Para o calculo da camada limite, 0 modelo de turbuléncia utilizado, k-w SST, exige um y* proximo de 1 e inferior a
4. A Fig. 5 mostra que o campo de y* ficou dentro do intervalo esperado. Na mesma figura, a linha vertical representa
uma secéo de pa a 30% do raio do rotor, de onde foi obtida a curva de coeficiente de presséo* (Cpy), apresentada na Fig.
6. A curva azul representa os resultados obtidos por este estudo em comparacdo com os dados experimentais de Hand et
al. (2001), e com os resultados numéricos de outros autores (Sezer-Uzol e Long, 2006; Ribeiro, 2012).

O empuxo (F) é o somatorio das forcas — sobre as pas e o cubo — na dire¢do z positivo, resultando 1255N. Dados
adicionais, como a forca e torque em cada pa e em outras dire¢des, sdo apresentados por Lovatto (2013).

I . -

-~ —
X
0_060266‘&6056056,\96,\26,\.5‘6,\.66,\2,6196 "
Yplus 0 0.500 1.000 (m)
- .
0.250 0.750

Figura 5. Campo de y* sobre o intradorso da pa superior.

Este estudo

Cor e & Hand etal, 2001

'—'\
s so o, ::EEQEF_'IBO Sezer-Uzol et Long, 2006
* Ribeiro, 2012

0.4 0.6 0.8 1
x*/c

Figura 6. Coeficiente de pressdo (C,,.) em funcdo da distancia a partir do bordo de ataque da pa (x*) adimensionalizada
pela corda (c) numa se¢do a 30% do raio do rotor.

Os resultados numéricos obtidos para o coeficiente de pressdo sdo coerentes. Embora ndo tenham completa aderéncia
com 0s resultados experimentais de teste em tunel de vento (Hand et al., 2001), este afastamento ndo representa uma
limitagdo considerando a proposta deste estudo: analisar a esteira obtida por CFD com o empuxo obtido por CFD, ndo
com o empuxo real. Na proxima etapa, o empuxo calculado numericamente (1255N) é imposto dentro do dominio
esférico sem o rotor por meio de uma taxa de variacdo da quantidade de movimento distribuida neste dominio, e espera-
se que a mesma esteira seja reproduzida. O objetivo desta pesquisa é a comparacdo entre duas esteiras aerodindmicas
obtidas por CFD: aquela resultante da presenca do rotor em rotacdo e aquela resultante de um sumidouro de quantidade
de movimento equivalente ao empuxo sobre o rotor em rotagéo.

A esteira resultante é apresentada na curva verde continua da Fig. 7, juntamente com os resultados de esteira obtidos
pela imposi¢do do empuxo de 1255N por meio de um sumidouro de quantidade de movimento no volume da esfera, para
malhas de densidades diferentes.

6.2. Imposi¢do do empuxo no dominio esférico por meio de um sumidouro de quantidade de movimento
6.2.1. Descricao do problema do sumidouro de quantidade de movimento no dominio esférico
Nesta etapa, o rotor foi removido do calculo. Migrando para 0 ANSYS CFX pelos motivos expostos na Secdo 6.1.1,

agora 0 empuxo F, igual a 1255N, foi imposto como taxa de varia¢do (negativa) da quantidade de movimento dentro do
volume esférico vazio. Com excecdo da auséncia do rotor, a geometria foi mantida inalterada. As condicgdes fisicas

1 0 sub-indice pr substitui o tradicional p com a finalidade de n&o confundir com o coeficiente de poténcia, Cp. A maneira pela qual Cp,
foi calculado é mostrada por Lovatto (2013).
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também ndo mudaram, embora os pardmetros que representam tais condigdes fisicas, bem como os parametros
numéricos, tenham mudado devido a mudanga de software, e sdo apresentados por Lovatto (2013).

Devido a retirada do rotor, a malha acaba sendo simplificada na regido da esfera, reduzindo-se drasticamente o
namero de nos de calculo.

O mesmo caso foi calculado em seis malhas de densidades diferentes na regido da esfera e da esteira, com a
finalidade de escolher a densidade que mais fielmente reproduz a esteira resultante do rotor completo. O tamanho inicial
dos volumes foi de 3,7m, seguindo-se uma razdo de refinamento de 1,3 até a malha mais refinada, com tamanho dos
volumes de 1,0m, sendo este igual ao refinamento da esteira no caso do rotor completo.

Tanto para o rotor completo quanto para as etapas de teste do modelo de esfera atuadora, a esteira é calculada sobre o
eixo z (eixo paralelo ao vento e que passa pelo centro da esfera). Foram definidas diversas sec@es circulares normais ao
eixo z, de mesmo diametro da esfera, sobre diversas posi¢fes ao longo do eixo z. O valor médio de w (componente da
velocidade paralela ao eixo z) foi calculado em cada uma dessas se¢des. Chama-se tal velocidade de wy (velocidade w
média na se¢&o).

6.2.2. Resultados do sumidouro de quantidade de movimento no dominio esférico

A esteira (valor de w;, ao longo do eixo z) resultante de cada malha é mostrada na Fig. 7, juntamente com a esteira do
rotor completo obtida na Etapa 1. Lovatto (2013) disponibiliza os perfis de presséo, obtidos da mesma maneira.

W, 7.0
[m/s] '\.’ RC (Fluent) 1,0m
6.5 N PP RC (CFX) 1,0m
\q El (CFX) 3,7m
6.0 ! . I——
b = — = EI(CFX)2,8m
| - = -
5.5 3 - _ - ===22-" _ _ E(CFX)22m
L -~ - ”.-_-.‘.": ............... sesnes “ee
» 7 T - = EI(CFX)1,7m
..\\. -, cersl -
>0 C) R B EI (CFX) 1,3m
4.5 : : , ‘ | | El (CFX) 1,0m
-20 0 20 40 60 80 100 120 z[m]

Figura 7. Perfis de esteira obtidos pelo calculo do rotor completo (RC, linha verde continua) no Fluent e no CFX e pelo
calculo com empuxo imposto (El, linhas tracejadas) no CFX sobre malhas com volumes de tamanhos diferentes. O
circulo azul representa a dimensdo e posicao da esfera sobre o eixo z.

Os resultados apresentados na Fig. 7 mostram que ndo ha independéncia de malha com o refinamento na regido da
esteira. Inclusive, a esteira obtida por empuxo imposto na malha com volumes de 1,0m é visivelmente superestimada
(maior queda de velocidade) em relacédo a esteira obtida pelo rotor completo, cujo tamanho dos volumes, nessa regido, é
0 mesmo. Malhas grosseiras subestimam a esteira (menor queda de velocidade) devido ao excesso de difusdo numeérica.

Para dar continuidade aos testes do modelo de esfera atuadora propriamente dito, foi escolhida a malha com volumes
de 1,7m na esteira, cujos resultados foram os mais proximos do rotor completo.

Mesmo com o empuxo F ndo sendo calculado pelo modelo, mas imposto em 1255N, as equacgdes utilizadas no
modelo acusam Cp(Uf = 7m/s) = 0,38996. Entdo, para testar o modelo com o empuxo ndo imposto, foi utilizado

como dado de entrada uma curva arbitraria C,, = f(Us,) tal que Cp(Uoo =Ur = 7m/s) = 0,38996.
6.3. Teste do modelo de esfera atuadora para vento incidente forcado a 7m/s

Em seguida, o modelo de esfera atuadora foi testado sem se impor F, mas na sua capacidade de reproduzir os valores
esperados de U, Cp, a & F (as incognitas do modelo) para o caso-teste de Uy = 7m/s. ApGs a convergéncia do modelo
fluidodinamico, espera-se que o modelo de esfera atuadora ofereca como saida U, = Uy = 7m/s, C,(U,) = 0,38996,
a(C,) =0,1283 ¢ F = 1255N.

Para que os resultados fossem satisfatérios com 100% de acerto, os testes possibilitaram a determinacdo de fatores
multiplicadores de a e U,,, conforme as Egs. (14) e (15).

a* =1,04a (14)
U, =1,0197U,, (15)

onde a* e U, " sdo os valores corrigidos de a e U, ap06s a convergéncia do processo iterativo descrito na Secdo 5.2.
Finalmente, o valor de C, obtido pelo processo iterativo também € corrigido para que seja funcéo de U, " (corrigido) ao
invés de U, ou seja, definiu-se C,” = f(Us"), obtido pela curva de coeficiente de poténcia. Essas corre¢des oferecem
100% de acerto para o valor esperado das quatro incognitas do modelo de esfera atuadora e resulta no mesmo perfil de



Anais da EPTT 2014 IX Escola de Primavera de Transigéo e Turbuléncia
Copyright © 2014 ABCM 22 a 26 de setembro de 2014, S&o Leopoldo — RS, Brasil
esteira do caso com empuxo imposto, validando o modelo para o caso-teste de vento incidente forcado Uy = 7m/s, no

software ANSYS CFX com malha tetraédrica de 1,7m de resolucdo.
6.4. Teste do modelo de esfera atuadora para diferentes velocidades de vento incidente for¢ado

Com o propo6sito de testar o modelo de esfera atuadora para velocidades incidentes forcadas diferentes de 7m/s,
foram impostos na entrada do dominio os valores de 2, 3, 5, 8, 13 e 21 m/s para Uy, arbitrarios e pertencentes a série de
Fibonacci. Como os fatores de corregéo descritos na Secdo 6.3 foram calibrados para Ur = 7m/s, € natural esperar que
os valores finais tenham certo nivel de erro para outras velocidades, mas que seja toleravel.

Como resultado dos testes para diferentes velocidades, o erro da velocidade de vento incidente calculada corrigida,
Us,", relativo a velocidade incidente forgada, Uy, ndo passa de 2%, como verificado por Lovatto (2013). A Fig. 8a mostra
a igualdade entre os valores de velocidade forgada (Uy) e calculada corrigida (U *). A curva do coeficiente de poténcia
arbitréria utilizada para os testes € apresentada na Fig. 8b, juntamente com os pontos (Us,", C,") resultantes dos calculos
para os diferentes U testados. Lovatto (2013) mostra que a maioria dos erros sdo inferiores a 5%.

25 0.5

20 0.4 \
« 15 0.3
U, *
Cp 0.2 *
(m/s] ° ' '/ \
0.1

0 0 10 20 30
0O 5 10 15 20 25 U, [m/s]
Us[m/s] —Cp entrada M Cp calculado
(a) (b)

Figura 8. (a) Igualdade entre os valores de velocidade incidente forgada no dominio (Uy) e a velocidade incidente
calculada e corrigida pelo modelo (U, "); e (b) a consequente sobreposicao dos pontos (U, ", C,") calculados pelo
modelo sobre a curva de coeficiente de poténcia da maquina, arbitraria.

| 3 , - C A . . .. L. "
Dado que P," = 5PV Aq € a poténcia aerodinamica disponivel incidente sobre a maquina, com C,” pode-se

calcular, pela Eg. (10), a poténcia aerodindmica que cada maquina extraiu (P,,;), bem como a poténcia elétrica (Pe;.)
pela Eqg. (1), caso a eficiéncia n seja conhecida.

6.5. Modificacdo da direcao do vento sobre esferas adjacentes

A Ultima etapa deste estudo foi referente a capacidade do modelo de trabalhar com mais de uma esfera no dominio de
célculo, bem como & capacidade de lidar com ventos de diferentes dire¢des.

A Fig. 9a ilustra bem as esteiras geradas por duas esferas espacadas de quatro didmetros uma da outra, sob um vento
incidente forcado de 7m/s vindo de quatro direcBes diferentes. Alguns resultados para cada esfera do caso IV sdo
mostrados na Tab. 1.

A Fig. 9b mostra o perfil de velocidade w; para o caso IV da Fig. 9a. Nota-se claramente que a queda de velocidade
na regido da esfera a direita € menor que a da esfera a esquerda. Isso ocorre porque a poténcia extraida é menor, afinal a
velocidade média incidente é menor.

Tabela 1. Resultados para a esfera da esquerda e da direita no caso IV da Fig. 9a.

Esfera U, *[m/s] Cy" Uy[m/s] F[N] P [W]
Esquerda 7,0350 0,39067 6,0269 1273 7672
Direita 5,8797 0,34158 5,1672 750 3876
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Figura 9. (a) Campos de velocidade para duas esferas adjacentes com vento vindo de quatro dire¢des diferentes e (b)
perfil de velocidade w; para o caso 1V da Fig. 6.7a. Os circulos azuis representam a dimensao e a posicao das esferas
sobre 0 eixo z.

7. CONCLUSAO

Os objetivos propostos foram atingidos com sucesso. Como pdde ser visto na Fig. 8, ao contrario dos trabalhos até
entdo publicados e citados no Capitulo 3, o modelo de esfera atuadora desenvolvido é capaz de calcular de maneira
dindmica a velocidade de corrente livre média incidente sobre cada maquina, bem como seus respectivos coeficientes de
poténcia. Os resultados mostrados na Fig. 9 e na Tab. 1 indicam que a substituicdo do disco por uma esfera atuadora
oferece ao modelo a capacidade de lidar com ventos vindos de qualquer dire¢do, destacando-se que ndo é necesséria a
modificacdo da malha para se adaptar as diferentes dire¢des de vento incidente sobre cada maquina.

Os testes do modelo de esfera atuadora, apresentados neste trabalho pela primeira vez, ainda resultam em fatores de
corregdo e esteira dependentes do software utilizado e, especialmente, da resolugdo de discretiza¢do do dominio (Fig. 7).
Suspeita-se que a maior queda de velocidade em malhas refinadas esteja relacionada a modelagem da turbuléncia.
Visando o aprimoramento do modelo, estdo em andamento novos estudos com o objetivo de chegar a uma compreensdo
sobre o problema da discretizagdo do dominio, bem como dos fatores de correcao.
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Abstract. This paper presents a study of the influence of thermal radiation on turbulence in the simulation of a
turbulent, non-premixed methane-air flame. In such a problem, two aspects need to be considered for a precise
evaluation of the thermal radiation: the turbulence-radiation interactions (TRI), and the radiative properties of the
participating species, which are treated here with the weighted-sum-of-gray-gases (WSGG) model based on recently
obtained correlations from HITEMP2010 database. The chemical reactions rates were considered as the minimum
values between the Arrhenius and Eddy Break-Up rates. A two-step global reaction mechanism was employed, while
the turbulence modeling was considered via standard k—¢ model. The source terms of the energy equation consisted of
the heat generated in the chemical reaction rates as well as in the radiation exchanges. The discrete ordinates method
(DOM) was employed to solve the radiative transfer equation (RTE), including the TRI. Comparisons of simulations
with/without radiation demonstrated that radiation influenced turbulent-properties (root mean square of velocity and
temperature fluctuations, and turbulent kinetic energy of the velocity fluctuations). Radiation smoothed turbulent-
properties fields. The influence of radiation was more important on the temperature fluctuations than on the velocity
fluctuations.

1. INTRODUCTION

Combustion problems involve a number of coupled phenomena, such as fluid mechanics, heat transfer, and chemical
kinetics of gaseous species and soot, in which thermal radiation can be the dominant heat transfer mode. Heat transfer
directly affects the temperature field and, therefore, chemical kinetics and thermophysical properties (as density, heat
capacity, and viscosity).

An important phenomenon to be considered in turbulent combustion simulations is the so-called turbulence-
radiation interactions (TRI). Turbulence and radiation are physical phenomena of high complexity even when analyzed
independently. In turbulent flow, it is not possible to deal with these phenomena in an independent way, but in a
coupled form. In turbulent reactive flows, temperature and species concentration fields can undergo high levels of
fluctuations, leading to variations on the radiative field. Since the radiative field is present in the energy conservation
equation as a source term, and turbulent fluctuations influence radiative transfer, then turbulence also influences the
temperature and density fields. Therefore, since the density field influences the velocity field and so the scalar
fluctuations, it can be concluded that turbulence influences radiation and radiation influences turbulence. Few attention
has been devoted to investigate the influence of radiation on turbulence. As the authors best knowledge, the only
investigation dealing with such influence in high temperature flows is in Soufiani (1991), where it was found that
radiation may smooth the intensity of temperature fluctuations. On the other hand, the influence of turbulence on
radiation has been received much more attention.

The first coupled calculation of radiative transfer in reactive flow to investigate TRI was reported in Song and
Viskanta (1987), in which property functions were prescribed for the combustion gases. The most recent literature has
been focused on analyzing the most important TRI correlations (temperature self-correlation, absorption coefficient-
temperature correlation, absorption coefficient self-correlation, and absorption coefficient-radiation intensity
correlation). Some examples of coupled investigations were reported in Li and Modest (2002a), Habibi et al. (2007a),
Poitou et al. (2012) and Gupta et al. (2013). Results pointed that the absorption coefficient-temperature correlation and
the temperature self-correlation are the most important TRI terms in reactive flows (Li and Modest, 2002a; Li and
Modest, 2002b; Gupta et al., 2013; Habibi et al., 2007b). Furthermore, it was found in Gupta et al. (2013) and in Modest
and Mehta (2006) that the absorption TRI term (correlation between absorption coefficient and radiation intensity
fluctuations, which is neglected in optically thin fluctuation approximation - OTFA) is important only for optically thick
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medium.

An accurate description of radiative heat transfer is of great importance for simulations of combustion systems.
Modeling thermal radiation exchanges in combustion gases (such as water vapor and carbon dioxide) is a difficult task
due to the highly complex dependence of the absorption coefficient with the wavenumber, which is typically
characterized by hundreds of thousands or millions of spectral lines. Thus, the integration of the radiative transfer
equation (RTE) over the spectrum would be very expensive or even impossible without the use of spectral or global
models. As a first simplification, the RTE is frequently solved with the gray gas (GG) model, where the dependence of
the absorption coefficient over the wavenumber is simply neglected. In order to provide realistic results, more refined
models are however needed. As one advance to the GG model, the weighted-sum-of-gray-gases (WSGG) (Hottel and
Sarofim, 1967) makes perhaps the best compromise between accuracy and computation demand, especially in global
simulation of combustion processes in which the RTE is solved together with fluid flow, chemical kinetics and energy
equation. In the WSGG model the entire spectrum is represented by a few bands having uniform absorption coefficients,
each band corresponding to a gray gas. The weighting coefficients account for the contribution of each gray gas, and
can be interpreted as the fractions of the blackbody energy in the spectrum region where the gray gases are located. In
practice, those coefficients are obtained from fitting total emittances computed from experimental-gas-data, such as
those presented in Smith et al. (1982) and Smith et al. (1987). In a recent study, Demarco et al. (2011) assessed several
radiative models, such as the narrow band, wide band, GG and global models such as the WSGG and spectral-line-
based WSGG (SLW). According to the authors, the WSGG is very efficient from a computational point of view, and
can yield accurate predictions, although significant discrepancies can appear in high soot loadings. Simplified radiative
property models, such as the WSGG or GG models, are often used in computational fluid dynamics (CFD) to simulate
combustion problems. The main reason is that implementing more sophisticated models may become excessively time
consuming when fluid flow/combustion/radiative heat transfer are coupled.

This study presents a numerical RANS (Reynolds Average Navier-Stokes) simulation of a turbulent non-premixed
methane-air flame in a cylindrical combustion chamber taking into account radiation effect of non-gray gases by means
WSGG correlations (Dorigon et al., 2013) generated from HITEMP 2010 database (Rothman et al., 2010) and including
TRI (Snegirev, 2004), with the objective of evaluating the influence of radiation on turbulence, since such influence has
been received much less attention in the literature than the influence of turbulence on radiation.

2. PROBLEM STATEMENT

The physical system consists of the natural gas combustion chamber described in Garréton and Simonin (1994),
which presents several challenges for thermal modeling in the sense that the flame is turbulent, and with highly non-
isothermal, non-homogeneous medium.

Keeping the same conditions as described in Garréton and Simonin (1994), the cylindrical chamber has length and
diameter of 1.7 m and 0.5 m, respectively, as shown in Fig. 1. Natural gas is injected into the chamber by a duct aligned
with the chamber centerline, leading to a non-swirling flame. The burner provides the necessary amount of air and
natural gas as required by the process. In all cases a fuel excess of 5% (equivalence ratio of 1.05) was prescribed. For a
fuel mass flow rate of 0.01453 kg/s at a temperature of 313.15 K, this requires an air mass flow rate of 0.1988 kg/s, at a
temperature of 323.15 K. The fuel enters the chamber through a cylindrical duct having 0.06 m diameter, while air
enters the chamber through a centered annular duct having a spacing of 0.02 m. For such mass flow rates, the fuel and
air velocities are 7.23 and 36.29 m/s, respectively. The Reynolds number at the entrance, approximately 1.8x10%, points
that the flow is turbulent. The inlet air is composed of oxygen (23% in mass fraction), nitrogen (76%) and water vapor
(1%), while the fuel is composed of 90% of methane and 10% of nitrogen. The burner power is about 600 kW. The fan
and the other external components are not included in the computational domain, although their effects are taken into
account through the inlet flow conditions. Buoyancy effects are neglected due to the high velocities that are provided by
the burner. To complement the boundary conditions, Figure 1 depicts the thermal boundary conditions of the cylindrical
chamber: symmetry in the centerline, and prescribed temperature on the walls, equal to 393.15 K. In addition,
impermeability and no-slip conditions were assumed on the walls. In the symmetry line, it was assumed that both radial
velocity and velocity gradient were null. The same procedure was adopted for the turbulent kinetic energy and its
dissipation rate, enthalpy, and species concentrations in the symmetry line. In the outlet, null diffusive fluxes were
assumed for all variables, the axial velocity component was corrected by a factor to satisfy mass conservation, and the
radial velocity was imposed to be null. For radiation modeling, both chamber walls, inlet and the outlet ducts were
modeled as black surfaces. The temperature at the inlet duct was prescribed at the fuel and the oxidant temperatures,
while the temperature at the outlet duct was equal to the outlet flow bulk temperature.

In addition, in the inlet, the velocity and concentration profiles were assumed uniform in the axial direction, while

the turbulent kinetic energy was computed as k = %(umi)2 , where i is the turbulence intensity (prescribed as 6% and
10% for the air and for the fuel streams, respectively) and U;, is the inlet axial mean velocity, and for the turbulent
kinetic energy dissipation rate, the relation &= (C:fk% )/l was employed, where [ is the turbulence characteristic length

scale (taken as 0.04 m and 0.03 m for the air and the fuel streams, respectively). For both energy and momentum
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conservation equations, standard wall functions were applied for the combustor walls treatment which take into account
the viscous layer dominated by molecular diffusion close to the walls (Patankar, 1980).

1.70 m
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Figure 1. Combustion chamber geometry

3. MATHEMATICAL FORMULATION

The proposed work is stated as: considering a steady turbulent non-premixed methane-air flame in a cylindrical
chamber, compute the temperature, species concentrations and velocity fields, and verify the influence of radiation on
turbulence main parameters, taking into account the WSGG model based on HITEMP 2010 data (Dorigon et al., 2010)
and TRI effects (Snegirev, 2004).

3.1. Governing equations

Conservation equations for mass, momentum in the axial and radial directions, k-¢& turbulence model, energy, and
chemical species (CHy, O,, CO,, CO, H,0) for steady low-Mach flow in 2D axisymmetric coordinates are solved.
Detailed information about governing equations can be found in Centeno et al. (2014).

3.2. Combustion kinetics

As a basic assumption, it is considered that the combustion process occurs at finite rates with methane oxidation
taking two global steps:

2CH! +3(0 +3.76NY) — 200 +4H,0" +11.28N2Y
200 +1(08? +3.76N) — 200 +3.76N

The rate of formation or consumption, R, of each o+th species in each ¢-th reaction (there are two reactions in the

a,.c’
present study, so ¢ = 2) is obtained by the Arrhenius-Magnussen’s model (Eaton et al., 1999; Turns, 2000; Fluent,
2009), in which the rate of formation or consumption of the chemical species are taken as the smallest one between the
values obtained from Arrhenius kinetics or from Magnussen’s equations (Eddy Break-Up) (Magnussen and Hjertager,
1977). The investigation in Silva et al. (2007), which considered the same combustion chamber, provided the relative
importance of the combustion kinetics by computing the Damkohler number, and found that the combustion process is
governed by Arrhenius rates in the flame core and by Magnussen’s rates in all the other regions. This formulation was
also successfully employed in Silva et al. (2007), Nieckele et al. (2001), Centeno et al. (2013), and Centeno et al.
(2014).

The average volumetric rates of formation or consumption of the o+th chemical species, R,, which appears in both
energy and species conservation equations, are then computed from the summation of the volumetric rates of formation
or consumption in all the c-th reactions where the a—th species is present, i.e., R = ZC R,.-

3.3. The weighted-sum-of-gray-gases (WSGG) model

The original formulation of the WSGG model (Hottel and Sarofim, 1967) consists of expressing the total gas
emittance by weighted-sum-of-gray-gas emittances. The emission weighted factors, a(T), and the absorption
coefficients, &, for the j™ gray gas are in general determined from the best fit of the total emittance with the constraint
that the a; must sum to 1. From a more general point of view, the WSGG model can be applied as a non-gray gas model
(Modest, 1991), solving the radiative transfer equation (RTE) for the Ns (number of gray gases) plus one (j= O,

representing spectral windows where H,O and CO, are transparent to radiation) for a clear gas:
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in which the emission weighted factor a(T) is given by,
5 .
a,(r)=Yp; 1" 2)
i=1

with j varying from O to Ng, and j = Z’VG 1. -The functional dependence of the weighted factors with temperature is
j=0"1J

generally fitted by polynomials, Eq. (2), where the polynomial coefficients (b;;) as well as the absorption coefficients
for each gray gas can be tabulated. For H,O/CO, mixtures, these coefficients are generally established for particular
ratios of the partial pressure, pyro/Pcos, Which could limit the application of the method. In the present study the
weighted factors polynomial coefficients and absorption coefficients were taken from Dorigon et al. (2013) for
Pr2o/Pcoz = 2. Such WSGG correlations were fitted from HITEMP 2010 (Rothman et al., 2010), which is the most
recent molecular spectroscopic database for high temperatures. In the same study, Dorigon et al. (2013) compared
results obtained with the new coefficients against line-by-line (LBL) benchmark calculations for one-dimensional non-
isothermal and non-homogeneous problems, finding consistently satisfactory agreement between the LBL and WSGG
solutions, with maximum and average errors of about 5% and 2% for different test cases. Centeno et al. (2013) tested
the coefficients presented in Dorigon et al. (2013) against old ones presented in Smith et al. (1982) for an axisymmetric
cylindrical combustion chamber, and found that the new coefficients provided better agreement with experimental data.
It is assumed here that the contribution from other radiating species, such as CO e CH,, is negligible. The contribution
from CO in the combustion gases is negligible, since its molar concentration is not expected to exceed 0.1%, while the
contribution from CH, is even lower (Coelho et al., 2003).

3.4. Turbulence-radiation interactions

The radiative transfer equation (RTE) is applicable to instant quantities that fluctuate in a turbulent flow, while the
RANS turbulence model can only provide time-averaged (mean) quantities and, possibly, their mean square
fluctuations. Considering the spectrally integrated form of the RTE, and time averaging it, results in:

—=—E+Fb 3
ds

The absorption coefficient-radiation intensity correlation, i.e., the first term in the right hand of Eq. (3), is expressed
as xI =xI +x1 - Several studies have neglected the second term on the right hand side of this expression (x’7”) based

on arguments of Kabashnikov and Kmit (1979), known as the optically thin fluctuation approximation (OTFA), which
relies on the assumption that the absorption coefficient fluctuations are weakly correlated with the radiation intensity
fluctuations, i.e., 77 ~ ¢, if the mean free path for radiation is much larger than turbulence integral length scale.

In the second term in the right hand of Eq. (3), which is proportional to xT*, the instant values of x'and T correlate
in a turbulent flow. In the present study, it is applied the approximation proposed in Snegirev (2004), in which both the
absorption coefficient-temperature correlation and the temperature self-correlation are considered. These two TRI
correlations were found to be the most important in reactive flows (Li and Modest, 2002a; Li and Modest, 2002b;
Habibi et al., 2007b; Gupta et al., 2013). Decomposition of temperature and absorption coefficient into average and
fluctuating components, T=7 +7” and k = K + kK~ , followed by time averaging, and neglecting higher order terms,

F can be written as (Snegirev, 2004):

v S
T——2+4—_T—% )
T xK-T an

i =4

KT =%-T |14 Cpp 6
which allows the consideration of the absorption coefficient-temperature correlation and the temperature self-
correlation. The value for Crg; was initially suggested by Snegirev (2004) from data fitting for F/ 7" and F/ 7' as
presented in Burns (1999), followed by an adjustment leading to a value of 2.5 for Crg;.

To evaluate T"*, required for Eq. (4), an additional transport equation for temperature fluctuation variance is solved.
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4. RESULTS AND DISCUSSIONS

The set of equations were solved using the finite volume method (Patankar, 1980) by means of a Fortran code. The
power-law was applied as the diffusive-advective interpolation function on the faces of the control volumes. The
pressure-velocity coupling was made by the SIMPLE method. The resulting system of algebraic equations was solved
by the TDMA algorithm, with block correction in all equations except the equations for k and & A grid with 140
volumes in the axial direction and 48 volumes in the radial direction was used. The numerical accuracy was checked
through the grid convergence index (GCI) method (Roache, 1994; Celik et al., 2008) comparing predicted results
calculated using this grid with results obtained using coarser grids. As found, the 140x48 grid provided grid
independent results, and required reasonable computational effort. The grid is uniformly spaced in both radial and axial
directions. The radiative transfer calculations were performed with the discrete ordinates method using the same spatial
grid and S, quadrature. Convergence criteria were based on the imposition that the normalized residual mass in the
SIMPLE method was 10°®. For the other equations the maximum relative variation between iterations was 106,

In order to study the effect of the gas radiation heat transfer inside the combustion chamber, allowing to analyze its
influence on turbulence, two different scenarios were considered. In the first scenario, radiation was completely ignored,
while in the second scenario, radiation was completely considered, including TRI. Comparisons were made to verify
how the different radiative scenarios affect some turbulence-related parameters, as the root mean square (RMS) of the
temperature fluctuations and the turbulent kinetic energy of the velocity fluctuations.

Figures 2 and 3 present fields of the turbulent kinetic energy of the velocity fluctuations and the root mean square of

the temperature fluctuations (computed from the temperature fluctuation variance square root: 7, =+17?), respectively,

computed in both scenarios — neglecting radiation calculations and considering them. These two turbulence-related
properties were selected to verify the influence of radiation on turbulence. As observed, the different radiative scenarios
investigated in the present work did not affect importantly those turbulent properties. However, the turbulent fields were

smoothed when comparing results obtained without radiation (fields “a” in Figures 2 and 3) against those results
obtained with radiation (fields “b” in Figures 2 and 3), in agreement with the findings in Soufiani (1991).
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Figure 2. Turbulent kinetic energy fields of the velocity fluctuations: (a) radiation neglected; (b) radiation computed.
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Figure 3. RMS of the temperature fluctuation fields: (a) radiation neglected; (b) radiation computed.
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Additionally, Figures 4 and 5 present profiles of the root mean square of the temperature fluctuations and of the root
mean square of the velocity fluctuations (considering fully developed isotropic turbulence, RMS of the velocity
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fluctuations can be computed as the square root of the turbulent kinetic energy of the velocity fluctuations: , =k ). In

such figures, profiles are shown for the axial direction at the chamber symmetry-line and for the radial direction at axial
position z = 1.3 m. It can be observed that the influence of radiation on those turbulence-related properties was small but
it was not negligible (for example, a difference of nearly 70 K for the rms temperature fluctuation was noticed for r =
0.0 m at z = 1.3 m). Radiation tended to smooth turbulent fluctuations of temperature and velocity. Besides, the
influence of radiation was more pronounced on the temperature fluctuations than on the velocity fluctuations; such
behavior can be especially important for consideration in problems involving transition from laminar to turbulent flows,
which in general are determined considering isothermal flows.
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Figure 4. RMS of the temperature fluctuations: profiles at chamber symmetry-line
(axial direction) and at z = 1.3 m (radial direction).
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Figure 5. RMS of the velocity fluctuations: profiles at chamber symmetry-line
(axial direction) and at z = 1.3 m (radial direction).

5. CONCLUSIONS

This study presented an analysis of the influence of thermal radiation on the turbulence in a turbulent non-premixed
methane—air flame in a cylindrical combustion chamber. The radiation field was computed with the WSGG model using
recently obtained correlations (Dorigon et al., 2013) based on the up-to-date HITEMP2010 and considering TRI effects
(Snegirev, 2004). A two-step global reaction mechanism was used and turbulence modeling was considered via standard
k-g model. The RTE was solved employing the discrete ordinates method. This work showed the influence of radiation
on turbulence in a combustion problem by means of two scenarios: radiation neglected from calculations, and radiation
included into calculations. Comparison of the results obtained from the different radiative scenarios showed that
radiation did not importantly influence the turbulence-related properties (root mean square of the temperature
fluctuations and of the velocity fluctuations, and the turbulent kinetic energy of the velocity fluctuations), but such
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influence, despite small, was not negligible. Radiation tended to smooth turbulent fields, in agreement with results
reported in the literature for high temperature flows. The influence of radiation on temperature fluctuations was more
important than its influence on velocity fluctuations. Some possible future advances in the radiation-turbulence analysis
are testing different turbulence models (other than standard k-¢) and performing simulations with different turbulence
methodology (other than RANS).
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Abstract. A numerical investigation of bi-disperse particle-laden gravity currents is presented in the lock-exchange con-
figuration. Results of previous studies, based on numerical simulation and laboratory experiments, are used to establish
a set of comparisons. The present discussion is focused on explaning how the presence of more than one type of particles
influences the main features of the flow, such as deposit profile, front location evolution and suspended mass. Complete
energy budget for bi-disperse flows is undertaken without simplified assumptions. In this context it is shown that the addi-
tion of coarse particles has a damping effect over turbulence, thus the dissipation term related to strain rate is decreased.
It is also noted that the dissipation term arising from the drag force over each particle increases.

Keywords: Particle-driven gravity current, Energy budget, Deposition of Particles, Direct Numerical Simulation
1. INTRODUCTION

The physical process called gravity current is an example of a stratified system and can be observed when two fluids,
with different densities, collide one against the other. The collision starts a horizontal relative movement in both fluids,
so that the heavier fluid flows under the lighter one (Ungarish, 2006). In the case where the density excess is caused by
particles diluted in the fluid, gravity currents move due to the gravitational force acting on dispersed sediments (Middleton,
1993). The focus of this numerical study is on gravity currents with negative-buoyancy effects, where its dynamics play a
central role in the formation of hydrocarbon reservoirs (Meiburg and Kneller, 2010).

In nature, gravity currents occurrence is quite frequent. The movement between warm and cold air masses, which
can give rise to storms, is a good example. Other examples are sand storms, which transport enormous quantities of
particles, and oceanic currents which are caused by difference in temperature and in saline concentrations. At smaller
scales, it is possible to observe gravity currents in industrial environment during the manufacturing process of sheet glass,
when the molten glass flows across a horizontal surface, for example (Huppert, 2006). For engineering and geology, the
understanding of gravity currents dynamics is very relevant due to its depositional, erosive and destructive behaviour.
Gravity currents are the most common way of sediment transport to deeper regions of the oceans, and these sediments,
after deposited, can give rise to hydrocarbon reservoirs (Kneller and Buckee, 2000). In the engineering context, these
flows are extremely dangerous as they can destroy seafloor equipments like pipes and cables (Meiburg and Kneller, 2010).

Because its importance, this phenomenon has been studied by many researchers in the last thirty years, most commonly
by laboratory experiments and numerical simulations on lock exchange configuration. Rooij and Dalziel (2001) describe
deposit profile taking into account a mono-disperse flow, i.e., a flow in which all the suspended particles have the same
diameter. Blanchette et al. (2006) and Gray, Alexander and Leeder (2005) performed a variation of the lock exchange
case including a complex geometry in bottom domain. Necker et al. (2002), Necker et al. (2005) and Espath et al. (2013)
present the energy budget of a mono-disperse gravity current, demonstrating the relationship between potential energy and
kinetic energy with their respective dissipative terms. Others global quantities like front position, suspended mass and final
deposit profile are also investigated. Gladstone, Phillips and Sparks (1998) and Nasr-Azadani, Hall and Meiburg (2013)
performed studies with a bi-disperse flow, showing that its features are strongly affected by mixture of different initial
particle fractions. Simplified theoretical approaches (Rottman and Simpson (1983); Bradford and Katapodes (1999);
Bonnecaze, Huppert and Lister (1993)) are also used to predict the behaviour of the flow.

In the present work, a typical lock-exchange configuration is employed in order to investigate a bi-disperse dilute
suspension particle-laden flow, i.e., the initial concentration of diluted particles is below 1%, also the sedimentation
process is taking into account. In order to investigate the features of a bi-disperse flow, two high resolution numerical
simulations are carried out, one in 2D and the other in 3D. Both cases are composed, initially, by 50% of coarse and 50%
of fine particle factions. Special attention is given to the complete energy budget of the flow considering that there is no
theoretical or numerical evidences about the temporal evolution of this global quantity in bi-disperse flows. Other issues
addressed are the variations in the final deposit profile and the temporal evolution of the front. The main characteristics
of a gravity currents are also related with the amount of suspended material as well as its sedimentation rate.
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L3s

Figure 1. Initial set-up of lock-exchange case. The calculation domain has length L4, height Lo and width Lg.

2. FLOW CONFIGURATION AND GOVERNING EQUATIONS

The numerical simulations carried out here are based on the lock-exchange configuration (Fig. 1). This arrangement
consists on an initial homogeneous mixture of sediment particles and clear fluid, trapped in a sub-volume of the domain
with dimensions L, x Los X L3, separated from clear fluid by a gate. The gate is suddenly removed, and due to gravity
action, the mixture of particle and fluid flows under the clear fluid. There are two mechanisms governing the motion: the
first one is occasioned by transformation of the potential energy in kinetic energy, an advective motion, and the second
is the diffusivity motion, which proportionates the mixing, that occurs by the potential difference between heavy- and
clear-fluid.

As previously mentioned, the low initial volume fraction of suspended sediment allows to neglect variations in the
mixture viscosity, as well as the influence of particle inertia. It is considered a dilute approach where the initial concentra-
tion at the lock is well below 1 %. Thus, this work is focused on diluted incompressible fluid laden with small bi-disperse
particles whose their densities are significantly higher than in the clear fluid. In order to mathematically describe the flow,
dimensionless incompressible Navier-Stokes equations under Boussinesq assumptions are employed. To make equations
dimensionless, it is chosen h = L /2 (the tilde represents a dimensional quantity) and the buoyancy velocity 4, as the
characteristic length and velocity scales, respectively, stated as

~ o~ OT~
Up = gM h, (1)
Po
where, p,, denotes the particle density of different fractions, pg is density of clear fluid and g is the gravitational accel-

eration. C,. is the total initial volume fraction of particles in the lock and it is also used as a characteristic scale. The
dimensionless mass and momentum equations can be written as

Bui
= 2
oz, 0, 2
) ) 1 20
ou; +u_auz _ Op . 07 u; e, 3)

E j@xj 87% E@xjaxj

where e/ = (0,—1,0) is the unit vector acting in gravity direction, as well as u;, p and ¢, represent the velocity field,
pressure and total particle concentration, respectively.
The dimensionless Reynolds number is defined as

Re= "M )

14

and v denotes de kinematic viscosity of the fluid. In order to evaluate the behaviour of the suspended material, it is
necessary to determine the particles concentration fields for the N different fractions present in the flow, which are
governed by

8cl 1 (92 C]

dx;  SciRe dxj0x;’
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Here, ¢; and u; are the concentration field and settling velocity associated to each particle fraction, respectively. The
dimensionless Schmidt number is introduced and expressed as

Sep = =, (6)

1
where k; is the mass diffusivity coefficient of the [-th concentration field. The particle settling velocity can be related to
its diameter by the Stokes settling velocity law. This law agrees closely with small particles diameters (d, < 0, 1mm)
(Julien, 1998). However, Gladstone, Phillips and Sparks (1998) suggests that variations of this value may occur due to
irregularities in particle shapes, leading to a larger drag coefficient.

Relative to the momentum equation (Eq. 3), the total particle concentration c; is obtained as follows,

N
=3 a. (7)
=1

Regarding the boundary conditions for the velocity field, no-slip conditions are enforced at top and bottom of the
domain whereas, on the side walls, free-slip conditions are chosen. Concerning the concentration fields, no-flux boundary
conditions are imposed at the vertical walls and at the top. At the bottom, it is necessary to ensure that the particles leave
the domain after deposition, which represents an outflow. To this end, the following boundary condition is employed

%+ufegg—;;:0, l=1,...,N, ®)
in order to assume that the layer of sedimented particles is sufficiently thin so that the bottom of the domain remains flat,
this means that re-suspension and erosion are neglected. This boundary condition is used by Necker et al. (2002), Necker
et al. (2005) and Espath et al. (2014).

To numerically solve the incompressible Navier-Stokes under Bussinesq assumption and scalar transport equations, the
Incompact3D code is used. This code is based on sixth-order compact finite difference method for spacial derivatives.
The advance in time is performed by the Adams-Bashforth schemes so that, for two-dimensional case the accuracy is
second-order and for three-dimensional it is third-order. A spectral method is employed to solve Poisson equation (more
details in Laizet and Lamballais (2009)).

3. ENERGY BUDGET OF THE FLOW

As previously stated in section 1, the simplest way to understand a gravity current is to consider it as the conversion
of potential energy into kinetic energy. The initial potential energy of the mixture fluid-particle, resting in the lock, is
converted into kinetic energy after the release of the gate. For the gravity currents with suspended particles, the kinetic
energy, associated with the fluid motion, is dissipated by the macroscopic velocity field and microscopic Stokes flow
around each particle.

In their previous work, Necker et al. (2005) evaluate the temporal evolution of the energy components, neglecting
the mass diffusivity and introducing simplified assumptions in the dissipation term related to the microscopic scales. For
this work, based on Espath et al. (2014), full budget equations are taken into account, without simplifications, in order to
accurately estimate all terms of energy for different particle fractions.

The inner product between the momentum equation (3) and the velocity vector field u; yields to the time derivative of
the kinetic energy equation, stated as

D(%uiui) _ Opy; ia(s”uz) 2

= — - — ——8;jSij — U2Cy. 9
Dt Oxz; Re Oz; Re” V79 TR ©
where, % denotes the material derivative, while s;; is the strain rate tensor, defined as the symmetric part of the velocity
gradient
1 8711' an
Sij = = . 10
*J 2 (61‘] + 61‘1 ( )

Integrating the kinetic energy equation (9) over the entire domain 2, the following expression is obtained:

dk 2
o Zsisd— Q 1
dt /Q Resuszgd /QUQCtd ’ ( )
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the kinetic energy is defined as

k() = / %uudQ (12)
Q

It is worth noting that, from divergence Gauss theorem, the first and second term of the right side of Equation (9) vanish
when the integration over the domain is performed, once there is no transport in the velocity field across the boundary.

The potential energy, related to each particle fraction, is integrated over the entire domain according to the following
expression

Epl(t):/clxng, (13)
Q
Ep,(t ZEpz, (14)

where E'p; and Ep; are the potential energy associated to each particle mixture and the total potential energy, respectively.
Multiplying the equation of concentration field (5) by x2 and, after some algebra, it is found the time derivative of
potential energy for the [-th particle

dEpl 1 820l a -
- SeiRe D201, dS ds. s
dt /Q <x2 SciRe 0x90x4 +z2u 5 Oo Jr/ﬂuzcl (15)

Considering that the total mechanical energy of the flow is equal to the sum of its total kinetic and potential energies,
it is evaluated the time variation of the mechanical energy by summing equations (11) and (15)

d(k+Ept _ / / d%c s 0a . al
Re SZJSZ]dQ+Z[ SclReaxgaa:g e l@ it = —e ;65" (16)

From this equation, the losses in energy can be divided into macroscopic E,4 and microscopic E, dissipations, as
follows

Ed(t):/o e(T)dr, 17)

N N

B, (t) =) E,t)=)Y_ Uot €5 (T)d’l':| : (18)

=1 =1

Therefore the energy budget is established as

k+ Ep: + Eq+ Es, = Ey,. 19)

where I}, is the initial total energy.
4. RESULTS

4.1 Validation

In order to demonstrate the ability of the Incompact3D code to reproduce a gravity current, it is established some
comparison with experimental and computational bi-disperse results provided by Gladstone, Phillips and Sparks (1998)
and by Nasr-Azadani, Hall and Meiburg (2013), respectively. Here, the settling velocities for coarse (C') and fine (F’)
fractions are uj = 0,03 and u5 = 0,004, respectively, according with Gladstone, Phillips and Sparks (1998). The
experimental work suggests that the ° is approximately one-third smaller than the direct Stokes value. Figure 2 shows
the comparison between final deposit profile.

There are a general good agreement between results, highlighting the peaks present in numerical results, possibly
caused by the great vortex that can carry particle to bottom of the domain. Figures 2(a) and 2(b) show that our results are
underestimated probably by the fact that the reference data has a longer simulation time than ours.
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Figure 2. Final deposit profiles for: (a) 0%C'/100%F; (b) 50%C/50%F; (c) 100%C/0%F. Solid lines: present work;
dashed lines: Nasr-Azadani, Hall and Meiburg (2013); B: Gladstone, Phillips and Sparks (1998).

Table 1. Parameters for 2D /3D simulations.

Re  %C/%F Sc uj n1,na, N3 Li,Ls, Ls At

2D 1441, 641 28,2 4
4000 50/50 1 0.047 0.006 3D 1441, 641, 101 28.2. 1 2x10

4.2 Comparison 2D X 3D

This section will establish some comparisons between 2D and 3D cases. The parameters for both simulations, in a
domain with mesh nodes (n1,n2,n3), are present in Table 1. Here, it is assumed that the settling velocities of the particles
are obtained directly by relation of the Stokes law, leading to u§ = 0,047 and u5 = 0,006 for coarse and fine fractions,
respectively.

Initially, will be presented some instantaneous visualisations where is possible to observe the turbulent structures.
In Figure 3, iso-values for the concentration field are shown. Here, it is possible to see that, at the first times after
the instantaneous release of the mixture particle-fluid, the current remains two-dimensional, transitioning to a three-
dimensional motion according its streamwise propagation, both for coarse and for fine particle. Espath et al. (2014)
suggests that this initial two-dimensionality occurs due to small amount of kinetic energy at first stages of the current
and he shows that the initial amount of kinetic energy can be related to the Reynolds number. Observing iso-surfaces for
t = 8, the well-know lobe-and-cleft structures, identified by Simpson (1972), are present in the front of the current.

Following the head, the body of the current develops with intense turbulence allowing the visualization of spanwise
vortices, already referred as Kelvin-Helmholtz vortices. At ¢ = 12, more turbulent structures are spotted for a finer
fraction due the fact that fine particle remains in suspension for longer times than coarse particle. This intense turbulence
and vortical structures can be better observed using the ()-criterion which, according to Dubief and Delcayre (2000),
captures more details in regions with high accumulation of vortices. In Figure 4, it is possible to see structures like
“worms” (see detail for t = 16) representing agglomerations of vortices, both in spanwise as in streamwise direction. At
t = 4 are shown longitudinal vortices, behind lobe-and-cleft structures, close to bottom, formed by sets of two pairs of
counter rotating vortices (red is positive and blue negative).

Comparing snapshots of the 2D and 3D simulations for the same non-dimensional time ¢ = 14, the first aspect that
can be highlighted is the difference between turbulent structures (see Figure 5).

The main discrepancies are related to the development of larger vortices in 2D simulation than in 3D, contributing to
the particles which remain in suspension for longer times. This difference is due to the fact that, in 3D, kinetic energy of
the flow can be dissipated into three dimensions, contrary to two dimensions in 2D case. It is noticed that for both, coarse
and fine particles, high levels of concentration are trapped within the vortices in 2D case, differently from 3D case where
it accumulates higher concentrations at bottom of the domain. This statement can be confirmed by Figure 6 where the
suspended material is given by

mpl(t):/ﬂcldV, (20)

In 3D, the total suspended mass, at final time, is about 18% whereas for 2D this value is approximately 26%, rep-
resenting a difference of approximately 30% between simulations. At ¢ & 35, it seems that coarse particles are totally
deposited for tri-dimensional case, which does not occur in bi-dimensional case.
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Figure 3. Iso-surfaces for concentration field taking ¢ = 0.25. On the left are coarse fraction and on the right are fine.
From top to bottom: ¢ = 0,2, 8 and 12.

Figure 7 shows the front evolution of the flow. Both currents have same constant velocity for 2D and 3D up to about
t ~ 10, but in ¢ ~ 15 there is a divergence between the curves, where tri-dimensional and two-dimensional simulations,
at non-dimensional final time, approximately reach distances of 18.5 and 15, respectively.

A comparison between the final sediment layer of two- and three-dimensional simulations with experimental result of
Gladstone, Phillips and Sparks (1998) is shown by Figure 8, being defined by

Dt(.’,U],t) =

N t
Z [/ < Cuy (@1, T) >a, ujdr| . (21)
] 0

1

Ly L3 —

Here, c,, refers to [-th particle concentration at the bottom, and < - >, is an average in spanwise direction for 3D
simulation. It is possible to see that peaks in 2D reach higher values than in 3D, possibly caused by the large vortices (see
Fig. 5) that can carry high levels of concentration trapped within themselves, yielding to a faster sedimentation process.
The difference, with respect to experimental result, seems to lie in the fact that the experiment was carried out for longer
time and with Re = 24000.

In order to investigate the energy budget of a gravity current, it is necessary to examine the temporal evolution of its
energy and how the dissipation losses impact the conversion of potential energy into kinetic energy.

Looking at Figure 9, it is possible to observe that, in 2D and 3D, at time ¢ = 0, the potential energy F, is maximum
for each particle fraction (according its initial proportion), dropping to around 60 and to 70% of its total initial value, for
fine and coarse fractions, respectively, at the first 2-3 time units, as soon as the gate is released. After the sudden drop,
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Figure 4. Q-criterion for iso-surfaces with () = 1. Turbulent structures depicted for ¢ = 0.2,4, 8 and 16, from top to
bottom.

L
Figure 5. Turbulent structures for 2D and 3D cases at ¢ = 14 in a middle-plane at 3 = 0. From top to bottom: coarse
and fine particles. All images ware taken for 0 < ¢; < 1.
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Figure 6. Temporal evolution of suspended particles. Solid lines refers to 3D simulation and dashed lines are 2D
simulation. All curves are normalized with total initial suspended mass (1my,,).
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Figure 7. Time evolution of the current front location.

the fine faction has a smoothly decrease, that is more pronounced in the 3D simulation. On the other hand, for coarse
fraction, after the sudden drop, it is noted, in both simulations, the occurrence of a second drop at ¢ ~ 3 up to ¢t ~ 10, not
as abrupt as the first one, but that leads to a decrease by about 50% of its potential energy still remaining, tending its value
to zero, which is firstly reached in 3D case.

Looking at the Kinetic energy k for all cases, after having reached the peak value of about 56% at ¢ = 3.2, the kinetic
energy is followed by a decay strongly influenced by the macro (E;) and micro (E) dissipative losses. The final values
of E; and E show that convective fluid motion dissipate more energy than particle settling. This behaviour is more
evident for 3D simulation due to three-dimensional turbulent motion, leading to a macro dissipation ~ 38% greater than
in two-dimensional case. The curves representing F, highlight the influence of settling velocity (u;) on energy budget.
This dissipation term is rapidly increased as the u; increases. Comparing the simulations, we found that the dissipative
losses (E4+FEs) represent &2 71% and ~ 86% of the total final energy, in 2D and 3D respectively.

5. CONCLUSION

DNS is applied, for 2D and 3D configurations, to research how the mainly features of a gravity current are affected
when two initial fraction of particles are present, as well as how the three-dimensionality influences its dynamics. Related
issues to final deposit profile, evolution of front position, suspended mass and complete energy budget are analysed,
resulting in a good agreement between them.

The first implication observed is that the formation of large vortices in 2D simulation hold the particles in suspension
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Figure 8. Final deposit profile for 2D and 3D bi-disperse simulations. Dashed line: 2D result; solid line: 3D result; B:
Gladstone et al. (1998).
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Figure 9. Temporal evolution of energy budget. (a) 2D and (b) 3D. Red lines refer to fine particles, blue to coarse and in
black are global quantities of the flow. All curves are normalized with total initial energy.

for longer times compared with 3D simulation. With respect to the front position, both 2D and 3D cases propagate with
same velocity up to ¢t ~ 15 when the 2D decelerates faster than 3D.

Energy budget shows that the coarser particle dissipates its potential energy into micro dissipation faster than finer
particle, due difference in settling velocity. But, the most important result is the inability of 2D to reproduce the main
features present in 3.D. The unrealistic large vortices that affect the dynamics of settling process and two-dimensionality of
the turbulence introduce an error that may be important on reproducing the physical phenomenon. Taking as an example,
comparing the final values of E4, we have 0.38 and 0.55 for 2D and 3D, respectively, corresponding to a difference of
about 31%.
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ON THE DIFFERENT RELAXATION TIME SCALES IN THE
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Abstract. An approximate solution of the original thermodynamic model for compressible heat transfer of a supercritical
fluid under microgravity led to the well-known piston effect relaxation time tpp, = tp/(y — 1)%, where tp is the thermal
diffusion relaxation time and ~y is the ratio between specific heats. Although more accurate models, based on the Navier-
Stokes equations and an appropriate equation of state, are nowadays used to simulate such a phenomenon, this classical
expression is still considered correct. We present the exact analytical solution for the same thermodynamic model to
demonstrate that it yields only two characteristic times, but this classical expression is not among them. They are tp and
tp /7y, which means the latter is the correct definition for t pg according to the original thermodynamic model. This novel
expression still predicts a critical speeding-up, since vy diverges faster than t p, but it shows that temperature equilibration
is not as fast as implied by the classical expression. An accuracy and consistency analysis is carried out for verification
purposes.

1. INTRODUCTION

All fluids are subject to an universal divergence of their thermodynamic properties as their critical points are ap-
proached. For instance, thermal diffusivity vanishes near the critical point because specific heat at constant pressure
diverges faster than thermal conductivity while density remains bounded. Hence, a critical slowing-down of temperature
equilibration was expected due to a diverging thermal diffusion relaxation time tp = [?/a. However, very fast tem-
perature equilibration was still observed in enclosed samples on ground-based experiments (Dahl and Moldover, 1972).
Gravity induced buoyancy was assumed responsible for this effect until 25 years ago, when low gravity experiments in
orbiting rockets yielded similar results (Nitsche and Straub, 1987). Such a critical speeding-up was explained from a
thermodynamic standpoint (Boukari et al., 1990; Onuki et al., 1990) and using the Navier-Stokes equations with a van
der Waals equation of state (Zappoli et al., 1990) soon afterwards. It is caused by the ability of small temperature per-
turbations to create severe compression in near-critical fluids, which, in turn, generates thermo-acoustic waves. When
entrapped within cavity walls, their propagation and reflection induces a rapid heating of the entire fluid, resulting in a
homogeneous increase of its bulk temperature. Such an understanding of this fast temperature relaxation phenomenon,
known today as piston effect, has been validated by theoretical, numerical and experimental studies in the literature (Zap-
poli, 2003; Barmatz et al., 2007; Carles, 2010).

The original thermodynamic model of supercritical heat transfer in microgravity proposed to study this phenomenon
(Boukari et al., 1990; Onuki et al., 1990) is essentially the heat conduction equation with a source term proportional to
the bulk temperature time derivative. This source term models the adiabatic compression mechanism responsible for the
piston effect. It becomes dominant whenever v >> 1, i.e., closer to the critical point. On the other hand, it vanishes
in the incompressible limit, where v = 1. A solution to this equation was first obtained with an approximate Fourier
transformation procedure (Onuki et al., 1990), where a detailed derivation is provided elsewhere (Onuki and Ferrell,
1990). The currently accepted definition for the piston effect relaxation time, given by tpr = tp/(y — 1), naturally
appears in the analytical solution derived for the bulk temperature in these two studies. This expression indicates a
few interesting trends worth noting. It shows that tpg < tp close to the critical point but tpg > tp close to the
incompressible limit, consistent with the importance of the adiabatic compressible source term in the governing equation.
Furthermore, these deviations from ¢ are inversely proportional to v squared and they are separated by a critical specific
heat ratio of 7. = 2, where t pg = tp. Although these original studies of the classical thermodynamic model considered
steady heating at the boundaries, they were extended towards pulsed (Ferrell and Hao, 1993) and unsteady (Garrabos
et al., 1998) heating as well. A similar solution procedure was employed and led to the same expression for tpr. The
former study also considered a conjugate problem, coupling the thermodynamic model with the heat transfer within solid
walls of a composite material. In doing so, they were able to generalize the piston effect relaxation time by replacing
the characteristic length in tp with an effective one including impedance ratios between consecutive materials. This
study was extended to include curvature effects introduced by cylindrical container walls (Carles et al., 2005), where
separation of variables and Laplace transform with numerical inversion were employed. However, they propose expression
tpg =tp/ ~2 instead, with tp based on the cylinder diameter as characteristic length. It is consistent with the adiabatic
compression source term as well and has the added benefit that { p > tp for any . Hence, density never relaxes towards
steady-state faster than temperature according to this expression.

Despite all these extensions yielding essentially the same expression for tp g, a closer look at the dimensionless bulk
temperature solution that led to the classical expression for the piston effect relaxation time (Onuki et al., 1990), given
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by O4(t) = 1 —exp[t/tpr] erfc[sqrt[t/tpg|], reveals an important discrepancy. It is possible to obtain an estimate
tg for tpg by assuming tg is the time it takes the dimensionless bulk temperature to reach 99% of its steady-state,
ie., Oy(tg) = 0.99, an approach commonly used in boundary layer theory (Schlichting, 1986). This procedure should
yield tg/tpr ~ O(1), but one finds tg/tpp ~ 3182.1 instead, a number more than three orders of magnitude higher
than expected. Hence, there is a clear inconsistency between the classical expression for ¢t pg and the very solution that
provided its definition. In the present study, a new definition for ¢tpg is obtained and shown to be consistent with the
solution it was derived from, which required no additional approximations to be generated.

2. MATHEMATICAL MODEL

In order to establish an appropriate framework for comparison purposes, the same model problem solved in the original
study that put forth the current definition for ¢ pg is considered here (Onuki ef al., 1990; Onuki and Ferrell, 1990). It is
a one-dimensional impermeable cavity of length [ filled with a supercritical fluid at a constant initial temperature Tj and
pressure Py close to their critical values. Maximum temperature differences are kept small enough so that all thermo-
dynamic properties can be considered constant. In this scenario, temperature is obtained from the conservation of energy
for compressible fluids

kg dP 0T
ap dt — M2

OaT 0 0
O Il gy (c — ) 1)

ot

where p is the density, « and ¢ are the spatial and temporal coordinates, C'p and Cy  are the specific heats and constant
pressure and volume, k is the thermal conductivity and k7 and ap are the isothermal compressibility and volumetric
thermal expansion coefficients, defined as

1o
_paPT

1 dp
d - - 2
an ap p OT|p’ @)

RT

respectively. It should be noted that pressure is assumed time dependent only, i.e., spatial gradients are negligible, because
this is a very low Mach number flow.
On the other hand, density is extracted from its total differential, written as

dp o dP o OT
ot Po K dar Po &p ot 3)

where pressure dependence on temperature is extracted by integrating equation (3) over the constant mass cavity volume,
generating

dP - Oé(PO) dTb

- = —2 4
dt kP dt’ @

with the bulk temperature defined as

1 l
Ty(t) = 7/ Tdx. (5)
0
Equations (1) and (4) can be combined to generate a single integral-differential equation for temperature in the form
oT 1\ dTly 0T
= (1= ) = = - 6
ot ( ’yo) dt Y2 ©)

where v = Cp/Cly is the ratio between specific heats and « is the thermal diffusivity. This equation is subject to boundary
and initial conditions

T0,)=T7 , TUt)=Ty and T(x,0)="Tp, @)
with 77 representing the prescribed temperature at both walls. Using tranformation

T-T
T h-T

t z
l

T=— , &= and ©

®)

the system of equations can be re-written in the dimensionless form

1\ do, 9?0
&_O_%>w_ae’ ®
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where the dimensionless bulk temperature is given by

1

Ou(r) = [ O(&7)dE, (10)

0

and the boundary and initial conditions are written as
00,71 =1 , ©(l,7)=1 and 0O(£0)=0. (11)
3. SOLUTION METHODOLOGY

An exact solution for the system of equations (9) to (11) can be constructed by first extracting from it the steady-state
solution ©(&, 00) = 1 using

O, 7)=1+0(&,1), (12)

where 6(¢, t) represents the unsteady behavior of this system. Substituting relation (12) into governing equation (9) leads
to equation

0 1 0 20
87_ 1— — ﬂ:ai’ (13)
or Yo/ dr €2
with the unsteady bulk temperature given by
1
i) = [ olmde, (14)
0
which is subject to boundary and initial conditions
0(0,7)=0 , O(1,7)=0 and 6(£0)=-1, (15)

obtained by substituting relation (12) into respective conditions in (11).
Now, spatial and temporal dependences of the model problem unsteady representation are separated by proposing a
solution of (9) in the form

0(6,7) = > hi(€) (7)), (16)

i=1
where the eigenfunction is provided by eigensystem

d*y;

de? + Bz‘g Yi(§) =0 (17)

with boundary conditions

¥i(0) =0 and  ¢(1) = 0, (18)
which yield the eigenfunctions and eigenvalues

Yi(§) = sin[3;¢] and B =i, (19)
respectively, where ¢ = 1, 2, ..., oo. Since these eigenfunctions are orthogonal, the integral transformed temperature

can be defined according to relation

1

() = [ i) ole e 20)

0
based on the above eigensystem (Ozisik, 1993), where the norm
! 1
2
N = [ uiteras = 3. e
0

is used by the normalized eigenfunctions 1/31 = 1;/V/Ni.
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Multiplying equation (13) by Ui, integrating the result over the dimensionless cavity length and applying transforma-
tion (20) to the time derivative term yields

do; dby
2y [t
where integral transform coefficient
1 1— :
= / Di(€) e = V2 (C;SW) , (23)
0 %

is defined for simplicity. Integrating the r.h.s. of equation (22) by parts, applying boundary conditions in (15) and (18),
substituting equation (17) and then integral transform definition (20) into the result yields

_ [ 2 [ )
[ e o= [ Choenic=-s [ d©oeni= -5, a4

which can be substituted into equation (22), using inverse definition (16) in the non-transformed bulk temperature term,
to generate

4, 23
o (-2) S a0
fori=1,2,..., 00, o0r,in a more compact form,
ZAud + B2i(r) = 0, (26)
j=1

where the integral transform matrix coefficients are

1
Aij = 0ij — (1 - %) nin;j 27)

which is subject to transformed initial condition

1 ~
- /O D) de = — 28)

obtained by transforming initial condition in (15), with d; ; representing the Kronecker delta. After solving equations (26)
to (28) for the transformed temperatures 6;, the exact solution is obtained by combining them with relations (12) and (16)
to generate

O, 7) =1+ hi(&)bi(r), (29)
where its bulk value defined in (10) becomes
=1+> mbi(r). (30)
i=1

Equations (26) to (28) govern the entire unsteady response of the thermodynamic model (9) to (11) through the
transformed temperatures éi(r). Because the eigensystem chosen in (17) to (19) belongs to the Sturm-Liouville class, the
infinite summation series solution (16) is convergent (Cotta, 1993). Hence, it can be truncated at a high enough number,
named NV here, in order to guarantee a predetermined user-defined tolerance. Truncated version of system (26) to (28)
is then solved analytically with a matrix exponential (Moler and Loan, 2003) using the software Mathematica (Wolfram,
2003).
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4. RESULTS AND DISCUSSION
4.1 Solution Verification

Before attempting to evaluate the behaviour of the current results, it is important to verify their numerical accuracy.
Figure 1 presents the dimensionless temperature absolute error §© = © — O g calculated with Ny = 50, 100, ..., 300 and
350 terms. Reference solution O obtained with N = 400 was used for error estimations. Results are presented across
the entire cavity length at dimensionless time o 7 = 0.001, with data obtained from the near-critical flow conditions in
reference (Shen and Zhang, 2010). Convergence tests at early simulation times are very conservative for this solution
in particular because the strongest temporal gradient occurs at 7 = 0 but only a steady-state filter is employed in (12).
They indicate that N = 250 is an adequate choice to maintain absolute errors smaller than 1% as long as the analysis is
restricted to 7 > 0.001 for ¢ = 16.2652. Simulations using higher values of 7, require a larger number of terms N to
achieve similar errors because the early bulk temperature gradients in time become stronger, i.e., system of equations (26)
becomes stiffer. In fact, stiffness is theoretically defined as the ratio between largest and smallest eigenvalues and, hence,
is given by 7. For this reason, N was selected large enough to guarantee graphical convergence when increasing g for
the results presented in the next figures.

00
1.000 ¢

0.500 -

0100 - .. N=30_
0.050 |- 100

0.010 i({ 250
0.005 {[ 300

o e e o e o = e = e = e e T m e o = T A e o e e aw e ————

0.001 }!

| | | | 1
0.0 0.2 0.4 0.6 0.8 1.0 ¢

Figure 1. Dimensionless temperature absolute error 6© versus dimensionless position £ at dimensionless time vy 7 =
0.001 under flow conditions in Shen and Zhang (2010).

4.2 Piston Effect Relaxation Time

Bulk temperature behaviour for 5 = 50 is shown in Figure 2, where a pure thermal diffusion case, artificially gener-
ated by setting 9 = 1, is also provided for reference purposes. The latter is included to highlight the bulk temperature
increase induced by the piston effect, which is quite prominent as expected. This figure shows that the traditional solution,
written out in the introduction, is different from solution (30), confirming the former is only an approximation. Neverthe-
less, they are qualitatively similar, which explains why the functional form of the traditional solution has been successfully
used to fit near critical experimental data for the bulk temperature in a cavity subject to pulsed heating (Garrabos et al.,
1998). This figure also highlights an important feature, which is the fact that bulk temperature seems to relax towards
steady-state approximately within 1 < «97 < 2. On the other hand, the traditional solution bulk temperature has just
passed 0.9 and its value is increasing very slowly at this point due to the asymptotic nature of the problem evolution at
later times. Furthermore, vo 7 = 2 is equivalent to 73 7 = 100, which means that the traditional bulk temperature is
relaxing at a time much larger than predicted by its traditional relaxation time. Hence, a new expression for the piston
effect relaxation time is tpg = tp /0.

An additional analysis, similar to boundary-layer thickness estimation (Schlichting, 1986), can be performed to con-
firm this result. It is possible to estimate the piston effect relaxation time from Figure 2 because this dimensionless
characteristic time is supposed to represent the time 7 it takes the bulk temperature to reach 99% of its steady-state



Anais da EPTT 2014 IX Escola de Primavera de Transigao e Turbuléncia
Copyright © 2014 by ABCM 22 a 26 de setembro de 2014, Séo Leopoldo — RS, Brazil

Steady—State

Equation (32)
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Figure 2. Dimensionless bulk temperature O, with o = 50 versus dimensionless time 7o 7.

value. In other words, 7 is defined as the equilibration time
Oy(7E) ~0.99, 31

where the bulk temperature is obtained from solution (30). If expression ¢p /vy is the piston effect relaxation time tp g,
equation (31) must yield

Yo TE ~ O(1), (32)

which is equivalent to 0.1 < 9 7 < 10. Figure 3 proves this to be the case by presenting the normalized equilibration
time estimate o 75 versus o, since it shows that 0.5 < vy 75 < 2.0 for a wide range of 7o values between 1 < vy <
1000. On the other hand, the traditional expression for the bulk temperature relaxation time yields 3182.1 for all .

YoTE
2.5

2.0

1.5

10 ——=——==——-

0.5

0.0

|
1 5 10 50 100 500 1000

Figure 3. Estimated equilibration time 77 normalized by - versus specific heat ratio 7. Dashed line represents new
estimate given by vo 7 = 1 or, in other words, tpr = tp /0.
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5. CONCLUSIONS

The piston effect relaxation time tpr = tp/(y — 1)? was implicitly defined from the bulk temperature obtained
as an approximate solution for the classical piston effect thermodynamic model by an approximate Fourier transform
procedure. It was proposed in 1990 and has been widely used in the literature since then, sometimes with the alternative
form tpp = tp/~?, even by experimental studies and simulations employing improved models based on the Navier-
Stokes equations and an appropriate equation of state. However, the present work obtains the exact solution of this same
model using a generalized Fourier transform and extracts its characteristic times to demonstrate that these expressions are
incorrect and should be replaced by tpg = tp /7.
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Abstract. The present work exhibits a numerical study of tiebt jet flow in cylindrical cavity with combined
convective and radiative heat transfer in opticatlyn participant medium by means of large eddyusition (LES)
and Reynolds averaged Navier-Stokes (RANS) withk the model. The main purpose is to evaluate the validft
the employment of traditional modeling (RANS) faadiction of time-averaged parameters of turbuleon-reactive
jet flows with combined convective and radiativensfer, i.e., investigating the influence of Tudnde-Radiation
Interactions (TRI) for a free turbulent shear floBoth studied cases are investigated with fixednBlelg and
Prandtl numbers (Rge= 22000 and Pr = 0.71) and for an optical thicksesfr, = 0.1. Results for time-averaged
profiles of temperature and divergence of radiafive obtained with LES and RANS along the azimwdkis of the
cylindrical cavity present local differences. Initepof this fact, the employment of the differeethods (LES with
TRI and RANS without TRI) led to similar predicofor time-averaged radiative flux on the cylindlicavity
surfaces. The highest difference achieved betwé@éfiSRand LES is nearly 5.0 %. Results obtained kleogved the
non-relevance of TRI for non-reactive free turbtilshear flows in optically thin participant medisimilarly to
previous observations of non-relevance of TRI fammel flows.

1. INTRODUCTION

The study of combined convection-radiation heatdfar in turbulent flows is of considerable relex@mo several
applications as industrial furnaces, gas combustianses, fires and high temperature heat exchangsncerning
the non-reactive flows, high-temperature exhausegdrom several industrial processes, such asigtiod of glass,
stainless steel, aluminum and steam generators, lieen used for energy savings (Siegel and Ho2@2; Coelho,
2007).

Turbulent flows generate fluctuations of scalaldie temperature and species concentration, whithrn cause
fluctuations in other physical quantities, suchtlas Planck emission function and the incident famliaintensity.
These fluctuations in the thermal radiation fielddifiy the energy sources that influence the fluydamics and the
thermal behavior of turbulent flows, due to the mled nature of the problem. These interactions reamed
Turbulence-Radiation Interactions (TRI) and its artance has long been recognized (Mazumder and $t,ot@99;
Li and Modest, 2003; Coelho, 2007).

Turbulence-Radiation Interactions have a strong-lim@ar nature and the approach of this phenomdron
extremely difficult. Even when treated separatélybulence and thermal radiation in participant rmexte highly
complex phenomena (Siegel and Howell, 2002; Pdp@3) In this sense, the traditional modeling obtlent flows
with combined thermal radiation and convection heatsfer has generally ignored TRI effects (Vidkari998).
This approach (RANS without TRI) does not take iatwount any turbulence closure modeling for trdiatave
transfer equation.

Turbulence-Radiation Interactions have been mamlgstigated in the framework of RANS simulationdiere
the Reynolds or Frave decomposition is appliedh® governing equations, and all fluctuations on ttiean
guantities must be modeled (Mazumder and Mode89;119 and Modest, 2003; Wang et al., 2008). Inlts years,
direct numerical simulation (DNS) has been employed the simulation of conservation equations ofssa
momentum, energy and the radiative transfer equdRIE) (Deshmukh et al., 2008; Roger et al., 206f@wever,
DNS is still out of reach for practical industr@nfigurations due to the enormous computatiorfariefequired. In
this sense, this method has been mainly employgditte the modeling of TRI for LES or RANS.

Concerning the employment of LES to TRI, few stadias been presented in literature (Jones and FaQB;
Gongalves dos Santos et al., 2008; Coelho, 200ptezat al., 2009; Dos Santos et al., 2014). Moshage studies
are devoted to simulation of reactive flows, wittteption of the works of Gupta et al. (2009) and [3@ntos et al.
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(2014)which evaluated the importance of TRI for non-ra&ctlows for several optical thicknesses. Coel26009)

investigated the relevance of TRI considering thiegsid-scale model for radiation. It was observeat the errors
resulting from neglecting the sub-grid scales teimisES for the solution of RTE are much lower thhose found
in RANS calculations, especially for flows with bulence intensity lower than 20%, which is commdolynd for

non-reactive flows. Afterwards, Roger et al. (202011) supported the previous findings of CoelHa0@ using a
comparison between DNS and LES simulations.

For non-reactive flows, the previous study of Mademand Modest (1999) noticed that TRI effects ban
neglected for optically thin media by means of cangon of two simulations in the RANS frameworkeomith TRI
(where a turbulence model was adopted for the RArig) another without TRI (classical or traditionabdeling).
Gupta et al. (2009) used LES to evaluate the infleeof TRI in a turbulent non-reactive channel flimwva range of
optical thicknesses (0.3d7, < 1250) and concluded that, in the absence of cleméactions, radiation significantly
modified the mean temperature fields, but TRI emissind absorption were found to be negligiblethia work of
Dos Santos et al. (2014) it was investigated tHalitsa of the employment of classical modeling (R&Nvithout
TRI) for the simulation of non-reactive turbulertannel flows (parietal flow) with combined conveetiradiative
heat transfer in participant media with severalagpthicknesses (0.04 7, < 100). This investigation was performed
by means of direct comparison between the conwediind radiative heat flux computed from averaging t
instantaneous convective and radiative heat fluk #ie LES method (which naturally takes into actotRI) and
the radiative heat flux computed from average dtiastof the RANS (without TRI). Results obtainegithe authors
showed that for media with thin optical thicknes$&d can be neglected for the simulation of noretiea turbulent
flows, as previously found in Mazumder and Modéd$t99) and Gupta et al. (2009). For optically thickdia ¢, >
10.0), results showed that RANS wkh- ¢ model is not recommended for achievement of tineraged radiative
fluxes in the channel surfaces. In this sense |teesbowed the relevance of TRI for non-reactivevBl in optically
thick media.

In the present work, it is evaluated the validifyttee employment of classical modeling (RANS with@®l) for
the simulation of non-reactive free turbulent shears with combined convective and radiative tfenén optically
thin participant medium. More precisely, it has iae@mulated a turbulent jet flow in a cylindricalvity. The main
purpose is to investigate whether other kind ofwfln this case a free turbulent shear flow) reegithe
consideration of TRI for correct prediction of nmactive flows in optically thin participant media. this study, a
comparison between time-averaged radiative flushatcavity surfaces obtained with LES (with TRIJaRANS
(without TRI) is performed. The studied case hasftilowing dimensionless parameters;;Re22000, Pr = 0.71
andr, = 0.1. The simulations of the present study aréopaed with FLUENT (FLUENT, 2007), which is based on
the hexahedral finite volume method for solving ttenservation equations of mass, momentum and gnerg
(Patankar, 1980; Versteeg and Malalasekera, 200d@)om the discrete ordinates method (DOM) to sdhe
radiative transfer equation (Kim et al., 2001; 8iegnd Howell, 2002). The turbulence is tacklecdhgghe dynamic
Smagorinsky subgrid-scale (DSSGS) (Germano eL9@1; Lilly, 1992)for the LES approach and the standi«d
model (Launder and Spalding, 1972; Wilcox, 20€#)the RANS modeling. The latter closure modebétected
based on its higher applicability in the simulasiaf literature, e.g., Li and Modest (2003) and 'g/ahal. (2008).

2. MATHEMATICAL MODELING
2.1. Large Eddy Simulation (LES)

The modeling of transient, incompressible, nonkisonhal flows is based on the solution of the coretérn
equations of the problem together with its boundargt initial conditions. In the LES approach, thass) momentum

and energy equations are spatially filtered withoa filter (Findikakis and Street, 1982). Theseauns can be written
by (Lesieur et al., 2005; Sagaut, 2006):

3_2:0 i(=1,2and 3) it xQ (1)
o o) 10, 0 |fow ov) el2amd3inxe @
at an ;_)an i an an % j i,j(=1,2and3)i (2)
oT 0 (=\_0 | aT

—t+— V. T |=—— ——q; +=-0 (.i= i

> axj(J ) o {“axj qj} ey, (j=1,2and 3)inxQ 3)

where () represents the large (filtered) scajess the density of the fluid (kgfy v is the kinematic viscosity (s); a

is the thermal diffusivity (fis); v; is the velocity ini-direction,i = 1, 2 and 3 (m/s)x corresponds to the spatial
coordinatej = 1, 2 and 3 (m)p is the pressure (NAn T is the temperature (K¥j is the Kronecker deltd) is the
spatial domain (m); represents the time domain (s); is the filteracjence of the radiative transfer (Wynwhich is
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inserted as a source term in the energy equatiostdrmsy; andg; that arise in the filtering process of the momentu
and energy conservation equation, respectivelyd eée modeled and can be written as:

Tj :\4_\/1‘\_4\71' (4)
qj =vT-yT ®)

2.1.1. The dynamic Smagorinsky subgrid-scale mod@DSSGS)

The DSSGS is based on the hypothesis of Boussmesifly viscosity (Lesieur et al., 2005). For incoaspible
flows, the turbulent tensor can be written as:

o, o0vj| 2
. = _ _—kti, 6
Tij Usg{ an 6)(, J 3 ij ( )

wherevsgs is the kinematic eddy viscosity {fg) andk is the turbulent kinetic energy {fe). The turbulent transport of
the temperature is obtained by an analogy withstitegrid Reynolds tensor (Lesieur et al., 2005; 8adg®006), and is
given by:

q-:a a_T 7
j T sgs o (7)

J

in whichasgs is the thermal eddy diffusivity (m?/s).
According to the model, the kinematic eddy visgoaitd the thermal eddy diffusivity are given by:

vsgs=Cx.7A g ®)
o e

where A is the subgrid-scale characteristic length (@; is the strain-rate of the filtered field*jsand § Is the filtered-

field deformation tensor @3, which are given by:

- / 3
A=3 i|;|1Axi (10)
15]=425 5 (11)

_ v, 0V,
5 =L, (12)
bo2lox; o

The Smagorinsky constar@(x,t), and the SGS turbulent Prandtl numbtgdx,t), are dynamically computed based
on the approach proposed by Germano et al. (1981 yreodified by Lilly (1992). This modeling is based the use of
two spatial filters with different lengths, prouvidj information on the energy transfer between theesl (obtained in
the test filtering region) and not solved scalesnotion (Lesieur et al., 2005). More details on 8@S model can be
found in the works of Germano et al. (1991), L{ip92) and Lesieur et al., (2005).

2.2. Reynolds Averaged Navier-Stokes (RANS)

The time-averaged conservation equations of massientum and energy are the same presented befyse(18 —
(3). However, for RANS simulations]) represents time-averaged mean variables. For thretie conservation
equations will not be re-exhibited here.

The time-averaged fields of velocity, pressure @mdperature are reached by means of standard twatiegk — ¢
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model (Launder and Spalding, 1972; Wilcox, 200Z)c@xding to this model it is required the solutafriwo additional
equations for the turbulent kinetic enelgsnd its dissipation rate which can be expressed as follows:

g o o, 0wk )
ot aXJ OXJ OXJ oy OXJ
i 2
E"'\_/ji:i D+U_t ﬁ +Csli‘[ijﬁ_cszg_ (14)
ot dx] aXJ g, aXJ k aXJ k
with
|(2
o :Cﬂ— (15)
&
wst (16)

The model constants appearing in the governingtemsa Eqs. (13) — (16), are given in Tab. 1.

Table 1. Constants appearing in khee model, Egs. (13-16).
Cu Csl CEZ Ok O Prt
0.09 1.44 1.92 1.0 1.3 1.0

In order to calculate turbulence quantities acalyain the near-wall region, it is employed an agmh named
enhanced wall treatment. This is a near-wall modefhethod that combines a two-layer model with viiadictions. If
the near-wall mesh is fine enough to be able tolvesthe laminar sublayer (typically < 5), then the enhanced wall
treatment will be identical to the traditional twayer zonal model (Chen and Patel, 1988). If tharweall mesh is
coarse, standard wall functions are used. This madgeneral, requires near-wall refined meshesriter to solve the
laminar sublayer (more than 10 cells inside theirayer).

2.3. Radiation modeling

For the solution of the thermal radiation fieldstnecessary to solve the radiative transfer egqudfRTE) (Siegel
and Howell, 2002). The filtered radiative transézuation is obtained after the employment of thatiapfiltering
operation (Jones and Paul, 2005; Gupta et al.,)26@9 a gray gas medium this equation can beenribty:

3—'5 = —xi +ip, 17)

wheresiis the coordinate along path of radiation (mijs the absorption coefficient (i iy is the total blackbody intensity
(W/(m?-sr)) and is the total radiative intensity (W/sr)).

For a real gas, the behavior of the absorptionfipiefit as a function of wavelength is significanthore complex than
the gray gas model, which assumes the absorptiefficient to be independent of the wavelength. Madganced models
are available for non-gray media. Despite its siaityl the gas is considered gray to reduce thécdifies and high
computational demands regarding the spectral sffdtis same aspect leads to other simplificatigmotheses, such as
the treatment of density and viscosity as constants

With the purpose to couple the thermal radiati@tdfiand the convection heat transfer in the LE&é&work, it is
necessary to take into account the filtered divecgeof the radiative flux{, ), which for a gray medium is given by:

00, = 4rxip — |xidQ (18)
47

Coelho (2009) and Roger et al. (2010, 2011) nottbed for the simulation of reactive turbulent flothe average
errors associated with neglecting the SGS radiabsorption and emission terms are consistentlyl sespecially for
flows with low turbulence intensity. It is estimdtehat for non-reactive flows, where the turbuleneensity is
generally lower than that encountered for reacfisers, the errors associated with neglecting theSS radiative
transfer are even smaller. Then, in the presenysthe modeling of SGS radiative absorption anésion terms will
be modeled simply byii =7, «i, =#i, . This simplification was previously performed tbe simulation of non-reactive
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and reactive flows (Gupta et al., 2009). For theNSAsolution no modeling is either employed for #wdution of
radiative transfer equation (RTE), i.e., the cleasinodeling is used to solve this problem (Viskad©98).

3. NUMERICAL PROCEDURES

Concerning the simulation of turbulent flows, Effs). to (3) are solved using a CFD package baseldeaahedral
finite volume method (FLUENT, 2007). The solverpeessure based and all simulations reported witls kere
performed with second-order spatial (bounded cEuwlifferencing) and implicit temporal discretizat® while the
second-order upwind advection scheme was emplayeRBANS simulations. The bounded central differagcscheme
employed in the LES simulations consists of a miextf two advection schemes: central differencimgrégions where
the flow is diffusive and upwind of second order fegions where advection is dominant (Zhu and Rb8®1). The
velocity-pressure coupling is performed with SIMPitethod. More details concerned with the FVM carfdaad in
Patankar (1980) and Versteeg and Malalasekera Y2007

The radiative transfer equation, Eq. (17), is stblwéth the discrete ordinates method (DOM) (Siemad Howell,
2002; Kim et al., 2001). For the solution, it ispayed the approximation & n = 4. For three-dimensional enclosures,
the total number of different discrete directiolg, to be considered at each computational node fisetkasM =
n(n+2). Then, in the present work the number of diecdirections for each computational nodMis 24.

The numerical simulations are performed using aprder with two dual-core Intel processors with 2@Hz clock
and the memory amount of 8 GB. For parallelizattois used the library Message Passing InterfacBIJMThe time
processing for the simulations combining convectamd thermal radiation by means of LES with TRI d&8NS
without TRI are nearly 5.40 x 16 and 1.35 x 1, respectively.

The calculations are considered converged whemrdsigluals for the mass, momentum, energy and iityeaf
radiation between two consecutive iterations wess tthan 16 10°, 10 and 1, respectively. Moreover, an under-
relaxation factor of 0.7 is imposed for all consdion equations.

The verification of the numerical models employedehfor simulation of forced convective turbulehtianel flows
and for solution of the radiative transfer probleno an equilateral triangular enclosure with asabing and emitting
participant medium was previously performed in therk of Dos Santos et al. (2014). For the sake refiby this
verification was not repeated in the present study.

4. RESULTS AND DISCUSSION

The present simulations investigate whether faea furbulent shear flow the non-relevance of TdRIprediction of
time-averaged radiative flux of combined convectarel radiative transfer in optically thin partiaipanedia is still
valid. It is worthy to mention that in Dos Santdsak (2014) it was noticed that TRI was not relaviar prediction of
convective and radiative fluxes in channels sudagarietal turbulent flow) for optically thin mediOne additional
motivation for the study of this case lies on thetfthat turbulent flows with combined convectivel aadiative heat
transfer in participant media represents in a featisry way the flow in combustor chamber exhausstidn this sense,
the results reached here can improve the comprigimealsout this kind of problem.

Figure 1 illustrates the domain of the cylindricality flow studied here. The domain has the folfmwdimensions:
R=D/2=50x1Fm,R, =125 x 1 m, R, = 25.0 x 1¢ m andL = 1.7 m. The similarity principle is employed to
determine the thermophysical properties of the fldlve convective parameters are defined asR22000 and Pr =
0.71. The imposed boundary conditions employedhépresent simulations are also presented in Fighé flow is
caused by the imposition of a constant velocityfifgdvi, = 100 m/s) at the inlet of the cylindrical cavitg.this same
surface, it is imposed a temperaturdpf= 2000 K. At the outlet of cylindrical cavity & imposed a null tension for the
velocity field and null flux for heat transfer (Qlow). For the other surfaces, the velocity fieldshnon-slip and
impermeability condition\; = v, = v3 = 0 m/s) and for the thermal field a constant terafure ofTs = 400 K is
imposed. Concerning the radiative problem, alldhdaces are treated as black, and the total entys& given by:ey
= 1. Moreover, the participant medium is treated asay gas with an absorption coefficienkaf 0.4 m' to simulate a
participant medium with an optical thicknessof x*R, = 0.1 (which is an optically thin medium).

For this specific case, the domain is discretizétth ®0 x 50 x 65 discrete volumesnnd andz directions for both
simulations with LES and RANS. The grid is refiradhe radial direction near the lateral surfaceish(10 cells iny" =
5) and in the jet region (20 cells with an aspatibrof AR = 1.05). Irb and z directions, the grid is considered uniform.
For the simulations with LES, the minimal cutoff wemumber is given by 800 m Concerning the temporal
discretization, for both simulations performed stémployed a time step o = 3.0 x 1¢ s. The simulations are
performed until a final time of = 0.5 s. The time interval of 0.25t < 0.5 s where used for determination of time-
averaged parameters (temperature and divergenadiafive flux).

Firstly, it is presented a comparison between ¢ineperature fields for a flow with Re= 22000, Pr = 0.71 ang =
0.1 when the flow reaches the steady state. Fig@sand 2(b) show the time-averaged temperatatésfobtained
with RANS and LES, respectively. In general, theperature fields obtained with two methods hawghsldifferences.
For instance, the turbulent jet obtained with LEES & higher penetration in the axial direction ardwer width than
that reached with RANS simulation.
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Figure 1. Computational domain for a turbulenffligtv with Re; = 22000, Pr = 0.71 and = 0.1.
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Figure 2. Time-averaged temperature fields forfline with Re; = 22000, Pr = 0.71 ang = 0.1 at the steady state:
a) RANS (without TRI), (b) LES (with TRI).

In order to perform a quantitative comparison betwthe time-averaged temperature fields obtainéd WES and
RANS, temperature profiles as function of radiabrctinate () for three different positions of azimuth ax® are
monitored. Figures 3(a), 3(b) and 3(c) presenptiodiles for the following positionz=0.2 mz=0.4 mand&= 1.2 m,
which represents regions inside, above and far tranjet. In general, the different methods leatbtal differences in
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prediction of temperature fields. For the monitgrime atz = 0.2 m, Fig. 3(a), the temperature profile oledimvith
TRI (LES) has a higher magnitude in the centraloe@f cavity (-0.05 n¥ r < 0.04 m) than that reached for the flow
without TRI (RANS). However, the temperature pmfitached with RANS has a higher magnitude thanptiealicted
with LES in the region 0.05 mr < 0.13 m. In average, the magnitude of temperatto#¢ obtained with RANS is 0.8
% higher than that reached with LES for 0.2 m. It is important to mention that in thégion large amount of radiative
energy is emitted due to the high temperature ®feh Then, large discrepancies of temperatute firethis region can
conduct to large differences in prediction of réige fluxes in cavity surfaces. Far= 0.4 m, Fig. 3(b), a similar
behavior obtained foz = 0.2 m is noticed, i.e., in the central regiortted jet (-0.07 nx r < 0.04 m) the temperature
magnitude is higher for simulation with LES tham $imulation with RANS, while in peripheral regioti®e magnitude
of temperature reached with RANS is higher thart thadicted with LES. The average magnitude of tenaure
profile obtained with LES is almost 5 % higher thhat reached with RANS. Far= 1.2 m, Fig 3(c), the magnitude of
temperature profile reached with LES is 6.7 % hotten that obtained with RANS. This inversion oagnitude
between LES and RANS at this region is concerneh thie higher penetration of jet in the cavity damfar the LES
predictions. It is also noticed that differencesasen predictions with LES and RANS increaseségians far from the
jet inlet. However, the temperature field magniside these regions are strongly smoothed. As aetp@nce, this
region probably will not cause differences on theiative fluxes predictions with the different madls.
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Figure 3. Comparison of time-averaged temperatrolgs for the flow Rg = 22000, Pr=0.71 ang = 0.1 at the
steady state obtained with LES and RANS for se\azrimhuthal positions: &= 0.2 m, bz=0.4m, cz=1.2 m.

In order to investigate the influence of differemaeached for the temperature fields with differelosure models
over local radiative thermal field, the time-avesdglivergence of radiative flux as a function adiah coordinate is
achieved for the same placements where the timexged temperature profiles were evaluated0.2 m,z= 0.4 m and
z = 1.2 m. These results are presented in Figs.) 4- (&), respectively. In general, the profiles tihe-averaged
divergences of radiative flux have a similar bebato that obtained for temperature profiles. £er0.2 m, Fig. 4(a), in
spite of higher averaged magnitude of temperatareRRANS simulations, the mean magnitude of timeraged
divergence of radiative flux obtained with LES ig 86 higher than that achieved for RANS. The highagnitude of
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divergence of radiative flux for the simulation WitES is related with the large influence of theyperature field in the
central region of the cylindrical cavity. The enmss of radiative energy is proportional of fourtlowger local
temperature and the highest differences of temperatre placed in the central region of the caWtr.z = 0.4 m, Fig.
4(b), the magnitude of divergence of radiative fisthigher for simulations with RANS than that reed for LES, even
with the higher magnitude of temperature fieldha tentral region of the cavity obtained with LES&dation. It is also
noticed that the mean magnitude of divergence diatiwe flux forz = 0.4 m is nearly two times lower than that
achieved forz = 0.2 m. This fact is related with the decreasenafinitude of temperature field towards the oudfet
cylindrical cavity. Forz = 1.2 m, Fig. 4(c), the magnitude of divergenceaafiative flux is strongly reduced due to the
sensitive decrease of temperature magnitude.
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Figure 4. Comparison of time-averaged divergenaadifitive flux profiles for the flow Re= 22000, Pr = 0.71 ang
= 0.1 at the steady state obtained with LES and 84d several azimuthal positions:zzF 0.2 m, bz =0.4 m, cz =
1.2 m.

With the aim to evaluate the effect of differenoésemperature and radiative fields over the ragkaflux (which is
a global parameter of the problem) the time-avetagadiative flux along the cylindrical cavity suré&a and
instantaneous radiative fluxes in two monitoringnp®Point 1r = 0.25 mz= 0.1 m; Point 2r = 0.25 mz= 0.5 m) are
obtained. These results are depicted in Fig. 5td)Hb), respectively. Figure 5(a) shows that |atiferences in the
temperature and divergence of radiative fluxes dudsled to differences in the prediction of radi@tfluxes in the
cavity surface. Figure 5(a) also shows that inréimge near the jet (0.0 sz < 0.6 m) the highest difference between the
radiative fluxes with TRI (LES) and without TRI (RS) is lower than 1.0 %, showing that differencaased by the
use of different closure models nor TRI effectsseadifferences in the radiative fluxes. As the gadfiz increases, the
magnitude of radiative flux decreases significarthd differences of predictions with and withoutlTicreases to
nearly 5.0 %. In Fig. 5 (b) can be seen only midiffierences between the LES and RANS predictiomsndor the
instantaneous fluctuations, corroborating the redevance of TRI for this kind of flow.
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Figure 5. Radiative heat flux obtained with TRI @Eand without TRI (RANS): a) time-averaged heax fh cavity
surface, b) instantaneous radiative flux in two m@ying points of cylindrical cavity surface.

5. CONCLUSIONS

The present work investigated numerically the \glidf the employment of traditional modeling (RANSthout
TRI) for simulation of combined convective and etidlie heat transfer free turbulent shear flows jically thin
participant media. It was simulated a cylindricavity turbulent flow comparing the results of tiraeeraged
temperature and divergence of radiative flux altimg cavity domain, as well as, the radiative flaxcavity surfaces
obtained with TRI (LES) and without TRI (RANS) whéme flow reached the steady state. The studied kbas the
following dimensionless parameters:gRe 22000, Pr = 0.71 ang = 0.1. The simulations of the present study were
performed with the finite volume method for solatiof conservation equations of mass, momentum areigg
(Patankar, 1980; Versteeg and Malalasekera, 20@¥)tavas used the discrete ordinates method (D@Mplve the
radiative transfer equation (Siegel and Howell, 20®Both models are implemented in the numericalecBLUENT®
(FLUENT, 2007). The turbulene was tackled usingaigyit Smagorinsky subgrid-scale (DSSGS) (Germanal.gt
1991; Lilly, 1992)for the LES approach and the standatdmodel (Launder and Spalding, 1972; Wilcox, 20f@2)the
RANS modeling and the participant media is trea®d gray gas.

Time-averaged profiles of temperature along thatgalomain were measured showing that the use fdérdnt
methods, with TRI (LES) and without TRI (RANS) led local slight differences of temperature fiel®&milar
differences were obtained for the time-averagederdience of radiative flux as a reflection of dewias in the
temperature field. These differences are probagted with the use of different closure modelst@wbulence. In order
to investigate this fact, simulations of purelyded convective flows for the same domain compakie§ and RANS
with different methodsk(— ¢, k — ® and Reynolds Stress Model) are in progress. Qtsgect that deserves investigation
is the use of the adjusted constants employedédc+ ¢ model.

In spite of local deviations for time-averaged temapure and divergence of radiative fluxes alorey dhlindrical
cavity domain, as well as, the consideration ofgerature fluctuations for LES simulations, the atigde fluxes in the
cylindrical cavity surface obtained with TRI andthdut TRI were in excellent agreement. In other dgprresults
showed the non-relevance of TRI for non-reactiveashurbulent flows in optically thin participantedia, similarly to
previous observations in the simulation of charpatietal) flows.
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Abstract. The purpose of the present work is an pure numerical investigation of the field flow in a cylindrical
combustor using air as fluid. Aerodynamic effects are analyzed, mainly swirl number base on the field flow. The
geometry and numerical solution are provided by ANSYS Fluent software applications. The standard k-¢ and k-w SST
turbulence models are used and discussed about your models and solutions. After execution of this simulations was
possible mentioning that the swirl number affected the characteristics of the flow when the rate of axial and tangential
velocity components changed.

1. INTRODUCTION

Swirling flows are observed in natural flows, such as tornadoes and typhoons, and have been widely used in
technical applications, such as aeronautics, heat exchange, spray drying, separation, combustion, more specifically,
boilers, aero craft engines, cyclones equipment’s, industrial burners, gas combustors, etc. Studies have been
development around efficiency burners with low NOx which based on chemical kinetic of Nitrogen and flow of
combustors analysis; it can be reached when the flame is stabilized. The flame stabilization can be achieved with swirl
induction by a burner when a reverse and rotating flow is formed creating an central recirculation zone (CRZ) that
diminishes the dispersion of flame that occur by convective effects according to (Bourgouin et al., 2013). With these
information’s is possible see that the aerodynamics knowledge is an important part to study before entering in
combustion processes as (Mafra, 2000), to anchoring it, namely an instability flame is responsible to generate a heat loss
in combustion region caused by dispersion flame which leave the temperature decay and the CO formation passing to
occur. In this way a field flow compound by CRZ is one form to control the emissions according to experimental work
of (Lengo, 2004) where state that the length of CRZ induces a high or minor NOx formation when a swirl number is
optimized. A typical CRZ is shown as following Fig. 1.

As researchers extensively publishing and according to (Negro and O’Doherty, 2000) at low swirl level there may be
significant radial pressure gradient at some axial position in order to generate a centrifugal effects, but not strong due to
cause axial recirculation. Whenever, when increasing the swirl level, a strong coupling with tangential and axial
velocity components develops, forming a highly defined internal circulation, to more exactly, this stage is reached when
the adverse pressure gradient along the flow axis cannot be maintain the kinetic energy of the fluid particles which
flowing in the axial direction, then a recirculation zone forms in the central portion of the flow. This zone (CRZ) is kind
of vortex breakdown acting such an aerodynamic blockage in order to stabilize the flame.

The point of view of present work is analyzing the different effects on field isothermal flow when swirl humber is
varying using k-¢ and k-o SST turbulence models into cylindrical combustor by ANSYS Fluent commercial
application.
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Figure 1. Stream lines of typical central recirculation zone (CRZ).
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1.1 Experimental and Numerical Works

The experimental works of (Bizzo, 1997) and (Lenco, 2004) consisted in predict the pollutions on cylindrical
combustors using different fuels showing that the emissions occurring when high temperature fluctuations and oxygen
are available on combustors. Another important result obtained was the emissions decreasing when the swirl number
was increased at certain excess air.

As paper of (Shih et al., 1997) a rotating pipe flow and also swirling flow with recirculation, was found that standard
k- equations had a numerically simple and robust when applied in aircraft engine combustors.

On work of (Jakirlic et al., 2002) a computationally studied several types of rotating and swirling flows for a range
of swirl numbers was obtained. It was found that the Reynolds stress model (RSM) was superior to other models tested.
The major advantage of the RSM model was its ability to capture the stress anisotropy in the near-wall region,
presenting a major advantage on k-¢ models, moreover around complex geometries. Whenever, RNG (Re-normalization
Group) k-ge models capture the effect of curvature suited to rotating flows as preliminary results.

At the paper of (Escue A., and Cui, J., 2009) two (RANS-Reynolds Average Navier-Stokes) type turbulence models
were used and compared using commercial Fluent code: the RNG k-& model and the Reynolds stress model (RSM).
Velocity and turbulence profiles obtained downstream were compared the experimental results. For lower swirl
numbers (too less than 1.00), the RNG k-¢ model was found to be superior to the RSM. As the swirl number is
increased (too than 2.00), neither model is seen to outperform the other.

Whenever, according to (Menter F.R., 2004) k- SST is more suited when complex geometries are applied, rotating
flow is dominant into the domain caused by swirl induction, and better performing on the wall effect, moreover k-¢
equations is normally applied based on yours quickly convergences in order to previously analysis.

2. TURBULENCE MODELS AND GOVERNING EQUATIONS

The full scales of the turbulence flow has a heavy equations to solve and consequently high computational costs,
whenever the minor scales information’s were important to analysis, but in many situations is sufficiently treat the flow
as an average. The Reynolds Stress concept introduced by (Reynolds, 1895) which describe the flow at the same form
being a start way of turbulence models studies. According this concept any property of the flow can be writing with
average by the long indefinably time. When a temporal variations of the flow, nothing associates to the turbulence,
occurring by the too higher time scales than the largest vortices, then an time average from variables turns suitable to
describe the turbulence flow as the following Eqg. (1).

o 1 to+T/2
U== jUdt @

to-T/2

The Reynolds Average Navier Stokes Equations (RANS) which was implemented at the present work are basis on
the same principle that results into a method to determine the Reynolds stress. The models considered are originally
derive from turbulent viscosity propose by (Boussinesq, 1877) which getting the turbulent relations in the momentum
transfer by the Reynolds stress of the mean flow, the Eqgs. (2-8) below represent the mass conservation, momentum, k-g
and k-o SST turbulence models respectively (Wilcox, 1993). The terms presenting at the next equations
P, t, X, W, p, W, 65, puiuy, k, €, , ur respectively are: density, time, position, mean unidirectional velocity, pressure,
molecular viscosity, strain-rate tensor, Reynolds stress, turbulence kinetic energy, dissipation of turbulence kinetic
energy, dissipation per unit turbulence Kkinetic energy, and turbulent viscosity. Closure coefficients are:
0y, Ce1, Cs2, 0, B, 07, a, B, 0.
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3. PROBLEM DESCRIPTION

3.1 Physical Domain

An cylindrical combustor was modeled with same principle of swirler as following Fig. 2 where axial and tangential
inlet air is injected which the velocity components form an rotational flow occurring an particular swirl number
depending the velocity components arrangement. The physical domain is express by Fig. 3 below where the combustor
length have 0.8m, minor and higher swirler diameter respectively are 0.02m and 0.06m based on paper (Eldrainy Y.A.

et. al., 2009).
Tangential E

<

Inlet
tangential air

Figure 2. Swirler with axial and tangential inlet air.

Figure 3. Combustor and swirler domain. Tetraedric mesh 1,626,140 elements. Boundary conditions: axial and
tangential mass flow rate (pink and blue surfaces respectively), pressure outlet at the end of combustor surface.

The swirl number according to (Beér and Chigier, 1972) is determined by the dimensionless parameter, S as Eq. (9)
below, where U and W are the axial and tangential velocity components respectively and R is the swirler radius. After
Beér and Chigier a study related that the pressure term can be negligence as (Beltagui e Maccallum, 1976). The range of
swirl number, implemented on the present work, as three numerical cases as Tab. 1 below.
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Table 1. Swirl parameters modeled. Three cases.

Case a b c
Tangential mass flow rate @ 0.05 0.075 0.1
Axial mass flow rate 0.15 0.125 0.1
Swirl number 0.586 0.801 1.220

W initial pressure 101325 Pa
3.2 Numerical Scheme

By the commercial software fluent code and applying both turbulence models on geometry as last Fig. 3, it was
possible comparing the results provided for each case in Tab. 1. For all cases simulations a steady-state and pressure
based solver was modeled which solves the governing equations. The semi implicit method for pressure linked
equations (SIMPLE) algorithm was used for pressure velocity coupling. This algorithm satisfies the mass conservation
equation by using a relationship between velocity and pressure corrections. As spatial discretization scheme was used:
second order for pressure, turbulent kinetic energy, turbulent dissipation rate and first order for momentum.

4. RESULTS AND DISCUSSION
Before starting simulations a mesh independency was analyzed using the static pressure as a parameter (knowing
that this is a strong characteristic to form recirculation zones) running four mesh size by k- SST as Tab. 2. In this way

the mesh I11 was better describe than others when comparing the data with (Eldrainy Y.A. et. al., 2009) such as Fig. 4.

Table 2. Mesh independency. Four mesh tested.

Tetrahedric mesh tested” [ T i v
Tetrahedric mesh elements™ 839,734| 1,106,558| 1,626,140| 2,258,294
W k- SST case b.
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Figure 4. Mesh independency: Meshes I, I1, Il and IV. Center line data. Initial pressure 101325 Pascal.

Modeling three cases applied in turbulence models (k-¢ and k- SST) was possible analyzing the field flow and
static pressure which both parameters affected by axial and tangential velocity components, in other words, swirl
number. The results can be seen on the following Fig. 5-6.
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Figure 6. Static pressure for k- SST. Case b. Center line data. Initial pressure 101325 Pascal.

It was found that the swirl number affected by the arrangements of velocity components where the recirculation
zone at the near wall were higher defined when a specific swirl number was sited occurring for all turbulence models.
Ascertaining the field flow on the Fig. 5, the data agreement with data on the Fig. 6 knowing that the inside of
combustor, the swirling flow propagates as it moves, and the centrifugal force generates a low pressure region in the
center of the flow which, in a certain point downstream, this low pressure region causes the vortex to collapse inwards
entering in a process known as vortex breakdown. This phenomenon creates a CRZ, normally, in the center of the flow,
which is essential to provide sufficient time, temperature and turbulence for a complete combustion according to (Wang
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et al., 2004). The Fig. 7 shows the dark blue regions correspond to reversed flow at the outlet of the burner, forming
CRZ, and Fig. 8 shows a 3D view of the rotating flow near the outlet plane of the burner.
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Figure 8. Toroidal vortex core. Exit plane burner of data.

It is observed that the length of the central recirculation zone appears to be not sensitive to the increase of the
degree of swirl. However, this effect of the swirl on the length of the toroidal vortex core, defined as the distance of the
burner exit to the point of the reversal of the flow direction, is expected to be observable as far as the jet of fuel is
included in the model. With this counterpoint, the paper of (Negro and O’Doherty, 2000) which a review of process
breakdown related that have many breakdown forms. Based on experimental work (Sarpkaya, 1971a) and (Sarpkaya,
1971b) a cylindrical tube was investigated three types: double helix, spiral, and axisymmetric (bubble) breakdowns.
These are among seven different forms of this phenomenon that (Leibovich, 1978) reached in experimental study
varying the Reynolds Number (Re) and swirl number accounted the vane angles. Whenever, breakdown types 3-6 are
less commonly observed than the others and occur mainly with low Re and for high Re the only types visualized are the
bubble and spiral break down’s. At present work as Fig. 5 shows the field flow of breakdown is more similar to
axisymmetric bubble and strong similar to (Béer and Chigier, 1972) such as first Fig. 1.

The convergence criteria based on residuals were improvement when a k-o SST turbulence model were applied with
comparing from k-e model, whenever nothing a single parameter to guarantee the numerical robust, since the features of
CRZ is a key parameter to close the model purposed as discussed at last items.
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5. CONCLUSIONS

The mesh independency was based on qualitative results once comparing with numerical work, the mesh Il
presented a better discretization, in addition a local refinement on mesh Il will be adequate to show particular
phenomena.

The CRZ were not to be sensitive changes as the axial and tangential velocity components as increased, in other
words, the swirl number, furthermore the recirculation zones were governing the field flow with strong toroidal features.
Believes this fact can be adjustment on the vane angles, in addition, some geometry parameters of burner were
unavailable going in some hypothesis. At last argument can be explaining the different data of static pressure.

By comparison of simulation results found in the literature for a cylindrical chamber equipped with a fixed-block
type burner, it is observed that the k-¢ Standard model is able to capture well the main features of the rotating flow in
the central recirculation zone. Along with the fact that this model is better suited for the coupling in the modeling of
combustion, these results favor the application of this turbulence model in the continuation of the study of the effect of
the swirl in a similar combustion chamber fuelled with LPG.

For future works should be interesting that an unsteady state model simulation applied, comparing the RSM and
RANS models, based on the anisotropy and isotropy of turbulence effects on the field flow with emissions interactions.
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Resumo. O presente trabalho tem como objetivo analisar o comportamento do escoamento estratificado por particulas
em suspensdo e salinidade através de Simulacdo Numérica Direta (DNS). Para tanto, utilizou-se o cédigo computacional
Incompact3D, baseado na solucdo das equacdes governantes do escoamento assumindo a hipotese de Boussinesq para
fluidos incompressiveis. Os efeitos de estratificacdo devem-se a diferencas na concentracdo de particulas suspensas e a
salinidade dissolvida no escoamento. As simulagcdes numéricas foram realizadas nas configuragoes bi- e tri-dimensionais
de um canal contendo um fluido com salinidade dissolvida onde hd a entrada de outro fluido com particulas em suspensdo.
A fim de observar a relagdo do tamanho dos sedimentos bem como a sua influéncia na coluna de dgua, foram realizadas
doze simulacdes com a variacdo destes pardmetros, considerando trés diferentes niimeros de Richardson e trés diferentes
velocidades de queda de particulas. Outras trés simulacdoes numéricas sdo apresentadas, com a finalidade de estudar
diferentes condigdes iniciais e de entrada do problema. Os resultados mostram que o escoamento apresenta maior
sensibilidade com relagcdo a variacdo da velocidade de queda enquanto o niimero de Richardson da particula é pouco
influente. Observa-se ainda que as condigdes iniciais influenciam no tempo necessdrio para que o escoamento se torne
estatisticamente estaciondrio.

Palavras-chave: DNS, estratificacdo, pluma turbulenta, salinidade, sedimentacdo.
1. Introducio

Muitos s@o os processos naturais que definem o destino de particulas em plataformas continentais, e o entendimento
destes processos é fundamental para compreender como so transportados cerca de 10 x 10° metros ctibicos por ano de
sedimentos transportados pelos rios até o oceano [McCool and Parsons, 2004]. A dgua salgada é normalmente mais densa
que a dgua doce carregada de sedimentos, de modo que a pluma fluvial flutua na superficie transportando as particulas por
uma grande distincia horizontal. Este escoamento com flutuagio positiva € conhecido como pluma turbulenta hipopicnal.
De acordo com [Henniger and Kleiser, 2012], as particulas sdo mantidas em suspensdo unicamente pelos efeitos da tur-
buléncia nos fluidos, de modo que as limita¢des na distancia de transporte estdo associadas a diminui¢do da velocidade
horizontal, a decantag@o dos sedimentos e a mistura dos fluidos.

Neste trabalho sdo apresentadas simulagcdes numéricas de escoamento turbulento estratificado em um canal nas configu-
racOes bi- e tri-dimensionais. O transporte de sedimentos por corrente de densidade € o principal mecanismo formador das
bacias sedimentares oceanicas, provocando a deposicao, erosio e ressuspensao das particulas ao longo da plataforma con-
tinental [Meiburg and Kneller, 2010]. Destaca-se a importancia deste estudo para a melhor compreensdo dos mecanismos
formadores das bacias sedimentares oceénicas.

Com o objetivo de analisar o comportamento da concentracio de particulas, seu transporte e sedimentacdo e testar as
possiveis condicdes iniciais e de contorno do problema, utilizou-se o c6digo computacional incompact3d para simular o
escoamento [Laizet and Lamballais, 2009].

2. Metodologia
2.1 Equacoes Governantes

No equacionamento do fluido considera-se que as particulas diluidas possuem menos de 1% do volume total, assim as
interacdes entre particulas, a sua inércia e a variacdo da viscosidade do fluido em func¢do das particulas sdo desprezadas
[Necker et al., 2002]. As equacdes governantes adimensionais para o escoamento em consideragdo sao descritas a seguir:
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Nas equagdes acima, x; representa os eixos de coordenadas, u; as componentes da velocidade, p a pressdo, ef

(0,—1,0) o vetor unitdrio atuando na diregdo da aceleragdo gravitacional, u; a velocidade de queda de Stokes e ¢, e
cs as respectivas concentragdes de particula e salinidade. O escoamento € parametrizado por cinco nimeros adimen-
sionais: nimero de Reynolds Re, nimero de Richardson associado a concentragdo de particulas e de salinidade, Riy,
Ris e o nimero de Schmidt associado a difusdo de concentragdo de particulas e de salinidade, Sc, e Scs. Os nimeros
adimensionais sdo calculados da seguinte forma:

Uh
Re = T (5)
14
9 T2gr
s _ Z_pJp 6
T 9uUeY” ©)
. gyh . -
Rip, = W,k‘e {particula, salinidade}, @)
Ser = Dl,k € (particula, salinidade}. (8)
k

No equacionamento destes pardmetros, utilizam-se a viscosidade cinematica v, a difusividade de particulas e salin-
idade considerada como sendo igual a unidade (D, = D, = 1), velocidade de entrada de fluido U, altura da entrada
h, massas especificas da dgua p, da particula g, e da dgua salgada g, aceleragdo gravitacional reduzida para particulas
gy = [%” —1] gqb;/ e para a salinidade g7 = [Q—g — 1]g, raio da particula r,, e a mdxima fracdo volumétrica de particulas
¢X = 0.01, considerando 1% das particulas diluidas no volume total.

O método de Simulacdo Numérica Direta (DNS) é empregado, onde ndo se utiliza nenhum modelo de turbuléncia e
a equacgdo de Navier-Stokes € totalmente resolvida para toda escala do tempo e do espaco em uma malha cartesiana uni-
forme. Para resolver numericamente as equacgdes governantes (1,2,3,4), utiliza-se o cédigo computacional incompact3d.
O codigo se baseia em um esquema compacto de diferencas finitas de sexta ordem para a diferencia¢do espacial e um
esquema de terceira ordem de Adams-Bashforth para a integragdo do tempo. Para a solu¢do do campo de pressoes, a
equacdo de Poisson € resolvida no espago espectral com o uso de transformada rdpida de Fourier (para mais informacoes
sobre o cddigo, ver [Laizet and Lamballais, 2009];[Laizet and Li, 2011]).

2.2 Condicoes iniciais e de Contorno

As condi¢des iniciais e de contorno sdo definidas a seguir para os campos de velocidade u;, concentragdo de particulas
¢p € concentragdo de salinidade c,. Na figura 1 sdo apresentadas de forma esquematica estas condicdes.

Condicao de entrada (A): A condi¢do na entrada do escoamento é prescrita por condi¢des de contorno de Dirichlet,
ou seja, sdo especificados os valores sobre o contorno do dominio. A fungdo F' € utilizada para impor o perfil de
entrada:

F:% {lthanh{\é/]jr(xg x;f(t))H. 9)

Nesta equacio, x;f (t) é a posigdo vertical da interface entre a 4gua com particulas em suspenséo e a dgua salgada,
e 0h é a espessura da camada cisalhante. Com a finalidade de acelerar a instabilidade da camada de mistura o

escoamento & perturbado através do movimento vertical da posicdo da interface z5 = 25 + 257" (¢), sendo
259 — (Ly — h) a posicio média da interface e 25" (¢) uma perturbacdo senoidal ao longo do tempo.
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Condicao de entrada (B): A segunda condi¢@o de entrada (B) € similar a condicéo (A), porém com alteracdes na fung¢do
F' dada por:

e tanh{g(mg—xﬁ(t))} se @3> (Ly —h)

0 se x3 < (L2 —h)

(10)

Condiciio de saida: Na fronteira de saida sio utilizadas equacdes de convecgio para os trés campos, onde U1 é a ve-
locidade de convecg@o normal ao contorno para os campos de concentracdo de particulas e de salinidade, enquanto

2

b . ~ . 2. e .
U; " € a velocidade de convecgdo associada ao transporte dos vortices para fora do dominio computacional. Em

todas as simulagdes foram consideradas U%! = U Jb =1,

Fronteira superior: Condicao de fluxo nulo no campo de concentragio de particulas e salinidade e de deslizamento livre
para a velocidade.

Fronteira inferior: Uma equacdo de conveccdo na dire¢do x2 é imposta para c, de forma a simular a condigdo de
depdsito de particulas. Neste caso a velocidade de convecgao € igual a velocidade de queda das particulas u,,. A
condig¢do de fluxo nulo é imposta para o campo de salinidade, uma vez que a salinidade permanece dissolvida no
escoamento, sem se depositar.

Condicao inicial (I): Foi considerado que o dominio possui um volume inicial de particulas e as equagdes impostas sobre
este dominio para cada varidvel sdo apresentadas na figura 1. Nestes caso F € definida pela equagdo (9), imposta ao
longo de z; .

Condicao inicial (IT): Considerou-se o dominio livre de particulas suspensas com F agora definido pela eq.(10).

Condicao inicial (III): O escoamento teve inicio sem particulas suspensas no dominio e na condi¢do de entrada, até
atingir o regime estdvel, que ocorre no instante { = 250, segundo [Henniger et al., 2010]. Somente a partir deste
tempo a concentragdo de particulas € introduzida no dominio.

Ocp
(9]32 -
dcs
Oxoy

(25.02) = 00

T

9cp b10c _
cp:F 6t+U' 81170
dcs b,10cs _
cs=1-F 5 +U 6901—0
u; = (F,0 Ou; budu;
i = (F.0) ot TU; ga; =0
T2

z1 Ocp _ s 9cp _

ot~ Upaz, —

Ocs

8z2_0

Figure 1: Condigdes de contorno para u;, cp € Cs.

3. Resultados e Discussoes
3.1 Simulacoes bi-dimensionais

Foram realizadas um total de quinze simula¢des numéricas reunidas em dois grupos, o primeiro para a avaliacao da
sensibilidade dos pardmetros u,, e R, e 0 segundo para avalia¢@o das diferentes condi¢des iniciais e de contorno.

Foram adotadas as dimensdes do canal (L, La) = (80h,4h), o nimero de Reynolds Re = 1500 e o nimero de
Richardson da salinidade Ris = 0, 5. Todas as simula¢des foram rodadas com o intervalo de tempo At de acordo com a
tabela 1, atingindo o tempo final de 1000 unidades adimensionais. Na Tabela 1 se encontram os demais parametros das
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Granulometria  d,[um]  u} Ri, m Ng At CC/Cl
0,05 3073 193 0,005

21,5 0,005 0,10 3073 193 0,003
0,20 3073 193 0,003

0,05 3073 193 0,005

30,5 0,01 0,10 3073 193 0,005
0,20 3073 401 0,002
0,05 3073 193 0,003 B/
0,05 3073 193 0,003 B/
0,05 3073 193 0,002 B/
433 0.02 0,05 3073 193 0,005

Silte grosso 0,10 3073 301 0,0025
0,20 3073 551 0,001

0,05 3073 193 0,005

52,8 0,03 0,10 3073 301 0,0025

0,20 3073 551 0,001

Table 1: Parimetros das simulagdes numéricas bi-dimensionais. Granulometria, didmetro da particula djp, velocidade de queda Uy, nimero de
Richardson da particula Rip, pontos na malha n1 e n2 e passo de tempo At.

Silte médio A/l

Al

quinze simulagdes, como a granulometria e didmetro da particula d;,, nimero de pontos da malha n; e no, passo de tempo
At e as condic¢des de contorno e iniciais.

Para a comparagdo das condigdes iniciais e de entrada, nas configura¢des B/I, B/II,e B/III, o nimero de Richard-
son das particulas foi fixado em Ri;, = 0, 05. A velocidade de sedimentag@o u;, = 0, 02 foi usada por ser a que melhor se
adapta as dimensdes do dominio, diminuindo a perda de sedimento pela condi¢do de saida e também ndo depositando tao
rapido quanto nos casos de velocidades de queda maiores.

Para efeito de comparagdo dos resultados, sdo apresentadas curvas do material suspenso 1, que representa a quanti-

dade de particulas contidas no dominio computacional para cada instante de tempo, determinada conforme a equacao:

mp(t):/ﬂcp(ml,x%t)dQ. an

A sedimentagdo D; representa a quantidade de material depositado, e é funcdo do tempo e da posi¢do ao longo do
fundo do canal [Necker et al., 2002], conforme equacio:

t
D)= [ eplor,zz =0, 7)ugdr (12)
0

A taxa de sedimentagdo 1 € a variag@o de sedimentagdo com o tempo, demonstrando a variacdo na quantidade de
depésito em funcdo do tempo [Henniger et al., 2010]. O célculo deste pardmetro € feito conforme a equacdo:

. dmy(t L
me(t) = dt( ) :/0 ep(z1, 22 = 0,t)updry. (13)

3.1.1 Avaliacao dos parametros us e R

Nesta secdo sdo apresentados os resultados das simulagdes com condi¢des de contorno e iniciais A/ 1, onde foi avaliada
ainfluéncia do nimero de Richardson Ri;, = (0,05; 0, 10; 0, 20) e da velocidade de queda u;, = (0, 005; 0, 01; 0, 02; 0, 03).

Na Figura 2 sdo apresentados os campos de concentracao de particulas para quatro tempos caracteristicos da simulacdo
com Ri, = 0,2 e u, = 0,02. Percebe-se a formagao de diferentes formas de instabilidade ao longo do tempo e espago.
Em ¢t = 25, nota-se a formagao da instabilidade de Kelvin-Helmholiz, tipica na interface de separagdo de fluidos com
diferentes velocidades. Em ¢t = 50, ocorre a formagdo de outra instabilidade denominada dedilhados na separagdo dos
fluidos, seguido pela mistura entre eles em ¢ = 100. Em ¢ = 1000 se percebe grande turbuléncia e novamente se formam
os vortices de Kelvin-Helmholtz.

Na Figura 3 sdo apresentados campos de concentragcdo de particulas, desta vez para um mesmo tempo e mesma
velocidade de queda u;,, mas para os trés diferentes nimeros de Richardson Ri,. Analisando-se as trés imagens, pode-se
notar diferengas nos efeitos de turbuléncia observados para um dado tempo ¢ = 100. Para Ri, = 0,05 se percebe a
instabilidade de Kelvin-Helmholtz, em Ri,, = 0,10 a formagéo de dedilhados e para Ri,, = 0, 20 observa-se uma mistura
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Figure 2: Campo de concentragdo de particulas cp, para Rip = 0, 2, up = 0,02et = 25,50, 100, 1000. A cor preta indica ¢, = 100% e a branca
cp = 0%.

entre os dois fluidos, devido ao escoamento turbulento. Retomando a defini¢do do nimero de Richardon na equagdo
(7), pode-se melhor compreender as diferencas observadas. Tendo em vista que os pardmetros velocidade U e altura
h da entrada sdo iguais em todos os casos, um maior Richardson implica uma maior aceleracio gravitacional reduzida
g,- Como a relagdo de densidade da particula e da dgua %” depende apenas do material da particula, esse ndo se altera,

acarretando entdo um incremento na maxima fracdo volumétrica de particulas ¢X . Deste modo os escoamentos com
maior ¢, alcangcam o fundo do canal em um menor tempo.

Ri, = 0,05

Ri, = 0,10

s & . \ . N 1N , \ b3 X A ) C
Figure 3: Campo de concentragio de particulas cp, para Rip = 0,05;0,2;0,1, uy = 0,02 et = 100. A cor preta indica ¢, = 100% e a branca
cp = 0%.

Os efeitos na velocidade de queda u,, sdo apresentados na Figura 4. Nas simula¢des com maiores velocidades de
queda uj, os sedimentos precipitam na parte inicial do dominio, em uma menor distancia horizontal.

ug = 0,005

ug = 0,01

us = 0,02

’

us = 0,03

Figure 4: Campo de concentragio de particulas cp, para Rip = 0,2, uy, = 0,005;0,01;0,02;0,03 e t = 1000. A cor preta indica ¢, = 100% e
abranca cp = 0%

A taxa de sedimentacdo 1 em fungdo do tempo é apresentada na Figura 5 (a esquerda), enquanto a massa suspensa
my, a qual € dividida pela massa suspensa inicial m,, = 80, € mostrada na Figura 5 (a direita).

Previsivelmente as particulas com maior didmetro e consequentemente maior velocidade de sedimentacéo apresentam
maior taxa de deposi¢do. Notam-se mudangas significativas por volta de ¢ = 100 para as velocidades u, = (0,02;0, 03)
decorrentes da massa inicial de particulas atingindo o fundo do canal. Posteriormente, a quantidade de material suspenso

se mantem estdvel e a taxa de sedimentacdo se iguala para as duas velocidades de deposi¢do. Por volta de ¢ = 500 para
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Figure 5: Taxa de deposicdo 7125 em funcdo do tempo (a esquerda) e massa suspensa m,, em funcdo do tempo para as doze simulacdes, adimension-
Pposi¢ ¢ p q p P ¢ PO P ¢

alizada pela massa suspensa inicial m0 (A cor vermelha indica Ri, = 0, 05, verde para Rip = 0, 1 e azul para Rip = 0, 2).

uy, = 0,03 et = 700 para u;, = 0,02 se percebem alteragdes nos graficos, com ligeiro aumento na massa suspensa que
por final voltam a se estabilizar.

Para as velocidades u,, = (0,005;0,01) ndo se evidencia 0 mesmo comportamento. A quantidade de material sus-
penso aumenta gradativamente até ¢ = 800 para u;, = 0,01, quando atinge a estabilidade. Nao ¢ possivel afirmar que
as simulagdes numéricas com u,, = 0,005 tenham atingido condi¢des de escoamento estatisticamente estaciondrio até
t = 1000. Nota-se que a maior influéncia nos resultados se deve a velocidade de queda uy, € ndo ao Ri,. Uma maior
diferenga em fung@o do Ri), € percebida somente para u,, = 0, 005.

O depésito D; em funcdo do tempo e da posi¢do no fundo do canal z;, é apresentado para os tempos 500 e 1000 na

Figura 6.

0,35 T T T T T T T T T 0,35
0,28 |- . 4 0,28
0,21 - - 4 0,21
Dy u$ = 0,03 Dy
0,14 . 1 0,14
0,07 - /’r \ N 3 0,07
S u$ = 0,005 S
0 p=0.005 . P e e | | | | I N 0

0 10 20 30 40 50 60 70 80 0

T I

10 20 30 40 50 60 70 80

Figure 6: Perfil de depésito Dy (1, t) ao longo do fundo do canal para t = 500 a esquerda e ¢ = 1000 a direita. Mesma descri¢do de cores da Fig.

S.

A distancia horizontal pela qual as particulas sdo transportadas até se depositarem no fundo do canal estd fortemente
relacionada com a velocidade de queda. Para uj;, = 0,03 o depdsito se concentra principalmente na primeira metade
do canal enquanto que para u, = 0,02 o depdsito se estende até z; = 60. No caso de u;, = (0,01;0,005) hd uma

P

grande perda de material pelo contorno de saida. Para esses casos seria apropriado o uso do canal com maior dimensao

horizontal, ao custo do aumento no tempo de processamento.

3.1.2 Avaliacio das condicdes iniciais e de contorno

Nesta secdo sdo apresentados os resultados comparativos para quatro simulages com Ri, = 0,05 e u; =

» = 0,02 afim

de avaliar a influéncia de diferentes condic¢des iniciais e de contorno. Sdo mostrados resultados para condigdo de entrada

Ae B e condicdes iniciais I, [T e I11.

Na Figura 7 estdo os campos de concentracdo de particulas ¢, das quatro simula¢des para ¢ = 30, evidenciando
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Figure 7: Campo de concentragdo de particulas cp, para Rip = 0,2, up, = 0,02, t = 30 para as 4 condi¢des analisadas. A cor preta indica
cp = 100% e a branca ¢, = 0%

A/l

Figure 8: Campo de concentragdo de particulas c,, para Rip, = 0,2, uy = 0,02, ¢t = 100 para as 4 condicdes analisadas. A cor preta indica
cp = 100% e a branca ¢, = 0%

LS

/1

o)

/I

Figure 9: Campo de concentracio de particulas c,, para Rip = 0,2, uy = 0,02, ¢ = 1000 para as 4 condi¢des analisadas. A cor preta indica
cp = 100% e a branca ¢, = 0%

o efeito da turbuléncia inicial de B/III. Para t = 100, na Figura 8, é notdvel apenas a diferenca devido a faixa de
alta concentracdo na parte superior do dominio, devido as condi¢des iniciais. Em ¢ = 1000 ndo hd visualmente como
diferencia-las, conforme Figura 9.

A taxa de sedimentacgdo v, em funcdo do tempo € apresentada na Figura 10 (a esquerda), enquanto a massa suspensa
m,, em fungio do tempo estd na Figura 10 (a direita). Adota-se a divisdo pela massa suspensa inicial m,) = 80 mesmo
para as condicdes I e 111, onde ndo h4 massa suspensa inicialmente, a fim de se ter 0 mesmo padrdo para comparagao.
O depésito D; em funcdo do tempo e da posi¢do no fundo do canal z; sdo apresentados para os tempos 500 e 1000 na
Figura 11.

Trés diferengas basicas sdo evidentemente causadas pela condi¢do inicial sem particulas suspensas nas configuragdes
B/IIeB/III. A curvade massa suspensa m,, inicia-se no ponto zero, nao hd o aumento abrupto na taxa de sedimentagio
1 por volta de t = 100 e um menor nimero de sedimentos depositados para x; > 30. As quatro simula¢des numéricas
apresentam valores muito préximos para m, € m, em t = 1000, mostrando que diferentes condigdes iniciais ndo tem
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Figure 10: Taxa de deposigdo 715 (esquerda) e massa suspensa m,, adimensionalizada pela massa suspensa inicial m g (direita) em fungio do tempo
para as quatro simulagGes. A cor preta incida A/I, vermelha para B/I, verde para B/II e azul para B/III. Rij, = 0,05, uy, = 0,02.
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Figure 11: Perfil de depésito Dy (21, ¢) ao longo do fundo do canal para t = 500 a esquerda e ¢ = 1000 a direita. Mesma descrigio de cores da Fig.
10.

influéncia ap6s o escoamento atingir o regime estatisticamente estaciondrio.

Realizando uma andlise sobre o periodo transiente, a simulagdo numérica B/II1 se destaca por mais rapido alcangar o
regime estatisticamente estaciondrio. Em contra partida é a mais custosa computacionalmente entre as quatro simulagdes
numéricas testadas.

3.2 Simulacdes tri-dimensionais

Com base nos resultados das simulacdes da sec¢do anterior foram realizadas mais duas simula¢Ges para uma con-
figuracdo de dominio tri-dimensional. Os seguintes parimetros foram usados: L, Ly, L3 = 60,4,4; ni,ng,ng =
2305,193,193; Ri, = 0,05; Riy, = 0,5. O nimero de Reynolds foi mantido constante em Re = 1500 e a veloci-
dade de queda foi variada em us = 0,01 e 0, 02. Estas simula¢des foram realizadas até o tempo adimensional ¢ = 1400,
com um intervalo de tempo At = 0,004. Foi considerada a condigfo inicial I de forma que a massa suspensa inicial é
dada por m,g = 60h x 4h x 1h X ¢, = 240c,,.

As variagdes temporais de m,, e 11 sdo apresentadas na figura 12. Nestes resultados € possivel verificar a estabilizagio
do escoamento quando o material suspenso atinge o patamar de valor m, ~ 30 para o caso us = 0,02. Na simulacdo
com ugs = 0,01, o valor de m,, cresce ao longo do tempo até atingir aproximadamente m,, ~ 40. Os resultados sdo
ainda comparados com o trabalho realizado por [Henniger et al., 2010] onde foi considerada a condi¢@o inicial (I1),
isto €, condi¢do inicial livre de particulas suspensas e um dominio de cdlculo com dimensdes L1, Lo, L3 = 80,4, 4.
Apesar das diferengas no dominio e na condigdo inicial entre a presente simulacdo com us; = 0,02 e o trabalho de
[Henniger et al., 2010], € possivel notar resultados relativamente préximos.

Observando a variacio temporal de 1, na figura 12 (a esquerda) € possivel identificar o exato momento em que as
primeiras particulas sdo depositadas. A simulagcdo com ugs = 0,01 apresenta baixos valores de ¢ se comparado ao caso
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Figure 12: Variacdo temporal da massa suspensa (m,,, esquerda) e taxa de sedimentag@o (11, direita) para simula¢oes 3D
com ug = 0,01; 0,02.

us = 0,02. Este resultado mostra a influéncia da velocidade de queda nas condi¢des de depdsito e de material suspenso
evidenciando que a lei de conservagdo das particulas € contemplada pelo modelo.

t = 135:us = 0,01

Figure 13: Instabilidade de dedilhados nas simula¢des us = 0,1 e us, = 0, 02.

Na figura 13 uma vista de fundo da isosuperficie de concentragdo de particulas (c, = 0, 25) das simulagdes 3D sdo
apresentadas para o inicio da simulag¢do (¢ = 100 na simulacdo us; = 0,02 e ¢t = 135 na simulagdo com us = 0,01).
A medida que as particulas sdo depositadas é possivel notar claramente a formagdo da instabilidade de dedilhados. Os
dedilhados sdo dissipados quando as particulas atingem o fundo do dominio formando as primeiras camadas de depdsito.

Ap6s a dissipacdo dos dedilhados ocorre a formacdo da instabilidade K-H que transiciona a turbuléncia no instante
t = 600. Observou-se visualmente que e o escoamento atinge o regime estaciondrio no instante aproximado ¢ = 800. Na
figura 14 sdo apresentados campos do critério Q no tempo t = 1000. E possivel notar uma pequena redugio na espessura
da camada de mistura entre as simulagdes com us; = 0,02 e us = 0,01. Com relagdo ao tamanho das estruturas do
escoamento ndo é possivel identificar visualmente mudancas significativas.

4. Conclusao

A proposta de andlise da influéncia do nimero de Richardson Ri, e da velocidade de queda u,, através de doze
simula¢des numéricas demonstra ao final que o escoamento apresenta maior sensibilidade em relagdo a velocidade de
queda. Os resultados se agrupam de acordo com esse dltimo pardmetro e sofrem pequena variagdo em fungdo do nimero
de Richardson, no modelo testado. Conforme esperado, as particulas com maior velocidade de sedimentacio apresentam
maior taxa de deposi¢do, se precipitam de forma mais rdpida e como consequéncia, a quantidade de material suspenso
diminui. Conclui-se que as particulas de menor didmetro exigem simulacdes numéricas com maior dura¢do, e maior
dimensdo horizontal.

A proposta de andlise de condig¢des iniciais e de contorno mostrou que as quatro simula¢des numéricas se estabilizaram
em um mesmo patamar. Aquela que se estabiliza em menos tempo, devido a condi¢do inicial ja turbulenta, é também a
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Figure 14: Campo tridimensionais do critério () = 0, 10 para as simulagdes com u; = 0, 01; 0, 02 no instante ¢ = 1000.

-~

que exige mais tempo de célculo.

Com base nos resultados obtidos pretende-se dar continuidade com os testes de influéncia dos parametros considerados
no problema para o caso tri-dimensional, no qual foi demonstrado, através das tltimas simulagdes, ser vidvel a partir do
modelo proposto.
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Abstract. An experimental investigation of the wind flow patterns in the main Brazilian Launching site, the Alcantara
Space Launching Center (ASLC), is presented. The focus of the research is to get insights about the wind flow patterns
in the neighborhood of the facilities installed in this area. The largest structure in this area is the Mobile Integration
Tower (MIT), which is the site where rockets are assembled and prepared for being launched, but there are also others
facilities necessary for guaranteeing safe rockets launching operations. This work gives continuation to previous
studies about the wind flow pattern in ASLC region, and the incentive for these investigations is that regardless of
having several advantageous aspects due to its geographical location, very close to the Equator line, ASLC presents
an atypical topography, with a coastal cliff occurrence, which in certain meteorological conditions of wind speed and
direction may modify the characteristics of the atmospheric boundary layer and as well influence the space vehicles
launching operations, since the LPA is located around 200m from the sea border. The Wind tunnel measurements were
conducted using the technique of Particle Image Velocimetry (PIV). The measurements, conducted in planes parallel
to the wind tunnel floor, were carried out for three different wind incidence angles, as well as three cliff slope angle
and Reynolds number (Re)) values based on the cliff height, I, of 5.4x10°, 1.4x10° and 2.0x10".

1. INTRODUCTION

Physical phenomena related to wind incidence on buildings are very complex since it is related to the existence of
large vortical structures formed from the body shear layer and shed downstream, which differentiates these flows from
the flow over streamlined bodies. On the other side, understanding the wind environment associated with planned or
existing buildings is of great importance in wind engineering for different reasons, among many others applications, for
estimation of wind loads imposed on a structure, for studying pollutants dispersion from rockets, and dispersal of smoke
and fumes from building’s central heating plant, for estimating how much people will be buffeted by the wind outside
the building, on the ground or on aerial walkways, among others applications.

A great amount of studies about wind incidence on buildings, or on bluff bodies, can be encountered in the
literature in the latest 50 years, several of them with the purpose of characterizing the generated wakes, as in the
investigation conducted by Woo et al. (1977), who carried out a comprehensive experimental analysis on this issue. The
turbulence in wakes of buildings was analyzed with the purpose of guaranteeing the operational safety of small aircrafts
at airfields, which are very susceptible to turbulence and quick changes in wind speed. Wind tunnel measurements on
buildings of various sizes and aspect ratios in a simulated atmospheric boundary layer were conducted, and detailed
information on mean longitudinal velocity and turbulence intensity were obtained. More recently, Neofytou et al.
(2006) investigated the impact of a large airport terminal building on the wind flow over a runway located nearby was
investigated. The authors presented a prediction of the steady-state velocity field in the vicinity of terminal building for
different incident-wind directions, which was compared with available experimental field results. Kwon et al. (2003)
carried out wind tunnel experiments with the purpose of studying the atmospheric conditions at the Oenaro-Do Island,
where the South Corea Naro Space Center was built. In fact, insights about wind characteristics, as its profile, are very
import for safe space vehicle launching operations since the rockets are projected for resisting loads which are imposed
by the wind. In addition, rockets trajectory, control and guidance are determined by the wind profile on the ground
(Pires, 2009).

In the last few years, the wind flow patterns at Alcdntara Launching Center (ASLC) have been well investigated
by researchers of the Instituto de Aerondutica e Espago (IAE), in Sao Jos¢ dos Campos, sometimes in collaborations
with researches from different institutions, as for example the Universidade Federal do Rio Grande do Sul (Wittwer, et
al., 2012) and USP-Sao Carlos (Pires et al., 2009). These studies have been conducted based on field measurement
(Fisch, 1999), Roballo and Fisch (2008), Marciotto et al. (2012) on numerical simulations (Pires et al., 2009) and also
on wind tunnel tests experiments (Pires et al., 2009, Pires et al., 2010, Avelar et al. 2012, Avelar et al. 2014). The
ASLC is the site from where most of the Brazilian rockets are launched, and it has some advantages in comparison to
others Rocket Launch sites around the world due its privileged location. It is located in the Atlantic Coast, outside of
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Sao Luis, state of Maranhdo, close to the Equator line, a privilege shared just with the Guiana Space Centre. In
addition, a stable climate provides to the researchers reliability in scheduling the launching operations. Nonetheless, in
spite of all helpful aspects, ASLC has in its topology a coastal cliff of about 40m high at the edge of the sea
land, which modify the atmospheric boundary layer characteristics, and in determined conditions may influence the
safety of launching operations once the rockets launch pad and the Integration Mobile Tower (IMT), the building where
the space vehicles are assembled, are located around 150 — 200 m from the sea border, respectively. In Fig la. it is
shown the region of ASLC considered in the present study, the Launching Pad Area (LPA), and the facilities installed in
this area. Numbered from 1 to 5 in Fig. 1b and in Fig. Ic, one can observe the TMI building (1), The Brazilian Satellite
Launch Vehicles (2), the VLS, the umbilical tower (3), which raised close to the rocket is a means of ready access to all
its important levels, the emergency exit tower (4), which allows safety leaves in case of accident and in Fig. 1b, the
lightning rods (5), which protects the whole system, rocket, TMI and emergency exit tunnel, against electrical
discharges through a Faraday shield. Once assembled and prepared for launching at TMI, this structure moves
backward, around 55m, and the space vehicle blast-off. Important concerns regarding the study of the wind flow pattern
in ASLC is the short period of time that the rockets standstill waiting for being launched and its first moments in air.

(@ (b)

Figure 1. LPA region in the Alcantara Space Launching Center.

As a continuation of previous studies, especially of the last publication by the same authors, Avelar et al. (2014), in
the present work a wind tunnel investigation about the wind flow patterns at ASLC is conducted with the purpose of
looking at the flow patterns in horizontal planes, in three different heights, considering the predominant wind angles of
incidence at ASLC, a, and also different coastal cliff slope angles, f. This last parameter was considered with the
purpose of investigating the influence of the coastal cliff irregular structure, which can be observed in Fig. 2. A model
representing real irregular shape of cliff will be considered in further studies.

Figure 2. Coastal Cliff irregular structure.

According to the flow field results obtained up to now, the coastal cliff slope angles has a significant effect in flow
features around the TMI (Avelar, et al., 2013). All configurations of wind incidence and coastal cliff slope angle were
investigated for Reynolds number values, Re;, of 5.4x10°, 1.4x10° and 2.0x10°. The PIV mean velocity and vorticity
contours obtained up to now indicate that the air flow has complex features in the ASLC region and that all the
parameters investigated play a significant role in the flow features in the LPA region since the dimensions of the
recirculation bubble, in case of flow separation, as well as the vorticity intensity at the cliff edge, over and behind the
MIT can be quite different depending on these parameters.
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2. DESCRIPTION OF THE EXPERIMENTS

The PIV measurements were conducted in a subsonic facility of the Instituto de Aeronautica e Espago, the TA-2
aeronautic wind tunnel. The maximum mean velocity value through the wind tunnel test section, of 2.1 m high and 3.0
width, is 120 m/s. Since TA-2 is an aeronautic tunnel, with a short boundary layer thickness, a procedure for increasing
the boundary layer thickness, simulating the atmospheric boundary layer in ASLC was conducted. A combination of
artificial devices, spires, a barrier, and bottom wall surface roughness was used for accelerating the growth of the
boundary layer. The methodology used for simulating the atmospheric boundary layer is well explained by Loredo-
Souza et al., (2004), and the procedures used for the boundary layer formation in the TA-2 are described by Avelar et
al. (2012). Several arrangements were tried for obtaining a suitable profile, which was obtained using the Power Law
equation defined by,

U,) :[&j 0
u,)

where U(y,) and U(y,) are the mean velocities correspondent to a height y, and a reference height y,. The y, value is
assumed to be 10m, which is the height suggested by the World Meteorology Organization to represent the horizontal
wind surface. The exponent a is characteristic of the type of terrain, and varies from 0.11 for smooth surface as lakes
and the ocean to 0.34 for cities with a high density of buildings. For the ocean surface some studies consider o between
0.11 and 0.15 (Barbosa et al. (2002), Hsu et al. (1999), Bresmann (1973)). In the present study the value 0.11 was
assumed. The turbulence intensity values measured in the simulated boundary layer were in conformity with turbulence
field measurement intensities carried out at ASLC region (Marciotto et al., 1999). The boundary layer obtained was 1 m
high. The turbulence intensity, measured with hot-wire anemometer varied from 10%, close to the wind tunnel bottom
wall to 4%, close to boundary layer border.
Images of the ASLC model installed in TA-2 test section are presented in Fig. 3a and Fig. 3b. The model was

painted in flat black to minimize laser reflections. Figure 3b was included to show that the wind tunnel model was built
in a way to reproduce a high level of details of the facilities in CLA.

@ (b) ()
Figure 3. The ASLC model installed in TA-2 test section — (a) LPA model — (b) Wind Tunnel test section.

The model was built in a scale 1:120, and it was installed over a wooden platform, which simulates the coastal cliff.
The setup allowed the variation of the cliff slope angle, f, and also of the wind incidence angle, a, as represented in Fig.
4, in which top and frontal view of the wind tunnel model, with dimensions, is shown. In the present study it was
investigated the values of f§ equal 45°, 70° and 90° and of «a equal to 0°, 35° and 45°. For each value of a and f, the
velocity values of 8m/s, 20m/s and 30m/s, corresponding to Reynolds number (Re)) of 5.4x10°, 1.4x10° and 2.0x106,
were considered.

The mean flow velocity fields were measured using a Dantec Dynamics two-dimensional PIV system. The system is
a double-cavity pulsed laser, Nd:Yag, 15 Hz, with an output power of 200 mJ per pulse at the wave length of 532 nm
(New Wave Research, Inc.) and two HiSense 4M CCD camera, built by Hamamatsu Photonics, Inc. with acquisition
rate of 11 Hz, spatial resolution of 2048 x 2048 pixels, and 7.4 um pixel pitch. A Nikon f# 2.8 lenses with 105 mm of
focal length was used. The laser sheet created was parallel to the wind tunnel bottom wall, as shown in Fig. 5. In both
cases the model was positioned in the middle of the test section to avoid wall interferences. The flow was seeded with
theatrical fog (polyethylene glycol water-solution) generated by a Rosco Fog Generator placed inside the wind tunnel
diffuser. The images were processed using the adaptive correlation option of the commercial software Dynamic Studio,
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developed by Dantec Dynamics. A 32x32-pixel interrogation window with 50% overlap and moving average validation
was used.
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Figure 4. Schematic representation of ASLC model with dimensions — (a) Top view — (b) Frontal view.

Figure 5. PIV setup for measurements in horizontal.

Three vertical positions, 77mm (P1 and P6), 185mm (P2 and P5), and 255mm (P3 and P4), corresponding to the
aspect ratio, /L, equal to 0.29, 0.68 and 0.94, respectively were considered, being L the height of TMI model, 270 mm.
The laser light sheet was positioned in a way allow velocity field measurements in the wake of TMI as well as in the
wake of VLS, as indicated in Fig. 6 by C-1 and C-2.

R
W o
&

Figure 6. Representation of the regions where measurements were conducted with PIV.
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3. RESULTS AND DISCUSSIONS

Preliminary results of velocity and vorticity fields as well as some velocity profiles are presented in this section,
giving idea how the parameters investigated in the present analysis affects the wind flow patterns in CLA.

In Fig. 7 PIV flow maps, vorticity contours and velocity vectors, are presented for free-stream velocity of 20 m/s,
wind incidence angle, o, of 0°, 35° and 45° and cliff slope angle, 8, of 45°, 70° and 90°. These results are presented for
/L equal to 0.95, the highest position around the TMI.
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Figure 7. PIV flow maps for different Wind incidence angles and different coastal Cliff slope angle, for mean velocity
wind tunnel velocity through the test section of 20 m/s and y\L equal to 0.95.
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Observing Fig. 7a to Fig. 7i, different flow patterns behind the TMI can be noticed as the coastal cliff slope angle
or the wind angle of incidence are varied. The flow features are very complex and both parameters investigated, wind
incidence and cliff slope angle has both a significant effect in the wake created behind the TMI. Recirculation zones
behind the MIT, with well defined vortexes can be observed in all configurations investigated. It seems that for cliff
slope angles of 45° and 70° stronger recirculation regions are formed. It can be observed also high vorticity, positive
and negative values, in the region of the wires connecting the lightning rods.

Velocity profiles behind the TMI for & = 35° and =90, extracted from Fig. 7f are presented in Fig. 8. The
positions x from where the velocity profiles were extracted are indicated by the vertical lines in Fig. 8a
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Figure 8. Velocity profiles in MIT wake, extracted from Fig. 7f.

From the velocity profiles shown in Fig. 8, it can be identified regions of velocity deficit, most probably induced
by the lightning rods. Reversal flow appears just in the regions where recirculation regions where formed.

In Fig. 9, vorticity contours and velocity vector obtained in the vertical positions considered, aspect rations, y/L, of
0.29, 0.68 and 0.94, are compared for the mean velocity of 20 m/s, a equal to 45° and S equal to 90°.
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Figure 9. Vorticity contours and velocity vector for different values of aspect ratio.

Comparing Fig. 9a, Fig. 9b and Fig. 9c, it seems that, although similar, the vortex formed behind the TMI seems
stronger in the highest position, y/L equal to 0.94, where the highest vorticity values are observed.

In Fig. 10 PIV flow maps are presented in the neighborhood of VLS for the velocity of 20m/s, in the highest vertical
position, y/L=0.94, vectors in the VLS region, and free-stream velocity of 20 m/s.
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Figure 10. Velocity vectors and vorticity contours in the VLS neighborhood.

From the results presented in Fig. 10a, Fig. 10b and Fig. 10c, it seems that no strong recirculation zones appear in
the neighborhood of the VLS. However, high vorticity levels are observed close to the emergency exit tower and to the
VLS, as well as in region of the wires connecting the lightning rods, which is going to be investigated further.

Fig. 11a and Fig. 11b show velocity profiles extracted from velocity fields behind the TMI and behind the VLS for
the velocity values of u = 8m/s, u = 20m/s and u=30m/s, and y/L equal to 0.94.
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Figure 11. Velocity profiles for the three velocity values considered, ¥ = 8m/s, u = 20m/s and
U=30m/s, cases 4C and 4D - f = 45°, o = 45°.

From the velocity profiles plotted in Fig. 11a it can be clearly noticed that a deficit in velocity at y equal to 100mm,
which coincides with the wake of a lightning rod. This effect cannot be noticed when the measurements are conducted
in a vertical plane in the middle of the wind tunnel test section, which was observed in Avelar et al. (2014). In fact, the
current investigation confirms that the wind flow patterns in ASLC, at the LPA, is really complex and that
measurements in horizontal planes are of great importance to a better understanding of wake structures created by the
facilities installed in this area. There are still a lot of data being processed from the last wind tunnel test, which will be
presented further.

4. CONCLUSIONS

A 1/120 scaled model of the ASLC region was used for a wind tunnel investigation using the technique of Particle
Image Velocimetry (PIV) to get insights about the flow patterns in LPA area of the Alcantara Space Launching Center.
The measurements, conducted mainly in planes parallel to wind tunnel floor, were carried out for two different wind
incidence angles, and wind speed through the test section of 8 m/s, 20 m/s and 30 m/s, corresponding to Reynolds
number (Re;) values based on the cliff height, /, of 5.4x10°, 1.4x10° and 2.0x10°. The results obtained confirms that the
wind flow patterns in the ASLC region is very complex, and that the parameters investigated has significant influence in
the flow features in this region. The results from PIV measurements in horizontal planes were of great importance in
order to complement the information obtained from the measurements carried out in a vertical plane in the centre of the
wind tunnel test section in previous investigations.
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Abstract. Recent achievements in controlling the boundary layer by moving surfaces have been encouraging the
development and investigation of passive suppressors of vortex-induced vibration. Within this context, the main purpose
of the present work is to evaluate the suppression of vortex shedding of a plain cylinder surrounded by two and four
smaller control cylinders. The gap between the main cylinder and the control cylinders is g/D=0.75, where D is the
diameter of the main cylinder. A numerical approach is employed to simulate the laminar flow at a laminar Reynolds
number of 100. The governing equations are discretized by the finite volume method for a two-dimensional computational
domain. In all the cases, a significant reduction in the overall drag coefficient and the unsteady hydrodynamic forces
acting on the main cylinder are observed. A stable wake without alternating vortices was achieved for both
configurations depending on the rotation of the control cylinders. The case with four cylinders required less rotation
speed than the case with only two cylinders in order to stabilize the wake.

1. INTRODUCTION

Over the past decades, offshore oil exploration reached the so-called ultra-deep waters. At reservoir locations where
oil transport through pipeline systems becomes an unviable solution appeared the need to develop new floating platforms
such as Spar, semi-submersible, tension-leg, FPSO and monocolumn floating unit. Most of them have circular cross
sections being susceptible to vortex-induced vibrations (VIV).

Vortex shedding behind a bluff body can be altered, suppressed or controlled over a limited range of Reynolds
numbers. Various flow-control techniques, which results in reduction of drag and unsteady forces, have been suggested and
tested in simple geometries. Zdravkovich (1981) presents control techniques that can be classified into three categories:
surface protrusions, shrouds and near wake stabilizers. He also investigated the relative effectiveness of the various means
of flow control by applying them to the same test model including multi-cylinder arrangements. In an effort to study a passive
control device, Strykowski and Sreenivasan (1990) have reported that the vortex shedding past a circular cylinder can be
controlled over a limited range of Reynolds number by the proper placement of a smaller control cylinder close to the main
cylinder. Mittal and Raghuvanshi (2000) have verified this phenomenon using a numerical approach and observed that the
control cylinder provides a local favorable pressure gradient in the wake region, thereby locally stabilizing the shear layer.
Gad-el Hak and Bushnell (1991) review various techniques that are employed for separation control, including the moving-
surface boundary layer control (MSBC) in which rotating cylinders are employed to inject momentum into the already
existing boundary layer.

The numerical simulations performed by Mittal (2001) showed promising results in the use of MSBC to control the
flow around a static cylinder and smooth reduction of drag and lift forces. Korkischko (2011) performed an experiment
employing MSBC to suppress VIV of an isolated cylinder mounted on an elastic base with one degree of freedom in the
transverse direction. Hence, MSBC has already been tested as a means to suppress vortex shedding of static cylinders as well
as VIV of oscillating bodies. The smaller control rotating cylinders inject angular momentum in the boundary layer of the
main cylinder leading to vortex suppression and consequently drag decrease as well as reduction of the transverse velocity
fluctuations in the wake.

2. METHODS

In the present work, the flow control past a circular cylinder is analyzed by means of rotating cylinders of smaller
diameter positioned about the main circular cylinder. The rotating control cylinders generate circulation and inject
momentum from the outer flow into the wake of the main cylinder. The investigation on the effect of the gap between the
bluff body and control cylinders from Mittal (2001) is also considered in the present study. To this extent, computations are
carried out considering two cases, one with two and other with four rotating cylinders as illustrated in Fig. 1. The first case
is directly comparable with the previous results obtained by Mittal (2000). Based on the main geometrical parameters
identified by Korkischko (2011), their values are: the ratio D/d. = 20, between the diameter of the main cylinder (D) and the
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Figure 1. Tested configurations: main cylinder with (a) two and (b) four rotating
control cylinders.

diameter of the control cylinders (dc); the gap spacing g/D=0.075, between the main and the smaller cylinders, the Reynolds
number Re=100 and the speed ratio U/U= from 0 to 5 m/s, where U is the tip speed of the smaller cylinders and U is the
free-stream flow speed. Reynolds number is based on the diameter of the main cylinder, free-stream velocity and the
kinematic viscosity of the fluid.

2.1. Numerical simulations

All the simulations reported in the present work were carried out using the commercial code ANSY'S Fluent (version
13.0). The flow is governed by the Navier-Stokes equations, which are considered here as incompressible and two-
dimensional. The unsteady non-dimensional Navier-Stokes equations for the conservation of mass and momentum in the
integral form are given by:

[ards =0 (1)
i %dm L G(0.[)dS = — jjpdm ! Rieva.ﬁds , (2)

where U is the flow speed, p the static pressure, t is the time, € represents the control volume of the system and S denotes

its external surfaces whose outward unit normal is i . The equations are discretized by a cell-centered Finite VVolume Method
(Versteeg and Malalasekera, 2007).

The fluid domain is divided into a large number of discrete control volumes by means of a computational mesh.
The resulting discretized equations are solved sequentially based on an implicit pressure-based scheme. In order to deal with
the pressure-velocity coupling, the pressure-based algorithm PISO is employed due to its efficient iterative method for
unsteady problems, such scheme is fully described in VVersteeg and Malalasekera (2007). In order to obtain the pressure on
the control volume faces, an interpolation scheme based on a "staggered"” control volume arrangement is employed, known
in Fluent as PRESTO (PREssure STaggering Option). The staggered-grid scheme procedure is described in Versteeg and
Malalasekera (2007). An upwind second-order spatial differencing method was applied for the convective terms (Barth and
Jespersen, 1989) and the diffusive terms were discretized by a central differencing scheme. The solution is time-advanced
using an implicit second-order accurate scheme that employs three time levels incorporated within the PISO algorithm (see
Versteeg and Malalasekera, 2007). All the equations were solved iteratively, for a given time-step, until the convergence
criteria was met (all residuals for each algebraic equation are at least less than 10 and 20 internal iterations per time step).

The cylinders were surrounded by a rectangular computation domain with upstream and downstream boundaries
located respectively at 8 and 30 cylinder diameters from the center of the main cylinder, as shown in Fig. 2 for two and Fig.
3 for four control cylinders. The computation has been carried out with a mesh containing 50,935 cell volumes for the case
with two rotating cylinders, 68,130 cells for the corresponding case with four cylinders and 71,322 volumes for the reference
case of a plain cylinder without control cylinders. The no-slip condition is specified for the velocity on the surface of the
cylinders and free-stream values are assigned for the velocity at the upstream boundary. On the upper and lower boundaries,
the component of velocity normal to and the component of stress vector along these boundaries are prescribed zero value.
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At the downstream boundary, an outflow boundary condition is employed which prescribes all variables normal gradient to
zero.

The degree of flow control that can be achieved by employing rotating control cylinders depends on a variety of
parameters. Some of them are the relative diameters of the main and control cylinders, their relative arrangements, and the
rotation rates of the two and four control cylinders. The upper cylinders rotate in the clockwise and the lower ones in the
counterclockwise direction. The rotation of the control cylinders will be expressed in terms of the ratio of the tip speed of
the rotating cylinders U, to the free-stream speed U.
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Figure 2. Numerical domain and mesh details around the main cylinder with two
control cylinders.
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Figure 3. Numerical domain and mesh details around the main cylinder with
four control cylinders.
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3. RESULTS
3.1. Flow past an isolated cylinder

The flow around an isolated cylinder for Re = 100 was simulated in order to validate the numerical model and the
mesh employed. The results also serve as reference for analyzing the effect of two or four control cylinders on the wake of
the main cylinder. Fig. 4 presents the development of the drag and lift coefficients as simulation evolves over time. Fig. 5
illustrates the vorticity field for an instant once the periodic regime of vortex shedding has been established, i.e., beyond 70
seconds of simulation time. As expected, a typical von Karman wake is observed to appear downstream of the cylinder with
a very clear interaction appearing between the alternating shear layers.

L
20 40 B0 80 100 120

cl
o

T
|

04 | I I I |
0 20 40 &0 a0 100 120

Figure 4. Time histories of (top) drag and (bottom) lift coefficients for a plain
cylinder without control cylinder. Re=100

Figure 5. Instantaneous vorticity field for the flow past an isolated cylinder.
Re=100.
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3.2. Flow past a cylinder with two control cylinders.

For the flow at Re=100 the gap is g/D=0.075 which corresponds to the gap employed by Mittal (2000) in his
numerical work. The flow is allowed to evolve until the periodic regime is reached for each one of the six rotation speeds
considered from the lowest (Uc/U =0) to the highest rotation considered (U/U =5) as shown in Fig. 6. Rotation of the control
cylinders was altered subsequently during one single numerical run. At t=0 the simulation starts with static control cylinders
(UJU =0). At t=146 a rotation of U/U=1 was assigned to both cylinders (with a clockwise direction for the upper and a
counterclockwise direction for the lower cylinder). At t=244 the rotation is doubled to U/U =2 and increased further later
in time. Fig. 7 illustrates the development of the simulations highlighting the different plateaus corresponding to each
rotation.

Back to Fig 6, the flow pattern for Uc/U=0 looks very similar to that for a single isolated cylinder at the same
Reynolds number, as depicted in Fig. 5. The Reynolds number based on the diameter of the control cylinder is 5 which is
below the limit value of about 46, the Reynolds number from which shear layer instability should trigger the onset of vortex
shedding for the individual control cylinder. Therefore, no independent vortex-shedding is observed from the smaller
cylinder. In this case, it can be observed that the vortex shedding is produced by the main and the control cylinders combined
as a single body.

As the control cylinders start spinning and the rotation rate is increased, the vortex shedding mechanism is weakened
and the coherent vortex structures defining an organized wake are considerably reduced. This is evident from vorticity
contours and streamlines presented in Figs. 6a to 6f. Eventually, for U/U =5, the interaction between the separated shear
layers is so much reduced that no alternating vortex shedding is noticed in the wake. This is also accompanied by a narrowing
of the wake. It is shown that two control cylinders rotating at a certain speed are capable of achieving suppression of vortex
shedding of a static cylinder.

Qo) s 1

(a) Uc/U=0

(b) Uc/U =1

Figure 6. (Key on next page.)
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(f) Uc/U =5

Figure 6 (continued from last page). Instantaneous vorticity field (left) and
details of streamlines in the near wake (right) for the fully developed flow past a
cylinder with two control cylinders at different rotations. Re=100.
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Fig. 7 shows the time histories of lift and drag coefficients measured by the integration of pressure around the main
and the control cylinders. The figure is divided in plateaus, as explained above, each corresponding to a rotation speed of the
control cylinders. For U/U =0 the drag coefficient of the main cylinder (Cd=2.1) is higher than that experienced by an
isolated cylinder, since the presence of the static control cylinders contributes to the enhancement of the wake and increase
drag. Likewise, the amplitude of the lift coefficient experienced by the main cylinder (CI=0.8) is significantly higher than
that observed for an isolated cylinder. However, once the control cylinders start to spin, both the drag and lift coefficients
drop continually as rotation rate is increased. For U/U =5 the drag coefficient for the main cylinder is Cd=0.73 and, since
the flow achieves an almost steady state, the lift coefficient is close to zero.

3.3. Flow past a cylinder with four control cylinders.

Similarly to the previous case, the simulation with four control cylinders begins with stationary control cylinders.
U /U =0; and is gradually changed to 1, 2, 3, 4 and 5 at t=146.5, 244, 399, 474, and 584, respectively. Fig. 8 shows the
vorticity field for the fully developed flows at various rotation rates of the control cylinders. As the previous case, the flow
for U¢/U =0 looks very similar to that for a single cylinder at the same Reynolds number. The drag coefficient of the main
cylinder (Cd=1.35) is close to that experienced by an isolated cylinder and the amplitude of the lift coefficient is also in the
expected range (CI=0.35). For U¢/U =1, 2 and 3 the wake still presents distinct alternating vortices and the width of the wak
is not considerably altered. Eventually, Uc/U =3 the unsteadiness in the wake disappears and a steady-state solution is
identified. This fairly symmetric but stable wake is sustained for U,/U =4 and 5.

Fig. 9 shows the time histories of the lift and drag coefficients of the three cylinders. For Uc/U =0 the drag coefficient
on the main cylinder (Cd=1.35) is lower than the two cylinder case, but slightly higher than that of an isolated cylinder. For
Uc/U =3 the drag coefficient reduces to Cd=1.29. It can be observed that the lift generated by the control cylinders in the
present case is smaller than the previous case. Since lift is directly related to the circulation around the control cylinder, it
may be concluded that the four control cylinders result in a reduction of circulation generated around the main cylinder. This
observation is consistent with our earlier remarks regarding the flow patterns.
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Figure 8. (Key on next page.)
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Figure 8 (continued from last page). Instantaneous vorticity field (left) and
details of streamlines in the near wake (right) for the fully developed flow past a
cylinder with four control cylinders at different rotations. Re=100.
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Figure 9. Time histories of the drag (top) and lift (bottom) coefficients for two
control smaller cylinders at Re=100.
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4. CONCLUSION

In the present work, flow control past a circular cylinder using rotating smaller cylinders has been studied by means
of numerical simulations. Firstly, the formulation is employed to study the flow past an isolated cylinder as a reference for
comparison of vorticity fields and drag and lift coefficients. A Reynolds number of 100 and a gap of 0.075D between the
main and control cylinders were employed for both cases with two and four control cylinders.

In all the cases with Uc/U>1, a significant reduction in the overall drag coefficient and the unsteady hydrodynamic
forces acting on the body are observed. For the case with two control cylinders, a steady wake was achieved only with
Uc/U=5, while for the case with four control cylinders a stable wake appeared earlier for Uc/U>3. The reduction in unsteady
forces may lead to the reduction of the flow-induced vibrations of the body. The effect of four cylinders is found to be more
efficient if compared to the case with only two.

The circulation generated by the rotating control cylinders is an important component of this flow-control
mechanism. The extension of this effect to flow control using rotating cylinders is another area that needs to be studied. This
study can be extended to investigate the effect of the gap, position and number or control rotating cylinders. The 2-D
computations set an upper bound on the control effectiveness of the rotating cylinders, and it is expected that the actual
behaviour of such control strategies will depend significantly on three-dimensional effects.
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Abstract. The centrifugal instability mechanism for boundary layex®r concave surfaces is responsible for the de-
velopment of counter-rotating vortices, aligned in theeatmwise direction, known as Goértler vortices. These vestic
create two regions in the spanwise direction: the upwashthadiownwash regions. The downwash region is responsible
compressing the boundary layer in the direction of the walie upwash region does the opposite. The Gortler vortices
distort the streamwise velocity profile in the spanwise drevall-normal directions. These distortions are susd#ti

to instabilities giving rise to secondary instabilitiesh@ secondary instabilities can be of varicose or sinuousendtie
main objective of the present paper is to analyze the amatiific of these modes. The research is carried out by a Spatial
Direct Numerical Simulation. The results show that the #higcose predominates over the sinuous mode for the adopted
parameters.

Keywords: Centrifugal instability, Secondary instability, Varieand sinuous mode, Spatial direct numerical Simulation
1. INTRODUCTION

The hydrodynamic instability can occur due to rotation &feon concave surfaces Drazin and Reid [2004]. As
examples we have Couette flow, the flow in a curved channelr@nbldundary layer over a concave surface. This latter is
the focus of the present study.

Rayleigh [1917] was the first researcher to study the meshaof inviscid centrifugal instability, which derived the
Rayleigh circulation criterion for instability, furtheiwne he noted that there is an analogy between the rotatiaval fl
stability and stability in a stratified fluid at rest in a griational field.

Clauser and Clauser [1937] conducted the first experimstudly which showed that the curvature of the wall has a
strong effect on boundary layer transition. In the expenitieey studied the effects of concave and convex curvature o
laminar-turbulent transition. Theoretical analysis wagied out for checking that a flow that is more stable on ceaca
surfaces than convex surfaces and this was confirmed exgretatty. Goerlter [1940] showed the existence of centafug
instability on concave surfaces and defined a dimensiopkessneter that carries his name, the Gdrtler nuniher

One of the Gortler flow characteristics is the change in treastwise velocity distribution in the spanwise direction,
thus two regions are formed, the upwash and the downwasbn®gin the upwash region the boundary layer is thrown
in the wall normal direction, thus the boundary layer becsrigcker. In the downwash region the opposite occurs,
the boundary layer is compressed through to the wall. Theastwise velocity distribution in crosscut planes forms a
mushroom-type structure in the nonlinear Gortler develepimegion.

Swearingen and Blackwelder [1987] presented experimeasalts where the initial boundary layer over a concave
wall, quickly becomes three-dimensional with a system ofjitudinal vortices and establishes an agreement with the
Gortler linear analysis. In this study they showed the mosin-like structures formed by the streamwise velocityrdist
bution in zy crosscut planes. This latter are generally more complexsandstable to unsteady disturbances. These new
instabilities are known as secondary instabilities.

The secondary instabilities that occur in Gortler flows carmbtwo types: varicose and sinuous modes Saric [1994],
or a medley of them. The varicose mode instability has itgiorin the nonlinear Gortler development region, related
to the derivativedu/dy Li and Malik [1995], and sinuous instability mode has the migature of the fluctuation of
disturbances in they plane, as identified in the experiment of Swearingen andilatder [1987].

The nonlinear development of longitudinal vortices appedhe boundary layer over concave walls and reveal that
the wavenumbers in the streamwise direction show velocit§ilps with inflection point both in the spanwise direction
as the direction normal to the wall Swearingen and Blackesti987].

Schmid and Henningson [2001] stated that when the primatyidiance achieve finite amplitude, in which the flow
boundary layer is dominated by mushroom-type distributibthe streamwise velocity in a cross plane, often saturates
and turns the flow into a new state of equilibrium, which istab to secondary instabilities.

Experiments Swearingen and Blackwelder [1987], Inaga#tiAihara [1995], Ito [1985] and Peerhossaini and Wes-
freid [1988], analyze the transition of boundary layer ogencave walls and provide physical structure and stimdlate
theoretical studies on the role of longitudinal vortices.

Sabry et al. [1989] was the first to study the cross sectionsgions susceptible to secondary instabilities Swearinge
and Blackwelder [1987].
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According to Mitsudharmadi et al. [2004a] the primary ittsliy (Gortler Vortices) develops inflections in the strea
wise velocity component, and these inflections become flagéhese instabilities develop downstream. In their éxper
ment, in the region betweei)0mm and600mm, the vortices evolve into mushroom distribution of stnease velocity.
The transformation of these vortices in horseshoe typetstrel is the result of secondary instability over the Gértle
vortices. This determines the varicose mode of secondatgbility Swearingen and Blackwelder [1987].

Zhang et al. [1995] conducted an experimental study in a windel in which there was the development of Gortler
vortices. The results showed the appearance of horsesiiotuses characteristic of the secondary varicose modey Th
attributed the formation of these structures to Kelvin+hllebltz instability.

The aim of this paper is to provide a physical understandiisgoondary instability of secondary varicose and sinuous
mode of an initially flow disturbed by Gértler Vortices. A dihation code was developed and implemented using spatial
direct numerical simulation. These parameters are the sathe experimental study by Mitsudharmadi et al. [2004a,b]

2. Formulation

In this section the governing equations and the numericéhod®logy are presented. The Navier-Stokes equations,
written in the vorticity-velocity formulation, were disetized using high-order finite-differences and spectrptaxima-
tions for the spatial derivatives. A fourth order Rungeddisicheme was adopted for the temporal discretization.

2.1 Governing Equations

The governing equations are the incompressible equatidhgwanstant viscosity for a Newtonian fluid. Defining the
vorticity as the negative curl of the velocity vector, andhgsthe fact that both the velocity and the vorticity fieldg ar
solenoidal, one can obtain the following vorticity trangemuation in each direction:

0o, Oa b Go*od 1 _,_
a - a a T 5 ) 1
ot "oy 0: Vmed: Re' “ @

0w, 0¢ 0 1 _,.
= _ 2= _ = 2
ot + 0z Oz Rev @y 2)

+ = - = - = V%, 3)

ot Or Oy +Redr Re

where
0 = ©,0— Dy, (4)
b o= D0 — W, (5)
¢ = Byw—©.0, (6)
d = @, @)

are the nonlinear terms resulting from convection, vortestshing and vortex bending. The variablesy, w, w., w,, &)
are the velocity and vorticity components in the streamwiggl-normal and spanwise directions respectivelis the
time. The Laplace operator is:

0? 0? 0?
2 —_— —_— —_ —_
V= (8x2 i y? * 822) ' ®

The continuity equation is given by:
ou n Jv n ow
or Oy 0z
The above equations are presented in a non-dimensional fdmnreference length is a plate characteristic lergth
and the reference velocity is the free stream veld@ity. The Reynolds number is given Be = U, L/v, wherev is the
kinematic viscosity. The Gértler number is given®@y = (k.v/Re)'/2. The termsGo?34 /(v/Re) andGo? 22 /(v/Re)
are the leading order curvature terms, whiere= L/ R is the wall curvature and is the curvature radius. The objective

of the current study is on the Gortler flow, therefore the sations were performed with the introduction of steady
disturbances only.

0. )
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Taking the definition of the vorticity and the mass conseovagéquation, one can obtain Poisson-type equations for
each velocity component:

oPu 9P 0w, 9%

gu = %y 10
Ox2 + 022 0z  Oxdy’ (10)
0% 0% 0% 0w, 0w,
Z - - 11
Ox? - 02 * 022 Ox - 0z’ (11)
2~ 2~ ~ 27
Pw  Fw  Odw, O (12)

Ox2 + 022 0x  Oydz
2.2 Disturbance Formulation

A disturbance formulation was adopted in the current sttiigrefore the flow variables were decomposed in a base
flow and a perturbation:

f=f+f (13)

Wheref: {u,v,w,w,,w,,w,} are the total flow variables. The base flow is considered tineedsional, therefore only
up, vp, Wy, are taken into account, where the inderdicates the base flow.

With such formulation, the stability analysis of any base/f(Blasius, Falkner-Skan, etc.), can be easily performed as
the linear and nonlinear terms can be isolated. Some disgatyes of this formulation are the indirect access to the flow
variables and a higher memory usage due to the larger nurhiariables.

Introducing Eqg. (13) in the equations (1) — (3), (10) — (129 anbtracting the base quantities, the equations for the
perturbations result in:

Ow, Oa 0Ob Go? dd 1,
Ty ZT Ty T T - 14
ot + oy 0z * v/ Re 0z Rev w (14)

ow, 0Oc Oa 1,
= == 1
ot "9:  ox Rev “v (19)

1
LB % Good_ 1o, (16)
(&

a2t o2 "o, owoy (17)

8_21)4»8_2’1}4»@776&&4»8&& (18)
0x2  Oy? 022 Oz 0z’

w  w  Owy 9%v

02 V02 = o Byos (19)

where the nonlinear terms b, ¢, d are:
a = wg(vy+v)— wylup+u), (20)
b= (wa +w)(up+u) — wow, (21)
¢ = wyw— (Wsy +w,)(vy + ), (22)
d = 2uu+u’ (23)

3. Numerical Method

In this section the discretization of the adopted equatsnsthe boundary conditions adopted in the simulations are
shown. The computational domain is illustrated in Fig. 1.
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Figure 1: Computational Domain.

3.1 Spectral Approximation

The flow is assumed to be periodic in the spanwise directidrerdfore, the flow field can be expanded in Fourier
series withK spanwise Fourier modes:

K
fla,y,2,t) = Fi(z,y, )2, (24)
k=0

where f = u,v,w, wg,wy,ws, a,b,¢,d; F, = U, Vig, Wi, Qq,,Qy,, Q... Ak, By, Cy, Dy, and gy, is the spanwise
wavenumber given by, = 27k/)., and)\, is the spanwise wavelength of the fundamental spanwisddfauode, and
i =+/—1.

Substituting the Fourier transforms (Eqg. 24) in the votyi¢ransport equations (14 — 16), in the velocity Poisson
equations (17 — 19), yield the governing equations in theiEoapace:

00, 94y G2 1,
k _ B — D _ Ql , 25
5t + By BBy \/Eﬁk( i) Revk K (25)
0N 0A; 1
T 4 BCy — —— = —Vify,, (26)

ot Re

ox
o0, 0Br 0C, Go* d(D3) 1

o Tty Ve or e i .
% — BiUk = —BrQy, — g;—g];v (28)

% %2—;/2’“ — B2V, = fag;’“ + By, (29)
8;::9 — BiWi = 85;;’“ + Bk%—‘;k7 (30)

whereV? = (88—;2 + 88—;2 —u?p?).

The equations (25 — 30) were solved numerically in the dorsagwn schematically in Fig. 1. The calculations are
done on an orthogonal uniform grid, parallel to the wall. Tih&l enters the computational domainat& x, and exits at
the outflow boundaryz = z,,,. ). Disturbances were introduced into the flow field using sps@wuction and blowing
in a disturbance strip at the wall. This strip is located lesne; andzxs. In the region located between andx 4 a buffer
domain technique Kloker et al. [1993] was implemented ineottd avoid wave reflections at the outflow boundary. In
these simulations a 2D Navier-Stokes solution, was useukdsase flow.

The time derivatives in the vorticity transport equatiorerevdiscretized with a classic&l” order Runge-Kutta in-
tegration scheme Ferziger and Peric [1997]. The spatiavatiates were calculated using6&* order compact finite
difference-scheme Souza et al. [2005], Souza [2003], LE®2]. Thel/-Poisson equation — Eq. (29) — was solved

using a multigrid Full Approximation Scheme (FAS) Stubed anottenberg [1981]. A V-cycle working with 4 grids was
implemented.
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3.2 Boundary Conditions

The governing equations are complemented by the spedificafi boundary conditions. At the waly (= 0), a
no-slip condition was imposed for the streamwig)(and the spanwiséX) velocity components. The wall-normal
velocity component at the wallf,) was specified at the suction and blowing strip region betwegeandxs, where the
disturbances were introduced. Away from the disturbanceigdor this velocity component was set to zero. The functio
used for the wall-normal velocity)—; at the disturbance generator is:

Vi=1(i,0,t) = Asin®(e) for 13 <i<ly and
Vie1(z,0,t) = 0 for I<l; and [>ly, (31)

wheree = (I — 11)/(I2 — 11) and A is a real constant chosen to adjust the amplitude of therbstice. The variablée
indicates the grid point locatiary in the streamwise direction, and poiitsandls correspond ta:; andx, respectively.
For all modes: # 1 the value of, = 0 at the wall was settled.

At the inflow boundary{ = x,), the velocity, the vorticity components and the tempermue specified based on the
similarity solutions. At the outflow boundary = x,,4:), the second derivatives with respect to the streamwisetiim
of the velocity and vorticity components are set to zero. st tipper boundary(= 4.,....) the flow is considered non
rotational. This is satisfied by setting all vorticity conmgmts and their derivatives to zero. The wall-normal vejoci
component at the upper boundary was settled according tothdition:

Vi =0. (32)
ay T, Ymaw,t

This condition was imposed in the solution of ttig velocity in the Poisson equation (Eq.28). The equationd tme
evaluating the vorticity components at the wall are:

0?Qy,. 9%Q,,
922 - 512@9“ = _8x—8yy - Bkvin (33)
0,
81} = BiQy, — ViVi. (34)

A damping zone near the outflow boundary was defined in whidhaldisturbances are gradually damped down to
zero Kloker et al. [1993]. This technique is used to avoidefbns in the outflow boundary. Meitz and Fasel [2000]
adopted a fifth order polynomial, and the same function wasl urs the present code. The basic idea is to multiply the
vorticity components by a ramp functigfi(x) after each sub-step of the integration method. Using tlisrtigue, the
vorticity components are taken as:

Qk(zayvt) :fl(IE)QZ($,y,t), (35)

whereQ; (x,y, t) is the disturbance vorticity component that results froeRunge-Kutta integration anfd(z) is a ramp
function that goes smoothly frofinto 0. The implemented function was:

fi(z) = f(e) = 1 — 66° + 15¢* — 1067, (36)

wheree = (I—13)/(l4—13) for I3 <1 <l4. The pointd; and I, correspond to the positiong andz, in the streamwise
direction, respectively. To ensure good numerical resulténimum distance between andx4 and between, and the
end of the domain,,,., has to be adopted. In the simulations presented here eaethadB0 grid points.

Another buffer domain, located near the inflow boundary wss implemented in the code. As pointed out by Meitz
[1996], in simulations involving streamwise vortices, eetions due to the vortices at the inflow can contaminate the
numerical solution. The damping function is similar to tieaised for the outflow boundary:

fa(z) = f(€) = 66° — 15€* + 10¢3, (37)

whereeise = (I —1)/(l; — 1) for the rangel <1 < ;. All the vorticity components were multiplied by this fufan in
this region.
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4. RESULTS

The parameters adopted in the present paper are: spanwiskength\, = 15 mm, free stream velocity/, = 3m/s
in a concave wall with radiug = 2 m; the Reynolds number wd# = 38336; the Goertler number waso = 2.385; the
distance between two consecutive points inttendy directions werelz = 0.015 anddy = 0.0006; the number of points
in thex andy directions were57, and561, respectively; the time step wads = 0.003; the disturbances were introduced
in the regionl.735 < z < 2.185, with an amplitude ofA = 0.005; in the z direction,21 Fourier modes were used wifd
points in the physical space.

Figure 2 shows energy developmentin the streamwise dirgdtr the steady modes frohto 10, and also the mean
flow distortion mode(0). Between theRe, equal5.0 x 10 until 1.0 x 10° the Gortler vortices show a linear growth.
After Re, = 1.0 x 10, the vortices saturates and almost all modes remains witstaot amplitude. This region is known
as saturation region, and the difference between the emenglitude of consecutive modes are almost constant.

log(En )

20 WA I |
5.0E+04 1.0E+05 1.5E+05

Re

X

Figure 2: Energy distribution for each mode in the strearawlisection for\, = 15mm.

Figure 3 shows the maximum amplitude of the streamwisertiahce velocity: of each frequency ovee(y) plane in
the streamwise direction for varicose mode . The unsteadyigncies introduced range frdi®175 Hz to 300 Hz in steps
of 18.75 Hz, aligned in the spanwise direction with the steady dixaces that originated the Gortler vortices. These
disturbances were introduced via suction and blowing atéléin 3 different streamwise position2e, ~ 7.5 x 10%,
Re, ~ 9.5 x 10* andRe, ~ 1.15 x 10°. Initially all the forced modes exhibit a stable behaviotiluthe streamwise
position of Re,, ~ 1.25 x 10°, where all modes grow due to the onset of secondary ingtabilhe frequencies with

the higher values of growth rates in the secondary instgbiigion arel8.75,112.50,130.25 and 141.00 Hz — these
frequencies are highlighted in the figure.

-18.75 Hz
Y -112.50 Hz
F——— (6,0)-130.25 Hz
5 -141.00 Hz

5.0E+04 1.0E+05 1.5E+05
Re,

Figure 3: Maximum amplitude of the disturbance streamwedeaity u of each frequency over(y) plane in the stream-
wise directionRe,, for varicose mode.

The sequence in time for the velocity distribution owex y slices and the structures obtained in the simulation and
the Q isosurfaces are shown in the Fig. 4. Each figure is sequertoaearfor the t = T/4 apart from the previous figure
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giving a complete sequence over one period. The flow is frotioboleft to top right. The mushroom structure formed
by the thermal boundary layer can be observed in:they slices. The isosurfaces show initially the steady Gortler
vortices. After a certain streamwise position the seconitestabilities appear and the dominant structures are&ypor

a varicose mode.

Figure 4: Isosurfaces obtained with= 0.5 colored by streamwise velocity and theu distribution over & x y slices.

Figure 5 shows the maximum amplitude of the streamwise iliahce velocity: of each frequency over(y) plane
in the streamwise direction for sinuous mode. The unstesstyuencies introduced range frar®.75 Hz to 300 Hz in
steps of18.75 Hz, with a phase shift df0 degress in the spanwise direction with the steady distadmthat originated
the Gortler vortices. These disturbances were introduc@duwuction and blowing in the same positions of the varicose
simulations. Initially all the forced modes exhibit a seblehavior until the streamwise position®é, ~ 1.25 x 10°,
where all modes grow due to the onset of secondary instabilite frequencies with the higher values of growth rates
in the secondary instability region at&, 75 Hz, 130,25 Hz, 141,00 Hz and159, 75 Hz Hz — these frequencies are
highlighted in the figure.

-18.75 Hz

)
= L ) - 130.25 Hz
S F—e—— (7.0)-141.00 Hz
g I )
=]

-159.75 Hz

-7 L L " . L L
5.0E+04 1.0E+05 1.5E+05
Re,

Figure 5: Maximum amplitude of the disturbance streamwisdeaity v of each frequency ovet(y) plane in the stream-
wise directionRe,, for sinuous mode.

The sequence in time for the velocity distribution oxex y slices and the structures obtained in the simulation and
the () isosurfaces are shown in the Fig. 6. The flow is from bottornteetop right. The mushroom structure formed
by the thermal boundary layer can be observed in:they slices. The isosurfaces show initially the steady Gortler
vortices. After a certain streamwise position the secontetabilities appear and the dominant structures are&ypor
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a varicose mode. Although the disturbances were introdieciediuce sinuous secondary instability, the results staw t
the varicose mode dominates and the sinuous mode does reatrapp was also observed experimentally Mitsudharmadi
et al. [2004a,b].

Figure 6: Isosurfaces obtained with= 0.5 colored by streamwise velocity) and theu distribution over & x y slices.

5. CONCLUSION

In the present paper the secondary stability of a Gortler flas analyzed. The parameters adopted were the same of
the experimental studies carried out by Winoto and co-wwarkitsudharmadi et al. [2004a,b]. The unsteady disturbanc
were introduced in the different streamwise positions ltien and blowing at the wall. These disturbances were intro
duced in two different position in the spanwise directiogitee birth to varicose mode (aligned with steady disturlesihc
or sinuous mode (with a phase shiftdf degree with the steady disturbances). The results withdbptad parameters,
show that the varicose mode dominates the secondary stakijion, even when the seeds were introduced to generate
sinuous secondary stability.
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Resumo

O regime turbulento pode ser definido, simplificadamente, como um movimento aleatério do fluido. Apesar da
natureza cadtica deste regime, pode-se fazer uso de estudos numéricos em uma tentativa de encontrar uma face
deterministica do fenémeno.

Neste trabalho foi utilizado OGT (oscillating grid tank) para geragdo de turbuléncia e o método PIV
(particle imaging velocimeter) para observar e quantificar a turbuléncia gerada. Os resultados mostraram que
0 tanque em estudo aproximou-se de condi¢des homogéneas, porém sua isotropia ndo pode ser confirmada. O
tanque foi eficiente na geracdo de turbuléncia, reproduzindo o fendmeno real. O método de velocimetria com o
uso de PIV mostrou ser adequado para a observacdo de campos de velocidades de um escoamento, com
limitacOes quanto a regido periférica da area alvo.

Palavras-chave: homogeneidade; isotropia; velocimetria por imagens.

Abstract

Turbulent flow can be defined in a simplified way as a flow with random movement. Although the chaotic
behavior of this regime, the researchers can use numerical studies in an attempt to find a deterministic view of
the phenomenon.

In this work, it was used a tank with oscillating grid to generate turbulence and the method PIV to observe
and quantify the generated turbulence. The results showed that the tank approached homogeneous conditions,
but its isotropy cannot be affirmed. The tank with an oscillating grid was efficient in the generation of
turbulence, reproducing a real phenomenon. The method PIV showed to be suitable for observation of a flow
velocity field with limitations on the peripheral region of the target area.

Key words: homogeneity; isotropy; imaging velocimeter.

1. Introducéo e objetivos

O comportamento da dgua sempre foi de grande interesse do homem, que necessita compreender os fenémenos
ao seu redor para entdo controla-los ou prevé-los. Dentre os fendmenos relacionados aos fluidos, sempre foi de
dificil compreensdo o regime turbulento. A turbuléncia é um regime instavel de escoamento, em que as forgas
de inércia predominam sobre as forgas viscosas. O regime turbulento ainda ndo é um fendmeno completamente
compreendido, principalmente devido as dificuldades existentes na sua quantificacéo.

Com o passar dos anos, o problema de quantificacdo e equacionamento da turbuléncia, principalmente na
superficie, foi abordado por diversas frentes de estudo. Novas técnicas de instrumentacdo permitiram que se
passasse da observacdo (visual) com uso de corantes a medigdes usando sensores, chegando até o
desenvolvimento da velocimetria com lasers e cAmeras de alta velocidade. Um aspecto importante foi a melhoria
na velocidade de processamento dos computadores, facilitando a obtencdo de respostas de simulacdes e de
calculos numéricos.

Em 1984, o termo PIV (velocimetria por imagens de particulas) apareceu pela primeira vez na literatura
(Adrian, 2005). O PIV é um método de velocimetria que se utiliza da captura de imagens de particulas inseridas
no fluxo em estudo e é muito utilizado atualmente nos estudos de turbuléncia. O PIV tornou-se muito eficiente
com a iluminacdo por laser pulsado e uso de cAmeras de alta velocidade, definindo um processo pelo qual pares
de imagens sdo capturados pelas cAmeras, com intervalos de tempo conhecidos. O laser, disparado no momento
da captura, ilumina as particulas que se destacam nas fotos. A secdo observada ¢ dividida por uma matriz pre-
definida, possibilitando a definicdo do posicionamento das particulas. A partir do deslocamento das particulas
observado entre as imagens e do intervalo de tempo entre a obten¢do destas, é possivel calcular as velocidades.
Para adquirir dados tridimensionais é necessario que 0 sistema possua duas ou mais cameras, permitindo a
tomada de cena, simultaneamente, por dois ou mais pontos de vista distintos.
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Visando facilitar o estudo da turbuléncia, pesquisadores vém explorando uma alternativa mais simples do
regime, a turbuléncia isotropica e homogénea. O equacionamento deste tipo de turbuléncia exige um menor
nimero de parametros e relagcBes. Porém, apesar de mais simples, a turbuléncia isotrdpica, assim como a
homogénea, possui caracteristicas comuns a todos 0s escoamentos turbulentos e sua compreensdo permite que se
esclarecam questdes referentes as formas mais complexas de turbuléncia (Townsend,1976).

Um equipamento que vem sendo utilizado para a geracdo de turbuléncia em laboratério, na tentativa de
gerar turbuléncia isotropica e homogénea, é o tanque com grade oscilante (OGT- oscillating grid tank). O OGT é
um equipamento composto por um tanque, normalmente de acrilico e uma, ou mais, grade oscilante, além de um
sistema mecénico que converte as rotacdes do motor em oscilag6es da grade.

Naturalmente o aprimoramento de equipamentos, instrumentos e, consequentemente, a obtencdo de dados
de maior qualidade, levaram a tentativa de caracterizar e até mesmo equacionar o regime turbulento. Tendo em
vista as recentes contribui¢des existentes na parametrizacdo e equacionamento da turbuléncia, torna-se evidente
a necessidade de validacdo desses estudos por pesquisadores independentes.

Neste trabalho utilizou-se um tanque com uma grade oscilante para a geracdo de escoamento em regime
turbulento na agua. O objetivo foi observar o comportamento da turbuléncia gerada, atentando-se principalmente
para a ocorréncia de homogeneidade e isotropia. As velocidades do fluxo gerado foram medidas por um sistema
PIV estereoscopico. Outro aspecto observado na pesquisa foi o decaimento da turbuléncia na secdo observada,
comparando os resultados com dois modelos de decaimento da turbuléncia existentes na literatura (Thompson e
Turner, 1975; Hopfinger e Toly, 1976).

2. Revisdo bibliogréfica

2.1. Velocimetria por imagens de particulas (P1V)

A técnica PIV promove uma medi¢do do campo de velocidades, na qual as particulas, referentes a um volume de
interesse, terdo validados seus vetores velocidade. Deste modo, as grandezas diferenciais em relagdo as
coordenadas espaciais como vorticidade, tensGes normais e tensdes cisalhantes e também as grandezas integrais,
como circulagdo, fluxo de massa por unidade de profundidade, fungéo do tipo potencial e corrente, dentre outras,
passaram a ser possiveis de serem mensuradas (Nunes, 2005).

O sistema PIV é composto por um laser, cAmeras, particulas e um computador com o software do sistema.
Também é necessaria uma secdo de ensaio, onde o escoamento serd observado e medido pelo PIV. A qualidade
dos dados adquiridos est& fortemente relacionada a iluminacdo e distribui¢do das particulas no fluido. Segundo
Boillot e Prasad (1996), normalmente o PIV funciona melhor quando a concentragdo de particulas é baixa, pois
isto aumenta a distancia entre as particulas, reduzindo erros causados por sobreposi¢éo.

Nunes (2005) comenta que as particulas devem preencher dois requisitos: serem capazes de seguir o fluxo
sem deslizamento excessivo e serem eficientes espalhadoras de luz do laser, pois quanto menor esta eficiéncia,
mais potente devera ser o laser ou maior a sensibilidade das cameras, elevando custos. Nunes (2005) ainda diz
que a diferenga de densidade entre a particula e o fluido em escoamento determina que o empuxo e a forca
gravitacional ndo sejam iguais, o que prejudica o primeiro requisito citado ou pode causar sedimentagdo das
particulas. Também se observa que quanto menor o didmetro da particula, menor serd a acdo da viscosidade do
fluido sobre a sua dindmica. Logo, quanto menor o didmetro e qudo mais semelhante for sua densidade em
relagdo a do fluido, mais a velocidade da particula correspondera a velocidade real do escoamento.

O PIV digital surgiu com o advento de cameras capazes de gravar duas imagens em rapida sucessdo, ou
seja, um chip de alta velocidade de gravagdo é utilizado para armazenar as imagens obtidas pela camera do
sistema. Sobre o método de aquisicdo e armazenamento das imagens, Boillot e Prasad (1996) afirmam que o
filme fotogréafico supera os sensores CCD em termos de resolu¢do. Entretanto, o uso dos sensores é mais
conveniente, pois desta forma as imagens j& sdo armazenadas em formato digital, necesséario para o
processamento de imagens. Além disso, 0s sensores CCD permitem que esse processo 0COrra em poucos
segundos. Outra vantagem é que a sensibilidade do CCD é maior do que a do filme, possibilitando o uso de laser
menos potente.

O laser é amplamente utilizado na velocimetria por imagens de particulas devido a pouca divergéncia e
maior resolucdo espacial. As fontes de laser podem funcionar de forma continua ou pulsada, sendo a forma
continua relacionada a aplicages que exigem alta energia e/ ou poténcia média e o laser pulsado relacionado a
aplicacBes que exigem alta poténcia instantanea e baixa energia.

Vantagens e limitagOes
Como instrumento de medida, o PIV apresenta as seguintes vantagens (Adrian, 2005):
1. A interferéncia do PIV nas medidas é minima, se comparada a outros métodos, tornando-o pouco
intrusivo. A Unica causa de interferéncia no fluxo ocorre pela presenca das particulas, porém as
interferéncias sdo minimizadas através de cuidados na escolha dos didmetros e densidades ideais;
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2. Sistemas PIV normalmente possuem filtros de comprimento de onda que minimizam ou eliminam
interferéncias luminosas;

O sistema mede o campo de velocidades em uma secéo;

O PIV fornece as trés componentes da velocidade no espaco;

Alta velocidade de aquisicdo de imagens (dados);

Os dados podem ser armazenados para uma analise posterior.

Os erros possiveis e limitagdes sdo (BOILLOT; PRASAD, 1996):
Erros ou imprecisdes devido a sobreposicdo de particulas nas imagens;
O deslocamento de uma particula pode ndo ser representado por inteiro, caso esta particula ultrapasse os
limites de area em que a imagem esta dividida;
3. Particulas com densidades baixas podem deslocar-se exageradamente. No caso oposto, particulas com
densidades elevadas podem sedimentar em velocidades mais baixas (Nunes, 2005);
4. Tempo curto de duragdo do pulso do laser dificulta a observacdo do deslocamento das particulas. No
caso oposto, longa duracdo do pulso do laser pode causar o efeito conhecido como blurring, que causa o
aparecimento de estrias nas imagens, ao invés de pontos nitidos.

ok w

N

As Figuras 1 e 2 apresentam, respectivamente, uma imagem obtida por um sistema PIV durante o
trabalho de Vieira (2012) e um mapa de vetores bidimensional gerado a partir de um par de imagens.

Figura 1: Imagem obtida pelo PIV Figura 2: Mapa de vetores 2D (Fonte: Vieira,
2012)

Széliga e Roma (2009) desenvolveram um sistema PIV (equipamento e software) e efetuaram medidas na
superficie liquida da interface ar / agua. O equipamento de medi¢do é similar aos convencionais, porém com
caracteristicas inovadoras e exclusivas, que resultaram na utilizacdo de uma Unica cdmera e um conjunto de
espelhos para obtengdo de imagens e dados tridimensionais em escoamentos de baixa turbuléncia. O
equipamento foi utilizado na medicdo de velocidades turbulentas na superficie liquida em um tanque de grades
oscilantes que foram correlacionadas com o coeficiente de reaeragdo do corpo d’agua.

No trabalho de Turney e Banerjee (2011), foram propostas novas técnicas denominadas Velocimetria de
Imagens de Particulas Interfacial (IPIV) e Tridimensionais IPIV (3D-IPIV) para medir os campos de fluxo
préximo a superficie e a morfologia interfacial simultaneamente, aplicados para escoamentos em canais abertos e
condicBes de ondas provocadas pelo vento.

2.2. Tanque com grade oscilante

O tanque com grade oscilante comegou a ser usado na década de 60 como equipamento gerador de turbuléncia
em laboratorio, assim como na tentativa de geragdo de turbuléncia isotropica e homogénea (Comte-Bellot e
Corrsin, 1966; Bouvard e Dumas, 1967; Thompson e Turner, 1975; Hopfinger e Toly, 1976).

As condicOes de quase isotropia e homogeneidade dependem diretamente das dimensfes e posicionamento
da grade no interior do tanque, frequéncia e amplitude das oscilagdes. Janzen (2003) diz que a turbuléncia gerada
por um OGT tende a possuir propriedades isotrépicas e homogéneas em regides mais distantes da grade, porém
em seu trabalho a isotropia sofreu influéncia de escoamento secundario. Cheng e Law (2001) afirmam que a
homogeneidade s6 pode ser alcangada a partir de pontos a 3 mesh (espagamento entre as barras) de distancia do
ponto médio de oscilacdo da grade. Krogstad e Davidson (2011) investigaram a geracdo de turbuléncia por um
tanel de vento com grades. A homogeneidade do regime turbulento foi alcancada a alguma distancia das grades.
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Como foi observado, condigdes de isotropia e homogeneidade ocorrem a certa distdncia do centro de
oscilagdo, por isso pesquisadores estudam como se da a variagao da velocidade no espago. Thompson e Turner
(1975) dizem que a velocidade turbulenta gerada em um tanque com grade oscilante varia no espaco obedecendo
a Equacdo 1:

V =14.f.5%5 7715 (1)

Sendo,

V: velocidade resultante (cm/s);

f: frequéncia de oscilagdo da grade (Hz);

S: amplitude de oscilagdo da grade (cm);

z: distancia do ponto de medicdo da velocidade ao centro de oscilacdo da grade (cm).

Segundo Hopfinger e Toly (1976), existe influéncia da geometria da grade na velocidade do decaimento. Os
autores modificaram a equagdo, adicionando um novo pardmetro (Equagéo 2).

— 3 1
V=C.SzMz2f.z71 )

Sendo,
C: constante relativa a geometria da grade. Para Mesh igual a 5, C vale 0,25;
M: Mesh, razéo entre distancia entre as barras da grade e a espessura da barra.

Além do parametro novo, existe divergéncia entre as duas equagdes com relagdo ao expoente de z. Os resultados
adquiridos neste trabalho foram comparados as duas equagdes.

A solidez da grade, relacéo entre a area horizontal (sélida) ocupada pela grade e a éarea total da superficie do
tanque, é um parametro importante e costuma ser o ponto de partida para o dimensionamento de tanques com
grade oscilante. Segundo Corrsin (1966), a estrutura de jatos e esteiras formados pela grade fica instavel se a
solidez da grade for superior a 40%.

Righetto (2008) desenvolveu e calibrou um tanque com grade oscilante. A calibracdo do tanque foi
executada levantando-se o coeficiente de reaeracdo K, para dois tipos de grades.

Janzen et al. (2011) realizaram medidas do fluxo interfacial de oxigénio na &gua, em tanque no qual a
turbuléncia era produzida por grades oscilantes. O perfil experimental do fluxo turbulento de massa proximo da
interface ar/agua foi comparado com a predi¢do usando a difusividade turbulenta aproximada por séries de
poténcia em funcéo da distancia da interface. O campo de velocidade foi medido usando a técnica PIV.

3. Metodologia

O experimento foi realizado no Laboratério de Fendmenos de Transporte, na Escola de Engenharia de Séo
Carlos (EESC-USP). Um tanque de acrilico prismatico, montado por Righetto (2008), com base de 0,5 x 0,5 m2e
1 m de altura, foi preenchido com &gua, até uma altura de 55 cm. O fluido no interior do tanque era agitado pelas
oscilagBes de uma grade quadrada de 49 cm de lado, montada com barras de se¢cdo 10 x 10 mm, havendo 5 cm de
espacamento entre as barras e 27,98% de solidez. A grade estava localizada a 16 ¢cm do fundo do tanque e
movimentava-se com 10 cm de amplitude.

Um conjunto biela-manivela transformava as rotacfes de um motor, em oscilagdes da grade. Controlando as
rotacdes do motor, foi possivel alterar a quantidade de oscilagdes por minuto da grade. As frequéncias adotadas
foram: 18,25; 38,00; 57,25; 95,50; 118,00; 135,25; 154,25 e 175,00 opm (oscila¢Bes por minuto).

A turbuléncia gerada foi medida com um sistema PIV digital estereoscopico da DANTEC Dynamics. O
sistema era composto por duas cdmeras digitais CCD SpeedSense 9020, um laser e sua fonte, um
microcomputador provido do pacote de softwares DynamicStudio, versdo 2.30 e particulas revestidas com prata,
inseridas na agua. A disposicao do sistema é mostrada através do esquema na Figura 3.
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Figura 3: Esquema sistema PIV

A secdo selecionada para observacao foi uma area de 20 x 20 cm?, distante 20 cm do centro de oscilagdo da
grade. As particulas no interior do fluido se movimentavam devido a agitacio causada pelas oscilagdes da grade.
O movimento de particulas ocorrido na se¢do observada era destacado pelo laser e capturado pelas duas cAmeras
do sistema.

Cada cAmera capturava 1024 pares de imagens, com intervalo de tempo entre os pares de 0,001 s, para cada
frequéncia de oscilacdo da grade estudada. Estas imagens da se¢do de ensaio eram divididas pelo software em
uma matriz de 66 linhas por 53 colunas. A partir do deslocamento do grupo de particulas contidas em cada célula
desta matriz eram calculadas as velocidades, que aparecem como vetores em mapas bidimensionais. Estes mapas
foram gerados para cada par de imagens de uma Unica camera, ou seja, foram gerados 1024 mapas
bidimensionais por cadmera. O mapa de velocidades tridimensional foi gerado com a associagdo dos mapas
bidimensionais das duas cameras, obtidos no mesmo instante do tempo.

A pesquisa se prop0s a investigar a ocorréncia de homogeneidade e isotropia na turbuléncia gerada e
também atentar para o decaimento da turbuléncia. Para isto, foram utilizados os dados dispostos em planilhas,
que continham as trés componentes das velocidades e a velocidade resultante de cada um dos 3498 pontos dos
mapas tridimensionais obtidos para cada frequéncia. Foram desenvolvidas sub-rotinas, em MatLab, para
tratamento dos dados de turbuléncia e investigacio da homogeneidade e isotropia.

A homogeneidade de um escoamento pode ser comprovada quando as médias temporais da velocidade em
cada ponto da secdo observada se igualam (aproximadamente). Em um regime turbulento, a média temporal
considerada deve ser a média quadratica RMS.

RMSpontol = RMSpontoZ = RMSpontoS = RMSponton (3)

Essa igualdade entre as médias ndo é obtida na préatica, sendo necessaria uma ferramenta estatistica para
verificar a homogeneidade. Foram utilizados, para este fim, os graficos de controle de dispersdo. Com estes
graficos é possivel afirmar a existéncia de controle de dispersdo se 68% das amostras estiverem inseridas no
limite de um desvio padrao.

Apoés a obtengdo dos primeiros resultados, observou-se a existéncia de pontos com velocidades nulas.
Visando localizar estes pontos e compreender sua causa, foram elaborados mapas cromaticos. Posteriormente a
localizacdo desses pontos e a discussdo apresentada nos resultados deste trabalho, optou-se por eliminar os
pontos de velocidade nula, resultando uma matriz de 3250 pontos. Todas as sub-rotinas foram aplicadas
considerando esta nova matriz.

A isotropia de um escoamento € confirmada quando a razdo entre as médias das componentes da velocidade
se aproxima de 1 (Equacdo 4). Neste trabalho imp6s-se o limite superior 1,2 e inferior 0,83, seguindo valores
propostos por Barra (2002).

RMSy 1
RMS, —
RMS.

= | ()]
RMS,,
RMSy 1
RMS, —

Uma sub-rotina foi desenvolvida para observar como se da a variacdo da intensidade turbulenta desde
proximo a grade até a superficie da secdo observada e comparar os dados observados com os resultados
apresentados pelos modelos de decaimento propostos por Thompson e Turner (1975) e Hopfinger e Toly (1976).
Para obter uma curva dos dados experimentais, calculou-se o valor RMS da velocidade turbulenta ao longo do

5
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tempo, gerando uma Unica matriz de valores para cada frequéncia de oscilagcdo da grade. A partir da matriz,
gerou-se uma Unica coluna de valores, considerando a média resultante de cada linha. Esta coluna, que
representa os valores médios das velocidades resultantes no sentido vertical, mostra o decaimento da turbuléncia

no tanque.

4. Resultados e discussdes
Nesta secdo sdo apresentados os resultados referentes ao comportamento da turbuléncia gerada pelo

experimento.

4.1. Homogeneidade
O grafico de controle de dispersdo mostrado na figura 4 apresenta no eixo das abscissas 0s pontos da matriz e no

eixo das ordenadas os valores das médias RMS das velocidades resultantes, para uma Unica frequéncia de
oscilacdo da grade.

No grafico, é possivel observar a existéncia de pontos com médias RMS nulas. O mapa cromatico,
apresentado na figura 5, mostra a localizacdo destes pontos. Observou-se que eles ocorrem nas regides
periféricas da imagem e se devem a uma limitacdo do PIV, que precisa relacionar a posicdo anterior e posterior
das particulas para obter o deslocamento e, consequentemente, a velocidade. Por causa desta limitagdo, optou-se
pela remogdo de uma coluna do lado esquerdo, duas colunas do lado direito e uma linha superior, resultando em

uma matriz com 3250 pontos.

0.014

0.012-

RMS das velocidades resultantes
°
g

- o L ck 5 : 5 > S -
o 500 1000 1500 2000 2500 3000 3500

Pontos da matriz PIV
Figura 4: Gréafico de homogeneidade com zeros Figura 5: Mapa cromatico com zeros

A Tabela 1 apresenta os resultados de homogeneidade em porcentagem. A maior porcentagem de pontos fora
dos limites (24%) ocorre quando a grade oscila a 175 opm (oscilagBes por minuto). A menor porcentagem de
pontos fora dos limites ocorre para 18,25 opm. A homogeneidade foi confirmada para todas as frequéncias de
oscilagdo, ja que mais de 68% dos pontos ficam inseridos dentro dos limites em todos 0s casos.
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Tabela 1: Homogeneidade
Oscilagdes(opm) Zona Pontos fora dos limites (3250) Pontos fora dos limites (%)

18,25 I 154 5

I 0 0

i 0 0
38 I 486 15

1 0 0

i 0 0
57,25 I 669 21

1 0 0

i 0 0

95,5 I 577 18

I 0 0

i 0 0

118 I 632 19

I 0 0

i 0 0
135,25 I 647 20

1 0 0

i 0 0

154,25 I 699 22

1 0 0

i 0 0

175 I 772 24

I 0 0

i 0 0

4.2. Isotropia

Em todas as rotagGes, a turbuléncia gerada no tanque aproximou-se de um comportamento isotropico nas regides
superficiais e tendeu mais a isotropia em baixas velocidades da grade.

Nos primeiros resultados, foi possivel verificar que quando a componente W é inserida nos calculos, estes
valores distanciam-se muito dos limites impostos. Isto ocorre porque a componente W, que estd na dire¢do z
(vertical), sofre maior influéncia com o movimento da grade. Vale ressaltar que a proximidade da superficie e a
tensdo superficial podem interferir nos valores de W. Isto porque a superficie interfere nas medidas e a tenséo
superficial causa interferéncia na prdpria velocidade.

As medidas realizadas nas trés primeiras rotacdes (18,25; 38,00 e 57,25 opm) apresentaram comportamento
mais proximo a isotropia. As razdes entre os valores RMS das componentes das intensidades turbulentas para
maiores velocidades de oscilacdo da grade (95,50; 118,00; 135,25; 154,25 e 175,00 opm) ficaram, em sua
maioria, fora dos limites impostos, mesmo desconsiderando as razGes que envolvam a componente W. A
quantidade de pontos fora dos limites para a razdo entre os valores RMS das componentes U e V variou de 27%
para 57,25 opm (melhor resultado) a 93% dos pontos fora do limite para 175 opm (pior resultado), conforme se
Vé na Tabela 2.
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Tabela 2: Isotropia

Oscilagbes(opm) Zona Pontos fora dos limites (3250) Pontos fora dos limites (%)
18,25 UeV 1187 37
UeW 3250 100
VeW 3250 100
38 UeV 1079 33
UeW 3250 100
VeW 3250 100
57,25 UeV 865 27
UeW 3250 100
VeW 3250 100
95,5 UeV 2093 64
UeW 3250 100
VeW 3250 100
118 UeV 2514 77
UeW 3250 100
VeW 3250 100
135,25 UeV 2384 73
UeW 3250 100
VeW 3250 100
154,25 UeV 2454 76
UeW 3250 100
VeW 3250 100
175 UeV 3025 93
UeW 3250 100
VeW 2355 72

4.3. Decaimento da turbuléncia
Apoés a obtencdo dos resultados experimentais, as velocidades turbulentas obtidas foram comparadas com
velocidades resultantes dos modelos de Thompson e Turner (1975) e Hopfinger e Toly (1976).

Conforme esperado, o0 modelo de Hopfinger e Toly (1976) esta mais préximo dos resultados experimentais
do que o modelo de Thompson e Turner (1975), devido ao pardmetro de correcdo M (Mesh) existente no
primeiro modelo. A constante C existente no modelo de Hopfinger e Toly (1976) também est4 relacionada a
geometria da grade.

Os valores obtidos com o modelo de Thompson e Turner (1975) ficaram muito distantes dos resultados
experimentais. O grande distanciamento do modelo causa uma atenuagdo na escala, interferindo na visualizagdo
dos dados. Portanto, optou-se pela omisséo da curva desse modelo.

Normalizando os resultados e os valores obtidos pelos dois modelos, verificou-se que os modelos seguem a
mesma tendéncia dos resultados experimentais. A figura 6 apresenta os graficos gerados para duas frequéncias
de oscilacdo da grade.

Legenda
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Decaimento da turbuléncia com 154, 25(a) e 175(b) oscilagbes da grade por minuto
Figura 6: Decaimento da turbuléncia
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5. Conclusbes

A partir da pesquisa realizada e dos resultados experimentais obtidos, pode-se dizer que o tanque de grade
oscilante utilizado é um bom equipamento para geracdo de turbuléncia em laboratério e consegue produzir
regimes turbulentos com caracteristicas homogéneas. O PIV estereoscopico mostrou ser eficiente na observacéo
de campos de velocidade, apesar de limitacdes na regido periférica.

A turbuléncia teve comportamento homogéneo em toda a secdo observada, ou seja, a intensidade turbulenta
apresentou comportamento semelhante em todos os pontos da matriz. Quanto a isotropia, ndo é possivel afirmar
que o tanque de grade oscilante utilizado gera uma turbuléncia isotrépica. A afirmacao sé seria possivel se as trés
componentes da intensidade turbulenta tivessem apresentado comportamento analogo, o que ndo ocorre. O
maédulo da velocidade W varia no espaco entre o centro de oscilagdo da grade e a superficie. Proximo a grade, a
componente W (componente da velocidade no eixo z) é a mais afetada pelas oscilagfes, ficando com valores
muito maiores que os valores das outras duas componentes. Na superficie, a componente W da velocidade ¢é
atenuada. Neste trabalho, a area observada estava muito proxima a superficie. Seria interessante, para a
observagdo da isotropia, selecionar mais regides entre a grade e a superficie para medidas de intensidade
turbulenta.

Quanto a velocimetria por imagens de particulas, a concentracdo ideal de particulas foi controlada
visualizando-se a qualidade das imagens. O laser utilizado para iluminar a se¢do do escoamento era pulsado e o
tempo entre os pulsos do laser era definido pelo software. Este valor padrdo mostrou-se adequado, ja que as
particulas apareciam como circunferéncias nitidas nas imagens, sem ocorréncia de blurring. Foi possivel notar
gue nas regibes periféricas da matriz o funcionamento do PIV fica prejudicado, pois na segunda imagem
(considerando o par de imagens) algumas particulas podem estar fora da area observada. A observacdo da
turbuléncia na superficie continua sendo uma dificuldade, pois esta regido é afetada pela tenséo superficial e pela
superficie.

A turbuléncia gerada no tanque decai na se¢do observada (a secdo esta localizada entre a grade oscilante e a
superficie livre da agua). Este decaimento segue a mesma tendéncia que o Modelo de Hopfinger e Toly (1976).
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Abstract. Submarine conduits can be considered as obstacles for a gravity current that propagates under the sea. It is
desirable to know how these natural currents behave in this subaquatic interaction, and how the conduit responds to it (the
strain it handles). This work is about the interaction of a gravity current propagating in a channel with an obstacle, which
was chosen to be a circular cylinder, because it is the most common shape for a submarine conduit. The research shows
the differences on the dynamics of the flow for different Grashof numbers (from 10 to 4 - 108) and different parameters
regarding the cylinder, such as size and location. Mainly, the effect of each parameter on the flow was analyzed. The work
was fully conducted on a DNS (Direct Numeric Simulation), more accurate than a turbulence model, and finite difference
schemes described by Lele were used for spatial discretization; while Adams-Bashfort schemes were used in the temporal
discretization. The meshes (spatial and temporal) used for the DNS are listed on this work. The studied interaction can
show a number of different phenomena, such as the impact of the current on the cylinder and the Von Kdrmdn vortices
in the quasi-steady state, which is a flow state reached when the current head has already passed by the obstacle. One
can observe that increasing the Grashof number implies an increase on the number of turbulent eddies and a decrease
in its size (dissipative scales become smaller). Changing the size and place of the obstacle affects significantly the flow
field: small obstacles (in proportion to the gravity current head) may be passed by with less changes in the gravity current
head, but large ones affect the configuration of the current permanently, mixing more the two fluids with different densities
involved in the simulation.

Keywords: gravity current, DNS, cylinder

1. INTRODUCAO

As correntes de densidade foram descritas por Benjamin (1968) e t€m sido estudadas por pesquisadores das dreas de
engenharia e geociéncias. Correntes de densidade sdo essencialmente formadas por dois fluidos de densidades diferentes,
que se propagam um sob o outro. Exemplos sdo avalanches de neve, deslizamentos de solo e correntes de sedimentos
maritimas. Caracteristicas intrinsecas a este fendmeno sao a turbuléncia e a transi¢@o a turbuléncia, pois inicialmente ha
dois fluidos estaticos, e, mais tarde, o sistema estd em movimento, certas vezes com altas velocidades.

Uma linha de estudos atual, experimental e numérica, na engenharia, € a interacao das correntes com obstaculos e an-
teparos, o que simula a propaga¢@o de uma corrente maritima entre tubulacdes e cabos subaquaticos. Um dos objetivos ao
estudar esta interacao € aprofundar o conhecimento sobre o comportamento das correntes de densidade e sua propagacgao,
importante para o dimensionamento das estruturas. As velocidades de impacto e a posicdo da estrutura relativa ao fundo
sdo fatores condicionantes no projeto. Duas das geometrias mais estudadas sdo o cilindro circular (Ermanyuk e Gavrilov,
2005) e o prisma de secdo transversal quadrada (Tokyay et al. 2011). O obstaculo escolhido para a pesquisa € uma estru-
tura cilindrica circular, por assemelhar-se & geometria mais comum de uma tubulagdo a ser instalada no assoalho marinho,
como emissdrios e oleodutos. Estuda-se no presente trabalho a dindmica da interag@o entre um conduto cilindrico e uma
corrente de densidade, e como ela se altera com a altera¢do do tamanho e da localiza¢do do obstaculo.

Diversos estudos foram realizados a respeito de interagdo de obstaculos com correntes de densidade, analisando difer-
entes aspectos, como a formagao da frente da corrente de densidade (Hirtel et al., 2000, Neufeld, 2002), a formagado das
instabilidades de Kelvin-Helmholtz (descritas inicialmente por Thomson em 1871), o impacto da corrente sobre o cilindro
(Gonzalez-Juez et al., 2009a), e a formag¢ado de uma esteira de vortices de Von Kdrman, ao mesmo tempo que isso gera um
estado quase-estdvel do escoamento. Segundo Gonzalez-Juez et al. (2009b), o escoamento estudado tem trés fases: a fase
de impacto, quando a corrente encontra o cilindro e as forgas hidrodinadmicas verticais chegam a seu maximo, enquanto
as horizontais variam bruscamente com alta frequéncia; a fase transiente, quando as caracteristicas do escoamento estdo
transicionando do impacto para o estado quase-estdvel; e a fase quase-estdvel, que, para certos espacamentos entre o
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cilindro e o fundo do canal, apresenta uma esteira de vortices de Von Karman.
2. METODOLOGIA

Para simular numericamente a interagdo entre a corrente de densidade e a estrutura cilindrica, foi escolhida a metodolo-
gia de Simulacdo Numérica Direta (DNS, pela sigla em inglés de Direct Numeric Simulation). Esta metodologia permite
simular, com alto grau de precisio, todas as escalas de um escoamento turbulento, sem necessidade de recorrer a modelos
de turbuléncia.

A base do que foi utilizado para as simulagdes € o cédigo Incompact3d, desenvolvido por Laizet e Lamballais (2009)
e disponibilizado em https://code.google.com/p/incompact3d/. O Incompact3d considera adimensionalizacdo em todas
as suas varidveis. O cd6digo, escrito em Fortran-90, foi modificado para este caso especifico: foram adicionadas novas
condigdes de contorno e de configuragdo do escoamento. Estas modificagdes fizeram com que o programa fosse capaz de
simular correntes de densidade, e, mais recentemente, cilindros imersos em correntes de densidade.

O esquema utilizado para resolug¢do do problema foi bidimensional, considerando um canal hermético em que dois
fluidos de densidade diferente estdo separados por um obsticulo fisico, e no tempo inicial, esse obstaculo € retirado. Isso
€ uma simulagdo de corrente de densidade com volume finito, também denominada lock-exchange. Uma simulagdo com
volume infinito é normalmente definida como aquela em que ndo se define as laterais do canal, fazendo apenas com que
o fluido menos denso se propague sobre o mais denso e vice-versa, com um eixo de simetria. Na simulagfo realizada
na pesquisa no NETT (Ntcleo de Estudos em Transi¢do e Turbuléncia, IPH, UFRGS), define-se todos os lados do canal,
assim como suas condicdes de contorno e a localizagdo de cada fluido.

2.1 Modelo Matematico

As equacgdes da continuidade, de Navier-Stokes e de transporte e difusdo, para descrever o fluxo de uma corrente
de densidade, foram adimensionalizadas utilizando a velocidade de flutuabilidade (uy), o limite da altura do fluido mais
denso na condigdo inicial (h), que normalmente ¢ metade da altura do canal, e a massa especifica do fluido mais denso
(p), indicada pela concentragao C; = 1. A velocidade u; é uma velocidade que leva em consideragdo a variagdo de

densidade, e estd dada por uy = 1/ gAp/p.
O niimero de Reynolds (Re) utilizado no presente trabalho é definido a partir da velocidade u:

Re = M, (D)
v
sendo v a viscosidade cinematica.

Um ndmero adimensional utilizado comumente para classificar e definir as correntes de densidade € o nimero de
Grashof Gr (2), que relaciona as forgas de flutuagdo com as forgas viscosas. Considerando a velocidade modificada
pela relacdo de densidades ujp, 0 nimero de Grashof Gr pode ser aproximado como o nimero de Reynolds elevado ao
quadrado:

272
_ubh

Gr = ~ Re?. (2)

V2

Na equagdo da continuidade, admitiu-se a aproximagdo de Boussinesq, ou seja que Ap/p < 1, e a taxa de deformagéo
volumétrica € invaridvel. A equacdo da continuidade fica:

V-4 =0. 3)
A equagdo de Navier-Stokes € escrita da forma:

oi L o 1 ~
N +U(V-1d) =—-Vp+ péy + —Ev%, 4)

A equagdo de transporte e difusdo € representada da seguinte maneira:

Ip . 1 2
-tV = ——7V. 5
5tV o) = eV )

Nestas equagdes, €, € um versor na diregéo vertical, dado por €5 = (0, —1,0), @ representa o campo de velocidades,
p a massa especifica, p o campo de pressdes modificado, Gr o nimero de Grashof, e Sc o nimero de Schmidt (o qual
relaciona a viscosidade cinemdtica v e a difusividade molecular &) definido por Sc = v/k.
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2.2 Condicoes Iniciais e de Contorno

No interior do canal foi localizado, a esquerda, um fluido com concentra¢do adimensional, C; = 1, dentro do fluido
restante, que tem concentragdo adimensional Cy = 0 (Fig. 1). Esta condicdo inicial € a que da origem a corrente de
densidade, por efeito gravitacional. Foram implementadas as seguintes condi¢cdes de contorno: todos os contornos siao
impermedveis e na regido das fronteiras laterais (x = 0 e z = L, ) e nas fronteiras superior € inferior (y = 0 e y = L) foi
imposta a condi¢do de ndo-deslizamento (no-slip). No cilindro foi imposta a condi¢do de contorno de ndo-deslizamento
na superficie (no-slip) e de ndo-difusido (ndo hé transferéncia de massa através de sua superficie). A estrutura cilindrica
permaneceu fixa e separada por uma distincia constante do fundo durante uma mesma simulagao.

y=Ly
y=h Co
y 2 .—Eey
y= ‘ .
x=0 x=Xf x=Cex x=Lx
X

Figura 1. condicdo inicial do escoamento no canal simulado

O dominio de integragdo é retangular, de tamanho (L, L,), e o cilindro de didmetro D estd localizado em (Cey, Cezx),
onde Cey esta definido pela relaco:

C’eyzG—&—g, (6)

sendo G a distancia da parte inferior do obstdculo ao fundo do canal.

2.3 O Codigo Incompact3d e o Esquema Numérico

As equagdes sdo resolvidas numericamente empregando o cédigo de cdlculo Incompact3d, baseado num esquema de
diferencas finitas compacto de 6° ordem, para a discretizacdo espacial, e em um esquema de Adams-Bashforth de 2¢
ordem, para a discretizagdo temporal (Laizet e Lamballais, 2009).

A discretizag@o espacial dos termos convectivo-difusivo e de transporte-difusdo € feita utilizando um esquema de
diferencas finitas centradas, compacto, proposto por Lele (1992). Os esquemas compactos sdo esquemas implicitos, que
relacionam o valor da derivada de uma fun¢do em um ponto ao valor da derivada em pontos vizinhos.

Para a discretizagdo espacial, considerando uma malha uniforme, na qual a varidvel independente para cada né 7 da
malhaé§; = (i — 1)A&, com 1 < i < Ne& = z,you z, os valores da primeira derivada sdo dados por:

fi+1_fi—1 fi+2_fi—2
o +0b N (7

afi 1+ fitafi,=a

A segunda derivada é dada por:

afi+1 —2fi+ fi1 +bfi+2 —2f¢2+ f¢—2. @)

afi  + i +afl =
i—1 fz i+1 2A§2 4A£

A aproximagdo com precisdo de sexta ordem € obtida com o conjunto de pardmetros (Lele, 1992), para resolugdo das
equagdes da primeira e segunda derivada, validos para todo o dominio e para todas as direcdes, apresentado na Tab. 1

Tabela 1. ParAmetros utilizados em cada equacdo do codigo.

o a b
Eq.7 | 1/3 14/9 1/9
Eq. 8 | 2/11 | 12/11 | 3/11
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A integragdo temporal € feita pelo método de Adams-Bashfort, com precisdo de segunda ordem. A completa descri¢do
do desenvolvimento matemadtico dos esquemas de discretizacdo numérica temporal e espacial pode ser encontrada em Lele
(1992) e Guerreiro (2000). Os valores da pressdo sio calculados em pontos escalonados da malha, isto €, no centro da
malha. O cilindro foi simulado com o Método de Fronteiras Imersas (Lamballais e Silvestrini, 1999).

A identificacdo das estruturas coerentes a partir dos resultados de simulagdes depende, em grande parte, da escolha do
método de identificagdo. Lesieur (1997) define uma estrutura coerente como uma regido do espaco de alta concentragdo
de vorticidade, que conserva uma forma definida durante um tempo de vida superior ao seu tempo de rotagdo, e possui a
propriedade de sensibilidade as condicdes iniciais, ou seja, de imprevisibilidade. Para identificar visualmente estas estru-
turas, nas simulacgdes realizadas neste trabalho, é utilizada a vorticidade & = V x .

3. RESULTADOS

Foi analisado, no presente trabalho, os trés estados da interag@o estudada, e as influéncias do nimero de Grashof e da
distancia da estrutura cilindrica ao fundo do canal no escoamento da corrente de densidade.

Os estados do escoamento estudado sdo, segundo Gonzalez-Juez et al. (2009a) e (2009b): impacto (impact), transiente
(transient) e quase-estavel (quasi-steady). O primeiro inicia quando o obstaculo ¢ atingido pela corrente de densidade,
e é marcado por violentos impactos na estrutura cilindrica. O estado quase-estavel ¢ atingido quando o escoamento se
estabiliza, gerando uma situagdo, de certa forma, semelhante a de um escoamento de fluxo constante passando por um
corpo rombudo (Roshko, 1961). Pode-se constatar a semelhanca destes casos por meio da andlise do campo de vorticidade
deles, em que se observa os vortices de Von Kdrmén. O estado transiente € o estado em que o escoamento transiciona
do estdgio de impacto para o quase-estdvel. Utilizou-se campos de concentracdo e vetores que indicam a dire¢do e a
magnitude da velocidade para analisar e diferenciar os trés estados (Fig. 2).

Figura 2. Visualizag@o dos estagios do escoamento: impacto (a), transiente (b) e quase-estavel (c). A figura mostra o
campo de concentra¢des ao fundo, na escala de azul (C' = 0) a vermelho (C' = 1), e os vetores indicam a magnitude e
direcdo da velocidade. Esta simulacdo tem Gr = 4 - 10°

Através da andlise de campos de vorticidade e da fun¢do de corrente nos trés estigios de escoamento (Fig. 3), é possivel
ver a transicao do estdgio de impacto (quando a corrente, que pode ser vista impactando no cilindro, tanto no campo de
vorticidades quando nas linhas da fun¢do corrente) para o estidgio quase-estdvel. Na fase transiente se vé& o inicio da
formacao de recirculacio a jusante do cilindro (através da vorticidade), embora ainda sem o desprendimento de vértices.
No estdgio quase-estdvel, a esteira de vortices de Von Kdrmdn encontra-se mais desenvolvida, com o desprendimento
alternado de vortices com sentidos rotacionais opostos. As regides em que nao ha densidade de linhas de corrente na Fig.
3 sdo regides nas quais as linhas da fungfo corrente apresentam comportamento elipsoidal e somente podem ser vistas
se a fung@o corrente for definida em uma reta que passe pelo centro dos elipséides, o que indica que estas regides do
escoamento sdo de recirculacio, apontando a presenca do fendmeno das Instabilidades de Kelvin-Helmholtz. A presenca
destas instabilidades pode ser ratificada pela observacdo dos campos de concentracdo desta simulacdo, mostrados nas
Figs. 2 e 4.

As esteiras de vortices de Von Karman, que sdo formadas no estado quasi-steady de escoamento, a jusante da estrutura
cilindrica, podem ser observadas mais claramente por meio da andlise da vorticidade no campo de escoamento. Pode-se
ver, na Fig. 4, o desprendimento de vértices, semelhante ao que acontece com o cilindro sob escoamento livre.

Foram realizadas simula¢des para nimeros de Reynolds variando de Re = 1000 a Re = 20000, correspondentes a
10% < Gr < 4-10® Na Tab. 2 sdo apresentados os pardmetros das simulagdes correspondentes a estes Gr. A influéncia
destes pardmetros pode ser observada na Fig. 5: quanto maiores sdo os Gr, mais instabilidades do tipo Kelvin-Helmholtz
se desenvolvem na parte posterior a frente da corrente.

Uma andlise realizada no presente trabalho foi a interagdo da corrente de densidade com um obsticulo fixo para baixos
e elevados nimeros de Grashof (Eq. 2). A variacdo deste nimero adimensional representa diferentes configuragdes na
dinmica das correntes de densidade. Segundo Hirtel et al. (2000), os altos valores do nimero de Grashof influenciam na
velocidade da frente e no aumento do niimero de turbilhdes na camada de mistura, as quais apresentam intensa turbuléncia
(instabilidades de Kelvin-Helmholtz). Observa-se, nas Fig. 6 e Fig. 7, que a passagem da frente da corrente pelo cilindro
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a)
Figura 3. Campos de vorticidade e funcdo corrente para os estidgios de escoamento impacto (a), transiente (b) e quase-
estavel (c) para Gr = 4 - 106
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Figura 4. Visualiza¢do do campo de concentracio (a), e da vorticidade (b), seguidas por um detalhe mais aproximado da
imagem da vorticidade (c) e o destaque da esteira de vértices de Von Karman (d), no instante ¢ = 25, para Gr = 4 - 106,

Tabela 2. Simulagdes realizadas variando o nimero de Grashof

Simulacao Inicial

Rey, Gr Ly N, | Ny | Az Ay |Cex|Cey| At |D |Xy
1 1000 10° 12 769 |101]0,0156 10,0100 | 7,5 | 0,25 |0,0008|0,1|4,5
I 1118 [1,25-10°| 12 769 |101|0,0156 (0,0100| 7,5 |0,25|0,0008 [0,1|4,5

I 2000 | 4-10° |12
v 3162 107 12
Y 10000 103 12
VI 20000 4-10% |12

2305 | 273 | 0,0052 | 0,0037 | 7,5 |0,25|0,0008|0,1 | 4,5
2305 | 273 ] 0,0052 | 0,0037 | 7,5 |0,25|0,0008|0,1 | 4,5
4097|513 0,0029 | 0,0019| 7,5 |0,25|0,0005 | 0,1 | 4,5
4001 | 401 | 0,0030{0,0025| 7,5 |0,25|0,0002 | 0,1 | 4,5
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e e R ) R R

[ T
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Figura 5. Isolinhas de concentracdo das correntes de densidade, no mesmo instante de tempo, para as simulacdes I (a), IV
(), V (c) e VI(d)
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mostra um efeito de jato, produzido pela parcela que passa por baixo do cilindro. O vértice superior desenvolve-se clara-
mente, com mesmo sentido de rotacdo que os da camada de mistura, entanto que o inferior, que gira em sentido contrario,
perde intensidade devido a condi¢do de ndo-deslizamento do fundo do canal.

;... .. .
—s O - O s X —s SO = O s

5

Figura 6. Choque de uma corrente de densidade com um cilindro a Gr = 1,25 - 10%, na simulagzo II (a), comparado com
uma simulag¢@o semelhante a II, mas sem o cilindro (b).

(@ (b)

Figura 7. Isolinhas de concentragdo mostrando o choque da corrente com a estrutura cilindrica, para diferentes niimeros
de Grashof. Simulacdes IV (a), V (b) e VI (c).

Tabela 3. Simulagdes realizadas variando o pardmetro Cey

Simulagéo Inicial

Rep, Gr |Ly|Ly| Nz | Ny| Az Ay |Cex|Cey| At D | Xf|h
VII 2000 |4 -10°(7,5]1,5]3001[625]0,0025|0,0024 | 3,6 [0,15]0,0008 [0,3]2,1]1
VIII 2000 |4 -10%(7,5]1,5]3001[625]0,0025]0,0024 | 3,6 | 0,3 [0,0008[0,3]2,1]1
IX 20004 -10%(7,5]1,5]3001]625]0,0025|0,0024 | 3,6 [0,45]0,0008[0,3]2,1]1
X 2000 |4 -10°[7,5]1,5[3001[625]0,0025]0,0024 | 3,6 | 0,6 [0,0008[0,3]2,1]1

Com a finalidade de verificar a influéncia da distancia entre o cilindro e o fundo, foi simulado um cilindro de didmetro
D = 0, 3, diferente do utilizado nos casos anteriores. Variou-se a distancia Cey entre o obstiaculo e o fundo do canal,
como consta na Tab. 3.

Se o cilindro esta posicionado relativamente longe do fundo, mas a uma altura inferior a da cabeca da corrente, os
vértices desprendidos pela cabeca da corrente impactam com o mesmo, causando uma retencéo do fluido de maior con-
centragdo. Ou seja, o cilindro produz um efeito de retencdo, do tipo comporta, fazendo com que a altura da frente diminua
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durante um certo periodo, até o desprendimento do vértice gerado pelo jato a jusante do cilindro (Cey = 0, 45, Fig. 8).
Ap6s a passagem pelo obstaculo, a corrente tende a recuperar sua forma.

Quando a estrutura cilindrica é posicionada em uma coordenada C'ey = 0, 3 (Fig. 8), a corrente colide frontalmente
com o obstaculo, produzindo uma retengéo e posterior espalhamento do fluido mais denso. A corrente se separa em dois
escoamentos, mostrando comportamentos tipicos dos escoamentos sob comporta e sobre vertedor. Neste caso, a frente da
corrente fica completamente descaracterizada e com grande nivel de turbuléncia.

No dltimo caso simulado, o cilindro estd apoiado no fundo do canal (Cey = 0, 15, Fig. 8) e atua como vertedor,
produzindo um jato superior de fluido mais denso que imediatamente mergulha devido a acdo da gravidade. A corrente
fica ainda mais descaracterizada que no caso anterior, apresentado uma intensa mistura.

Figura 8. Evolugdo da propagacdo da corrente de densidade com G = 4-105, e sua interagio com um cilindro posicionado
em Cey = 0,45 (a), Cey = 0,30 (b) e Cey = 0,15 (c). Simulagées VII, VIII e IX.

4. CONCLUSOES

O presente trabalho estuda, por meio de simula¢des numéricas, a interagdo entre correntes de densidade e obstdculos
fixos cilindricos, paralelos ao fundo do canal. Foi feita andlise da influéncia da variacdo de diferentes pardmetros da
configuracdo do escoamento, como nimero de Grashof da correnrte, distancia entre o cilindro e o fundo do canal. A
metodologia utilizada é a da Simulacdo Numérica Direta (DN S), com esquema em diferencas finitas compacto de sexta
ordem, aplicados a uma malha cartesiana. A presenga do cilindro foi simulada com o Método de Fronteiras Imersas.

Nos casos estudados, a corrente modificou sua forma apds o impacto com a estrutura cilindrica. Os resultados numéri-
cos indicam que o nimero de Grashof (Gr) tem grande influéncia sobre a dindmica da interacéo estudada. A variagdo do
tamanho e da localizagdo do cilindro altera os fendmenos envolvidos e o escoamento em torno do obstdculo.

Nas simulagdes feitas, podem-se observar as trés fases do escoamento por meio de campos de concentrago, veloci-
dade, vorticidade e funcdo de corrente. Através da andlise das linhas de corrente, é possivel identificar o comportamento
das instabilidades de Kelvin-Helmholtz, que se localizam na parte superior da frente da corrente de densidade. Além
disso, pode-se ver a formacgdo da esteira de vortices de Von Karman, caracteristica do estdgio quase-estdvel, através da
andlise da vorticidade. Os campos de vorticidade encontrados sdo semelhantes aos campos descritos por outros autores.
Neles foi possivel observar os fendmenos envolvidos na interacio estudada como bastante semelhantes aos que ocorrem
na natureza.
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Abstract. Almejando reduzir a esteira turbulenta associada ao descolamento da camada limite em aerofdlios, o presente
trabalho aborda o papel da energia cinética turbulenta em técnica de controle de escoamento para promover o recolamento
da camada limite. Adota-se 0 método de controle ativo do escoamento através de injecdo de quantidade de movimento,
através de jato plano, para andlise neste trabalho. Estudos experimentais revelam que o perfil NACA 0012 apresenta
descolamento da camada limite em AoA=12° e Re=10°. Tomando esta configuracdo como baseline, um perfil modificado
é proposto, sendo resultado da configuracdo do NACA 0012 com a adi¢do de um canal na posicdo de meia corda na
superficie do extradorso (regido de descolamento). Portanto, estuda-se o problema em 5 frentes: comportamento do
escoamento para baseline; perfil modificado sem injecdo de jato; perfil modificado com jato de U.; transicdo do jato de
U.. para Y/,U., e de U., para 3/,U... Os resultados ratificam o aumento da energia cinética turbulenta pelo jato na regido de
descolamento como agente do recolamento da camada limite. N&o obstante, verifica-se que a borda do canal de injecédo
atua como gerador de vorticidade, alimentando a regido com instabilidades. Pelo aspecto de evolugdo temporal dos jatos
conclui-se que a variacdo da velocidade, tanto para maior quanto para menor intensidade, produz um pulso de energia
cinética turbulenta. Este fenémeno intensifica o efeito de recolamento da camada limite até que este adicional de energia
ser disperso. Por fim, tal caracteristica dos pulsos de energia leva a concluir que deve-se existir uma frequéncia ideal de
intermiténcia do jato a qual resulte maior eficiéncia do mecanismo de recolamento do que jatos continuos em velocidades
ainda maiores. Ou seja, jatos intermitentes teriam potencial uso para fins de aplica¢fes na funcéo de sistema aerodinamico.

1. INTRODUCAO

A geracdo de vorticidade, assim como descolamento da camada limite e possivel turbuléncia decorrente, ganham
importancia pela sua relacdo com as forcas de arrasto em aplicagdes aeronduticas e no automobilismo, seja a fisica
estudada de forma experimental ou através de técnica de Dindmica dos Fluidos Computacional (CFD).

Sob olhar do ramo aerondutico, o fenémeno de descolamento do escoamento reduz o coeficiente de sustentagdo (Cy)
e aumenta o de arrasto (Cp); levando a consequente redugdo da eficiéncia (C./Cp) de perfis aerodindmicos, de modo que
a perda é excessiva a medida que o corpo em questao se aproxima da condi¢do de stall: condi¢do em que a camada limite
se descola totalmente levando a perda total de sustentacéo e dificil retorno a um condicéo estavel (Anderson, 2010).

Na esfera da industria automotiva comercial, o estudo da formacdo de regides turbulentas é focado principalmente na
regido traseira do veiculo, onde geralmente ocorre descolamento da camada limite e, embora seja em relagdo ndo-linear,
a dimensdo da esteira turbulenta é associada a for¢as de arrasto sobre o veiculo (Hucho, 1998).

Outro exemplo estd no automobilismo de alta performance, onde foi consultado Martin Schudel (2013) — Senior
Aerodynamicist, equipe Marussia de Formula 1 — sobre o0 assunto. Segundo ele, recomenda-se a futuros aerodinamicistas
estudar estruturas vorticais, como as formacdes e coeréncia entre estruturas do escoamento, pois, ha Formula 1, a geragéo
de downforce (conhecida também como forca de sustentacdo invertida) é fortemente relacionada a estruturas vorticais.
Deste modo, o trabalho de otimizacdo aerodindmica em escoamentos turbulentos, ou no minimo, em estado de transicéo
a turbuléncia, faz parte do desenvolvimento de engenharia aplicada neste setor.

A turbuléncia ganha seu papel de importancia na abordagem e analise de problemas de engenharia, onde seu estudo
leva a uma maior compreensdo da fisica do escoamento ao redor de corpos de interesse, como perfis aerodinamicos,
automaveis e aeronaves.

Por fim, a compreensdo da fisica dos escoamentos permite a engenharia firmar seus passos na direcdo do
desenvolvimento tecnoldgico, alcancando o estado da arte. Assim, este trabalho vislumbra conhecer a influéncia da
energia cinética turbulenta sobre o efeito de recolamento de camada limite.

1.1. Injecdo de Quantidade de Movimento

Uma das técnicas que podem ser utilizadas para se aplicar controle de camada limite é o uso de injecdo de quantidade
de movimento através de pequenos orificios presentes na superficie do modelo. Os primeiros estudos realizados para
melhoria de performance de perfis aerodinadmicos se iniciaram em meados dos anos 1920 pelo Comité Nacional para
Aeronautica dos EUA (NACA, National Advisory Committee for Aeronautics, atual NASA) através dos experimentos
realizados por Knight e Bamber (1929). A injecédo de fluido para controle da camada limite mostrou-se, através de varios
estudos realizados ao longo do século XX e inicio do século XXI, de grande eficiéncia para aumento da sustentacéo gerada
em diferentes angulos de incidéncia e manutencdo do arrasto aerodindmico em valores inferiores aos encontrados
experimentalmente para perfis aerodindmicos sem uso de técnicas de controle.
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O uso de tal técnica também mostra-se eficiente para prevenir a separacdo da camada limite em atitudes de alta
incidéncia, de modo a levar ao atraso do stall sob mesmas condi¢es encontradas em testes com auséncia de controle.
Desse modo, 0 uso de injecdo garante maior sustentacdo gerada e mantém o arrasto em condig¢Ges reduzidas, o que é
atingido pelo controle da regido turbulenta ao se reduzir a esteira gerada devido a separacdo da camada limite préximo ao
bordo de fuga do aerofélio, conforme estudo realizado por Bamber (1931).

A influéncia da camada limite na geragdo de sustentacdo e arrasto varia com o &ngulo de ataque de um perfil
aeronautico. Para pequenas incidéncias o arrasto aerodindmico é pequeno, de modo que 0 mesmo aumenta com a
incidéncia devido ao aumento da regido turbulenta préximo ao bordo de fuga no extradorso do aerofélio. O aumento da
incidéncia é acompanhado por rapido aumento da esteira @ medida que a incidéncia de méaxima sustentacéo é alcangada,
até a ocorréncia da separacéo da camada limite da superficie do aerofélio. Se a dimenséo da esteira turbulenta nessa regido
fosse mantida pequena em grandes incidéncias, seria esperado que a sustentacdo continuaria a aumentar e o arrasto seria
mantido a pequenos valores (Bamber, 1931). Isso pode ser atingido através do fornecimento de energia cinética a camada
limite, retardando assim o descolamento da mesma em altas incidéncias. Umas das possiveis técnicas é a injegdo de fluidos
para reenergizar a camada limite.

Nos experimentos realizados por Millard Bamber (1931) para o perfil NACA 84M, o controle da camada limite fora
obtido através do uso de aberturas no extradorso do aerofélio para injecdo de jatos de ar sob pressao interna do aerofélio
constante. Foram analisadas diferentes posi¢des da abertura (13,1%; 32,5%; 53,9% e 72,5%, posicdes relativas a corda) e
também diferentes dimensdes do orificio (0,167%; 0,333%; 0,5% e 0,667%, relativos a dimensdo da corda). Estudos
realizados por Dannenberg & Weiberg (1952) mostram que orificios de injecdo de dimens6es maiores que 2,5% relativos
a corda ndo levam a melhorias consideraveis, de modo que micro-orificios apresentam excelente performance e baixa
energia necessaria devido a baixa vazao necessaria para controle da camada limite.

O uso de jatos de ar para injecdo de quantidade de movimento & camada limite, e consequente inje¢do de energia a
mesma, promove 0 aumento de sustentacdo em todas as posi¢des de injecdo analisadas, de modo que a posi¢do proxima
ao bordo de fuga apresenta melhor performance em comparagdo a outras posi¢des para pequenos angulos de ataque. A
injecdo na regido de meia-corda apresenta melhor performance para alcance de sustentagdo maxima; apés condicéo de
maxima sustentacdo, a injecdo proxima ao bordo de ataque apresenta melhor performance para maiores incidéncias,
levando a uma condicdo de perda de sustentacdo mais suave, devido ao natural descolamento da camada limite para
angulos de ataque de altos.

1.2. Investigacdo do Perfil NACA 0012

O trabalho de Sheldahl et al (1981) é de grande contribuigdo quanto ao estudo experimental de perfis aerodindmicos
simétricos. Mesmo que a finalidade seja fornecer informag@es para uso dos perfis em turbinas edlicas de eixo vertical
(VAWT), os resultados do estudo sdo Uteis para varias aplicacfes. Isto tornam-se de conhecimento os coeficientes de
sustentacdo (Cy) e de arrasto (Cp) para angulos de ataque (AoA) de 0° a 180° graus, através da analise experimental dos
perfis NACA: 0009, 0012, 0012H, 0015 e 0018; e projecdo dos resultados para os perfis NACA 0018, 0021 e 0025. Uma
vez que os perfis sdo simétricos, a gama de angulos é suficiente para uma volta completa; em outras palavras, fornece o
conhecimento de C, e Cp para todas as dire¢es do plano do perfil. Portanto, esta enorme gama de angulo de ataque para
estes perfis € exposta ainda para diferentes nimeros de Reynolds, os quais variam de 1x10°% a 1x10". Tal trabalho é uma
fonte classica e rica em resultados experimentais e usualmente utilizada em outros trabalhos como referéncia para estudos
CFD.

Outra fonte rica em parametros para simulacdo de aerofélios é a dissertacdo de mestrado de Basha (2006) pela
Concordia University, Canada. Em seu trabalho, simulando o perfil NACA 0012 para validacéo, o autor testa a influéncia
de pardmetros como tipo de malha, modelo de fechamento da turbuléncia e sensibilidade do refinamento junto ao perfil
(influéncia do y+). Em sintese, Basha (2006) sugere o uso do modelo Spalart-Allmaras com malha altamente refinada ao
redor do perfil (y+ menor do que 5) e, de preferéncia, malha hibrida para melhores resultados ou C-grid estruturada para
eficiéncia de processamento.

Sobre a separacdo da camada limite em escoamento turbulento, Ali et al (2011) promove outro estudo sobre o perfil
NACA 0012. O modelo k-¢ ¢ empregado, utilizando o método de solugdo simples. O escopo do estudo é o descolamento
(ou separacdo) da camada limite, avaliando também a distribuigéo de pressdo e os coeficientes C. e Cp. Ao final, Ali et al
(2011) conclui que o modelo k-¢ obteve bom resultado quanto ao ponto de separacao sobre o aerofélio.

Outro relevante trabalho é o publicado por Eleni et al (2012). Também fazendo o estudo sobre o perfil NACA 0012,
este estuda dois pontos de influéncia dos resultados: a diferenca entre regime de transi¢do laminar-turbulento em relagdo
ao totalmente turbulento, e os modelos de turbuléncia (Spalart-Allmaras, Realizable k-¢ e SST k-®), comparando com trés
fontes de dados experimentais. Para o cenario em estudo € o ar, em regime permanente, para angulos de ataque variando
de -12° a 20°. Eleni et al (2012) concluem o trabalho apontando 0 modelo SST k- como melhor opgdo, e que o arrasto
sobrestimado em seus resultados deve-se ao fato de que o escoamento real é laminar em cerca da metade da corda (onde
as simulagdes consideraram regime totalmente turbulento). Os autores relatam ser possivel melhorar os resultados da
seguinte forma: determinar o ponto de transi¢do laminar-turbulento, refazer a malha dividindo em duas regi6es (uma para
cada fendmeno) e simular novamente para a nova malha. De tal forma, segundo eles, os resultados sdo muito parecidos
com os correspondentes valores experimentais.
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2. PROCEDIMENTOS

2.1. Tratamento da Geometria

Para o0 estudo, sdo avaliados dois perfis: um perfil padrdo NACA e um perfil modificado geometricamente para atender
0 objetivo de injecdo. Para o primeiro, utiliza-se do perfil NACA 0012 original, o qual é posicionado com angulo de ataque
de 12 graus. O segundo perfil é resultado da configuragdo do NACA 0012 com a adi¢do de um canal na posicdo de meia
corda na superficie do extradorso (regido de descolamento), com espessura equivalente a 1% da corda e de inclinagdo de
15 graus em relacdo a tangente da superficie do perfil na posicdo descrita. Na figura a seguir é exposto o perfil modificado,
com dimens®es relativas a unidade de comprimento da corda, assim como a posicao final de 12 graus de angulo de ataque.

0,50

Figura 1. Resultado da modificagéo do perfil NACA 0012, o qual apresenta canal para injecéo.

2.2. Malha Numérica

Devido aos dois perfis de interesse, gera-se uma malha numérica para cada perfil através do software ICEM CFD.
Ambas sdo malhas bloco estruturadas, compostas exclusivamente de volumes hexaédricos. Quanto as dimensfes, tomando
um ponto do bordo de ataque como referéncia, o dominio retangular mede 25 cordas a montante, 25 cordas a jusante, 20
cordas acima e 20 cordas abaixo. A partir do plano do perfil, expande-se para um dominio tridimensional, sendo que a
terceira dimensdo mede 1 unidade de corda.

A distribuicdo dos elementos a partir das superficies dos perfis segue distribuicdo exponencial com razdo méxima de
1,1. A primeira camada de volumes tem espessura de cerca de 5.10® unidade de corda; a fim de manter o pardmetro y+
menor que 1. Na direcéo perpendicular do perfil é composta por 10 camadas de volumes uniformemente distribuidas.

Ao final desta etapa, a malha para o perfil original possui 998.250 volumes. O perfil modificado resultou em malha
numeérica de 1.211.920 volumes, com aumento por razdo dos refinamentos na regido do canal.

/
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Figura 2. Malha numérica gerada para a geometria modificada, com destaque na regido do canal.

2.3. Processo de Solucdo e Pés-Processamento

As simulac6es de CFD (Computational Fluid Dynamics) empregam o cédigo independente UNSCYFL3D, utilizando-
se do modelo de fechamento de turbuléncia k-epsilon com duas camadas tanto para regimes permanente (RANS) gquanto
transiente (URANS). O esquema centrado de 22 ordem é empregado na discretizacdo dos termos do algoritmo SIMPLE.

O critério de residuo adotado é de 106 para célculos em regime permanente e 10 para regime transiente, considerando a
conservacdo de massa e as componentes de velocidade (u, v e w).
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No que diz respeito ao codigo UNSCYFL3D, este apresenta como propésito primordial a analise de escoamentos
incompressiveis através da Dindmica dos Fluidos Computacional. No UNSCYFL3D, as equacdes de Navier-Stokes na
formulagdo incompressivel sdo resolvidas numericamente através do método de volumes finitos (Ferziger et al., 2002) em
malhas ndo-estruturadas, que podem ser compostas por hexaedros, tetraedros, prismas, piramides e cunhas. Para o
acoplamento pressdo-velocidade, o algoritmo SIMPLE (Ferziger et al., 2002) é utilizado. Escoamentos em regime
permanente e transiente podem ser simulados. Os termos difusivos sdo discretizados por diferengas centradas de 22 ordem,
para os termos advectivos o esquema Upwind de 12 ordem e o esquema centrado de 22 ordem pode ser combinado. Os
modelos de turbuléncia de grandes escalas Smagorinsky, Dindmico e Yakhot foram implementados e validados. Os
modelos DES-SST (Strelets, 2001), SST (Menter, 1994) e RSM também estdo disponiveis. Para 0 avango no tempo, o
esquema de Euler implicito (12 ordem) e de trés niveis no tempo (22 ordem) podem ser empregados. O cddigo se encontra
em constante atualizagdo e implementagdes para solucdo em multiprocessadores ja estdo sendo feitas. Trabalhos de
validacéo e verificacdo do cddigo foram realizados inclusive para solucéo de problemas multifasico (Salvo et al., 2009,
2013; Souza et al., 2012, 2014).

Todos os casos representam escoamentos em niimero de Reynolds (Re) de 10°; onde a massa especifica (p) é 1 kg/m?,
0 escoamento livre (U.) é de 1 m/s e viscosidade dindmica (p) de 10° N.s/m2. Na Tab. 1 apresentam-se as condigGes de
contorno aplicadas sobre o dominio numérico.

Tabela 1. CondigGes de contorno aplicadas no dominio numérico.

Fronteira Condicéao de contorno
velocidade imposta = U.,
Inlet intensidade turbulenta = 0,1%
comprimento caracteristico =0,1 m
Outlet pressao imposta
Top simetria
Bottom simetria
Sidelell simetria
Airfoil parede
velocidade imposta = 0 ~ 3/,U.,
Slot Inlet intensidade turbulenta = 1%

comprimento caracteristico = 0,001 m

O software Vislt (Visualization Tool), software de fonte aberta, foi escolhido como ferramenta de pds-processamento
devido a sua robustez e capacidade de leitura de inimeros formatos de entrada. Uma vista tridimensional do dominio
processado por esta ferramenta é exemplificada na Fig. 3, apresentando o canal da geometria no extradorso e o campo de
energia cinética turbulenta nas superficies laterais.

Figura 3. Vista tridimensional da geometria modificada pelo software Vislt, com exposicdo do campo de energia
cinética turbulenta nas superficies laterais de contorno.
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3. ANALISE DOS RESULTADOS
3.1. Perfil NACA 0012: regime estacionario do escoamento

As simulagdes numéricas tiveram como foco a analise da esteira turbulenta do escoamento, com o objetivo de promover
o recolamento da camada limite através do uso de injecdo de quantidade de movimento. A primeira andlise recai sobre o
perfil NACA 0012,

Do ponto de vista da simulacéo, o modelo k-g em regime permanente (RANS) ou transiente (URANS) pode gerar bons
resultados. Entretanto, a convergéncia em regime permanente foi particularmente impossivel, devido ao fato de o
escoamento apresentar grandes estruturas coerentes, tanto em evolugdo temporal quanto espacial.

Logo, esta evidéncia sugere a presenca de estruturas coerentes, em evolugéo temporal e/ou espacial, que caracterizam
0 estado de stall.

Os resultados da simulagéo ratificaram a presenca de stall descrito na literatura nas condigdes de AoA=12° e Re=10°
(Sheldahl et al., 1981; Eleni et al., 2002). Na figura 4 é possivel visualizar o massivo descolamento da camada limite pelos
campos de velocidade e energia cinética turbulenta.

user: renanfs
Wed May 14 15:04:14 2014

Figura 4. Campos de energia cinética turbulenta (a esquerda) e de velocidade (a direita) para o perfil NACA 0012,
para A0A=12° e Re=10°.

3.2. Perfil Modificado: regime estacionario dos escoamentos

O estudo segue na andlise dos escoamentos, considerando o perfil modificado proposto também para AcA=12° e
Re=105, quando alcangam regime estacionario. Doravante tomando a nomenclatura de velocidade do escoamento livre
como U, estuda-se este perfil em quatro condi¢des de aplicacdo: o primeiro aborda o perfil modificado sem jato; os
demais trata do perfil modificado com jato, nas velocidades de ¥/,Ux, Us, € 3/2U...

A analise dos resultados nesta etapa é feita em instantes onde os escoamentos apresentam estado de estabilidade
estatistica. Os resultados demonstram que, de fato, alcanca-se o recolamento através de injecdo de quantidade de
movimento. Ainda, o efeito de recolamento responde proporcionalmente (mas em caréter ndo-linear) a intensidade do jato,
como visto na Fig. 5.

COEFICIENTE DE SUSTENGAO (CL) COEFICIENTE DE ARRASTO (CD)

1,31

/

O
1,2 1,1 18 r’_,’,,0,0SZ
/ 0,000,043 ¢ 5y — 0,04
1
s

Baseline 0.0 m/s 0.5m/s 1.0m/s 1.5m/s Baseline 0.0m/s 0.5m/s 1.0m/s 1.5m/s

Figura 5. Efeito de recolamento sobre os coeficientes de sustentagdo (CL) e arrasto (CD) em condicédo de regime
estatisticamente estavel.

Verifica-se que a dimensdo da esteira é reduzida com o recolamento, apresentando concentracdo da energia cinética
turbulenta em trés regides: na camada limite iniciada no bordo de ataque; ap6s o bordo de fuga, devido ao encontro de
escoamentos em velocidades diferentes (efeito de camada de mistura); e na regido do canal, onde a geometria coloca o
escoamento em estado de geracdo de perturbacdes (descolamento pontual escoamento). As Fig.6 a 9 abaixo apresentam
os campos de velocidade e energia cinética turbulenta para o perfil modificado, para quatro casos de regime estacionario.

Contudo, a evidéncia mais enriquecedora é o efeito de recolamento do escoamento sobre o perfil modificado sem
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auséncia de jato. A propria geometria do canal alimenta esta regido do escoamento com perturbages devido ao
descolamento pontual na borda do canal, onde espera-se que estruturas de Kelvin-Helmholtz sejam o principal mecanismo
de instabilidades.

Logo, tal configuragdo atua como gerador de vorticidade interno & superficie do extradorso, diferentemente das

aplicagBes comuns na aerondutica (externa a superficie do extradorso). O efeito é a adi¢do de energia ao escoamento que
retarda o descolamento indesejéavel.

Figura 6. Campos de energia cinética turbulenta (a esquerda) e de velocidade (a direita) para o perfil modificado, sem
acionamento do jato.

Figura 7. Campos de energia cinética turbulenta (a esquerda) e de velocidade (a direita) para o perfil modificado,
para velocidade do jato de Y/;U...

Figura 8. Campos de energia cinética turbulenta (a esquerda) e de velocidade (a direita) para o perfil modificado,
para velocidade do jato de U..

Figura 9. Campos de energia cinética turbulenta (a esquerda) e de velocidade (a direita) para o perfil modificado,
para velocidade do jato de 3/,U.;
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3.3. Perfil Modificado: evolucdo temporal dos escoamentos

O segundo ponto de destaque dos resultados é o fendmeno de transi¢éo entre velocidades do jato. No tpico anterior,
fica evidente que ao aumentar a intensidade do jato, menor sera a regido de descolamento e a esteira turbulenta associada
ao escoamento. Logo, a solucdo para o problema seria utilizar a maior intensidade possivel.

Este topico do estudo busca analisar a influéncia da evolucdo temporal da quantidade de movimento inserida; ou seja,
os efeitos da mudanga de velocidade de operagéo do jato. Estudam-se dois escoamentos, a partir de mesmo estado inicial
(regime estacionario com jato de U.,), onde um desacelera o jato de U.. para '/2U.., € o outro acelera de U., para 3/2U... Na
Fig. 10 observa-se a evolugdo temporal dos escoamentos, sob aspecto da energia cinética turbulenta.

Figura 10. Evolucdo temporal (de cima para baixo) do campo de energia cinética turbulenta para diminuigdo para
U, (coluna a esquerda) e aumento para 3/2U., (coluna a direita) da intensidade do jato, a partir de U.
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O resultado desta abordagem leva a concluir que, ao aumentar a intensidade do jato (aceleracdo), ocorre geracao da
energia cinética turbulenta na regido do canal. Consequentemente, esta energia adicionada ao escoamento é caracterizada
como um pulso, o qual é responséavel por iniciar o processo de recolamento da camada limite e estreitamento da camada
de energia turbulenta.

Surpreendentemente, ao diminuir a intensidade do jato (desaceleragcdo) o mesmo fenémeno ocorre em um intervalo de
tempo inicial. O que difere os escoamentos é o fato de que, apds o pulso de estreitamento da esteira turbulenta no
escoamento com jato a Y/.U., a mesma volta a se desenvolver. Isto deve-se pela menor intensidade de energia no
escoamento, quando comparado o estado inicial com jato de U..

4. CONCLUSAO

Os resultados ratificam o aumento da energia cinética turbulenta adicionada pelo jato na regido de descolamento como
agente do recolamento da camada limite.

Contudo, um ponto importante € a promog¢do do recolamento ndo somente pelo método da injecdo, mas também pela
prépria geometria do perfil modificado. Diferentemente dos geradores de vorticidade classicos (externos ao perfil), a
geometria do canal de injecdo de fluido atua como gerador de vorticidade internamente ao perfil original. Ou seja, as
instabilidades decorrentes do descolamento da borda do canal sdo promotores de energia cinética turbulenta na regido do
perfil. Logo, mantém-se o escoamento energizado por um periodo maior e, assim, retardando seu descolamento.

Tanto processos em regime permanente (RANS) quanto transiente (URANS) apresentam resultados préximos, salvo
os resultados para o perfil NACA 0012 original. Ressalta-se que escoamento com presenca de grandes estruturas coerentes,
em evolucdo temporal e espacial, dificultam a convergéncia por método RANS. Tal evidéncia ja comprova que 0s €asos
de escoamentos sobre o perfil modificado devem contemplar estruturas vorticais menores, sendo decorréncia do maior
grau de estabilidade estatistica dos escoamentos.

N&o menos importante é o aspecto de evolugdo temporal dos jatos. Conclui-se que a variagao da velocidade, tanto para
maior quanto para menor intensidade, produz um pulso de energia cinética turbulenta. Este fendmeno intensifica o efeito
de recolamento da camada limite até que este adicional de energia ser disperso. Ap6s a dissipagdo da energia proveniente
do pulso, o efeito de recolamento retorna ao patamar de regime estavel, pertinente a intensidade do jato.

Por fim, tal caracteristica dos pulsos de energia leva a concluir que deve-se existir uma frequéncia ideal de intermiténcia
do jato a qual resulte maior eficiéncia do mecanismo de recolamento do que jatos continuos em velocidades ainda maiores.
Em outras palavras, jatos intermitentes tem potencial de uso maior do que jatos continuos para fins de aplicages como
sistema aerodinamico.
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Abstract. Gas-solid flows have many important engineering applications. Such cases disclose a number of intrinsic
phenomena related to the fluid phase turbulence. When particles are present, turbulence is modified and this is known
as turbulence modulation. Since it is important to understand the modulation effects, special care must be taken
regarding the mathematical model adopted. Thus, the goal of this study is to reveal the effects of solids mass loading and
particle relaxation time on the carrier phase turbulence. The influence of the particle collision model was also assessed.
A horizontal channel dilute gas-solid flow investigated experimentally by Sommerfeld and Kussin (2004) is simulated
with the Euler/Lagrange approach. Effects of roughness walls, coupling with the continuous phase and interparticle
collision are accounted for. Results show that higher mass loadings attenuate the carrier phase turbulence with small
particles and the velocity fields are influenced by the local particle concentration. Particles with larger relaxation times,
through its particle wakes, increase the turbulence compared to small particles, but attenuate compared to clean flow.

1. INTRODUCTION

Turbulence is the most fascinating phenomenon of the fluid mechanics. For over a century studies have been carried
out to understand it. In multiphase flows, when particles, droplets and bubbles are present, turbulence is modified and
this is known as turbulence modulation. There have been numerous studies, both numerical and material
experimentation, on turbulence modulation. Several sources of turbulence in the carrier phase due to particles or droplets
have been identified; stream line distortion due to the presence of the particles, the wake generated by particles, the
modification of the velocity gradients in the carrier phase and the associated change in turbulence generation and the
damping of turbulence motion by the drag force on the particles (Crowe, 2000).

Turbulence modulation by particles is a subject of interest for engineering applications. Since preferential
concentrations cause the multiphase flow segregation, mathematical model adopted plays a very important role in the
accuracy of the results. The phase-interactions have been studied by several authors, in order to understand the
modulation mechanisms (Squires and Eaton, 1990; Elghobashi and Truesdell, 1993; Ljus et al., 2002; Vreman et al.,
2009). Notably, in the gas-solid mixtures these phenomena through particle-fluid interactions can be observed, which
must be correctly modeled. Our recent works show some examples: the pressure RMS signal and Kinetic energy
dissipation rate attenuations (Utzig et al., 2012), the turbophoresis effect (Utzig et al., 2014), and the boundary-layer
reattachment by particles (Souza et al., 2014).

Studies on particle dynamics, i.e., particle-to-wall and particle-to-particle collisions, are essential. Lain et al. (2002),
Benson et al. (2005) and Lain and Sommerfeld (2012) demonstrated the importance of wall roughness and particle
collision models. Mandg et al. (2009) proposed a hybrid source term to the turbulence equations, based on the so-called
standard and consistent Euler/Lagrange approach. Their new model contains mechanisms for suppression and
enhancement of turbulence and, according to the authors, no more terms are needed. Results were compared with
experimental measurements and they found that the performance of new model surpasses other models for that range of
investigations. Other works deal with frameworks like Euler/Lagrange with probability density function (PDF) methods
for particle phase (Meyer, 2012) and the Euler/Euler approach (Hadinoto, 2010) to represent the turbulence modulation.

In this sense, the goal of this study is to reveal the effects of solids mass loading and particle relaxation time on the
carrier phase turbulence. The influence of the particle collision model was also assessed. The horizontal channel dilute
gas-solid flow investigated by Sommerfeld and Kussin (2004) is simulated in the Euler/Lagrange approach. The
following sections present the mathematical model used, the numerical set-up, the validation and main results obtained.

2. MATHEMATICAL MODELS
2.1. Gas-phase model

The Navier-Stokes for a general, incompressible, steady-state flow can be written adopting the tensor notation as:

a(pui) — O (1)

6xi ’
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The conservation equations for the continuity, velocity components and for the turbulence variables in steady state
can be written generically as:

a _ 0 (99
By integrating the general conservation equation (3) over the control volume V, we obtain:
$, poV.dA = §, Tgradp.dA + [, Syav. (4)

Note that, for the terms involving surface integrals in Eq. (4), the Gauss Divergence Theorem was applied to convert
the volume integrals into surface integrals Ferziger and Peric (2002):

f, 2Lav =§, ¢i.dd. (5)

where 7; is the unitary vector. For the element L shown in Fig. 1, and located at the LHS of face f, the discretization of
Eq. (4) yields:

2rly br = Xy Dy +(SpAV)L, (6)
in which J is the mass flow rate, (pfl_/}.ﬁf), across face f, I'r the diffusion coefficient at the that face and Dy =

Ff(grad¢)f.fff is the diffusive flux across face f. The summations above apply to all the faces of element L. ;Tf is the
normal area vector of face f, which is directed from the element L to the element R.

Figure 1. General control volume and nomenclature.

Regarding the advective term in Eq. (6), when the first-order upwind scheme is employed, ¢ is assigned the value
of the element center at element L if J; is positive. Otherwise, the value of element R is set to the face. Because first-

order schemes are usually very diffusive for many applications of interest, a second-order upwind scheme was used in
this work:

¢;= ¢, + (grade),,.dr, @

if Jf > 0. The vector E')L is directed from the geometric center of element L to the face f center. (grade),,, is the
reconstructed gradient at element L, which is again computed by means of the Gauss Divergence Theorem:

(gradd), = —%($r4y), ®)

where d_>f is the average of ¢ the element centers sharing face f.
It can be proven that the diffusive flux for face f is given by Mathur and Murthy (1997a),

_ (¢r-— ¢L)AfAf Apdf
D= T @ A4 + Iy [gradd) Af gradg. é A 9

In Eq.(9), &; is the unit vector connecting the centers of elements R e L, & = IZ_,—;. The first term at the RHS of Eq.

(14) is treated implicitly, whereas the remaining terms, which represent the secondary diffusion, are calculated explicitly
and therefore incorporated into the source-term S in Eq. (6). The secondary diffusion is null for hexahedra for instance,

because vectors A s and €; are collinear. The gradient at face f; grad¢, is calculated as the average of the gradients at the



Anais da EPTT 2014 IX Escola de Primavera de Transi¢éo e Turbuléncia
Copyright © 2014 ABCM 22 a 26 de setembro de 2014, S&o Leopoldo — RS, Brasil

adjacent elements. The treatment above is equivalent to the application of the second-order, centered differencing
scheme in structured meshes and is advantageous in the sense that it does not depend on the element shape.

The numerical solution of the conservation equations for the momentum and turbulence is accomplished by the
computational code UNSCYFL3D. This in-house tool is based on the finite volume method in unstructured three-
dimensional grids. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm is used to couple the
velocity and pressure fields. The collocated arrangement is used for all variables, with the conventional Rhie-Chow
interpolation scheme for the computation of the mass flow rate through each volume face. The discretization procedure
generates a linear system of equations for ¢ at the element centers. The biconjugate gradient and the algebraic multigrid
(AMG) methods are used to efficiently solve the linear system resulting from the discretization of each conserved
variable. The main advantage of this modeling is that it does depend on the element shape, as the data structure is based
on element faces. For each element face, arrays containing the number of left and right elements sharing it are created.
As it be shown subsequently, all operations involved in transferring information from the Eulerian to the Lagrangian
frames and vice-versa utilize either face or element center data, and are therefore also irrespective of the number of faces
each element contains. For storing the coefficients of the linear systems for the velocity components, pressure correction
and turbulence variables, the RCS (Row Compressed Storage) is used. For further information on the method, references
Mathur and Murthy (1997b) and Ferziger and Peric (2002) are recommended.

In all the simulations carried out in this work only the steady-state solution for fluid was sought. The second-order
upwind scheme was employed for the advective term, whereas the centered differencing scheme was used for the
diffusive terms of the momentum equations and turbulence model equations.

The standard k-epsilon model is the most widely known and extensively used two-equation eddy viscosity model. It
was originally developed to improve the mixing-length model and to avoid the algebraic prescription of the turbulence
length scale in complex flows. Transport equations are solved for two scalar properties of turbulence, the turbulence
kinetic energy, k, and the dissipation rate of turbulent kinetic energy, &:

oowk) _ 0 () 4 e 2k] L p_
oxj - ox; [(‘u + ok) oxj +P—pe, (10)
Aowe) _ 0 [()) 4 be) 2 Ep_C.pt

oxj - oxj [(‘u + Ug) oxj + Ca kP Ce2p k' (11)

where P is the production term, given by:

P = G+ | (32 4+ 52) 2] (12)

du;  du;) Ouj

The eddy-viscosity in the standard k—epsilon model is defined as a function of the turbulent kinetic energy and the
turbulent dissipation rate as:

k2
Hestandard = Cup P (13)

Although widely used, the standard k-epsilon displays some weaknesses, such as the assumption that the flow is fully
turbulent. To circumvent this issue, in this work the 2-layer k-epsilon model was employed, as it can handle well both
the core flow and the near wall region. Essentially, it consists in solving the standard model for the turbulent flow region
and a one-equation model for the region affected by the viscosity. In the one-equation k-epsilon model, the conservation
equation for k is retained, whereas ¢ is computed from:

/
s=f3 (14)
The length scale that appears in Eq. (14) is computed from (Chen and Patel, 1988):
lo = yC (1 — e~Rev/4e), (15)
In Eq. (15), Re,, is the turbulent Reynolds number, defined as:
_ pylk
Re, = o (16)

where y is the distance from the wall to the element centers. This number is the demarcation of the two regions, fully
turbulent if Re, > Re,", Re,” = 200 and viscosity-affected, Re, < 200. For the one-equation model, the turbulent
viscosity is computed from:

Ut 2iayer = pCulu\/E- (17)
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The length scale in the equation above is computed as below:
L, =yC,(1— e Rev/Aw), (18)

The constants in the length scale formulas, Eqgs. (15) and (18), are ¢, = 0.4187¢;*/%, A, =70, A, = 2¢;. In
UNSCYFL3D, both the standard k-epsilon and the one-equation model described above are solved over the whole

domain, and the solutions for the turbulent viscosity and the turbulence kinetic energy dissipation rate provided by both
models are smoothly blended:

U = Aa.“t,standard +(1- Ae).“t,zlayer- (19)

A blending function, 4., is defined in such a way that it is equal to unity far from walls and is zero very near walls.
The blending function used here is:

Ae = %[1 + tanh (Rey;fRe;)]. (20)

The constant A determines the width of the blending function:

0.20Re;,
= tanh(0.93;)' (@1)

The purpose of the blending function A, is to prevent solution divergence when the solution from both the standard
and the one-equation models do not match. Since no wall-functions are used, it is very important to refine the grid so as
to have y* < 1 in the first element away from the wall to ensure accurate results for the fluid flow.

Finally, the carrier fluid “feels” the presence of particles as an additional source term in the momentum equation.
This term is modeled based on Newton’s second and third laws:

Spui = —n{my (d%f - (1 - %) gi)): (22)

n is the average number of real particles per unit volume in the control volume, m,, is the particle mass, wu,; is the
particle velocity, p, is the particle material density, p is the fluid density and g; is the gravity vector. The brackets

denote mean values over all particle realizations in that particular control volume. Thus, for each computational particle
crossing a control volume, one contribution is added to the source-term above.

2.2. Particle motion model
As mentioned in the previous section, the dispersed phase is treated in a Lagrangian framework, in which each

particle is tracked through the domain and its equation of motion is based on Newton’s second law. The trajectory, linear
momentum and angular momentum conservation equations for a rigid, spherical particle can be written, respectively, as:

dx i

= Ui 23)
duy; 3pC

mp d—: = mp 4-pppd.;, (ui - upi) + Fsi + F”' + (1 - Pp;p) mpgi, (24)
dw i

Ip dtp = TL" (25)

In the above equations, u; = U; + u; are the components of the instantaneous fluid velocity. The average fluid
velocity U; is interpolated from the resolved flow field, whereas the fluctuating component w; is calculated according to
the Langevin dispersion model. d,, is the particle diameter and I, = 0.1m,,d} is the moment of inertia for a sphere.

The empirical correlation proposed by Schiller and Naumann (1935) is used to evaluate the drag coefficient past each
particle, where Re, is the particle Reynolds number Re, = pd, |i — i, |/u:

Cp = 24Re;*(1 4 0.15Rep®®”) if Re, < 1000,
Cp = 0.44 if Re, > 1000. (26)

The calculation of the shear-induced lift force is based on the analytical result of Saffman (1965) and extended for
higher particle Reynolds numbers according to Mei (1992):

F, = 1.615d,uRe.*Cys[(d — 1,) x &], @7)
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@ is the vorticity, Re; = pdj|a|/u is the particle Reynolds number of the shear flow and Cj; = Fi5/Fys 5qr represents
the ratio of the extend lift force to the Saffman force:

s = (1 — 0.33148°5)e01Re 4 0.33148°5 if Re, < 40,
Cis = 0.0524(BRe,)"" if Re, > 40, (28)

f is a parameter § = 0.5Res/Re, (0.005 < § < 0.4).
The rotation-induced lift is computed based on the relation given by Rubinow and Keller (1961), which was extended
to account for the relative motion between particle and fluid:

o Re Qx (i-u
E. :%pdgﬁcrwl (29)

In Eq. (30), © =05V x @ —, and Re; = pd|Q|/u. The lift coefficient C,, is obtained from the correlation
proposed by Lun and Liu (1997):

Re.
C,=—= if Re, <1,
Ir I;p f P
Cpr =~ (0 178 + 0.822Re; *522) if Re, > 1. (30)

Also, the rotating particle experiences torque from the fluid flow. The correlation of Rubinow and Keller (1961) was
extended to account for the relative motion between fluid and particle at higher Reynolds number:

=

T= Cr%‘s’|§| Q. (31)

The coefficient of rotation, C,, was obtained from the following correlation, derived from the direct numerical
simulations of Dennis et al. (1980):

641

C. =2= if Re, <32,
C, = if Re, > 32. (32)

12.9 128.4

JRer Rey

Forces such as Basset and virtual mass have been neglected. This is a reasonable assumption since the particle
material density is over 1000 times the gas density (Crowe, 2006).

The extension of the Euler/Lagrange approach to unstructured meshes requires the use of accurate interpolation
schemes, since in the above equations the continuous phase properties must be determined at the particle center. A few
interpolation schemes have been tried out, and the best compromise between accuracy and cost was obtained with the
Sheppard’s scheme. Basically, the velocity and vorticity components at the particle position are calculated by weighing
the neighboring element values with their inverse distances from their centers to the particle position.

For integrating the ordinary differential Egs. (23), (24) and (25), the analytical scheme was used. In order to ensure
that only binary collisions occurred, small time steps had to be used. Upon a particle colliding with a wall, the new
particle linear and angular velocities after rebound are calculated according to the following conservation equations
(Breuer and Alletto, 2012):

Nonsliding collision:

—_ 2 5_ —_ o\ - — —_
iy =1, — SUpy — (1+e)(u,. 7)1 and & = &, — e X Upy. (33)
Sliding collision:
- —_ S o Uy | o — —~_ 5
u;=up—(1+e)(up.n)[ud%+n] and w;=wp—g(1+e)(u n)lﬁ |nx o (34)

In the above equations, the superscripts — and + denote values prior to and after the collision, respectively, e is the
normal restitution coefficient and u, is the dynamic friction coefficient. 7 is the normal unit vector pointing outwards of
the element face being impacted. #,,, is the relative velocity at the contact point:

- - - N\, d —
Uy, =1, — (U, 7)1 + 7”(»1, x 1. (35)

Numerous experimental studies have shown evidence that wall roughness and interparticle-collisions are important
even at low solid loadings. Therefore, their influence must be included in the modeling. As demonstrated by Lain et al.
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(2008) the wall roughness plays a vital role in the dispersion of particles in pneumatic transport systems. In order to
account for such effects, we implemented the model proposed by Sommerfeld and Huber (1999), to represent the effects
of surface asperities on the particle flow. Basically, the wall roughness is simulated by assuming that the effective impact
angle is composed of the geometric impact angle added to a stochastic contribution due to wall roughness. This
stochastic contribution is sampled from a Gaussian distribution with a standard deviation Ay, which depends on the
structure of wall roughness and particle size. Unfortunately, the value of Ay must be calibrated so as to provide the best
agreement between the experimental and simulated pressure losses. Although the performance of the method is
satisfactory, it requires the adjustment of a parameter to correctly reproduce the experimental results. A model which
does not depend on such parameter, but instead employs the actual surface topology is under development.

Inter-particle collisions are modeled with a stochastic, hard-sphere model. As described by Oesterlé and Petitjean
(1993) for each computational particle, a fictitious collision partner is generated, and the probability of a collision is
checked based on an analogy with the kinetic theory of gases. This in turn requires that the average and root mean square
(RMS) linear and angular velocities, as well as the particle concentration in each control volume, be sampled and stored
every Lagrangian calculation. Although demanding a lot of memory, the method is rather economical and effective, and
avoids the use of a deterministic collision model, which is quite expensive computationally. In both interparticle and
particle-to-wall collisions, perfectly elastic collisions were assumed (e = 1 and u; = 0.5).

When a structured grid is used, it is simple to determine the element hosting the particle, as there is a straightforward
relationship between the element index and its physical location. Because an unstructured grid is used in this work, there
is the need for a specific algorithm to locate the particle after its final position is calculated by the integration of Eq. (23).
For that purpose, the particle-localization algorithm proposed by Haselbacher et al. (2007) was implemented. This
algorithm is based on tracking a particle along its trajectory by computing the intersections of the trajectory and the
element faces. Since it does not depend on the element topology, it is very suitable for use in unstructured grids.
Furthermore, it was observed to be extremely faster than costly, direct-search algorithms.

The coupled solution of the continuous and particle phases is summarized as follows. First the steady-state solution
for the fluid phase without particles is computed. Subsequently, nearly 100,000 computational particles are injected and
tracked throughout the domain. For each control volume, the average and RMS linear and angular velocities, the particle
concentration and the source-terms for the fluid momentum equations are gathered. After all the particles have left the
domain, the fluid flow is solved again, now considering the source-terms sampled during the previous particle
calculation. This process is repeated, considering the particle-to-particle collision, until a converged solution for both
phases is reached. It is important to bear in mind that the particle statistics must be corrected during each particle
calculation. Approximately, from 10,000 time steps, which are necessary for the particles to leave the domain. The
particle time step used was 0.0001s. In this study, 100 coupling iterations are carried out, which takes approximately 25
hours on a single processor. It is worth mentioning that the models employed in the UNSCYFL3D code were validated
previously (Souza et al., 2012; Souza et al., 2014).

3. RESULTS AND DISCUSSION

In order to validate the Euler/Lagrange approach extension to unstructured grids and assess the turbulence
modulation by particles, results for the gas and particulate phases in the flow of air (p = 1.25kg/m®, u = 1.8E —
5Pa.s) loaded with glass spheres (d, = 130um, p, = 2450kg/m®) in a horizontal channel have been chosen. The
channel length is 6m to guarantee that a fully developed profile develops. The channel height and width are 35mm and
350mm, respectively, so that nearly two-dimensional flow is achieved. No-slip conditions are prescribed at both upper
and lower walls, while for the side boundaries symmetry boundary conditions are assigned. At the domain outlet, the
static pressure is prescribed. Since the flow is nearly two-dimensional, the mesh resolution is as follows: 400 hexahedra
in the streamwise direction, 40 elements in the vertical direction and 1 element in the transverse direction. Statistical
convergence was achieved for the numerical mesh, computational particles number and coupling iterations. The average
uniform inlet velocity is v, = 20m/s, gravity was set g = 9.8m/s* and the particles were considered to be
monodispersed because of their narrow size distribution. The validation case was set with particles at solid mass loading
n = 1.0 like the material experimentation of Sommerfeld and Kussin (2004). Other cases with clean flow and solid mass
loadings n = 0.1 and = 0.5 were simulated. The channel wall roughness parameter was set Ay = 1.6° for both upper
and lower walls. All comparisons are made at 5.8m, where the flow is known to be fully developed.

Figure 2 shows the validation of the simulated cases and material experimentation for the average gas streamwise
velocity, the average particle streamwise velocity, the RMS horizontal and vertical particle velocities and the particle
concentration profiles along the channel height, respectively, where symbol sizes represent a measurement error of 3%.
It can be seen from Fig. 2 that the results agree well with the experiments. The particle concentration is normalized
based on the average particle concentration in the domain. Since the simulation results depend on the correct
implementation of a number of models, it can be concluded that the code is validated. As already concluded by Lain et
al. (2002), the particle concentration is more uniform across the channel height than one would expect. Although gravity
tends to create a vertical concentration gradient, the roughness of the upper and lower walls tends to homogenize the
particle mass flux by bringing about more collisions. The RMS particle normal-to-wall velocity and the particle
concentration are particularly very sensitive to the wall roughness. The overprediction of the particle concentration near
the lower wall was also obtained by Lain and Sommerfeld (2012), and was attributed to multiple wall bouncing,
currently not included in the model.
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Figure 2. Validation of the numerical results with material experimentation data of Sommerfeld and Kussin (2004); left:
streamwise mean velocities; middle: fluctuating particle velocities; right: normalized particle concentration.
(U =20m/s, Ay = 1.6°, d, = 130um, n = 1.0)
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Figure 3. Mean streamwise gas velocities for different mass loadings and details of the modified regions.
(U =20m/s, Ay = 1.6°, d, = 130um)

In order to investigate the solid phase influence on the carrier phase, the channel flow was simulated with lower mass
loadings. Gas phase mean velocities are shown in Fig. 3. The clean flow (n = 0.0) displays the higher velocity in the
channel center — height 0.01 to 0.025m, since it is not influenced by the particles. In the gas-solid flows, lower mean
gas velocity in this region is achieved — Fig. 3, upper detail. More particles extract more momentum from the carrier
phase through two-way coupling mechanism (Eq. 22). Consequently, by virtue of the gas mass conservation, energy is
transferred to near wall regions and the gas phase velocity become higher than that of the clean flow. Therefore, a
momentum transfer process occurs from the center region, to the peripheral regions.

The local particle concentration also plays an important role in the turbulence modulation. In the upper half channel,
Fig. 4, there are fewer particles whereas in the bottom the concentration is increased due to gravitational particle settling.
It can be seen that the lower part has many particles which collide with lower wall and with each other, thus the mean
particle velocities are decreased. On the other hand, particles can travel more easily in the upper half and have higher
velocity. Fig. 4 (right) also shows the effect of inter-particle collisions on the local particle concentration. Atn = 0.1 the
concentration profile increases monotonically while other ones have an inflection in their trends. After rebounding from
lower wall, particles collide with each other, pushing them to the central region. Because there are fewer particles when
n = 0.1, this effect is less evident.

Several works have been investigated turbulence modification by particles. Results on the continuous phase
turbulence can be less intuitive than expected. According to the Elghobashi's diagram (Elghobashi, 1994), in the present
work cases particles would enhance the turbulence dissipation; however, Fig. 5 shows the opposite effect. The
turbulence kinetic energy (TKE) and dissipation rate decrease as more particles are present. In fact, one sees a combined
correlation between turbulence production, TKE and its dissipation rate. Depending on the particle Reynolds number,
turbulence can be suppressed or enhanced. Particularly, these effects are not explicitly considered in our k- and e-
equations through source terms, thus the suppression originates only from the momentum attenuation. As seen in Fig. 3,
the particle-laden velocity profiles are flatter than the clear flow one, therefore lower shear occurs. Actually, multiphase
flow turbulence has a wide spectrum of important length and time scales and a variety of phase interactions that make
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Figure 4. Comparison between different mass loadings; left: mean streamwise particle velocities; right: normalized
particle concentration. (U = 20m/s, Ay = 1.6°, d,, = 130um)
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Figure 5. Comparison between different mass loadings; left: turbulence kinetic energy dissipation rates; right: turbulent
kinetic energies. (U = 20m/s, Ay = 1.6°, d, = 130um)

the analysis more complex. The Elghobashi’s diagram is built assuming a homogeneous spatial distribution of the
particles, which does not hold for the present cases and consequences can be quite different.

The particle effects on turbulence modulation can be examined based on the particle relaxation time , =
ppdp2/18,u, i.e. the required time for a particle at rest to achieve the fluid velocity. Thus, we simulate the channel flow
with larger particles, d, = 411um and same density, resulting in 7, = 1.278s. The previous case with n = 1.0 and
d, = 130um, yields 7, = 0.1278s, a relaxation time an order of magnitude lower. Effects on gas phase turbulence are
shown in Figs. 6 and 7. Contrary to previous cases, larger particles increase the carrier phase velocity in the central
region — Fig. 6 (left); they have greater inertia and the momentum transfer mechanism inverts. The mean particle
streamwise velocity — Fig. 6 (middle) — is flatter and the local concentration — Fig. 6 (right) — is more equally distributed.
With greater relaxation time, particles respond more slowly to the fluid and due to the wall roughness, particles rebound
more frequently between upper and lower walls.

The turbulence kinetic energy and the dissipation rate are increased with larger particles, unlike the previous cases, as
shown in Fig. 7 (left and middle). To understand these effects, two mechanisms for the energy transfer of the particles to
the fluid phase TKE are illustrated in Fig. 7 (right). First, the turbulence augmentation is related to vortex streets or
wakes induced by particles — hence strongly dependent on particle diameter —, which appear as fluid velocity
fluctuations. Such mechanism probably occurs with the large particles case, in which TKE and dissipation rate were
increased. Second, the turbulence attenuation observed in previous cases can result from interaction between particles
and turbulent eddies. When the first mechanism is negligible, even with low relaxation time, particles can cross the
turbulence structures and reduce the turbulent intensity. Nevertheless, none of these mechanisms is taken into account in
our simulations. The increase in the turbulence kinetic energy and its dissipation rate can be explained based on the
increased strain of the mean gas flow in the channel center caused by the larger particles, visible in Fig. 6. The
production term for both is then augmented, as the conservation equations reveal. What remains to be better explained is
the increase in the air mean velocity: close to the lower boundary layer, where more particles are present, the larger
particles extract momentum from the gas phase, which reduces its mean velocity; consequently, the air velocity must to
increases in central region.

This particle behavior can be examined by means the Stokes number St. The Stokes number is the main parameter
defining the particle dynamics for a given flow field and is defined St = 7,,/7, — i.e., the ratio particle relaxation time
over the characteristic time scale of the carrier fluid 7, = [ /', based on the mean fluid fluctuating velocity taken in
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Figure 7. Comparison between two particle relaxation times: 7, = 0.1278s (d, = 130um) and 7, = 1.278s
(d, = 411um); left: turbulence kinetic energy dissipation rate; middle: turbulent kinetic energy. Right: mechanisms for
turbulence modulation — adapted from Mande ef al. (2009). (U = 20m/s, Ay = 1.6°,n = 1.0)

channel core and on a typical eddy size, 10% of channel height as spatial scale. For 7, = 0.1278s, we obtain St =
18.26, which indicates that the particles are sufficient large to have a ballistic behavior and cross the eddies. Also,
7, = 1.278s yields St = 182.57, which attenuates the turbulence compared to the clean flow, but enhances the
turbulence production compared to smaller particles.

4. CONCLUSIONS

The turbulent channel gas-solid flow was numerically analyzed in an Euler/Lagrange approach. Effects of particle-
wall collision, coupling with the continuous phase and inter-particle collision are accounted for through the two- and
four-way coupling concepts.

It was found that higher mass loadings attenuate the carrier phase turbulence with small particles and the velocity
fields are influenced by the local particle concentration. Particles with larger relaxation time, through its particle wakes,
increase the turbulence compared to small particles, but attenuate compared to clean flow.

The turbulence modulation phenomenon could be verified in this study. Mechanisms of phase-interaction are very
complex in multiphase flows, thus the turbulence behavior is modified. Such effects are present in engineering
applications and are worth being investigated.
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