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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



Anais da EPTT 2014

Copyright © 2014 ABCM
—=a— S/D=0M8
s §D=3ME
a) —®— SD=81E

(5] ] w %]

(=] h (=] h

1 LS L L R ]
—

-
ih
T

-
=
1
‘-\.
=

Energia Cinética Turbulenta [ m*2 s*-2 ]

th
=T
r.f‘

(=]
byt ™
-

- = ny na %] ]
= o = o =] h

Energia Cinética Turbulenta [ m*2 s*-2 ]
13

(=]

IX Escola de Primavera de Transigdo e Turbuléncia
22 a 26 de setembro de 2014, S&o Leopoldo — RS, Brasil

— = SD=0/18]
- S/D =318
—=8— S/D =618

w
=]

[
=

Energia Cinética Turbulenta [ m*2 s*-2 ]
&

(o)
cn
T

o)
o
T

-y
th
T

-
=
T

=

—— sm=0mg|
—a—— S/D=3M6|
| ——@-—— S/D =618

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
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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.



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

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.



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
Ma=10 Ma =125
0.08 , ‘ , , . ‘ 0.08 ‘
B=00 + B=00 +
0.07 | B=02 x 0.07 | B=02 x
I G A3 B=04 x I B=04 x
0.06 I A . e ., ., =06 a 0.06 =« B B bwg B=06 o
0.05 | « Xxxx;;+++- 0.05-;X Xxxx:;++++
X X
& 004 ox X X ox ox o, oy & 0041  x X X x4 o B -
* & W ¥ ox * *oxox ¥ ox
0.03 | X %y 0.03 | Xk
o o o o o o o o
0.02 | g DDDDDDDDD- 0'02-DD DDDDDUDDDD
0.01 | ] 0.01 |
0 L L L L 1 1 L 0 L L L 1 1 L L
0 05 1 15 2 25 3 35 4 0 05 1 5 2 25 3 35 4
Br Br
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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(o) 0 [

ok
=— —|+G -V, +S
ot ax; O, ) ]+ A ©

oy’ 0x;

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-
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0.50-
0.45-

0.40
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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
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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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2" S . . - (! ; ¥
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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).

Antena de Microfones
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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.
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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.
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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
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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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