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RÉSUMÉ

Ce travail propose une étude numérique utilisant la simulation numérique direte (SND)

a�n d'avoir une meilleure ompréhension du méanisme de génération du bruit au bord de

fuite (BF), ou bruit propre de pro�l. 2 SND ompressibles de haute résolution de l'éou-

lement autour d'un pro�l NACA6512-63 et du pro�l CD, ont été e�etuées, à un nombre

de Reynolds Rec = 150 000 basé sur la orde et à un nombre de Mah amont Ma = 0 25,
en prenant en ompte les e�ets d'installation de la sou�erie. Pour le pro�l NACA6512-63,

même si e as est di�ile à simuler à ause de l'éoulement étroit du jet de la sou�erie,

grâe à des onditions limites bien hoisies, les e�ets d'installation sont généralement bien

reproduits en omparant ave les résultats d'essais. A l'intrados, la transition se produit

au bord d'attaque (BA) et une ouhe limite totalement turbulente existe jusqu'au BF.

A l'extrados, une ouhe limite instable et déollée au BF donne une soure de bruit sup-

plémentaire par rapport au as trippé simulé auparavant dans lequel une ouhe limite

turbulente attahée était présente. Il est démontré de plusieurs manières que la ouhe

limite osillante au BF à l'extrados du as non-trippé hange la topologie de l'éoulement

à l'intrados. Des plus grosses strutures sont formées au BF à l'intrados en raison de la

ouhe limite instationnaire et la position de la transition a hangé au BA. Les analogies

aoustiques utilisées donnent une bonne prédition globale pour les as trippé et non-

trippé. Pour le pro�l CD, les résultats de ette étude prouve que ette SND peut être

onsidérée omme une base de données de haute �délité. A l'intrados, l'éoulement reste

laminaire jusqu'au BF où un éhappement tourbillonaire se produit. A l'extrados, l'éou-

lement transitionne après une �ne bulle de reirulation au BA et puis reste turbulent

et attahé jusqu'au BF ave suessivement un gradient de pression favorable (GPF), un

gradient de pression nul (GPN) et �nalement un gradient de pression adverse (GPA) dans

la région au BF. L'e�et de gradient de pression moyen sur l'éoulement à l'extrados est

disuté en utilisant une analyse QR. L'évolution moyenne de la dynamique de l'invariant

du tenseur de gradient de vitesse varie fortement ave les gradients de pression moyens

di�érents (GPF, GPN et GPA). Cette évolution hange aussi beauoup en fontion de

la distane à la paroi. Le ouplage du Hessien de pression et le gradient de vitesse est

l'élément majeur qui provoque tous les hangements de la dynamique de l'invariant dans

et éoulement. Le gradient de pression donne un e�et important au moins dans la zone

externe et dans la zone logarithmique de et éoulement. Le GPA favorise plus d'enrou-

lements des trajetoires moyennes à es deux zones et empêhe l'étirement tourbillonaire.

La paroi empêhe aussi prinipalement e régime. Du point de vue aoustique, on observe

la soure liée à la transition de l'éoulement dans la bulle de reirulation omme identi�é

préédemment à bas nombre de Reynolds, elle liée à l'interation de la ouhe turbulente

ave le BF, et une soure supplémentaire dans le prohe sillage. C'est la première fois que

e phenomène est observé pour et éoulement. Après plusieurs véri�ations numériques,

y ompris une nouvelle SGE (Simulation des Grandes Ehelles) ompressible de haute

résolution, ette soure de bruit supplémentaire dans ette SND apparaît bien physique.

Mots-lés : SND, Aéroaoustique, Bruit au bord de fuite, Pro�l





ABSTRACT

This work proposes a numerial study using diret numerial simulation (DNS) to gain

a better understanding of the generation mehanisms of the trailing-edge (TE) noise,

or airfoil self-noise. 2 high resolution ompressible DNS, respetively of the �ow over

NACA6512-63 airfoil and the CD airfoil, at an airfoil hord based Reynolds number of

Rec = 150 000 and at a freestream Mah number of Ma = 0 25, are onduted taking the

mean wind-tunnel installation e�ets into aount. For NACA6512-63 airfoil, although

it is a di�ult ase to simulate beause of the narrow stream from the wind-tunnel jet,

due to the proper sets of boundary onditions, the mean installation e�et is generally

well aptured when ompared with experiments. On the pressure side transition ours

at the leading-edge (LE) and a fully turbulent boundary layer exists lose to the trailing

edge. On the sution side, a �apping and separated boundary layer at the TE leads to an

extra noise soure ompared with a tripped ase previously simulated where an attahed

turbulent boundary layer is present. It is demonstrated from multiple aspets in this

study that the �apping shear layer at the TE on the sution side of the untripped airfoil

has hanged the �ow topology on the pressure side. Larger strutures at the TE on the

pressure side are formed due to the �apping shear layer and suh an in�uene has even

modi�ed the transition loation at LE. Aousti analogies are used and give a good overall

predition for both the untripped and tripped ases. For the CD airfoil, the results from

present study prove that this DNS an be onsidered as a high-�delity database. On the

pressure side, the �ow stays laminar until at the TE where minor vortex shedding appears.

On the sution side, the �ow transitions after a short separation bubble at LE then stays

turbulent and attahed till the TE experiening a mean favorable pressure gradient (FPG),

zero pressure gradient (ZPG) and �nally an adverse pressure gradient (APG) in the TE

region. The mean pressure gradient e�ets on the �ow on the sution side are disussed

in detail through a QR analysis. The mean evolution of the veloity gradient tensor

invariant dynamis is found to vary strongly for regions undergoing FPG, ZPG and APG.

This evolution hanges also greatly with the distane to the wall. The oupling of the

pressure Hessian with the veloity gradient is the major fator that drives all the hanges

of the invariant dynamis in this �ow. The pressure gradients have a signi�ant impat

at least in the outer-layer and log-layer of the �ow. The adverse pressure gradient leads

to more rolling features to the mean trajetories in these two layers and suppresses the

vortial strething regime. The wall is observed to mainly suppress the vortial strething

features of the �ow. On the aousti side, besides the previously observed noise soure

from the leading-edge transition bubble and the trailing-edge noise from the interation

between the onveting turbulent boundary layer and the trailing-edge, an extra noise

soure exists in the near wake. Suh a phenomenon is found for the �rst time for suh

a �ow ase from a ompressible DNS approah. Through multiple measures inluding

a newly produed high resolution ompressible LES (Large Eddy Simulation), the extra

noise soure in the DNS is proved to be atually physial.

Keywords: DNS, Aeroaoustis, TE Noise, Airfoil
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CHAPTER 1

Introdution

1.1 Motivation of Airfoil Aerodynami Noise Redu-

tion

Mankind has a long history of using rotating mahines. Aside from the enormous ontribu-

tions to our lives, unwanted aerodynami sound, or aerodynami noise, is always generated

when the mahines are operated in a �ow in general. It is a small by-produt in most

ases, espeially at the very beginning of its history. However, after the seond world war,

with the inreasing demand in air transportation and the growing number of wind turbine

installations in the viinity of populated areas, the aerodynami noise problem has beome

a more pressing topi of onern. Suh a noise is onsidered as one of the major forms of

the well known term "noise pollution", whih may harm or even ause severe impats on

human life. People are now more frequently exposed to suh senarios. The noise problem

has expanded from the airraft industry into other domains. Manufaturers of everyday

produts are in strong ompetition. The range of produts inludes ventilation and limate

ontrol systems in tunnels and buildings; ooling fans in omputers or vehiles; and power

plant fans and turbines, among others. Quieter mahines and equipments an be used as

sales arguments. In addition, governmental regulations are imposed on the manufaturers

for the dissemination of the tehnology, as is eminent, for example, in the seletion of wind

turbine sites. Consequently, the urrent situation makes aerodynami noise redution not

only a demand but also a must for industry.

To de�ne the soure of the aerodynami noise, a representative example of residential

HVAC (heat,ventilation and air onditioning) system is presented in Fig. 1.1. This system

usually ontains the ventilation and air onditioning omponents whih are all rotating

mahines and are the prinipal noise generation parts. Aording to the soure, the aero-

dynami noise ould be lassi�ed in two ategories:

interation with the environment (the asing and the room);

self noise of the blades of the mahine.

While the former depends on the on�guration of the system, the latter, whih omes

from the interation of the �ow with the airfoil blade, always exists as long as the air

1



2 CHAPTER 1. INTRODUCTION

enters the mahine. Therefore, the motivation for studying airfoil aerodynami noise is

well established.

Figure 1.1 A ross-setion view of a typial residene building HVAC system

room.

Beginning with the pioneering work of Lighthill [Lighthill, 1952a℄[Lighthill, 1952℄, �rst at-

tempts and math basis were made in the early 1950s to explain the proess of aerodynami

noise generation and thereby to develop the knowledge and physial insight that will lead

to possible noise redution methods. Even though researh on aerodynamially generated

sound has begun more than 60 years ago, there are many questions remaining unanswered

[Morfey, 2000℄[Casalino, 2010℄, ranging from a omplete understanding of ertain noise

mehanisms to their predition and redution methods.

1.2 Trailing-edge Noise

The present work onentrates on the trailing-edge (TE) noise, or airfoil self-noise. When

other airfoil noise soures an be redued or avoided by a areful design, the TE noise

is the only remaining noise soure when an airfoil enounters a homogeneous stationary

�ow. Hene TE noise is the minimum ahievable noise. Suh a noise is generated by the

interation between the TE with pressure �utuations onveted in the boundary layer. If

the boundary layer is laminar, whih is observed frequently in low-speed turbomahinaries

suh as automotive ooling fans or small wind turbines, tonal noise may be observed; if

the boundary layer is turbulent, pressure �utuations are present over a wide range of

frequenies, whih leads to broadband noise radiation and is a dominant ontributor to
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noise produed in many engineering appliations of lifting surfaes suh as wings and

rotating blades. It is the anonial noise problem for wall bounded problems.

As airfoils produe tonal and broadband noise at low to moderate Reynolds number (typi-

ally from 5 103 to 2 105), at whih many important engineering appliations operate, to

understand and to redue the TE noise have beome an inevitable objetive for industry.

Although various explanations have been proposed by researhers for TE noise, due to its

omplex generation mehanism, its physial nature has not been understood thoroughly.

This is the original motivation of the present work.

In the following setions, theories on tonal an broadband noise are brie�y presented.

1.2.1 Tonal Noise

The tonal noise refers to the noise radiated by airfoils in ertain �ow onditions as a

distint whistle whih is at a disrete frequeny, typially between 20 and 30 dB higher

than the broadband noise. This is also alled laminar instability noise as it is often

observed for �ows that undergo transition to turbulene for low to transitional Reynolds

number beause of instabilities.

The disrete tonal noise of an airfoil with sharp TE was �rstly notied experimentally by

Clarke [1966℄ but without detailed analysis. Hersh et al. [1974℄ also observed the similar

phenomenon. A thorough experimental investigation of the tonal noise was arried out by

Paterson et al. [1973℄. They found that the frequeny of the noise behaves like f U1 5
0

by relating the Strouhal number with the thikness of the boundary layer over a �at plate,

where U0 stands for the referene free-stream veloity. This result was on the assumption

that the Strouhal number was onstant if the airfoil was onsidered as a blu� body. They

then onluded that the noise �eld was governed by vortex shedding through orrelation

analysis of their hot-wire measurements (HWM). One year after, Tam [1972℄ on the other

hand ast doubt on Paterson's theory beause an airfoil was streamlined and thus the blu�

body assumption by Paterson was poor and he then proposed instead a self-feedbak loop

between the TE and a ertain point in the downstream wake.

The aeroaousti feedbak loop theory proposed by Tam was developed later by Wright

[1976℄, Longhouse [1977℄, Fink [1977℄ and Arbey and Bataille [1983℄, but with di�erent

feedbak loop mehanisms. In general, it was believed that aerodynami disturbanes

indued a �utuating pressure on the airfoil surfae interating with the sharp TE of the

airfoil, generated sound and the sound waves propagating upstream reinfored the original

disturbane, thus ompleting the feedbak loop. The latter was maintained if the sound
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had appropriate phase and magnitude to ouple with the boundary layer waves at the

soure point, where the boundary layer wave beame unstable.

With the development of the alulation apaity on super omputers, some exiting results

from numerial work, inluding the diret numerial simulation (DNS), have provided more

�ow details on this subjet, espeially on several NACA airfoils [Jones, 2008℄ [Sandberg

et al., 2009℄ [Desquesnes et al., 2007℄. They suggest that sution side feedbak as well as

pressure side feedbak are involved in the noise generation. The multiple-peak struture

in the frequeny spetrum is a onsequene of the simultaneous partiipation of those two

feedbak loops. These numerial works have o�ered new thoughts aside from that from

the traditional experimental work. Most reently, Sanjosé et al. [2017, 2018℄ showed that

a transition mehanism is learly involved for suh a noise. The detailed presentation of

the assoiated researh will be introdued in Chapter 2.

It ould be seen that most of these studies on tonal noise on�rm the presene of a

feedbak-loop mehanism and is responsible for the frequeny seletion resulting in tonal

noise. While on the other hand, new ones often do not support the results and laims made

in the past. This is a topi still under ative disussion. A omprehensive understanding

of the tonal noise requires more aurate and systemati studies in the future.

1.2.2 Broadband Noise

When the boundary layer is turbulent and attahed at TE, broadband noise will be gen-

erated. Turbulent �ow onsists of a random number of eddies of various sales and thus

reates a broadband �utuating surfae pressure near the airfoil TE (Fig. 1.2). This broad-

band surfae pressure is sattered by the TE [Amiet, 1976℄ and reates broadband aousti

waves that in some ases ould be intense and very annoying to the human ear. This form

of TE noise is responsible for most of the aerodynami noise from wind turbines as well as

signi�ant amounts of noise from air plane wings propellers and rotors [Caro and Moreau,

2000; Glegg et al., 1987; Hubbard and Shepherd, 1991; Wright, 1976℄.

Unlike the tonal noise the generation mehanism of whih is still an ative debate, broad-

band noise is better understood. From the late 1970s, various experiments were performed

[Brooks and Hodgson, 1981; Brooks et al., 1989; Fink, 1975℄ over NACA0012 airfoils. These

experiments were onduted through the use of airfoils immersed in open-jet wind tunnel

failities. The experimental studies have foused on inident veloity �utuations, wall

pressure �utuations, and far �eld sound. Several models were proposed during that time

to predit suh a noise aording to experimental results. Howe [1978℄ has lassi�ed these

models in 3 types based on their derivation approahes:
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Figure 1.2 Broadband noise radiation from airfoil TE [Colonius and Lele, 2004℄.

1) Models based on Lighthill's aousti analogy;

2) Models based on linearized hydroaousti problems;

3) Models using ad-ho approah.

Sine then more models have been proposed whih an take into aount the e�et of

Reynolds number, pressure gradient, et. However, the e�ets due to the airfoil geometry

and the angle of attak are rarely onsidered. In general, these models are derived for low

to moderate ambered airfoils. Another limitation is that the e�ets of airfoil thikness

is usually negleted and small or zero angle of attak is assumed. As a result, it ould

be onluded that most of these models are able to explain the broadband noise but in

ertain limited �ow onditions over �at plates. Hene it ould be said that the generation

mehanism on suh a noise is established, but is onstrained to limited �ow onditions:

fully established attahed turbulent �ows, whih is questionable, for its appliations on

airfoils. Beause the �ow over airfoils are essentially spatially developing �ows and the �ow

onditions an be quite di�erent from one to another beause of di�erent airfoil geometries

and angles of attak.

Compared with tonal noise, an important di�erene worth notiing is that the broadband

noise is indued by the small sale, less organized turbulent boundary layers. This is

quite hallenging to be measured properly from experiments and make the study of suh a

noise relies greatly on highly resolved simulations (both in spae and in time) suh as LES
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(Large Eddy Simulation) and DNS. Theoretially, DNS resolves all sales and is ideal as a

numerial tool for suh a noise study. However, due to the Reynolds number onstraints

[Chapman, 1979; Choi and Moin, 2012; Pope, 2000℄, most of the reliable DNS databases

were at low Reynolds numbers in previous studies [Jones, 2008; Jones et al., 2008℄ as

a ompromise to omputational osts. LES was usually employed for higher Reynolds

number ases yet most of the ases are on anonial �ows: �ow over the symmetrial

thik NACA0012 airfoils [Wolf and Lele, 2012℄. In both the LES and DNS ases, the

installation e�ets [Moreau et al., 2003℄, whih desribes the atual airfoil loading and

wake deviation based on experimental setup, in ontrast to the ideally free-�eld, were

rarely onsidered in previous studies. This lak of onsisteny makes the results from

these simulations hard to be ompared with experiments as suh e�ets an dramatially

hange the aerodynamis and thus the assoiated aeroaoustis. In all, DNS of a more

realisti �ow at high Reynolds number taking the installation e�ets into aount should

bring knowledge to the generation mehanisms of suh a noise.

1.3 Researh Tools on TE Noise Study

As partly mentioned in the setion above, TE noise was �rstly studied through experimen-

tal approahes and the experiments ontinue being a fundamental tool for the researh.

Later the analytial and numerial studies ame out and have played important roles in

the domain. Unfortunately, the measured results di�er substantially from eah other due

to diverse experimental setups and the analytial methods always have limitations whih

will be disussed in detail later in Chapter 2. Thus the state-of-the-art numerial approah

DNS will be employed in this dissertation to gain a more omprehensive understanding of

TE noise taking the installation e�ets into aount. Apart from the higher auray in

the simulation, one ruial advantage of DNS is that there is no bakground wind tunnel

noise whih is almost inevitable in the experiments. When properly arried out, the DNS

is able to provide an environment in whih airfoil self noise is truly the only noise soure

present.

1.4 Objetives and Outline of the Thesis

This PhD projet thus uses DNS of the �ow over an airfoil to ahieve 2 main desired

objetives:

To better understand the TE noise generation mehanism;

To validate and to disuss the limitations of analytial approahes through DNS

results.
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To that end, 2 DNS ases on a NACA6512-63 airfoil and on a Controlled-Di�usion (CD)

airfoil respetively at a high Reynolds number based on the hord length of 1 5 105 are

realized in this thesis. In both ases, the airfoil are untripped. Various omparisons and

analysis with experimental and other numerial methods are made and disussed. In the

following, a literature review onerning the airfoil TE noise from di�erent approahes are

presented in Chapter 2 to show the urrent researh progress. A detailed disussion on the

assumptions of analytial approah and on numerial methods with emphasis on the DNS

are presented. In Chapter 3, the details of the numerial ode used for both simulations

and the assoiated post-proessings are introdued. In Chapter 4 and Chapter 5, numerial

setups and results for the 2 DNS ases are shown and disussed. And at the very end, a

summary of the main results of the thesis and the possible perspetives are given.



CHAPTER 2

State-of-the-Art

2.1 Experimental Methods

Understanding and prediting TE noise have been an on-going hallenge for researhers

and engineers over the last 40 years. Experimental studies on airfoil TE noise were �rstly

arried out in the 70 80s ([Brooks and Hodgson, 1981℄ [Fink, 1975℄ [Brooks et al., 1989℄,

et) to quantify the parameters of the noise soure related to the airfoil boundary layer.

Brooks proposed the following de�nition for the airfoil self-noise [Brooks et al., 1989℄:

�The total noise produed when an airfoil enounters smooth non turbulent in�ow�. Suh

a notion is widely aepted for the TE noise studies, partiularly to distinguish from the

other airfoil related noise namely the turbulene-interation noise or leading-edge noise.

Measurements of the veloity of the hydrodynami �eld in the viinity of the TE or

the wake have been reported using hot-wire [Finez et al., 2010℄ [Moreau et al., 2006b℄

[Padois et al., 2015℄. Pressure sensors are used to measure surfae pressure spetra near

TE [Herr and Dobrzynski, 2005℄ [Moreau and Roger, 2005℄ [Moreau and Roger, 2009℄

[Padois et al., 2015℄ (Fig. 2.1). More reently, the spatial and time resolved PIV (Partile

image veloimetry, Fig. 2.2) measurements [Shröder et al., 2004℄ [Ghaemi et al., 2012℄

[Pröbsting et al., 2013℄ [Pröbsting et al., 2015℄ have been onduted to get diretly the

veloity �utuations of the boundary layer near TE thus to reonstrut surfae pressure

�utuations. These experimental methods an provide validations of the simulations and

analytial models.

The experimental methods vary from hot-wire measurements (HWM), partile image ve-

loimetry (PIV) measurements, remote mirophone probes (RMP) measurements, stati

pressure sensor (SPS) measurements, mirophone phase array (MPA) measurements and

far �eld mirophone (FFM) measurements. They are summarized in Tab. 2.1.

However, in an experimental setup in general, it is hallenging to separate the TE noise

from other noise soures, suh as the noise from the shear layer of an open jet or noise

from the separation and reattahement of the boundary layer. Besides, only low speed

�ow ases ould be employed as the noise from the wind tunnel ventilation system (part

of the bakground noise) will inrease as the �ow speed goes up. And even with the

state-of-the-art experimental method PIV, several aspets are limited:

8
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Figure 2.1 Pressure sensors on the Controlled-Di�usion airfoil in the ECL large

wind tunnel [Moreau and Roger, 2005℄.

Figure 2.2 A typial tomographi PIV set-up for imaging the �ow over a trail-

ing edge (left). Details of the multi-pass illumination arrangement (right) [Pröb-

sting, 2015℄.
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Experimental Methods Target Parameter Comments

HWM Veloity BL and near wake veloity pro�les

PIV Veloity �eld Entire veloity �eld near TE and near wake

RMP Wall-pressure �utuations Airfoil TE noise soure

SPS Wall stati pressure Airfoil loading

MPA Aousti pressure

Identi�ation of the noise soure

near airfoil surfae

FFM Aousti pressure Far �eld sound

BL: Boundary Layer

In Amiet's based theories [Amiet, 1976℄ [Moreau and Roger, 2009℄

Table 2.1 Experimental measurements.

The resolution is limited due to the urrent amera apture apaity and the mok-

up size [Adrian and Westerweel, 2011℄. Usually, the range of the �ow speed and the

range of the turbulene sales have to be hosen before the experiments, whih means

ertain �ow details may not be observed from a single set of PIV measurements;

The �eld of view is limited due to the mok-up and to the performane of the amera

and the lens;

The attenuation of the laser power may introdue unertainties to the high frequeny

phenomenon;

Re�etions from the metal surfae of the airfoil mok-up (when it is illuminated by

the laser beam) add unertainties of the �ow details near the wall.

These drawbaks make the analytial and numerial methods, espeially the latter one,

essential to get a more omprehensive understanding of suh a noise mehanism.

2.2 Analytial Methods

The analytial method aims at providing approximate but very fast and heap results to

predit noise radiated at TE. This is quite useful in engineering or industrial �eld during

the design or test stage of a ertain turbomahinery produt for example. It is dediated

to an isolated, previously identi�ed mehanism and needs onsiderable simpli�ations and

assumptions on the �ow features or on the geometry [Camussi, 2013℄. The analytial

method an also be used in the post-proessing progress of a simulation result to dedue

the far �eld sound.

Most airfoil TE noise models are based on aousti analogies and Lighthill's pioneering

work [Lighthill, 1952b℄. By suitably arranging and ombining the Navier-Stokes equations

(ontinuity and momentum equations), a wave equation is obtained. Lighthill's approah
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is to ompare the real �ow with those in an ideal quiesent medium at rest, i.e., outside

the turbulent �ow �eld. A Lighthill stress tensor Tij is introdued whih ats as a soure

of sound in Lighthill's wave equation:

(
2

t2
c20

2

x2
j

)
′

=
2Tij

xi xj
(2.1)

Thus the sound propagation and noise soure are presented on the left-hand and right

hand sides respetively. Beause no simpli�ations have been introdued in the derivation

proess of Eq. (2.1), it is lear that Lighthill's equation takes into aount not just the

sound generation, but also its re�etion and sattering e�ets. To solve this equation,

Green's funtion tehnique an be applied. This however, assumes that the right-hand

side of Eq. (2.1) is deoupled from the left-hand side. This is true when the listener's

position is in the far �eld. The so-alled far �eld is satis�ed when the distane between

the noise soure and the listener are orders of magnitude larger than the wavelength of the

soure de�ned as = c0 f . A more general solution of Eq. (2.1) was derived by Ffows

Williams & Hawkings [Williams and Hawkings, 1969℄ for surfaes in arbitrary motion in

free spae. Before that, Curle [1955℄ onsidered the solution for a stationary surfae in a

turbulent �ow, whih is appliable for our TE noise predition. The integral solution to

Eq. (2.1) for the aousti pressure p in presene of a solid body of surfae S is given by

[Goldstein, 1976℄:

p
′

(x t) =
+

V

2G

yi yj
(x y t )Tij(y )d3yd

+
+

S

G

yi
(x y t )p

′

ij(y )njd
2
yd

+

S

G
(x y t ) 0un(y )d2yd

(2.2)

with the surfae normal vetor n being direted into the �uid. Eq. (2.2) states that sound

is generated:

by the turbulent stresses Tij distributed throughout the �uid (quadrupole soure);

by the unsteady fores p
′

ijnj exerted from S on the �uid (dipole soure);

by the rate of variation of loal mass out�ow from S (monopole soure).

For a rigid airfoil, the wall-normal veloity un is zero, and this last term vanishes.

To seek a proper Green's funtion G, whih represents the ausal solution of the wave

equation (Eq. (2.1)) and satis�es the proper boundary onditions on the surfae S, is thus

the target of the di�ration theories. The Green's funtion G is a funtion of the soure
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loation y, the observer loation x, and soures radiated at emission time and heard at

t. Here and afterwards, these notions are used. Exat analytial Green's funtions are

known only for simple geometries (suh as half planes, spheres, or irular ylinders for

instane). However, it is possible to �nd approximate Green's funtions suh as ompat

Green's funtions [Howe, 2001℄, whih are valid for solid bodies that produe sound of

wavelengths that are relative large ompared to the dimension of the body. For more

omplex geometries, the Green's funtion needs to be omputed numerially by �nite-

element method [Caro et al., 2004℄ [Esobar, 2007℄ or alternative tehniques. Several TE

noise models were reported in the literature. The di�erene between di�erent theories is

essentially how to treat and hoose Green's funtion G.

A review from Howe [Howe, 1978℄ has lassi�ed the models as 3 ategories: Lighthill's

[Lighthill, 1952b℄ aousti analogy based models [Williams and Hawkings, 1969℄ [Williams

and Hall, 1970℄ [Crighton, 1975℄; Amiet's (or similar) theory based on the solution of

speial problems approximated by the linearized hydroaousti equations [Amiet, 1976℄

[Chase, 1972℄ [Curle, 1955℄; and ad ho models [Tam and Yu, 1975℄ [Hayden et al., 1976℄.

The last type involves postulated soure distributions whose strength and mulitpole types

are generally determined empirially as they were proposed at the early stage of the

development of the domain. In this last type, the so-alled �BPM� (Brooks, Pope, and

Marolini) model [Brooks et al., 1989℄ based empirial orrelations from airfoils over a

large range of onditions serves often as a predition tool for industrial appliations. It

will rather be the �rst two types that will be disussed in this setion.

2.2.1 Ffows Williams & Hall Analogy

Ffows Williams & Hall analogy [Williams and Hall, 1970℄ uses the volumetri soures

in the viinity of the TE. It uses half-plane Green's funtions (whih indiates that the

airfoil is onsidered as a semi-in�nite half plane) with zero thikness to ount for the

sound sattering and then the ompressibility of the air to dedue sound propagation.

The veloity �utuations around TE are the noise soures of the model. It should be

notied that suh an analogy originally is limited to thin airfoils and an be used with

inompressible aousti soures. Wang et al. [2009℄ has generalized this analogy to �nite-

hord length when deduing far �eld sound from LES (large eddy simulation) omputation.

Aording to the hange of oordinate system introdued by Wang et al. [2009℄, the far
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�eld aousti pressure pa is given by

pa(x ) = 0
2e i 4

1 2
k2sin( 2)

V

eikR

4 R

sin1 2( )

(2kr0)3 2

[u2 u2
rsin( 0 2)] 2uru cos( 0 2) d3y

(2.3)

where is a orretion fator multiplied to the original soure terms in [Williams and

Hall, 1970℄ (details in Appendix in [Wang et al., 2009℄ taking the �nite-hord e�ets into

aount). It an be seen that suh an analogy requires veloities (3D) from the time and

spae resolved volume from the noise soure, i.e., near the airfoil TE. It should be notied

that reording suh a volume data during the simulation is expensive. Moreover, the size

of the volume is a priori unknown and need to be evaluated for eah ase. The Ffows

Williams & Hall analogy is appliable for noise predition from numerial simulations but

normally not for experimental data [Pröbsting, 2015℄ as a volume integral of the veloity

�eld is required with high spatial resolution.

2.2.2 Curle/Amiet's Analogy

Curle's analogy [Curle, 1955℄ onsiders noise radiated from stationary surfae. Compared

with Ffows Williams & Hall analogy, it involves ompressibility e�ets (density �utua-

tions) in the soure terms and that makes the use of suh an analogy suitable for om-

pressible simulations. For inompressible simulations, its appliation will be restrited to

ompat soure region, i.e., l 1. Here the l for airfoil ase will be the hord length c.

That means only low frequeny soure an be onsidered. The far-�eld aousti pressure

in Curle's analogy is

p
′

(x t) =
2

xi xj V

[
Tij

4 c20 x y

]d3y
V

[
p
′

ni

4 c20 x y

]d2y (2.4)

At low speed the volume integral in Eq. (2.4) an be negleted. Thus, in the DNS, the

pressure �utuations on the airfoil surfae needs to be reorded.

Amiet's di�ration theory provides a simpler way to ompute the wall-pressure �utuation

p
′

. The linearized Euler equations are reast into a wave equation that is transformed into a

Helmholtz equation by a time-Fourier transform. This equation with the proper boundary

ondition in two half-planes an be solved by the Shwarzhild method borrowed from

di�ration problems in eletromagnetism [℄. As the broadband noise is a random proess,

a statistial treatment of the far-�eld aousti pressure is needed to yild the following
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power spetral density (PSD)

Spp(x ) = (
sin

2 R
)2(kC)2d L 2

pp( )lz( ) (2.5)

where L is an analytial radiation integral, pp is the PSD of the wall-pressure �utuations

near the TE and lz is the spanwise oherene length of these wall-pressure �utuations near

the TE. Both L and lz depend on some turbulent onvetion speed uc. The assumption of

suh a theory inludes a frozen boundary layer (status of points inside the boundary layer

is similar) at TE and a thin or �at plate TE. Reent extensions by Roger & Moreau [Roger

and Moreau, 2005℄ [Moreau and Roger, 2009℄ [Roger et al., 2006℄ has introdued leading

edge bak-sattering e�et and vortex shedding e�ets, whih makes Amiet's analogy

possible to inlude �nite-hord length and airfoil thikness in�uene. Yet beause of the

amber, the adverse pressure gradient e�et is one aspet to be addressed by the DNS.

Besides, the spanwise orrelation length is normally based on Coros' model [Coros, 1964℄.

From DNS suh a parameter an be obtained diretly.

Amiet's theory for TE noise [Amiet, 1976℄ requires the wall-pressure spetrum near the

TE. For modeling it, empirial models were �rstly proposed in late 60's from experiments

data base for the �at plate TE noise in whih no pressure gradient was onsidered. Will-

marth and Roos [1965℄ have olleted experimental wall-pressure measurements beneath

a turbulent boundary layer. Based on those measurements, Amiet [Amiet, 1976℄ proposed

an analytial formulation using outer boundary-layer variables:

pp

u3
e

= 2 10 5F ( )

2
(2.6)

with F funtion of = ue where and ue represent the boundary layer displaement

thikness and the external veloity. The model showed a good agreement with available

experimental results [Keith et al., 1992℄ at high frequenies for zero-pressure gradient �ows.

Chase [Chase, 1980℄ proposed a formulation for the wall-pressure spetrum based on mixed

variables, whih takes into aount both the inner and outer boundary layer variables:

ppue

2
w

=
2( ue)

2

[( ue)2 + 0 0144]3 2
(2.7)

where w stands for the wall shear stress. The use of mixed variables has beome more

popular after this model as it presents more physial information. Goody [Goody, 2004℄

has improved this model to take into aount the

5
spetral deay whih has been mea-

sured at high frequenies, and above all, the Reynolds dependene of the high-frequeny
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roll-o�. However, the normalized wall-pressure spetra an be inreased by up to 10 dB in

the ase of adverse pressure gradient, as observed experimentally by Shloemer [Shloemer,

1967℄ and numerially by Na [Na, 1997℄. Reently, Rozenberg [Rozenberg, 2007℄ [Rozen-

berg et al., 2010℄ [Rozenberg et al., 2012℄ has proposed a model to inlude the adverse

pressure gradient e�ets as shown in Eq. (2.8), whih makes the model more adapted to

the TE noise predition on real airfoil ases where pressure gradients are observed beause

of angle of attak (AoA) and amber:

ppue

2
w

=
0 78(1 8 c + 6)(

ue
)2

[(
ue
)0 75 + C1]3 7 + [C3( ue

)]7
(2.8)

It is onsidered as a better model among other empirial models [Christophe, 2011; Lee,

2018; Lee and Villaesusa, 2017; Node-Langlois et al., 2014; Volkmer and Carolus, 2018℄

beause it is omputationally inexpensive and aount for adverse pressure gradient based

on several airfoil experimental datasets, whih onsequently gives more robust results. Yet

Catlett et al. [2014℄ has argued that unfavorable results from this model was observed for

a di�erent airfoil (not ambered) at relatively higher AoA of whih the boundary layer

was under higher adverse pressure gradient. He has proposed another empirial model

alled NSWCCD based on improvement of Goody's [Goody, 2004℄ model. However, the

new model for V2 and Controlled Di�usion (CD) airfoil on whih Rozenberg's model was

established, ended up with a poor predition. Most reently, Lee and Villaesusa [2017℄

ompared 5 existing empirial models: Goody's [Goody, 2004℄, Rozenberg's [Rozenberg

et al., 2012℄, Catlett's [Catlett et al., 2014℄, Kamruzamman's [Kamruzzaman et al., 2015℄

and Hu & Herr's [Hu and Herr, 2016℄ models. They found that there is not a single

model that provides onsistently aurate results for di�erent test ases. However, for zero

pressure gradient �ows, Goody's model [Goody, 2004℄ and Hu & Herr's model [Hu and

Herr, 2016℄ are the most aurate. For a adverse pressure gradient on airfoils, Rozenberg's

model [Rozenberg et al., 2012℄ and Kamruzzaman's model [Kamruzzaman et al., 2015℄ are

the most aurate. Catlett's model [Catlett et al., 2014℄ results in inaurate results in

most ases. They proposed further an improved model [Lee, 2018; Lee and Villaesusa,

2017℄ based on the Rozenberg's model [Rozenberg et al., 2012℄, whih extends the validity

of the original Rozenberg's model to zero pressure gradient �ows as well. This is, aording

to the knowledge of the author, the most advaned empirial models up to now. In general,

as the oe�ients of the empirial models depend partly on the assoiated experiments

who di�er from ase to ase in terms of �ow ondition and airfoil geometry, it is logial to

apply suh models aording to referene ases. These limitations oming from empiriism

and the onsequent unertainties in di�erent models an be avoided by applying diret
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numerial simulations as the aoustis and �uid dynamis are omputed at the same time

without any turbulene modeling.

From a di�erent point of view, a set of models based on the veloity statistis from

turbulent boundary layers are developed. An important di�erene between these models

and the empirial models suh as shown in Eqs. (2.7) and (2.8) is that the empirial

models are purely loal and rarely take the boundary layer statistis into aount exept

for the wall surfaes whereas these models based on veloity statistis do. These models are

developed from Kraihnan's work [Kraihnan, 1956℄ on a model whih relates the spetrum

and orrelation funtion of the surfae pressure distribution to the orresponding funtions

for a homogeneous turbulent �ow to reonstrut the turbulent �ow on a �at plate. Two

branhes of models based on [Kraihnan, 1956℄ were then developed. One branh is the

the so-alled �Blake-TNO� models by Blake [1986℄, Parhen [1998℄ and most reently by

Moriarty et al. [2005℄, Bertagnolio et al. [2014℄ and Fisher et al. [2017℄. The name �TNO�

omes from the name �TNO Institute of Applied Physis� in the Netherlands. These

models impose some simpli�ations on the 5 integrals of the model from Panton and

Linebarger [Panton and Linebarger, 1974℄ in order to reah a single integral in their �nal

forms to alulate the wall spetra.

Reently, another branh of models [Grasso et al., 2018; Remmler et al., 2010℄ dediated in

the appliation of Panton and Linebarger's model use Monte-Carlo methods to alulate

the whole 5 integrals in [Panton and Linebarger, 1974℄. In this way, the omputation

is more expensive than the Blake-TNO models. Yet the result relies on less restritive

assumptions (only the frozen turbulene assumption was taken) on the harateristis of

the turbulent boundary layer. Remmler et al. [2010℄'s work is taken here as an example.

The model is based on the reformulation of the inompressible Navier-Stokes equation

into the form of a Poisson equation for the pressure. Hypothesis is made that the �ow is

statistially stationary and homogeneous in the streamwise and spanwise diretions (whih

is a questionable assumption as the physial proess depends on the �ow features as well as

the airfoil geometry near TE), and the Poisson equation is solved with a Green's funtion.

The pressure spetrum is then integrated over the planes parallel to the wall and over the

spanwise wave number k3. The �nal expression of the wall-pressure spetrum is:

pp( ) = 8 2

0

k1( )2

k ( )2
e k ( )(y+y)S22(y y )

U1

y

U1

y
dydyk3 (2.9)
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where S22 stands for the energy spetrum of the vertial veloity �utuations given by:

S22(y y ) =
u2(y)u2(y)

2
2

0

R22cos( k1( )r1)cos( k3r3)dr1r3 (2.10)

The model uses atually the streamwise mean veloity pro�le U1 and the rosswise veloity

�utuation pro�le u2(y). The veloity orrelation funtion R22 and the sale anisotropy

fator [Amiet, 1976; Paterson et al., 1973℄ need to be modeled [Panton and Linebarger,

1974℄. In [Remmler et al., 2010℄, RANS simulation input was fed to this model and

the omparisons with experimental data showed an aeptable predition. This model

together with Rozenberg's model [Rozenberg, 2007℄ [Rozenberg et al., 2010℄, is reported

in [Christophe, 2011℄ to have a good overall predition for the pressure spetrum at the

TE of the CD airfoil (Fig. 2.3). Yet both methods have limitations on the frequeny

ranges. Rozenberg's model [Rozenberg et al., 2012℄ may have di�ulties in preisely

prediting the high frequeny noise soures as the wall shear stress is one key parameter

whih depends highly on the quality of the simulation or experiments. For Remmler et

al.'s model [Remmler et al., 2010℄, unertainties appear at low frequenies due to the

onvergene of Monte-Carlo methods.

Figure 2.3 Comparison of experimental spetrum (plain-squares) and orre-

sponding modelling using RANS inputs near the TE (x c = 0 02)of the

Controlled Di�usion airfoil: (plain) Rozenberg's model [Rozenberg, 2007℄ and

(dashed) Panton's model [Panton and Linebarger, 1974℄.

Nevertheless, all the models developed after the work of Kraihnan [Kraihnan, 1956℄ have

several ommon and imposed assumptions:
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Flow onsidered as inompressible (Poisson's equation applied);

Turbulene intensity and mean shear null outside the boundary layer;

Frozen turbulene near the TE (explained in [Panton and Linebarger, 1974℄, [Bertag-

nolio et al., 2014℄ and [Fisher et al., 2017℄);

Flow onsidered as homogeneous parallel to the wall and isotropi within the parallel

planes.

These assumptions, however, are not always established in a real turbulent boundary layer

over an airfoil and an onsequently a�et the related noise. With highly time and spae

resolved simulations as DNS, these assumptions an be further veri�ed and analyzed.

2.2.3 Limitations of Models

In summary, the analytial methods are quik and relatively aurate solutions to ertain

�ow ases and are useful for quik estimation purposes, but they involve several aspets

limiting the appliation of suh methods, whih, an be addressed by the urrent DNS

study:

Airfoil TE Shape e�ets (whih an lead to possible vortex shedding and an hal-

lenge the Kutta ondition in the models);

Pressure gradient e�ets;

Spanwise orrelation e�ets;

Anisotropi turbulene e�ets;

Possible ompressibility e�ets;

These aspets will be further disussed with the DNS data in Chapter 4 and Chapter 5.

2.3 Numerial Methods

The numerial methods are relatively new ompared with the experimental and analyt-

ial methods on �ow generated noise. The reently alled CAA (Computational Aero-

Aoustis) regroups all methods involving numerial omputations to produe aoustial

information of aerodynami phenomena. Typially, the CAA ould be lassi�ed into two

types:

Hybrid methods deouple the omputation of the �ow from the omputation of

the sound. So normally, the �ow �eld is obtained from an unsteady omputation

near the noise soure and then the aousti soure radiation is omputed in the

far �eld using an aousti propagation method [Christophe, 2011℄ [Wang and Moin,

2000℄ [Salas and Moreau, 2015℄. Suh methods are established on one assumption:

the �ow has an in�uene on the sound generation and propagation but not the
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other way around. Suh methods have an obvious advantage on the omputational

ost as inompressible �ow omputations ould be used for low Mah numbers �ows

and only a relatively small area around the aousti soure needs to be taken into

aount and fully resolved. Therefore, for an estimation purpose or veri�ation of

ertain analytial theory, the hybrid methods are apposite.

Diret methods ompute the �ow and sound �elds altogether by solving the om-

pressible �ow equations. Time dependent simulations as DNS, LES (Large Eddy

Simulation), URANS (Unsteady Reynolds Averaged Navier-Stokes) and DES (De-

tahed Eddy Simulations) an be employed. Espeially the DNS, whih will be

addressed later in this hapter, attrats extreme interest of the aademi world be-

ause of its apaity of apturing the �ow and aousti �eld details whih leads to

the understanding of the real noise generation mehanism [Wang et al., 2006℄ [Jones,

2008℄ [Winkler et al., 2012℄. However, aside from the requirements on the numeri-

al methods, ompared to other simulations, diret omputation of sound generated

aerodynamially requires larger simulation domain due to the extent of aousti �eld

and the ompressible �ow needs higher level of time steps for stability reasons. More-

over, in high Reynolds number and low Mah number ases, the disparities between

the hydrodynami and aousti amplitudes on the one hand, and the disparities be-

tween the turbulent sales and the aousti wavelengths on the other hand, makes

the methods hard to apply. That is why till today, the airfoil TE noise study using

suh methods has been limited to moderate Reynolds numbers and still open for

further progress.

Traditional CFD (Computational Fluid Dynamis) tools solve Navier-Stokes equations

(eqs. (2.11) (2.12) (2.13)). Aording to the desending order of the modelled turbulene

(Fig. 2.4) (whih is normally the inreasing order of omputational ost), CAA studies on

TE noise an be ategorized as URANS, LES and DNS.

For a ompressible �ow, the governing Navier-Stokes equations are:

t
+

( uk)

xk
= 0 (2.11)

( ui)

t
+

[ uiuk + p ik ik]

xk
= 0 (2.12)

( E)

t
+

[ uk(E + p) ui ik + qk]

xk

= 0 (2.13)

where is the density, ui stands for the veloity omponent i, p the pressure, ik is the

Kroneker symbol and the total energy is de�ned as E = T [ ( 1)Ma2] + 0 5uiui The
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Figure 2.4 RANS, LES and DNS in the turbulent energy spetrum.

stress tensor and the heat-�ux vetor are omputed as

ui ik =
Rec

(
i

xk

+
k

xi

2

3
j

xj
ik) and qk =

( 1)Ma2PrRec

T

xk
(2.14)

respetively.

2.3.1 URANS, LES and Hybrid Simulations

As the sound prodution is essentially an unsteady phenomenon, unsteady solvers (URANS,

or what will be mentioned later LES and DNS) are usually employed to ompute the noise

soure. URANS (Unsteady Reynolds Averaged Navier-Stokes) simulations are based on

the hypothesis that any instantaneous �ow �eld an be deomposed in two separate om-

ponents, namely a mean time-averaged �ow omponent and a �utuation omponent (eq.

(2.3.1)) [Pope, 2000℄.

uk(x t) = uk(x t) + uk(x t) (2.15)

Alternatively, the soures of sound an be omputed from steady RANS, whih onsumes

least omputational soure and an get rather quikly the aerodynami �eld. The volu-

metri aousti soure an be obtained by means of stohasti methods [Remmler et al.,
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2010℄ [Golliard et al., 2006℄, reonstruting the unsteady turbulent �eld from the RANS

�ow quantities, or, using statistial methods as mentionned in Setion 2.2.2, whih provide

spetral information depending on RANS inputs, as the wall-pressure spetrum from the

distribution of the turbulent kineti energy (TKE) in a boundary-layer solving linearised

vortiity equation [Glegg et al., 2008℄ or from turbulent boundary-layer pro�les solving

the Poisson's equation [Panton and Linebarger, 1974℄ [Remmler et al., 2010℄. However,

Eq. (2.3.1) results in an open equation system, as the so-alled Reynolds stress tensor

rij = uiuj being reated by the �utuating �ow omponents annot be obtained diretly

and is only reated as a result of modelling the �ow omponents into mean and instan-

taneous �ow �elds. Turbulene models are used to lose the system and to de�ne the

Reynolds stress, thus allowing to solve the �ow �eld. This modelling omes with a prie,

as turbulene models are manifold and are often based on empirial studies and are often

tuned to partiular �ow solutions, thus inluding an additional unertainty in the resulting

�ow �eld alulations.

LES alulations on the other hand are based upon the idea that the larger sales of

turbulene in a �ow are the main soure of energy and must be resolved through the �ltered

Navier-Stokes equations as they are dependent on the modeled geometry and the overall

nature of the �ow. The e�ets of the smaller sale motions are modelled and are onsidered

to have homogeneous and isotropi behaviour. LES o�ers the promise between the DNS

and RANS based simulations, espeially, it an be realized for Reynolds number of pratial

or industrial interests. It opes with the Reynolds number limitation of DNS (whih will

be presented in Setion 2.3.4) by only expliitly representing the large turbulene sales

in the �ow and models the e�et of the smaller sales. The mathematial formalism

for LES is established through a spatial �ltering operation applied to the Navier-Stokes

equations, whih results in unlosed subgrid-sale (SGS) stress terms. Beause the small-

sale motions are more universal than the large-sale motions, SGS modeling is expeted to

be more robust than turbulene modeling in the RANS ontext [Wang et al., 2006℄. Suh

a losure methodology is based on the Smagorinsky [Smagorinsky, 1963℄ eddy visosity

model. In the early 1990s, a dynami proedure for omputing the model oe�ient from

the resolved veloity �eld was developed, whih requires no adjustable onstant and near-

wall damping funtions ([Germano et al., 1991℄ [Lilly, 1992℄), and is thus onsidered as a

major improvement in the robustness and auray of LES. In ompressible �ows, SGS

�ux terms are also present in the ontinuity and energy equations, whih an be modeled

in an anologous way [Moin et al., 1991℄. For instane, many more SGS models an be

refered in [Bardino et al., 1983℄ [Stolz and Adams, 1999℄ [Hughes et al., 2001℄.
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LES simulations are in essene time dependant, as opposed to the time-averaging per-

formed in RANS alulations. It has been a popular tool during the last deade for the

TE noise simulations onsidering that it is a tradeo� between auray and omputational

ost. Wang and Moin [2000℄ applied inompressible LES together with Ffows Williams

& Hall's theory to simulate the TE noise of the �ow at a Reynolds number based on the

hord of 2 16 over a slanted �at plate experimentally studied by Blake [Blake, 1975℄ with

an asymmetri TE at Reynolds number of 2 1 106. Reasonable agreement with experi-

mental data [Blake, 1975℄ was obtained for veloity statistis, frequeny spetra of surfae

pressure �utuations and the far-�eld sound spetra. The fat that this LES did not take

into aount the installation e�ets explains the poor pressure distribution predition om-

pared with experiments. Later Wang et al. [2004℄ further validated the LES approah for

omputing the spatio-temporal harateristis of unsteady pressure on the CD airfoil at a

Reynolds number at 1 5 105. Other inompressible LES simulations on airfoil TE noise

an be found in [Oberai et al., 2002℄ [Christophe et al., 2009℄ [Christophe, 2011℄ [Winkler

et al., 2010℄. All these simulations used either Amiet's model or the Ffows Williams and

Hall analogy to ompute the far-�eld sound. In these studies, the LES yield aeptable

results for �ows both with boundary layer separation (aused by higher angle of attak,

for instane in [Christophe et al., 2009℄) and without. Winkler et al. [2010℄ and Christophe

[2011℄ have argued that the mesh re�nement in the spanwise diretion is ritial in order to

better reprodue the aerodynamis in the orresponding experiments beause this aspet

an a�et both the wall-pressure level and the spanwise orrelation length at high frequen-

ies, whih are two major parameters in Amiet based models. Reently, ompressible LES

were reported [Wolf et al., 2012a℄ [Salas and Moreau, 2015℄. Wolf et al. [2012a℄ onduted

the 3D ompressible LES (0.1 hord length in the spanwise diretion) of the �ow over a

NACA0012 airfoil with a rounded TE at Reynolds number of 4 08 105 at 5 AoA for

two �ow on�gurations with di�erent freestream Mah numbers. The aousti preditions

are performed by the Ffows Williams & Hawkings (FWH) aousti analogy formulation

and inorporate onvetive e�ets. Salas and Moreau [2015℄ has onduted a �rst 3D

ompressible LES on a high-lift devie (HLD) taking into aount the installation e�et of

the jet nozzle [Moreau et al., 2003℄. It aptures interation between the shear layer of the

nozzle and the airfoil without simpli�ation. It was reported that the numerial shemes

have great impat on auray on the same wall-resolved grid.

Despite the growing interest in LES on TE noise studies, little attention has been paid to

the impat of SGS models on simulation auray. Using the Lighthill [Lighthill, 1952a℄

[Lighthill, 1952℄ framework for disussion, the e�et of SGS modeling an be illuminated
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by the following deomposition of the Lighthill stress tensor in Eq. (2.16).

Tij 0uiuj = TLES
ij + T SGS

ij + T other
ij = 0uiuj + 0(uiuj uiuj) + 0(uiuj uiuj) (2.16)

TLES
ij represents the Lighthill stress evaluated from the resolved veloity �eld; T SGS

ij is

the subgrid-sale ontribution to the Lighthill stress at resolved sales. These two terms

represent all the information that an be obtained from a LES soure �eld. T SGS
ij however,

is generally inaurate and not fully available from the proposed SGS models suh as the

Smagorinsky-type [Smagorinsky, 1963℄, in whih the trae of the SGS stress tensor is

absorbed into pressure. In addition, T other
ij represents the unresolved part of the Lighthill

stress, whih an only be modeled. All these lead to the fat that in today's Lighthill-based

alulations, only TLES
ij is used to represent the sound soure.

Despite the missing sales (T other
ij ) e�et, SGS model e�et (T SGS

ij ) an be important for

noise predition. Seror [Seror et al., 2000℄ performed a priori and a posteriori tests of the

ontributions of the 3 terms in Eq. (2.16) to sound prodution for deaying and fored

isotropi turbulene. The missing-sale ontribution was found negligible with typial ut-

o� wave numbers used in LES, whereas the SGS ontribution was not. He [He et al., 2002℄

[He et al., 2004℄ examined the SGS modeling e�et on the veloity spae-time orrelations,

whih are related to the radiated sound intensity by statistial formulation of Lighthill's

theory. For deaying isotropi turbulene, he indiated that the auray of spae-time

orrelations was determined by that of the instantaneous energy spetra. The performane

of several SGS models was evaluated in terms of spae-time orrelations, and the dynami

model in onjuntion with the multi-sale LES proedure was the most aurate. Note that

these analyses are all for homogeneous and isotropi turbulene, whih is very di�erent

from realisti noisy �ows suh as TE noise in whih shear and other e�ets have to be

onsidered. To the author's knowledge, the e�ets of SGS modeling is not learly known

for wall-bounded problems on noise study, whih makes SGS noise modeling a remaining

open area for progress. These unertainties make LES simulations still lak of reliability

on the understanding of TE noise generation.

For most of the URANS and LES simulations, the hydrodynami near �eld is omputed

and the results are then used as input data for an aousti solver. For the omputation of

aousti �eld, solvers are based on the analytial models mentioned in Setion 2.2 ([Oberai

et al., 2002℄,[Winkler et al., 2010℄, [Wolf and Lele, 2012℄, [Wang and Moin, 2000℄). Through

the deoupling of the aousti and aerodynami �elds, the feedbak of aousti waves on the

�uid motion is ignored. RANS on the other hand, an provide initial �eld and boundary

onditions for LES simulations as a pratial way to redue largely the omputational
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domain and as well to keep the installation e�ets [Moreau et al., 2003℄ as used often by

Wang et al. [2009℄, Christophe and Moreau [2008℄ and Winkler et al. [2012℄ in their studies

as shown in Fig. 2.5. This idea tested �rst by [Deniau et al., 2011℄ for a ompressible LES

on a NACA651210 airfoil an also be employed for future DNS study. However, due to the

modeling limitations whih lead to unertainties to de�ne the noise soure when applying

aousti analogies, suh methods are not enough to get an omprehensive understanding

of the TE noise generation mehanism.

Compressible DNS thus appears to be the most reliable numerial approah that aims

at exploring the essential physial phenomena of both aerodynami and aousti aspets

simultaneously ([Jones and Sandberg, 2012℄, [Ikeda et al., 2012℄).

2.3.2 DNS

In DNS alulations, all sales of the �ow �eld are resolved through the Navier-Stokes

equations, inluding all turbulene sales. This priniple enables researhers to employ

the "numerial experiment", whih, if taken out properly, is the most aurate and de-

tailed way to present the �ow �eld. Compared with the most state-of-the-art experimental

method PIV, the spatial resolution of DNS is even higher. Typially, in a DNS simulation

the dimensionless wall distane y+ an be easily smaller than 1 yet in the PIV measure-

ments, it depends on the mok-up and the amera [Adrian and Westerweel, 2011℄: given

the same PIV system, if the airfoil is bigger the resolution will be better yet the wind

tunnel nozzle will have to be redesigned aording to the airfoil and the wind tunnel

power has to be inreased, whih is not very feasible if not impossible. For instane, to

the author's knowledge, the planar PIV system installed at University of Sherbrooke an

ahieve a y+ = 9 at most. On the other hand, it is the only omputational method that

does not require turbulene modeling and thus osts more omputational resoures than

LES, and of ourse than URANS. Quantitatively speaking, for DNS of turbulent boundary

layers, the required number of grid points is estimated as Re
9 4
c (2.28) [Pope, 2000℄; for

a wall-resolved LES, this number is Re
13 7
c [Choi and Moin, 2012℄ and for a wall-modeled

LES, this number is about Re
2 5
c [Chapman, 1979℄. DNS is driven at the beginning by

researhers on turbulene study [Moin, 1998℄. At that time the �ow ases were simple suh

as �ow on a �at plate or in a hannel. But with the development of the super alulators

and the enhanement of ode e�ieny, various odes are now dealing with muh more

omplex �ows and geometries. As a onsequene, it is now feasible to investigate airfoil

TE noise using DNS.
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Figure 2.5 LES domain embedded in a RANS solution �eld [Wang et al., 2009℄.

For tonal noise study, an aousti feedbak mehanism �rstly found from experiments

[Arbey and Bataille, 1983; Nash et al., 1999℄ involving boundary layer instabilities was

reently on�rmed by diret numerial simulations (DNS) [Desquesnes et al., 2007; Jones

and Sandberg, 2011; Sandberg et al., 2009℄. These DNS were 2D simulations or used very

limited span and at relatively lower Reynolds numbers. Sandberg et al. [2009℄ on�ned

their work to a NACA0012 aerofoil at 0 , 5 and 7 angles of attak. The �ow Mah number

was 0.4 and the Reynolds number was 5 104. No tone was found at 0 AoA. At 5 AoA,

a separation bubble formed on the sution side of the aerofoil. At 7 AoA, �ow separation

took plae. Later, Jones and Sandberg [2011℄ repeated a similar omputation at a slightly

higher Reynolds number of 1 105. The angles of attak in this work were 0 , 0 5 , 1 and

2 . They performed instability wave analysis of the airfoil boundary layer. They reported

that the feedbak loop is found only when an �ow instability is present, whih then yields

prominent tonal noise. It is also found to self-selet a frequeny almost idential to that

of the tonal self-noise. The onstituent mehanisms of the aousti feedbak loop are

onsidered, whih appear to explain why the preferred frequeny is lower than that of the

most onvetively ampli�ed instability wave.

Comparing with analytial methods, Sandberg et al. [2007℄ have notied that visosity

a�ets the behaviour of the �ow at low to moderate Reynolds number when omparing

the DNS data against the results from Amiet's theory (2D). Moreover, TE noise models

based on Amiet's theory annot aount for additional noise soures suh as reattahing

laminar separation bubbles or quadrupole soure in the wake. Later their ontinuous

studies [Jones, 2008℄ [Jones and Sandberg, 2009℄ shows that laminar separation bubbles

during the transition proess is a signi�ant noise soure at this low Reynolds number
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(5 104). Other DNS studies suh as Tam and Ju [2006℄ at higher Reynolds number

laims that the vortex shedding auses the emitted tones. Yet, Tam and Ju [2006℄'s

work was onstrained to 2D simulations and ould not aount for the atual turbulene

development for the onsidered Reynolds number.

2.3.3 LBM

Aside from the traditional CFD tools based on the disretization of the Navier-Stokes equa-

tions on TE noise study, LBM (lattie-Boltzmann method) simulations have also provided

some interesting results in the �eld. The development of suh method for aeroaousti

appliations an be found in Marie's thesis [Marié, 2008℄.

The LBM relies on the statistial physis by onsidering an ensemble of partiles desribed

by a distribution funtion (a probability density funtion) f(x  t), whih represents the

probability of moleules with a veloity  at the loation x and at the time t. The evolution

of f(x  t) is given by the Boltzmann equation (1872) [Sui, 2001℄:

f

t
+ ci

f

xi
+

Fi

m

f

ci
=

f

t collision

(2.17)

in whih, m is the moleular mass of the gas. It desribes the advetion of f at the

veloities ci exposed to an external fore Fi with an additional soure term named the

�ollision operator� at the right hand side of Eq. (2.17). This soure term represents the

e�et of the partile ollision. Bhatnagar et al. [1954℄ introdued a simpli�ed model for

this soure term, alled the BGK model:

f

t collision

=
1
(f f eq) (2.18)

where is a relaxation time. One an relate the �uid kinemati visosity to the relaxation

time by

= ( 1 2)T (2.19)

The BGK model desribes a relaxation proess to an equilibrium state de�ned by the

Maxwell-Boltzmann veloity distribution:

f eq(x  t) =
m

2 kBT

3

2

e
m

2πkBT
( u)

(2.20)
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By negleting the external fores and by ombining Eqs. (2.17) and (2.18), the Boltzmann

equation writes:

f

t
+ ci

f

xi
+

Fi

m

f

ci
=

1
(f f eq) (2.21)

This Boltzman-BGK equation is the basi equation that the LBM based solvers use.

Its expansion allows to reover the Navier-Stokes equations. It an be rewritten as a

di�erential equation form:

df

dt
+

1
f =

1
f eq

(2.22)

with

d

dt
=

t
+ ci

xi
(2.23)

The integration over timestep t gives the disrete form [He and Luo, 1997℄:

f(xi + ci t ci t+ t) f(xi ci t) =
1
[f(xi ci t) f eq(xi ci t)] (2.24)

To solve the Boltzmann-BGK equation (Eq. (2.21)) over all possible veloities is impossi-

ble in numerial simulations. The veloity spae (in�nite dimensions for in�nite veloity

diretions in theory) has to be redued to a �xed disrete number of veloity diretions.

The hosen disrete veloities must verify a set of symmetry onditions in order to en-

sure an enough lattie isotropy to orretly reover the marosopi partial di�erential

equations [Latt, 2007℄. A possible disretization is the D3Q19 model. D3 stands for 3

dimensional and Q19 for the number of the onsidered veloity diretions. Obviously, the

more veloities are involved, the better the auray an be ahieved to desribe the �ow

but more veloities end up with higher omputational ost. For the D3Q19 model, the

equilibrium funtion up to 2

nd
order in terms of Hermite polynomials gives the equilibrium

distribution funtion f eq
as

f eq = i 1 +
u i

rT
+

(u i)
2

2r2T 2
+

u

2

2rT
+O( 3) (2.25)

where i the weight funtion related to the veloity disretization model and is an

in�nitesimal. Through Eq. (2.25), marosopi quantities and u an be omputed by

summing the disrete momentum of the partile distribution. This disretization has been

shown to be enough to reover the Navier-Stokes equations in low-Mah number isothermal

�ows.

The LBM is naturally transient and ompressible whih an lead to a diret insight on

aerodynamis mehanisms responsible for TE noise soures. It ould be used in LES [Lew
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et al., 2010℄ or DNS [Sanjosé et al., 2017, 2014b, 2011℄ depending on the Reynolds numbers

onsidered. For the LES ases, smaller sales are modeled based on RANS equations. In

addition, as it possesses from its nature the advantages in terms of integration time and

salability due to simpler partial di�erential equations and a very ompat stenil. On eah

voxel, the CFL number (Eq. (2.29)) is 1. It is thus a muh faster approah for low Mah

number ases ompared with traditional expliit Navier-Stokes methods. This aspet leads

to a faster statistial onvergene and makes more and smaller voxels (volume ells) in the

simulation possible for a ertain �ow ase, whih is vital for aeroousti appliations.

Reently, Sanjosé [Sanjosé et al., 2017, 2011℄ performed DNS simulations with the LBM

method on the CD airfoil at a Reynolds number of 1 5 105 and a Mah number of 0.2 for

broadband (8 AoA) and tonal noise (5 AoA) respetively, in order to try and reprodue

the �ow properties and noise mehanisms observed in experiments run at Éole Centrale de

Lyon, Mihigan State University, Delft University of Tehnology and Université de Sher-

brooke. These simulations used the low-Mah number LBM solver Power�ow developed

by Dassault Systems, as originally suggested by Frish et al. [1987℄ for gas hydrodynamis.

For the broadband (8 AoA) noise ase, the far-�eld simulated sound pressure levels are in

lose agreement with experimental data in the 200-2000 Hz; results at lower frequeny were

perturbed by the jet shear layer noise whereas at higher frequenies the experimental data

reahes the bakground noise threshold of the experimental setup. It was mentionned that

the 3D setup with more than 11% hord in span was able to apture the vortex strething

in the spanwise diretion and the boundary layer was very aurately aptured espeially

at the last loation near the TE. This is a key point to preisely apture the TE noise

mehanism. This spanwise length was �rstly set by experiment [Moreau and Roger, 2005;

Roger and Moreau, 2004℄, and later veri�ed by simulations aording to previous inom-

pressible LES for the same �ow ase indiating that for suh a �ow ase the spanwise extent

should be at least 10% hord [Christophe, 2011; Christophe et al., 2008, 2009; Wang et al.,

2009℄. Beause of the high Reynolds number and the low Mah number of suh a �ow

ase, this was the �rst attempt to ompute diretly the TE noise for a 3D setup. It will be

interesting to ompare suh results with a DNS from a Navier-Stokes solver in this PhD

study. For the tonal (5 AoA) noise ase, the simulation ompares favorably with experi-

mental measurements of wall-pressure, wake statistis, and far-�eld sound. The temporal

evolution of wall-pressure �utuations shows signi�ant unsteadiness espeially in the aft

region of the sution side. This is the aspet that suh kind of simulation is really apable

of beause for a traditional DNS for suh a �ow ase, the simulation time would be muh

more expensive if possible to apture these low frequeny and intermittent phenomena.
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2.3.4 Brief Summary on Airfoil TE Noise Flow Cases of Existing

DNS

Compared to URANS or LES, the signi�ant advantage from DNS that all sales in the

�ow are resolved diretly by DNS, theoretially makes it a method that an automatially

handle all phenomena from �ow instabilities, transition to turbulene, energy exhanges

between the di�erent turbulent sales, to sound prodution. However, even with today's

most powerful omputers, DNS is limited to low to moderate Reynolds numbers ases. For

the larity of disussion hereafter, for airfoil TE noise problem, the airfoil hord length

based Reynolds number and Mah number are de�ned as

Rec =
U0c

(2.26)

Ma =
U0

c0
(2.27)

where U0 stands for the free stream veloity, c the airfoil hord length, c0 the sound

veloity and the onventional kinemati visosity of air, whih is the ratio of dynami

visosity and �uid density . It an be shown from an order of magnitude relation that

for homogeneous isotropi turbulene the omputational ost sales as Eq. (2.28) [Pope,

2000℄

N3 Re9 4
c and Nt Re1 2

c (2.28)

where N is the number of grid points in one spatial diretion and Nt is the number of

time steps required. Hene, the omputational ost strongly depends upon the Reynolds

number of the �ow. Another onstraint omes from the Mah number. As mentioned

by Powell [Powell, 1959℄, the TE noise radiated by a dipole (represented by p ) sales

as p Ma4 6
, whih means, the smaller the Mah number is, the more intense the

simulation will be beause if p has similar level or is even smaller than the numerial

error, due to the �nite order of the numerial sheme, p from the simulation an be purely

the numerial error. Additionally, from a CFL (Courant�Friedrihs�Lewy) number (whih

is de�ned in Eq. (2.29), where c0 is the veloity of sound, u the veloity of �ow, Ma the

Mah number as de�ned in Eq. (2.27) and x the minimum grid ell distane) point of

view, by keeping the same CFL number whih represents the auray level using the same

temporal time marhing sheme, the augmentation of the number of grid points or loss of

temporal resolution will our if the Mah number is smaller. That's the reason why DNS
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su�ers from low Mah number ases.

CFL =
U t

x
=

(c0 + u) t

x
=

c0(1 +Ma) t

x
(2.29)

Sine diret numerial simulations have suh onstraints, only a few �ow ases have been

reported related to TE noise. Tab. 2.2 summarizes �ow ases that have been onduted a-

ording to the hosen airfoil and assoiated hord based Reynolds number, Mah number,

angle of attak and spanwise length.

Most of the DNS results on TE noise are onduted for the NACA0012 airfoil as there

exists a relatively large experimental data base (on aerodynamis and aeroaoustis) sine

the experiments onduted by Blake [1975℄. Moreover, the parameters to produe suh

an airfoil are easily aessible. It should be notied however, that due to the variations in

the LE and TE radii, and di�erent angles of attak, all these simulations an be hardly

ompared.
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Airfoil

Numerial Method

(Year of Publiation)

Rec Ma lspan c

NACA0012 DNS(2007) 1 105/2 105 0.05/0.1 5 /2 0

DNS(2008) 5 104 0.4 5 /7 0.2

DNS(2009) 5 104 0.4 0 5 /7 0

DNS(2009) 5 104 0.4 5 0.2

DNS(2010) 1 105 0.4 0 /0 5 /1 /2 0.2

DNS(2012) 2 5 105 0 09 0 21 0 0

NACA0006 DNS(2010) 5 104 0.4 7 0.2

NACA0018 DNS(2012) 1 6 105 0.09 0 /3 /6 /9 0

NACA6512-63 Tripped DNS(2012) 1 5 10
5

0.25 0 0.15

NACA6512-63 Untripped DNS(2017) 1 5 10
5

0.25 0 0.15

CD LBM(2011 & 2014) 1 5 10
5

0.2 8 0.11

LBM(2017) 1 5 10
5

0.2 5 0.12

DNS(2018) 1 5 10
5

0.25 8 0.12

Table 2.2 Summary of existing DNS on TE noise [Desquesnes et al., 2007℄ [Sandberg et al., 2008℄ [Sandberg et al.,

2009℄ [Jones and Sandberg, 2009℄ [Sandberg and Jones, 2010℄ [Tam and Ju, 2012℄ [Jiang et al., 2012℄ [Winkler et al.,

2012℄ [Wu et al., 2017a℄ [Sanjosé et al., 2011℄ [Sanjosé et al., 2014b℄ [Sanjosé et al., 2017℄ [Wu et al., 2018℄ .
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Tab. 2.2 shows that the state-of-the-art Reynolds number is 105 for diret noise studies.

This value is thus onsidered as a high Reynolds number for a diret simulation. For suh

a Reynolds number, the �ow is often in a transition state to turbulene, whih is often

observed in engineering appliations. In this PhD, we fous on this Reynolds number

range. The ases with the supersript � � are the 2 ases ahieved in this PhD projet.

The low to moderate Reynolds numbers for DNS ases on the other hand have been

thoroughly reported [Sandberg, 2015℄. As mentioned previously, Tam and Ju [2012℄ have

realized simulations with a relatively higher Reynolds number. Yet, their simulation was

2D, the results are not reliable beause they do not represent the atual turbulent �ow

and therefore the mehanisms of TE noise generation. The spanwise length lspan is an

important parameter on top of Rec, Ma and . It has a diret impat on the dissipation

of the turbulene beause of the 3D harateristis of turbulene [Pope, 2000℄. Espeially

if a separation bubble or other reirulation proess is present on the airfoil surfae, the

spanwise length has to be large enough to enable any turbulent eddy to streth in the

spanwise diretion. Besides, as partly mentioned in Setion 2.2, the analytial methods

su�er from the spanwise orrelation models whih an be improved by a high resolution

simulation like a DNS. It is thus neessary to do a simulation that has a proper dimension in

the spanwise diretion. To determine the spanwise length in the simulation, experimental

data on the transition proess (bubble, reirulation) are usually used and ross orrelation

tehniques are usually employed for the signals in the spanwise diretion [Sanjosé et al.,

2011℄ [Sandberg et al., 2008℄ for the purpose of veri�ation.

2.4 Numerial Considerations of DNS Code

Speial features of noise generated by �ow motion have demanded speial numerial on-

siderations, most of whih stem from the very low energy ontent of the radiated noise

relative to the unsteady �ow. Beause of this energy mismath, small errors in the un-

steady �ow have the potential to ruin preditions of the radiated sound [Tam, 2004℄. A

�lean� aousti �eld is important for assoiated simulations. Partiularly, for DNS sim-

ulations, several aspets have to be arefully studied to guarantee the auray and the

performane. This setion presents the progress on numerial tehniques used in DNS

odes.

2.4.1 Numerial Shemes

Navier-Stokes equations are solved diretly in DNS simulations through spatial and tem-

peral disretization (Fig. 2.6) on a given mesh. Di�erent spatial disretization methods are
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Figure 2.6 Illustration of disretization in numerial studies.

proposed among whih �nite-volume, �nite-element, �nite-di�erene and spetral meth-

ods are the major ones. Their partiular harateristis are summarized in Tab. 2.3. The

appliation of the spatial shemes depends on the target problem and the assoiated �uid

solver. For an unstrutured mesh based solver (typially the hoie of RANS or LES) whih

is normally designed to takle omplex geometries, �nite-element or �nite-volume method

an be employed; for a strutured mesh based solver (whih, to the author's knowledge,

is the ase for most high-order aurate DNS solvers), �nite-di�erene shemes are widely

used as they an be easily implemented (espeially to impose boundary onditions [Tam,

2004℄), and its auray whih will be presented shortly an be easily inreased; a spetral

method is most aurate and partiularly suited to periodi domains and �ow phenomena.

Spatial Disretization

In general, DNS for a CAA study is very sensitive to the hoie of numerial sheme as the

error introdued by the shemes di�ers from ase to ase. Finite-di�erene and spetral

methods are presented here in detail due to their suitability to DNS odes. The term

�Finite-Di�erene Sheme� omes from the fat that this method estimates the disretized

di�erential operator using Taylor expansions:

u(x+ x) = u(x) + x
u

x
+

2x

2!

2u

x2
+ +

nx

n!

nu

xn
(2.30)

The order of auray of the �nite-di�erene sheme depends on the number of points

onsidered in the stenil around a ertain point as shown in Fig. 2.7. In CAA, an estimation

of the error introdued by suh a sheme an be shown through the example of a 1D linear
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Spatial Dis-

retization

General Appliations

Finite-Element Disretization of the

weak form of the on-

servation laws

Disretized by elements of arbitrary

shape and size;

A mass matrix must be inverted to

solve the problem;

The order of auray an be in-

reased without hanging the stenil;

Easy to use with omplex geometries.

Finite-Volume Disretization of the

integral formulation of

the onservation laws

Disretized by elements of arbitrary

mesh;

Control volumes must be properly de-

�ned (normals of surfaes);

Easy to use with omplex geometries.

Finite-

Di�erene

Disretization of the

Navier-Stokes partial

di�erential equations

using node values and

Taylor expansions

Easy to develop high order shemes

by inreasing the stenil;

The grid is not neessary regular but

must be strutured;

Also appliable for time disretiza-

tion.

Spetral Method Disretization of the

Fourier transforms of

the Navier-Stokes par-

tial di�erential equa-

tions

Very suited for homogeneous turbu-

lene and periodi problems;

Easy to ahieve low error level;

Not appliable to omplex geometry.

Table 2.3 Spatial disretisation methods and their harateristis.

advetion/wave problem as follows:

u

t
+ c

u

x
= 0 (2.31)

where c is the onstant wave speed, with an initial ondition:

u(x 0) = u0(x) (2.32)

If a 2

nd
order aurate entered sheme is used as shown in Fig. 2.7 (xi+1 = xi + x):

u

x i

= u
′

i

ui+1 ui 1

2 x
(2.33)
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Figure 2.7 Illustration of auray of di�erent spatial sheme.

This proedure however introdues important errors for wave related studies (aousti).

If the an initial solution u(x 0) is uk(x) = exp( ikx), the exat spatial derivative is

uk(xi)

x
= i

h
uk(xi) with = k x (2.34)

Yet the numerial approximation is

uk(xi)

x

exp( ik(xi + x) exp( ik(xi x)))

2 x
= i

h
uk(xi)

sin( )
(2.35)

From the last equation (Eq. (2.35)), suh a numerial sheme has introdued a modi�ed

wavenumber sin( ) ompared with the exat solution. This e�et is referred as dis-

persion. It presents the phase error introdued by the disretization. This error annot

be solved by inreasing the grid resolution. It has been reported [Kim and Lee, 1996℄

[Colonius and Lele, 2004℄ that dispersion e�et an be redued by applying higher-order

shemes (whih normally require more points in the stenil). As a result, high-order �nite-

di�erene methods for DNS have beome inreasingly popular, espeially for ompressible

turbulene and CAA.

Compat di�erene shemes [Lele, 1992℄ [Kim and Lee, 1996℄ [Kim, 2007℄ in ontrast to

standard di�erene shemes use the �rst derivative of the neighbouring points to ompute

the seond derivative and thus the system is impliit. This is more omputationally

expensive than in ase of standard di�erene shemes but it also has a higher auray.

DRP(Dispersion-Relation-Preserving) �nite-di�erene shemes [Tam and Webb, 1993℄ also

ontrols better the dispersion problem and an be employed for unsteady sound generation
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problems suh as TE noise. Colonius and Lele [2004℄ has provided a hart for seleting a

�nite-di�erene method from some available shemes to minimize omputational expense

given an auray target.

In the 70's and 80's, Orszag and Patterson Jr [1972℄ and Kim et al. [1987℄ began to employ

spetral methods to aount for spatial variations. Spatial derivatives are evaluated with

the help of Fourier series or one of their generalizations. For a periodi funtion spei�ed

at uniformly spaed set of points, it is possible to express it by a disrete Fourier series:

f(xi) =

(N 2) 1

q= N 2

F (kq) exp
ikqxi

(2.36)

where xi = i x and kq = 2 q xN . Eq. (2.36) an be inverted in a simple way by using

the formula for the summation of geometri series:

F (kq) =
1

N

N

i=1

f(xi) exp
ikqxi

(2.37)

The most important thing is that Eq. (2.36) an be used to interpolate a ontinuous

funtion f(x). The hoie of the range of q is important. Di�erent sets of q produe

di�erent interpolants. The best hoie will be the one that gives the smoothest interpolant.

Having de�ned the interpolant, f(x) an then be di�erentiated as:

df

dx
=

(N 2) 1

q= N 2

ikqF (kq) exp
ikqx

(2.38)

whih shows that the Fourier oe�ients of df dx is ikqF (kq). This gives suh a method

several harateristis:

The method is easily generalized to higher derivatives. For example, the Fourier

oe�ient of d2f dx2
is k2

qF (kq);

The error in the omputed derivative dereases exponentially with N when the num-

ber of grid points N is large;

The ost of omputing the Fourier oe�ients using Eq. (2.37) sales as N2
. The

method is made pratial by the existene of a fast method of omputing Fourier

transform (FFT) for whih the ost is proportional to N log2N .

These harateristis give spetral methods some remarkable advantages. The most impor-

tant one is that if the range of q is well hosen (normally it means big enough, say in�nity

mathematially), the error dereases faster than any power of 1 N [Gottlieb and Orszag,
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Figure 2.8 E�etive wavenumber for the seond and fourth order entral-

di�erene approximation for the �rst derivative in the Taylor expansion om-

pared with spetral method [Ferziger and Peri, 2012℄.

1977℄. Therefore, ompared to a n

th
order �nite-di�erene approximation, of whih the

error is proportional to ( x)n (1 N)n, a spetral method onverges with exponential

or �in�nite-order� auray (Fig. 2.8). This method is partiularly useful when omputing

TE noise in the spanwise diretion sine the periodi nature of suh methods will give a

faster onvergene than disretizing Navier-Stokes by �nite-di�erene.

The disadvantages of spetral methods inlude the inability to onsider omplex �ow ge-

ometries and the speial treatment required to enfore in�ow/out�ow boundary onditions.

Due to their use of global basis funtions, and the need to aess the entire domain in eah

diretion (if it is applied to an entire 3D simulation), spetral methods tend not to per-

fom well on large distributed-memory parallel systems. Moreover, they annot aurately

represent �ow disontinuities, and therefore are not well suited for shok wave study for

example.

In summary, spetral methods have their limitations yet very e�ient in terms of preision

and onvergene speed for a suitable ase. As in CAA study most of the geometries

onsidered are periodi (espeially for aademi study ases) in the spanwise diretion

and �ow disontinuities (suh as shok wave) are rarely onsidered, suh a method is well

suited for simulating the present �uid motion around an airfoil.

Temporal Disretization

For temporal disretisation, two general lassi�ations of time disretization an be found:
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Impliit methods, where the spatial derivatives are approximated using information

at the new time step.

Expliit methods, where all spatial derivatives needed to advane the solution in

time are evaluated at an earlier time step;

Besides these two typial methods, a ombination of the two approahes have been used

for example, expliit applied to the onvetive terms and impliit to the visous terms.

Auray and stability are tightly onneted. Generally speaking, impliit shemes are

naturally stable, but at the risk of having lower order of auray, beause impliit shemes

are usually solved with iterative or approximate fatorization methods. Suh methods will

enable the appliation of a signi�antly larger timestep, yet at the same time, will introdue

a relaxation fator that in�uenes the auray [Blazek, 2015℄.

For expliit shemes, their time-integration an be devised with n-th order of auray,

whih is similar to optimization of spatial �nite-di�erene shemes. The time advane-

ment shemes an also be optimized for frequeny resolution [Hu et al., 1996℄. The error

introdued by the temporal sheme will ause a so-alled �dissipation e�et�. This e�et is

assessed by studying the ratio un+1
i un

i where n stands for the number of timesteps. Suh

an e�et will damp the amplitude of ertain waves in the aousti �eld. The derivation is

similar to the dispersion e�et presented in the setion Spatial Disretization. High order

(4

th
or more) Runge-Kutta methods are usually the hoie of expliit sheme for DNS sine

they o�er a good ompromise between auray and stability [Colonius and Lele, 2004℄.

For more details about the stability issue, Kennedy et al. [2000℄'s work an be referred to.

2.4.2 Initial Conditions

In order to solve the governing Navier-Stokes equations mentioned above, initial and

boundary onditions are required. The quality of the initial onditions needed by a DNS

varies widely. For stationary �ows, the only bene�t of speifying a fully physial turbulent

initial ondition is to minimise the time it takes to overome an initial transient. Normally,

for a high-level resolution simulation suh as DNS, the initialization �eld is given by RANS

or a oarser grid DNS or LES to provide the averaged �ow �eld. Suh an e�ient approah

was mentioned in the simulations done by Winkler et al. [2012℄. This PhD projet will

use similar proedure to generate the initial onditions for the DNS alulation.

2.4.3 Boundary and Interfae Conditions

One of the most hallenging aspets of CAA is to impose robust and aurate boundary

onditions. For diret noise simulation, the omputational domain is hosen to orretly
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represent the noise soures (i.e., the TE of the airfoil in this projet). At the boundaries

of the domain, however, the governing equations annot be solved sine they rely on the

�ow outside of the hosen domain. Hene, the physial information has to be presribed in

form of speial boundary onditions. How to dissipate the disturbanes at the boundary

and to how to transmit the aousti wave through the boundaries without re�etions are

the major hallenges of the boundary onditions. Additionally, the boundary onditions

should be able to ontrol target main �ow features (�ow rate, pressure...) and to avoid

spurious noise generation. To takle these problems at omputational domain boundaries,

3 representative numerial tehniques are employed:

Charateristi based boundary onditions;

Euler or Navier-Stokes harateristi boundary onditions (CBC) aims at takling

small perturbations whih are loally one dimensional and invisid. A desription of

the mathematial bakground of boundary onditions based on harateristi wave

analysis an be found in [Kreiss, 1970℄ [Higdon, 1986℄ [Thompson, 1987℄ [Poinsot

and Lele, 1992℄. In Navier-Stokes CBC (NSCBC), the Navier�Stokes equations are

written in their harateristi forms to make expliit their dependeny on the aousti

waves traveling aross the boundary. Charateristi waves are represented by their

amplitude time variations Li. The waves propagate in suh a way that some of them

leave the domain, while the others enter from outside. If the wave is outoming, it will

be omputed using an upwind sheme using interior values; if the wave is inoming, it

will be omputed using targeted values aording to the type of boundary onditions

(Fig. 2.9).

Beause the CBC of Thompson [1987℄ and Poinsot and Lele [1992℄ have been proven

to be robust in pratie, the CBC has been widely used for almost all types onditions

inluding inlet, outlet, wall or blok interfae onditions. Some useful extensions have

been made. Thompson [Thompson, 1990℄ extended his original work to onditions for

walls (invisid and no-slip), onstant pressure and a fore-free boundary ondition.

Kim [Kim and Lee, 2000℄ desribe tehniques for implementing CBC in generalized

Figure 2.9 Illustration of CBC at inlet and outlet.
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oordinates whih is often used in the latest odes. Most reently, suh a boundary

ondition has been suessfully extended that is suitable for more omplex �ows suh

as the �ow in a turbomahinery [Odier et al., 2019℄.

(a) (b)

Figure 2.10 (a) Illustration of the ghost points near boundary; (b) Geometrial

relations of the ghost points and interior points at boundary. [Tam and Webb,

1994℄

Radiation boundary onditions;

Another alternative developed almost in the same period as the CBC is the radi-

ation boundaries. The tehnique was originally developed by Bayliss and Turkel

[Bayliss and Turkel, 1980℄ [Bayliss and Turkel, 1982℄. Suh a method uses asymp-

toti solutions for the propagation of outwardly propagating disturbanes at large

distane from their soure. Tam [Tam and Webb, 1994℄ suggested a strategy to

implement radiation boundary onditions for �nite-di�erene alulations. He used

rows of �ghost� points outside the omputational domain. One-sided optimized �nite-

di�erene shemes are used to ompute derivatives normal to the boundary at the

ghost points and the boundary is used to advane the solution at the ghost points

(Figs. 2.10(a) and 2.10(b)).

Sponge/bu�er zone; In situations where there is a signi�ant nonuniform �ow

rossing the boundary or where large amplitude disturbanes are propagating out of

the boundary, a single CBC performs poorly. An example will be the ase of airfoil

TE noise study in the wake downstream of the boundary layer whih possibly involves
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Figure 2.11 Illustration of sponge zone.

vortex shedding and other larger disturbanes than aousti waves. A sponge or

bu�er zone is needed to attenuate these disturbanes before the �ow leaves the

domain outlet.

Some methods are proposed to realize the damping suh as adding a relaxation term

[Freund, 1997℄, applying a higher order �lter [Karni, 1996℄, grid strething [Rai and

Moin, 1991℄ [Colonius et al., 1993℄ and fringe/windowing methods [Nordström et al.,

1999℄ [Guo et al., 1994℄ [Shlatter et al., 2005℄. Reent development also ombines

the CBC with sponge like zonal CBC [Sandberg and Sandham, 2006℄. The di�erene

of a zonal CBC with a regular CBC is that the treatment is not only applied to the

last point but also to a ertain number of points, where a ramping funtion is de�ned

as in Eq. (2.39) where xs and xout mean the starting point of the bu�er zone and

the outlet. Fig. 2.12 shows the di�erene between a zonal CBC and a lassial CBC

when a vortex approahes the CBC outlet. A omparison between a (strething

grid+CBC) and a (zonal CBC+CBC) strategy for TE dilatation �eld is shown in

Fig. 2.13. Yet there is no reason at this stage, to assess whih sponge method is more

adapted for TE noise study. It depends on the �ow ase and as well their availability

in eah ode.

g(x) = 0 5 1 + cos[
(x xs)

xout xs
] (2.39)
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Figure 2.12 Contours of normalized disturbane pressure for single vortex prob-

lem: a)typial CBC; b) zonal CBC at t=30,100,and 160 (from top to bottom)

[Sandberg and Sandham, 2006℄.
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Figure 2.13 Contours of magnitude of dilatation for TE simulations: a) using

a typial CBC ombined with low-pass �ltering and strong grid-strehing; b)

using zonal CBC [Sandberg and Sandham, 2006℄.

Besides the boundary onditions, interfae onditions are also vital to a high resolution

DNS for aousti purposes (or DNS in general). Multi-blok strutured grids are often

used to allow for higher �exibility in grid generation. Atually, for eah airfoil ase (sharp,

blunt or round TE), a most optimized grid topology exists aording to its geometry har-

ateristis. This is true espeially for strutured grids where the form of the ells are

less �exible ompared with unstrutured or hybrid grids. For parallel omputation, eah

blok is alulated independently and ommuniates between them. Between the bloks,

there are interfaes and in lassial approahes the numerial shemes are applied aross

these boundaries and thus grids, in partiular the metri terms, have to be smoothed

aross them. Kim [Kim and Lee, 2003℄ developed an approah where a harateristi form

treatment like what is introdued in setion Boundary Conditions for domain boundaries

is applied at interfaes. Suh an interfae, referred as CIC, is employed when strutured

grids have di�ulties to ensure the orthogonality at blok borders [Kim and Lee, 2003℄

(Fig. 2.14). Another more trivial method of interfae is the so alled �halo exhange�.

For bloks onneted smoothly from the orthogonality point of view, eah onneted sub-

domain (blok) an be extended in eah diretion by two grid-points. These extra ells

are denoted �halo� ells and are �lled with data from the �rst and seond grid-points of

adjaent proessor subdomain before evaluating derivatives, as illustrated in Fig. 2.15.

Generally, �halo exhange� an be hosen as an interfae ondition if the orthogonality

an be ensured at blok interfaes. For grids of omplex geometry whih are sensitive to

onnetions and hard to ensure the orthogonality, suh as grids of ompressor blade or
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ambered airfoil, the CIC is the �rst hoie. When using CIC however, it is neessary

during the grid topology design to avoid �ow parallel to the interfaes.

Figure 2.14 Blok onnetion using CIC [Kim and Lee, 2003℄.

Figure 2.15 Illustration of �halo� exhange [Jones, 2008℄.

2.5 Seleted DNS Cases: NACA6512-63 and CD Air-

foils

With the above ontext, from both researh interests and omputational feasibility, 2

airfoils ases are hosen for this PhD projet: a NACA6512-63 airfoil with an airfoil hord

based Reynolds number of Rec = 1 5 105 and a Mah number of M = 0 25 at 0 AoA
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and the CD airfoil with Rec = 1 5 105 and Ma = 0 25 at 8 AoA. Beause �rstly, both of

the hosen airfoils possess a solid experimental data base and already some simulations at

the Reynolds number of interest. This projet an thus draw a onlusion on the former

studies. Seondly, beause of their representative geometri shapes, these simulations an

give useful information for airfoil TE noise studies in general.

2.5.1 NACA6512-63 Airfoil

Figure 2.16 Comparison of dilatation �eld on the NACA6512-63 airfoil: (a)

untripped ase; (b) tripped ase. [Winkler et al., 2012℄

For the NACA6512-63 airfoil, the tripped ase has been thoroughly studied from inom-

pressible LES [Winkler and Moreau, 2008℄ [Winkler et al., 2009℄ [Winkler et al., 2010℄

and reently ompressible DNS [Winkler et al., 2012℄ (Fig. 2.16). The LES ases have

employed several geometrial shapes of the tripping devie and the Reynolds number and

Mah number were hosen to be the same as in experiments. The DNS inluding instal-

lation e�ets at Rec = 1 5 105 has been arried out using sution side tripping [Winkler

et al., 2012℄. The tripping using IMBM (Immersed-Boundary Method) method was not

ativated until the �ow �eld was fully developed. The e�et of the tripping is to produe

a fully attahed turbulent boundary layer.
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Figure 2.17 Aousti far-�eld measurements [Winkler and Carolus, 2009℄ of the

airfoil with and without boundary-layer tripping at 1.2 m downstream from the

trailing edge in the midspan plane at 90 with respet to the airfoil hord.

On the experimental side, measurements for both the tripped and untripped airfoils were

onduted [Winkler and Carolus, 2009℄. Results from aousti far-�eld measurements for

this �ow ondition and airfoil pro�le are shown in Fig. 4.27 [Winkler and Carolus, 2009℄.

For the untripped ase, no tonal noise omponents are seen in the data. This suggests that

any feedbak loop that may be present and ampli�ed by the existene of the separation

bubble is atually weak. The �apping shear layer itself is expeted to be responsible for the

large broadband noise inrease notied in the experimental data. In fat, slowly inreasing

the trip thikness in the experiments leads to a redution in the broadband noise hump,

until it reahed the minimum noise level given by the fully tripped airfoil. In that ase the

boundary layer on the sution side was fully turbulent and attahed [Winkler and Carolus,

2009℄. The sattering of the pressure disturbanes produed by the turbulent bubble at

the trailing edge is therefore responsible for the large broadband noise inrease.

As a ontinuation work, a DNS without the tripping is ahieved in this PhD projet. In this

untripped ase, the boundary layer separates on the sution side and then starts �apping

lose to the TE. As shown in Fig. 2.16, extra noise is produed in the untripped ase

in ontrast to the attahed turbulent boundary layer in the tripped ase. Suh an extra

noise soure seems to be a stronger noise soure than the turbulene sweeping over the

edge lose to the wall. Besides, a turbulent boundary layer is developing on the pressure

side from the reattahment of the laminar separation bubble at the leading edge up to the

trailing edge. This laminar separation bubble also produes additional aousti waves. The

sution-pressure side oupling is possible as well. It would be interesting to evaluate these
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e�ets on TE noise generation. On the numerial side, in [Winkler et al., 2012℄, only the

tripped airfoil simulation was reported beause for the non-tripped ase, the airfoil loading

was drifting after a ertain time. This urrent study is meant to solve this problem and

to �nd a more optimized boundary ondition option for suh a narrow alulation domain

for aousti study. Compared with other airfoil noise ases, this alulation domain is

espeially small due to the narrow wind tunnel jet width at University of Siegen (in order

to exlude the shear layer e�ets of the jet). Several 2D tests have been onduted during

the �rst year of PhD for this ase to �nd the e�et and proper boundary onditions. The

details are reported in the following in Chapter 4.

2.5.2 CD Airfoil

A Brief History on CD Airfoil Cases

The CD airfoil as mentioned in several publiations before ([Christophe, 2011℄ [Wang et al.,

2006℄ [Moreau and Roger, 2005℄ [Roger and Moreau, 2004℄ [Sanjosé et al., 2011℄, et) was

designed by Valeo whih was used in their preliminary design proess. The so-alled

�CD� (Controlled Di�usion) refers to a lass of ambered airfoils that employ spei�

harateristis to arefully ontrol the �ow and the losses around the airfoil surfae by

ontrolling and mitigating the boundary layer growth. The pro�le has a 4% thikness to

hord ratio and a amber angle of 12.554 . Suh a pro�le that redues drag has been

used for turboengine ompressor blades, automotive engine ooling fan systems, aerospae

Heat and Ventilation Air-Conditioning (HVAC) systems and turbofans. This airfoil has

been systematially studied during the last deade and there is a solid experimental and

numerial data base established by researhers all over the world both on aerodynamis

and on aeroaoustis.

The experiments of the �ow over the CD airfoil in open-jet wind tunnels have been per-

formed respetively at ECL (Éole Centrale de Lyon, anehoi wind tunnels), at MSU

(Mihigan State University, non-anehoi hamber) and more reently at TU-Delft (Delft

University of Tehnology, non-anehoi hamber) and at UdeS (Université de Sherbrooke,

anehoi hamber, Fig. 2.20). The improved anehoi level in the hamber at UdeS om-

pared with that at ECL is shown in Fig. 2.19. The �ow onditions are set by varying the

AoA (through rotating the airfoil in sliding disks embedded in the side plates holding

the mok-up at the nozzle exit) and the �ow veloity U0 through the nozzle of the wind

tunnel (hanging the power of the tunnel blower). As the airfoil has a amber angle of

12 554 , it should be notied that here the AoA refers to the geometrial AoA that is

between the airfoil hord line and the free stream veloity (U0) diretion. In [Moreau et al.,
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2003℄ [Moreau and Roger, 2005℄, this was expressed as w. Suh an angle is shown in

Fig. 2.18 for the 8 ase. In [Roger and Moreau, 2004℄, an g was introdued whih is the

AoA with respet to the amber line at the leading edge. The relationship between these

two is

:= w = g + 12 554 (2.40)

From now on, only will be used.

Figure 2.18 Illustration of the CD geometry AoA for = 8 ase.

Figure 2.19 Bakground noise omparison of anehoi wind tunnels at ECL

(gray) and at UdeS (blak) with 50m jet width at U0 = 16 m/s.

The experimental ases are listed in Tab. 2.4 aording to , U0, the airfoil hord based

Reynolds number Rec (Eq. (2.26)), the Mah number Ma (Eq. (2.27)) and wind tunnel

jet width (whih determines the installation e�ets [Moreau et al., 2003℄). This table is

made as an inlusive summary aording to all published results. The terms in Available

Data olumn in Tab. 2.4 are explained in Tab. 2.1. Similarly, the simulation ases are
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listed in Tab. 2.5. The RANS simulations are 2D whih represents the mid-span of the

experimental setups. For 3D DES, LES and DNS, their respetive spanwise extent are

listed in the last olumn.
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Faility Loation Jet Width (m) U0 (m/s) Rec Ma Available Data

ECL (Anehoi) 50 8 16 30 1 5 2 9 105 0.05/0.09 HWM,RMP,FFM

12 16 1 5 105 0.05 RMP

14 16 1 5 105 0.05 RMP

15 16 30 1 5 2 9 105 0.05/0.09 HWM,RMP,FFM

16 16 1 5 105 0.05 RMP

18 16 1 5 105 0.05 RMP

27 16 1 5 105 0.05 RMP

13 8 16 1 5 105 0.05 RMP,FFM

15 16 30 1 5 2 9 105 0.05/0.09 RMP,FFM

18 16 1 5 105 0.05 RMP

27 16 1 5 105 0.05 RMP

UdeS (Improved Anehoi) 50 5 16 1 5 105 0.05

HWM,PIV,RMP,

SPS,MPA,FFM

8 16 1 5 105 0.05

HWM,PIV,RMP,

SPS,MPA,FFM

30 0 8 16 20 28 7 104 2 5 105 0 02 0 09
HWM,RMP,SPS,

MPA,FFM

1 16 20 1 5 105 0.05/0.06

HWM,SPS,

RMP,MPA

2 16 20 1 5 105 0.05/0.06 HWM,SPS,RMP

8 16 1 5 105 0.05

HWM,PIV,RMP,

SPS,MPA,FFM

10 8 16 20 28 7 104 2 5 105 0 02 0 09
HWM,RMP,SPS,

MPA,FFM

16 8 16 20 28 7 104 2 5 105 0 02 0 09
HWM,RMP,SPS,

MPA,FFM

MSU (Non-anehoi) 50 8 16 1 5 105 0.05

HWM,PIV,

RMP,SPS

TU-Delft (Non-anehoi) 50 8 16 1 5 105 0.05 PIV,SPS

Short terms are from Tab. 2.1. Aousti data RMP and FFM are available for the 30 m jet width at UdeS at = 0 15 (every 2 )

and at U0 = 10 40 m/s (every 2 m/s) [La�ay, 2014℄[Idier, 2014℄. Wall-pressure �utuation data measured by RMP is available for the ases of

13 m jet width (U0 = 16 30 m/s, whih gives Rec = 1 4 3 5 105). Not published. PIV data in the table refers to data obtained from

planar/stereo spae-resolved system.

[Moreau et al., 2003℄[Moreau and Roger, 2005℄[Moreau et al., 2006b℄; [Roger and Moreau, 2004℄; [Sanjosé et al., 2017℄[Wu et al., 2018℄

[La�ay, 2014℄[Idier, 2014℄[Padois et al., 2015℄[Wu et al., 2016℄[Moreau et al., 2016℄; [Neal, 2010℄[Cawood, 2012℄[Hower, 2012℄; [Wu et al., 2018℄

Table 2.4 Summary on �ow onditions of experiments over CD airfoil.
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Jet Width (m) Simulation Type U0 (m/s) Rec Ma lspan c
50 RANS/URANS 8 16 1 5 105 0.05 0

6 10 16 1 5 105 0.05 0

12 16 1 5 105 0.05 0

14 16 1 5 105 0.05 0

15 16 1 5 105 0.05 0

16 16 1 5 105 0.05 0

18 16 1 5 105 0.05 0

27 16 1 5 105 0.05 0

DES 8 16 1 5 105 0.05 0.05/0.1

LES 8 16 1 5 105 0.05 0.1/0.3

6 10 16 1 5 105 0.05 0.1

15 16 1 5 105 0.05 0.1

LBM-DNS 5 16 1 5 105 0.2 0.12

8 16 1 5 105 0.2 0.05/0.12

30 RANS/URANS 0 20 1 5 105 0.06 0

1 20 1 5 105 0.06 0

4 20 1 5 105 0.06 0

8 16 1 5 105 0.05 0

10 16 1 5 105 0.05 0

15 16 1 5 105 0.05 0

13 RANS/URANS 8 16 1 5 105 0.05 0

15 16 1 5 105 0.05 0

a. 9 alulation ases respetively in RANS (2D) and LES (3D) have been onduted by varying around 8 ( [ 2 2 ])

for the purpose of unertainty quanti�ation [Christophe et al., 2010℄[Christophe et al., 2014℄.

b. The published LES simulations are based on inompressible solvers. Ongoing unpublished work inludes ompressible LES.

[Wang et al., 2004℄[Moreau et al., 2004℄[Moreau et al., 2006a℄[Christophe and Moreau, 2008℄ [Christophe et al., 2010℄

[Wang et al., 2009℄[Christophe et al., 2009℄[Sanjosé et al., 2011℄[Christophe et al., 2014℄ [Sanjosé et al., 2017℄

Results from (U0 = 20 m/s, = 1 and U0=16m/s, = 8 ) ases are published in [Padois et al., 2015℄[Wu et al., 2016℄

[Moreau et al., 2003℄[Moreau and Roger, 2005℄

Table 2.5 Summary on �ow onditions of simulations over CD airfoil.
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50 m Jet Width Cases

For the larger (50 m) jet width ases [Moreau et al., 2003℄ [Moreau and Roger, 2005℄,

various angles of attak were tested to assess the airfoil loading. At = 12 , the �ow is

still attahed at the TE and a laminar separation bubble appears earlier than the design

�ow ondition ( = 12 ) at the leading-edge. At = 14 , the �ow starts to separate near

the TE. This regime orresponds to turbulent vortex shedding with no mean bak�ow.

Inreasing the AoA to 16 leads to a large laminar reirulation zone near the leading edge.

At muh larger inidene ( = 27 ), the airfoil seems to be in stall ondition with a �ow

detahment from the leading-edge bubble at the leading edge. For aeroaousti aspets,

for 8 < < 14 , the boundary layer stays turbulent and attahed at the airfoil TE thus

only broadband noise is onsidered.

The 8 and 15 ases have been studied more in detail by varying the Rec from 1 5 105 to

2 9 105 in [Moreau and Roger, 2005℄ to give an insight into the Reynolds-number e�et on

suh an airfoil and into the two previously investigated �ow regimes, whih orrespond to

the turbulent boundary layer initiated by a leading-edge laminar separation bubble with

vortex shedding at the TE (8 ) and the turbulent boundary layer with severe separation

(15 ). It is reported that larger jet width indues more oherent large strutures in the

vortex-shedding regime.

For the 8 ase, the transition to turbulene is triggered by a laminar reirulation bubble

at the leading edge and the spetra of wall-pressure �utuations at TE is similar to a �at

plate under adverse pressure gradient. On the simulation side, Wang et al. [2004℄ ahieved

the �rst inompressible LES by deduing the far �eld noise with a modi�ed (�nite-hord

taken into aount) Ffows Williams & Hall [Williams and Hall, 1970℄ analogy. The pre-

dition has a reasonable agreement with the far �eld aousti mirophone. Subsequent

attempts to redue the omputational osts inluded the use of non-boundary-onforming

methods suh as the Lattie Boltzmann method (LBM) and immersed boundary method

[Moreau et al., 2004℄, as well as hybrid solution methods suh detahed eddy simulations

(DES) [Moreau et al., 2005℄. Yet these tehniques yielded less aurate mean wall-pressure

distributions (larger laminar reirulation bubble near the leading edge and possibly tur-

bulent �ow separation near the trailing edge) and frequeny spetra near the trailing

edge than those obtained by [Wang et al., 2004℄. Later, hot-wire measurements [Moreau

et al., 2006b℄ were realized and it was shown that simulation (LES, RANS) seemed to

overpredit the veloity de�it in the wake. Later Neal [Neal, 2010℄ realized the hot-wire

measurements in the MSU faility for the same ase and emphasized that the single hot-

wire tended to underestimate the atual wake-veloity de�it. In 2011, Sanjosé onduted
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the �rst DNS [Sanjosé et al., 2011℄ using LBM method in whih both TE noise and fully

resolved turbulent �ow were obtained at a Reynolds number of Rec = 1 5 105 inluding

the wind tunnel geometry environment. It was mentioned that the 3D setup was able to

properly apture the vortex strething in the spanwise diretion. Another aspet worth

mentioning is that suh an airfoil is very sensitive to the angle of attaks. Christophe et al.

(2010; 2014) onduted unertainty analysis on the LES of the 8 ase by slightly varying

the inlet �ow angle around 8 and found that at larger angles of attak, the reirulation

bubble at leading edge inreases but the �ow remains attahed at the trailing edge; for the

lowest angles of attak, the laminar reirulation bubble has disappeared at the leading

edge but a new one has formed after mid-hord. This is a signi�ant departure from the

orresponding RANS solutions, whih shows no variations.

In 2008, Christophe [Christophe and Moreau, 2008℄ ahieved an inompressible LES simu-

lation for the = 15 ase. It was reported that the spanwise extent lspan c = 0 1 seemed

to be too small to well represent the detahed boundary layer. Moreover, there were not

enough points in the spanwise diretion either for that LES. The wall-pressure �utuations

were well aptured for frequenies higher than 1kHz and for frequenies below 1kHz, the

LES resulted in an overestimation.

Most reently, the 5 ase has been thoroughly studied by DNS using the LBM method

[Sanjosé et al., 2017℄. The simulation ompares favorably with experimental measure-

ments of wall-pressure, wake statistis, and far-�eld sound. The temporal evolution of

wall-pressure �utuations shows signi�ant unsteadiness espeially in the aft region of the

sution side. Time periods of quiet and intense events have been deteted and ompared.

A linear stability analysis performed on the mean �ow of the simulation has demonstrated

that the reirulation bubble lose to the trailing-edge is the ineption of the tonal meh-

anism.

30 m Jet Width Cases

For ases from medium nozzle jet width (30 m) [Padois et al., 2015℄ (Fig. 2.20), three dis-

tint �ow regimes were also observed. At high AoA and high veloity the usual broadband

noise signature found in the 50 m jet width ase is reovered. At low AoA, the power

spetral density of the mirophone signal is dominated by a primary tone with seondary

tones, typial of boundary layer instability noise (previously termed T-S noise) radiation

due to unstable laminar boundary layer. It was reported in [La�ay, 2014℄ that stable tonal

noise is observed for the ase of = 0 1 2 8 at U0 = 16 m/s and instable tonal noise is

in the ases of = 0 1 2 at U0 = 20 m/s. Reently, Wu et al. [2016℄ has found that the
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Figure 2.20 Illustration of the

experimental setup at UdeS.

Figure 2.21 Boundary layer

thikness from URANS for 30 m

jet width at UdeS.

transition proess is modi�ed beause of the installation e�ets for the 8 referene ase.

The laminar separation bubble at the leading edge of the 50m ase has been replaed by

a thinner reirulation bubble near the TE for the 30m jet with ase. A parallel URANS

study at the beginning of the PhD has been onduted and showed that the boundary

layer thikness hanges dramatially with di�erent AoA as shown in Fig. 2.21. Moreau

et al. [2016℄ showed multiple noise redution tehniques on this airfoil: serrations, porous

media and blowing. All ontrol devies yield signi�ant noise redution of the tonal noise

and the broadband noise over a large frequeny range for ertain �ow onditions.

13 m Jet Width Cases

For ases of the most on�ned nozzle jet (13 m), experimental and analytial studies

(based on Amiet's and Howe's theory) were reported in [Roger and Moreau, 2004℄. Three

distint regimes are:

For small angles of attak (typially = 0 3 ), a quasi-laminar boundary layer

along the entire airfoil is observed with the existene of T-S wave;

For medium angles of attak ( = 8 18 ), an attahed turbulent boundary layer

exists at TE whih generates broadband noise;

For high AoA, ( = 27 ), the boundary layer is detahed at TE.

In summary, exept for the stall ase at high AoA, for 8 < < 16 , the noise radiation

is broadband from an attahed turbulent boundary layer at the TE. For < 8 , the

instabilities in the boundary layer exist and some tonal noise is possibly reated. It should

be notied that, these same 3 regimes exist for all the jet widths but over di�erent AoA.



2.5. SELETED DNS CASES: NACA6512-63 AND CD AIRFOILS 55

Chosen Case for the DNS on the CD Airfoil

The �ow ondition of ( = 8 U0 = 16 m/s) has been intensively studied both experi-

mentally (Tab. 2.4) and numerially ([Moreau et al., 2003℄[Moreau et al., 2004℄[Moreau

et al., 2006a℄[Addad et al., 2008℄[Christophe and Moreau, 2008℄[Wang et al., 2009℄[Sanjosé

et al., 2011℄[Sanjosé et al., 2014b℄). The �ow is attahed over most of the hord length and

has a laminar separation bubble whih triggers the transition at the LE. This �ow regime

orresponds to an attahed turbulent boundary layer with adverse pressure gradient that

radiates broadband noise. Suh a boundary layer status on the sution side at the TE

satis�es most of the appliation ondition of the TE noise models and onsequently the

results from it an be representative to validate the limitations of these models. Besides,

as the CD airfoil has a thik and round TE, it would be interesting to ompare the results

with other DNS simulations in whih usually a sharp TE geometry is present. For the ase

with a 50 m jet width, data from both experiments and simulations is the most abundant.

The omparison with them will be interesting from both physial and tehnial points of

view. Regarding the omputational ost, as the transition proess appears at the LE, less

spanwise extent is required ompared to the ase where laminar separation bubble appears

at the TE (the 30 m jet width ase). It is thus the �rst ase for the DNS simulation for

this PhD projet and will give a onlusive understanding from the numerial side.

As a summary, the DNS simulations for both of the airfoils are operated at Rec = 1 5 105,

whih is the state-of-the-art Reynolds number for DNS TE noise studies, and they inlude

both the installation e�ets. The di�erent airfoil geometries and �ow regimes on these

airfoils will give a more omprehensive information for suh a transitional �ow on TE noise

generation.



CHAPTER 3

Numerial Codes

The DNS and post-proessing odes involved in this PhD projet are brie�y presented

here. RANS and LES simulations are also involved in this projet yet they are mainly for

the purpose of �ow initialization and omparison. The RANS and LES solver information

are summarized in Tabs. 3.1 and 3.2. The detailed numerial setups for these simulations

will be introdued in the following hapters together with the DNS ones.

3.1 DNS

As stated in the previous hapter, speial numerial onsiderations need to be taken into

aount when dealing with noise problems generated by turbulent �ow. Aording to those

onsiderations, in this PhD projet, HiPSTAR (High Performane Solver for Turbulene

and Aeroaousti Researh) is hosen to be the DNS solver for the 2 hosen airfoil �ow

ases. It is multi-blok strutured Navier-Stokes DNS solver originally from University of

Southampton by R.D. Sandberg, designed for parallel omputing, with a state-of-the-art

saling in performane [Sandberg, 2009; Sandberg et al., 2015℄.

The �ow under onsideration is governed by the full ompressible Navier�Stokes equations

(as shown in eqs. (2.11), (2.12) and (2.13) in Chapter 2 ). The �uid is assumed to be an

ideal gas with onstant spei� heat oe�ients. All quantities are made dimensionless.

The Prandtl number is assumed to be onstant with Pr = 0 72 and = 1 4. The moleular

visosity is omputed using Sutherland's law [White and Cor�eld, 2006℄, setting the ratio

of the Sutherland onstant over freestream temperature to 0 36867. To lose the system

of equations, the pressure is obtained from the non-dimensional equation of state, i.e.,

p = ( T ) ( Ma2).

RANS Solver Flow Case Compressibility

ANSYS CFX V11 NACA6512-63 airfoil No

ANSYS FLUENT V15 CD airfoil No

tripping not inluded in RANS. Served for both tripped and untripped LES/DNS �ow initialization

Served for DNS �ow initialization (50m jet width) and turbulene model test (30m jet width)

Table 3.1 RANS solvers involved in this PhD projet.
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LES Solver Flow Case Compressibility

ANSYS CFX V11 NACA6512-63 untripped airfoil No

AVBP V7.0 CD airfoil Yes

Served for NACA6512-63 untripped and �unsu�iently� tripped airfoil ases

ANSYS FLUENT V6.3 also used for LES simulations for tripped airfoil with di�erent shapes of trips

LES simulations inluding the wind-tunnel open-jet geometry

Table 3.2 LES solvers involved in this PhD projet.

It has 4th order auray both in spae and in time. For large-sale DNS of turbulent �ow

problems, the amount of memory used for the simulation exeeds the available ahe of the

CPUs and the slower RAM has to be aessed, whih is a bottlenek from a performane

point of view. To keep this performane degrading way of aessing large amounts of data

from RAM at a minimum and inrease the performane, one should try to redue the mem-

ory needed by the algorithm. To ahieve this an ultra low storage Runge-Kutta sheme

is hosen for the disretization in time. This �ve-step fourth-order Runge-Kutta expliit

sheme was developed by [Kennedy et al., 1999℄ and ahieved fourth-order auray with

only two registers of memory. In spae a �ve-point 4th-order entral standard-di�erene

sheme with Carpenter boundary stenils [Carpenter et al., 1999℄ is applied for the spatial

disretization in the streamwise and rosswise diretions. Compat shemes an also be

hosen as an option for this ode yet it is not used for the urrent study. In the spanwise

diretion, a spetral method, whih has a even higher auray, using the FFTW3 library

is used. These spatial and temporal shemes guarantee a low level of dispersion and dissi-

pation error, whih is an essential aspet for noise studies. In order to inrease stability of

the numerial sheme a stabilizing method is applied [Kennedy and Gruber, 2008℄. This

method employs skew-symmetri splitting of the non-linear terms. A sixth-order aurate

high-wavenumber ut-o� �lter [Bogey et al., 2009℄ with a weighting to be named an also

be employed after every full Runge�Kutta yle.

Unphysial numerial re�etions at the omputational boundaries are avoided by the hoie

of appropriate boundary onditions. Charateristi based boundary onditions [Jones

et al., 2008; Kim and Lee, 2003; Sandberg and Sandham, 2006℄ are used for this simulation

on domain boundaries and sub-domain interfaes. Other boundary onditions inluding

turbulent inlet and �xed inlet with sponge zones are also optional yet not used for the

urrent study. At the airfoil surfae, an adiabati, no-slip ondition is applied.
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3.2 Post-proessing

The DNS ode HiPSTAR desribed above outputs instantaneous primitive �ow variables

inluding density, the veloity vetor and temperature and statistis as standard (the out-

put for statistis an also be hosen to be turned o�). Pressure an also be hosen to be

the output if needed (for instane wall surfaes). The statistis reorded on-the-�y for the

two DNS ases on NACA6512-63 airfoil and CD airfoil was hosen to be Favre-averaged.

HiPSTAR is able to reord more ompliated statistis by ativating a series of spei�

pre-ompiler �ags yet it is a more expensive hoie both in terms of omputational time

and of storage for the urrent study. Beause unlike some basi �ows suh as turbulent

hannel �ows or turbulent boundary layer �ows, the DNS domain as will be presented

in the following hapters for both airfoil noise studies omprise not only the boundary

layer but also the areas lose to the boundary layer to let the boundary onditions work

e�iently. These areas however, are not of interest for statistis. Consequently, besides

the instantaneous primitive �ow �elds and Favre-averaged statistis, some volumes of the

primitive �ow �elds were reorded during the DNS run and further proessing is needed. To

handle the large time series in order to alulate gradients, spetra and probability density

funtions, a parallel post-proessing tool possessing the same operators as in HiPSTAR,

alled Flow Analysis Tool (FAT) was developed. FAT is basially a tool that an read the

volumes omprising primitive �ow �elds reorded as Plot3D Subspaes format. It alu-

lates and outputs the �ow �elds and/or extended statistis to be named by .dat �les. The

extended statistis are alulated when the NON_LOCAL_STATISTICS pre-ompiler

is ativated. The p.d.f sampling for veloity gradient tensor invariant dynamis an also be

ativated under the LOCAL_STATISTICS paradigm (and LOCAL_COND_MOM

when onditional averages are required). More details of the ode an be found through

[Behlars, 2015℄.

Another post-proessing tool that was used intensively for this work is a python based

ode ANTARES, developed at CERFACS. This tool was developed initially for the pur-

pose of omparing results from di�erent numerial odes when they have di�erent out-

put formats. The basi priniple of the ode is to put whatever a �eld in time, into

an objet alled base and to realize the operations (or treatment as alled in the ode)

needed and �nally to output a ertain format as named. Details an be found in http :

www cerfacs fr antares . For the present work, version 1 8 2 has been used.



CHAPTER 4

DNS of NACA6512-63 Untripped Airfoil at 0

AoA

As mentioned in Chapter 2, the DNS of NACA6512-63 untripped airfoil is a ontinuous

work of the experimental, LES and DNS studies before. Extra noise is produed due to

the �ow separating and �apping near the airfoil TE on the sution side in the untripped

ase in ontrast to the attahed turbulent boundary layer in the tripping ase.

However, on the numerial side, this untripped DNS ase has to takle more di�ulties.

Firstly, due to the fat that the airfoil is immersed in a narrow stream from the wind tunnel

faility at University of Siegen, in order to exlude the shear layer e�ets from the wind

tunnel exit, the DNS domain has to be lose to the airfoil. Yet this means minor hanges

in the boundary onditions an have e�ets on the main �ow. This is already di�ult for

the tripped ase yet for the untripped ase it is even more hallenging as bigger strutures

and onsequently the assoiated noise an be more di�ult for the boundary onditions

to deal with ompared with the tripped ase. Atually, using the same DNS setup as in

the tripped ase led to the loading on the airfoil to drift. In order to solve this problem,

a series of 2D simulations for the untripped airfoil has been onduted in the �rst plae

to get the best boundary onditions for the 3D simulation. Although normally the 2D

�ow �eld is di�erent from 3D �ow �eld, testing diretly on 3D simulations is muh more

expensive. This proedure will be �rstly presented in the following setion. Then the

results from the 3D simulation are detailed.

4.1 Numerial Setup

As mentioned before, in order to aount for the installation e�ets, �rstly a 2D RANS

omputation of the �ow around the airfoil was onduted, taking into aount the nozzle

shape and geometrial on�guration that were used in the experiments (Fig. 4.1(a)). The

nozzle outlet veloity pro�le was known from hot-wire measurements and this veloity

data was used to de�ne the steady in�ow onditions to the domain. In a seond step, a

trunated airfoil grid was extrated from the whole simulation domain (Fig. 4.1(b)). The

veloity distribution around the extended C-ontour was taken from the full wind-tunnel

simulation solution. This data was then used to de�ne a steady 2D inlet veloity pro�le.
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(a) (b)

Figure 4.1 (a) Grid topology of the wind-tunnel setup for initial RANS om-

putations. (b) Trunated domain, extrated from the full wind-tunnel setup.

This pro�le mimis the in�uene of the wind tunnel (with a retangular nozzle) on the �ow

�eld around the airfoil. In partiular, it aounts for the mean e�ets of �ow de�etion.

The trunated simulation domain used for the DNS study is outlined in Fig. 4.2. It

omprises two regions and three bloks: the region around the airfoil (Blok 2), plus the

wake region. The latter is split into a pressure side (Blok 1) and a sution side (Blok 3)

blok domain. The wake bloks are aligned suh that they are approximately parallel to

the wake de�etion slope, whih is known from hot-wire measurements.

4.1.1 Evaluation of Boundary Conditions from 2D Simulations

HiPSTAR o�ers several inlet & outlet onditions that an be used for the airfoil TE noise

ases:

Inlet

Blok 1Blok 2

Blok 3

❅
❅

❅
❅■✬
✫

✲

Figure 4.2 Computational domain for the NACA6512-63 untripped airfoil DNS

study.
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Blok No. Blok 1 Blok 2 Blok 3
L L L 2 0 0 5 0 1 1 5 0 5 0 1 2 0 0 5 0 1
n n n 1 200 240 194 3 200 240 194 1 200 240 194

Table 4.1 Computational domain size with respet to the airfoil hord length

(L L L ), and number of grid points (n n n ) per blok.

(a)

14 15 16 17 18
t*

0.1

0.12

0.14

0.16

0.18

0.2

0.22

L*

(b)

Figure 4.3 ICBC at inlet with 30 ZCBC points at outlet: (a) Instantaneous

dilatation �eld at t = 16 and (b) airfoil loading at t = 14 18

For inlet, Fixed Inlet with Sponge and ICBC (Integrated CBC) an be employed. The

Fixed Inlet with Sponge is used to damp out the �utuations approahing the inlet in

order to prevent re�etions while holding the inlet pro�le suh as veloity and density.

The �utuations of a variable are damped using Eq. 4.1 where csponge and fsponge are

respetively the sponge strength and the sponge funtion as shown in Eq. 4.2. xs

and xe represent the starting and end points along the normal line to the boundary

and the referene value q0 is the spei�ed boundary inlet pro�le. When using suh

an inlet boundary, the sponge width and strength should be arefully tuned in order
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not to lose signi�ant physial phenomena (as in most part of the sponge zone, the

�physial� values obtained are not physial due to numerial damping aording to

Eq. 4.1). If the strength of the sponge layer is too strong, re�etion will be observed

already at the starting point of the zone.

qsponge(x t) = q(x t) cspongefsponge(q(x t) q0(x t)) (4.1)

fsponge = 0 5 1 + cos 2
x xs

x xe
(4.2)

The latter, ICBC [Sandhu and Sandham, 1994℄ is used to avoid unphysial numerial

re�etions at the domain boundaries. It follows the same method as for the loal

harateristi boundary method exept for the formulation of the modi�ed normal

Euler �uxes. At this point, the derivatives of the normal Euler �uxes are integrated

with respet to time using the fourth order Runge-Kutta sheme The time-integrated

normal derivatives are then subtrated from freestream values of the onservative

variables to enfore the freestream onditions on the boundary.

Outlet

In HiPSTAR, at the outlet a zonal CBC (ZCBC) is optional [Sandberg and Sandham,

2006℄ to damp the disturbanes together with CBC.

Several 2D ases are tested to see the e�ets of di�erent boundary onditions. As an be

seen from Fig. 4.3, 2D simulation for the untripped airfoil using the same numerial setup

as in the tripped ase leads to minor re�etions (Fig. 4.3(a)) as marked by the red ellipse in

the dilatation �eld and the airfoil loading drifted in the end (Fig. 4.3(b), indiated by the

red arrow), as mentioned before. The purpose is to �nd a proper boundary ondition in

order to get a respetively lean aousti �eld while holding the airfoil loading. The tested

ases are listed in Tab. 4.2. Fixed Inlet without sponge layer has obvious re�etions and

suh a phenomenon has polluted the dilatation �eld as well as the airfoil loading as ould

Fixed Inlet ICBC

Sponge Point (keeping strength 0.01):

2,5,10,20,30,40

Zonal CBC points at outlet:

0,30,100

Sponge Strength (keeping 20 points):

0.00001,0.0001(0.0005),0.001(0.005),

0.01,0.1,1

For 2 and 5 point ases, the strength is set to be 0.0005/0.001.

Table 4.2 Tested 2D DNS ases on the untripped NACA6512-63 airfoil for

di�erent boundary onditions.
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(a)

(b)

()

Figure 4.4 Instantaneous dilatation �eld using Fixed Inlet with csponge = 0 01
at t = 16: (a) 10-point sponge; (b) 20-point sponge and () 30-point sponge.
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be seen from the amplitude of the osillation; the ICBC ase has indeed the problem of

airfoil loading dereasing with time.

To improve the Fixed Inlet ases, several sponges are added. Given that the points used in

the sponge zone annot be used for physial onsiderations, for suh a boundary ondition,

besides the main purpose that the sponge should attenuate the �ow near boundary, it needs

to be set by satisfying 2 requirements:

Sponge strength not too strong to ause re�etions at the beginning of the sponge;

Reasonable sponge width in order not to sari�e too many grid points.

(a)

(b)

Figure 4.5 Instantaneous dilatation �eld of 5-point sponge ases at t = 18.

As the mesh ells have a high aspet-ratio near the inlet boundary, the number of points

used for the sponge is quite limited. This limitation is shown in Fig. 4.4. For the tested

ase, the 20 or 30 points for the sponge for this airfoil ase are obviously too muh. Finally,

it is found that the sponge width should be limited to less than 10 points and the 5 points

sponge with 0.001 sponge strength is shown to be the best Fixed Inlet onditions among

others (Figs. 4.5 and 4.6). But still, minor re�etions are observed. The ICBC boundary

on the other hand has always a leaner aousti �eld around the extended C-boundary.

It an be seen in Fig. 4.7 that exept for the pure CBC ase (in Fig. 4.7(a)), ICBC with

the ZCBC at outlet generally ontrols the re�etion well. The minor re�etion with 30
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(a)

(b)

Figure 4.6 Instantaneous dilatation �eld of 2-point sponge ases at t = 18.

ZCBC points marked by the red ellipse in Fig. 4.7(b) has been improved in the 100 ZCBC

points ase in Fig. 4.7(). The airfoil loading drift issue for the 30 ZCBC ase (blak line

in Fig. 4.8) is essentially shown to be part of the low frequeny osillation whih is aused

by the re�etion from outlet. Fig. 4.9 shows the omparison of the dilatation �eld between

the 30 ZCBC ase and 100 ZCBC ase at the last timestep at t = 26. The low frequeny

re�etion with an opposite propagation orientation to the noise radiated by the airfoil

(marked by the red irle in Fig. 4.9) is ontinuously observed for several �ow-through

times. Suh a low frequeny �utuation is hard to attenuate as it will take too muh time

to onverge. Although for a 3D simulation suh variations an be presumed to be less as

the strutures are less oherent beause of the spanwise extent, it is better to use more

ZCBC points at the outlet to avoid using too muh time for the onvergene. In addition,

the alulation time for the 100 ZCBC point ase and for the 30 ZCBC point ase is of

the same order. As a onlusion, the ICBC with 100 ZCBC points at outlet is the best

solution to this ase.

In summary, for an aousti study, the ICBC with proper ZCBC points at outlet is the

best hoie for boundary onditions, even for a narrow stream. The Fixed Inlet an be

employed with proper sponge layer but is quite limited by the grid strething.
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(a)

(b)

()

Figure 4.7 E�ets of ZCBC at outlet on dilatation �eld at t = 16.
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14 15 16 17 18 19 20 21 22 23 24
t*

0.1

0.12

0.14

0.16

0.18

0.2

0.22

L*

ICBC_30_ZCBC
ICBC_100_ZCBC

Figure 4.8 E�ets of ZCBC at outlet on airfoil loading at t = 14 24.

(a)

(b)

Figure 4.9 E�ets of ZCBC at outlet on dilatation �eld at t = 24.
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4.1.2 3D Simulation Setup

With the optimized boundary onditions from 2D simulations, the 2D simulation was

extruded to 3D. In the spanwise diretion, �rstly 32 Fourier modes were used and then

to 64, 96 and 128. Finally 96 Fourier modes are employed with 100% de-aliasing, whih

orresponds to 194 olloation points in physial spae. This number of points was found

to be su�ient to resolve down to the Kolmogorov sale [Winkler et al., 2012℄ as shown

in Figs. 4.10 and 4.11. These points are distributed over a spanwise width of 0.15 hord

lengths. This length was determined to be su�ient to resolve all turbulent lengthsales

in the �ow �eld. [Winkler et al., 2012℄. The total number of grid points is 261 106.

In addition to the DNS, a series of LES studies were performed [Winkler and Moreau, 2008;

Winkler et al., 2009, 2012℄. The LES were based on the spatially �ltered, inompressible

Navier-Stokes equations with the dynami subgrid-sale model. Two di�erent ommerial

numerial odes were used : Fluent V6.3 and Ansys CFX V11. For both odes, solutions

were seond-order aurate in spae and time. The domain size is the same as in the

DNS studies yet the mesh resolution was oarser. The urrent DNS then an verify the

auray of the LES studies thanks to the higher order shemes both in spae and time.

While the experimental [Winkler and Carolus, 2009℄ and LES [Winkler and Moreau, 2008;

Winkler et al., 2009, 2012℄ onditions were Rec = 190 000 and M = 0 063, the DNS

was onduted (due to onstraints in omputational resoures) at Rec = 150 000 and

Ma = 0 25. Results obtained for the tripped ase study [Winkler et al., 2012℄ indiate that

the di�erene in Mah number and Reynolds number is pratially irrelevant and the DNS

simulation data an be saled diretly to the referene onditions of the experiment and

LES simulation. This was also onsistently observed in the ontext of aousti preditions.

Aording to these past studies, this approah is then taken for the urrent DNS on the

untripped ase.

4.2 Hydrodynami Field

4.2.1 Grid Resolution

The resolution of the DNS ases was heked before further proessing was performed.

The grid spaing (time- and spanwise-averaged) in wall-units ( x+
, y+ and z+) was

heked and is shown in Figs. 4.12(a)-4.12(). The values shown ompare well with data

found to be adequate in previous airfoil DNS studies [Jones et al., 2008℄.
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Figure 4.13 (a) Stati lift distribution on the untripped airfoil, and (b) hord-

wise RMS pressure trae ( DNS; LES [Winkler et al., 2012℄).
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Figure 4.14 (a) Stati lift distribution on the tripped airfoil, and (b) hordwise

RMS pressure trae ( DNS [Winkler et al., 2012℄; LES [Winkler

et al., 2012℄).

4.2.2 Mean Flow Field

As a �rst step in the �ow �eld analysis, it was heked whether the in�ow onditions

were posed orretly. Indeed the jet width of the wind-tunnel an signi�antly modify the

loading distribution on the airfoil. The importane of aounting for these installations

e�ets has been disussed previously [Moreau et al., 2003℄. The mean stati pressure

distribution from the DNS run is ompared with available wind-tunnel measurements,

previous simulation data using a RANS and LES results. As shown in Figs. 5.6(a), 4.14(a)

for the untripped and tripped ases respetively, the urrent DNS results generally give

a orret predition of the distribution of the mean wall-pressure oe�ient cp, whih is
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de�ned as

cp =
p p0
1
2 0U

2
0

(4.3)

Yet some di�erenes exist.

For the untripped ase, in Fig. 4.13(a), where p0, 0 and Uo stand for the referene pressure,

density and free-stream veloity, the loation and length of the separation bubble on the

sution side an be seen to be slightly di�erent between the DNS and experimental data.

On the pressure side, the results from the DNS agree losely with experiment and LES

data exept very lose to the trailing edge. This is a diret onsequene from the di�erene

observed on the sution side. When the �ow exhibits a separation/reattahment on the

sution side at the trailing edge, the pressure side will deviate in order to keep the �ow

alignment at the trailing edge, i.e. satisfy the Kutta ondition.

For the tripped ase, the slight separation observed in the experimental data on the su-

tion side omes from the di�erene of triggering the transition in the boundary layer trip

ompared to simulations. In the experiments, the trip thikness was inreased in small

inrements until a `reasonable' turbulent �ow near the trailing edge was established. The

riterion of `reasonable' turbulent �ow was when the far-�eld noise was redued onsider-

ably and was heked with a stethosope whih on�rmed that the transition had ourred.

This proedure gives a minimum tripping height by only onsidering the aousti e�ets.

However, due to the minimum trip thikness hosen, the transition took plae downstream

of the trip and the �ow ondition near the trailing edge may therefore not have been per-

fetly de�ned. In the LES or DNS, the numerial trip thikness was inreased by roughly

50% to ensure a fully turbulent boundary layer at the trailing edge. For this tripped ase,

the di�erenes in Mah number and Reynolds number between DNS/LES and experiment

have no e�et on the cp level and distribution. The RMS pressure distributions of the

DNS are plotted in Figs. 4.14(b) and 4.13(b) and ompared with LES data. Before fur-

ther disussion, it should be mentioned that in both LES and DNS, no inlet turbulene

was introdued whereas in experiments, the maximum inlet turbulene intensity is around

0.2% with reent improvements.

For the untripped ase, the DNS shows muh stronger pressure peak at the transition

loation on the pressure side at the leading-edge and further downstream it is quite simi-

lar to the LES results. These stronger RMS pressure peaks from DNS ompared to LES

is expeted for two reasons: �rstly, as the wall-pressure �utuation ontains the integral

information from the boundary layer, the subgrid-sale modeling in LES an lead to pos-

sible errors in representing orretly the boundary layer �ow. Seondly, the fat that the
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DNS ode uses a fourth-order auray sheme in time while the LES uses a seond order

sheme an lead to an amplitude di�erene. The lower the auray of the sheme is, the

more damped the pressure signal is. The di�erene of RMS pressure distribution on the

sution side however is most possibly due to the di�erent freestream turbulene intensity

that exists between the simulations and experiment. For a transition that is aused by a

separation bubble, the external onditions, i.e., the bakground turbulene intensity [Jones

et al., 2008; Sanjosé et al., 2016; Spalart and Strelets, 2000℄ an have a signi�ant in�uene

on the instabilities whih then ontribute to the transition to turbulene. In a reent study

[Sanjosé et al., 2017, 2016℄, �ow with a separation bubble on the airfoil at the trailing edge

was observed to be very sensitive to external onditions. This is further proved in a reent

study by Istvan et al. [Istvan et al., 2017℄. This study shows that for transitional airfoil

ases at moderate hord Reynolds numbers (Rec = 1 0 105 2 0 105), inreasing

freestream turbulene intensity results in earlier �ow transition and reattahement on the

sution side. In their experiments on a NACA0018 airfoil, the bakground turbulene

intensities were varied from 0.09% to 2.03%. These �ow onditions are quite similar to

the experimental setup for the urrent airfoil. This an explain the di�erene between

the simulations and experiment shown in Fig. 4.13(b). Furthermore, in this study [Istvan

et al., 2017℄, it was onluded that the degree of the in�uene of freestream turbulene

intensity on the separation bubble dereases as the hord Reynolds number is inreased.

As the urrent DNS has a lower Reynolds number (Rec = 1 5 105) than experiment

(Rec = 1 9 105), this means that the �ow an transition later and that suh an e�et

from bakground turbulene intensity an be more pronouned. Note that the DNS is the

last one to transition. The more dissipative LES transition before. In addition, as the

urrent airfoil is immersed in a narrow stream, although the mean installation e�ets are

onsidered in the simulation, the unsteady e�ets from the interation from the jet shear

layer and the airfoil an have e�ets on the airfoil �ow topology. This aspet however,

needs muh more numerial resoures to be on�rmed.

For the tripped ase on both sides of the airfoil, similar to the pressure side of the untripped

ase, DNS shows stronger pressure peaks at the transition loation. When this transition

proess has faded out further downstream where the boundary layer turbulene is fully

developed, the RMS pressure trae attains very omparable levels, espeially lose to the

trailing edge. The transition mehanism itself does not appear to in�uene the turbulent

pressure amplitudes further downstream. Therefore, the IMBM in the DNS works just

like the atual tripping step does, and the di�erent fored transition approahes in both

numerial approahes lead to pratially idential pressure �utuation amplitudes lose to

the trailing edge. The di�erene between the RMS pressure distribution on the pressure
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side from the untripped (Fig. 4.13(b)) and tripped DNS (Fig. 4.14(b)), i.e., the amplitude

and position of the RMS peak, onstitutes further evidene that the need to satisfy the

Kutta ondition at the trailing edge an in�uene the global �ow behavior up to the leading

edge leading to a minor di�erene in the transition proess. This will be further explained

in Setion 4.3 from the orrelation funtions.

It is hypothesized that the �apping and separated boundary layer gives an additional noise

soure at the trailing edge and thus this area on the sution side is studied here in more

details. Time averaged skin frition oe�ient cf on the airfoil is plotted in Fig. 4.15. It
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Figure 4.15 The mean skin frition oe�ient over the airfoil ( pressure

side; sution side).
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Figure 4.16 Iso-ontours of the normalized cf p.d.f. using 7 levels exponentially
distributed over the range 1 to 3000: (a) on sution side and (b) on pressure

side.

gives a quantitative measure of the separated region on the sution side and the bubble

region on the pressure side. It an be seen that the separation on the sution side starts
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after mid-hord around x c = 0 6 and reattahes just before the trailing edge due to the

separated shear layer transitioning to turbulene. On the pressure side, the transition is

triggered by the bubble on the leading edge around x c = 0 04 and the �ow reattahes at

x c = 0 22.

The time-dependent nature of separation an be investigated by omputing the probability

density funtions (p.d.f.s) of cf . As the cf value varies along the airfoil, it is inonvenient

to use an ordinary p.d.f. funtion in whih the mean value and number of `bins' are �xed

[Jones et al., 2008℄. Instead, the cf time series for eah point on the airfoil is extrated and

the p.d.f. is onstruted using 30 bins equally spaed over 3 standard deviations about

the mean cf value. In Fig. 4.16, for eah loation on the airfoil, if the ontours are thin, it

means that the �ow shows little variation over time and if the ontours are wide, cf varies

strongly. The olors shows how frequent the same cf value ours in time.

(a) no tripping

(b) IMBM tripping [Winkler et al., 2012℄

Figure 4.17 Instantaneous spanwise vortiity, ranging from 100 (blue) to

+100 (red).

On the sution side, upstream of the separation, cf displays nearly no variations whih

means the �ow in this area is nearly steady. Downstream of the separation point, the cf

still varies little until at x c = 0 9, the �ow starts to osillate due to the transition to

turbulene. Although the mean cf in Fig. 4.15 shows all negative values at the trailing

edge, the p.d.f. ontours in Fig. 4.16(a) show that this reverse �ow is unstable and varies

onsiderably with time. This time dependent behavior an be the major ontribution to

the extra noise from the trailing edge.

On the pressure side, an even larger temporal variation exists. This larger variation seems

to be aused by the roller strutures generated by the leading edge separation bubble
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that then have a stronger e�ets on the cf downstream. Considering that the �ow on the

pressure side has a smaller loal Reynolds number due to the lower speed, this phenomenon

is oherent with the observations obtained by [Jones et al., 2008℄ for similar ases with a

lower Reynolds number.

4.2.3 Instantaneous Flow Field

As this ambered airfoil is situated in the narrow stream of a wind tunnel nozzle, the �ow

onditions are suh that the boundary layer transition ours naturally on both airfoil

sides. On the pressure side transition ours early on and a fully turbulent boundary

layer exists lose to the trailing edge. This transition is a result of �ow separation and

reattahment resulting in a small leading edge separation bubble. On the sution side the

transition proess starts further downstream and results in a long separated shear layer

with turbulent reattahment lose to the trailing edge. This proess is visualized using

ontours of the spanwise vortiity in Fig. 4.17(a). The tripped DNS results are shown in

Fig. 4.17(b) for omparison purposes. In the tripped ase, a fully attahed and developed

turbulent �ow �eld is observed at the trailing edge while in the untripped ase larger

strutures are formed due to the �apping shear layer on the sution side. The details of

the �ow strutures at the leading and the trailing edge for the untripped ase are presented

through iso-surfaes of the ci-riterion [Wu et al., 2017b; Zhou et al., 1999℄ and olored

by the streamwise veloity omponent in Fig. 4.18. It should be notied that there exists

a variety of vortex identi�ation methods that an be applied to the urrent �ow ase

to show the �ow strutures. The disussion on di�erent vortex identi�ation methods

inluding the ci-riterion an be found in Appendix. The value of ci is hosen suh that

it is around 3% of its maximum value for the urrent �ow data around the airfoil, similar

to what has previously been suggested [Zhou et al., 1999℄. On the pressure side, some

spanwise roller strutures are generated then lead to a short reirulation bubble that

triggers the transition. On the sution side, the �apping shear layer at the trailing edge

leads to larger spanwise oherent strutures. These strutures on the sution side lose to

the trailing edge are quite similar the DNS ase on CD airfoil at 5 AoA [Sanjosé et al.,

2017, 2016℄, whih is at the same Rec and similar Ma (Ma = 0 2 in [Sanjosé et al., 2017,

2016℄). However, this untripped airfoil shows also some large strutures on the pressure

side. This is observed by some hump strutures near the trailing edge on the pressure side

in Fig. 4.17(a) ompared with the tripped ase (Fig. 4.17(b)). Furthermore, in Fig. 4.18(),

a roller struture very lose to the trailing edge is formed on the pressure side. This roller is

quite similar to the one formed on the sution side at almost the same streamwise loation
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(a)

(b) ()

Figure 4.18 Swirling strength riterion ci = 30 iso-ontours of the NACA6512-
63 untripped airfoil olored by streamwise veloity: (a) Airfoil global view; (b)

Zoom view at the LE on the pressure side; () Zoom view at the TE and near

wake.
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aused by the �apping shear layer. This detail will be further quanti�ed in the following

setion.

4.3 Spetra, Correlation and Coherene

Pressure signals were reorded for 7 �ow-through times, based on airfoil hord length and

the referene veloity, for the aousti analysis after the simulation was statistially steady.

The analysis of the pressure amplitudes alone does not say anything about the spetral

distribution of those �utuations. To retrieve suh information, surfae pressure spetra

were extrated from the unsteady simulations for a loation lose to the trailing edge

(x c = 0 95). The power-spetral density (PSD) pp( ) of the wall-pressure �utuations

p at a given angular frequeny is obtained from the wall-pressure ross-spetral density

(x z x z ) =
1

2

+

p (x z t)p (x+ x z + z t + ) exp i d (4.4)

by setting the streamwise and spanwise spae-separations x and z between two points

1000 1000020

40

60

80

100

120
Untripped
Tripped

PSfrag replaements

f [Hz℄

P

S

D

[

d

B

/

H

z

℄

(a)

1000 1000020

40

60

80

100

120
Untripped
Tripped

PSfrag replaements

f [Hz℄

P

S

D

[

d

B

/

H

z

℄

(b)

Figure 4.19 Wall-pressure �utuation PSD at x c = 0 95 (a) sution side; (b)

pressure side.

on the airfoil to zero. The DNS data was saled to obtain dimensional quantities. This was

ahieved by multiplying the dimensionless pressure from the simulation by 0U
2
0 , where the

referene values were 0 = 1 225 kg/m3
and U0 = 21 m/s. These values orrespond losely

to the experimental onditions and the LES simulation parameters. The sution side and

pressure side spetra are shown in Figs. 4.19(a) and 4.19(b), respetively, and ompared

with the tripped ase for the same loation. The untripped ase is shown to exhibit higher

pressure �utuations over low frequeny ranges on both sides. On the sution side, it is

dominated by a hump entered at 600-700 Hz and a less dominant peak at 1300 Hz while
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on the pressure side the hump around 600-700 Hz is observed with a slight lower level

and at 1300 Hz a weaker hump is observed. These humps (and a peak) are believed to

be related to the large strutures shown in Fig. 4.18(). As shown by the mean �eld in

Figs. 4.13(a) and 4.13(b), the �apping shear layer on the sution side starts approximately

from x c = 0 8. This �apping area of length 0 2c lose to the trailing edge orresponds

to a frequeny of f = U0 0 2c = 778 Hz, whih is related to the low frequeny hump

showed in Figs. 4.19(a) and 4.19(b). For the peak or weak hump at higher frequeny

present in Figs. 4.19(a) and 4.19(b), it is most likely related to the rollers strutures from

aused by the Kelvin-Helmholtz instabilities [Desquesnes et al., 2007; Sanjosé et al., 2018℄.

The reirulation bubble at the leading edge on the pressure side should be responsible

for the weakened levels on the pressure side in Fig. 4.19(b) ompared with the levels

on the sution side in Fig. 4.19(a) as the noise radiated by this bubble has an opposite

propagation diretion to that radiated from the trailing edge whih as a onsequene, leads

to a anellation e�ets. In both ases the spetra were averaged over all spanwise points.

The reason for suh an average is that for this �ow ase, the spanwise variation of the

pressure �utuations is notieable. Figs. 4.20(a) � 4.20(d) show this spanwise variation for

loation x c = 95% on both sides of the airfoil for the untripped and tripped ase.

As the �ow �eld near the trailing edge is turbulent on both the sution and pressure sides,

it is important to hek the spanwise orrelation or oherene to make sure the turbulent

�ow is su�iently developed in the spanwise diretion lose to the trailing edge. It has

been pointed out in previous numerial studies that the spanwise extent for suh a �ow

ase should be at least 0.074c. In this DNS simulation, the spanwise extent is set to be

0.15c whih is intended to aount for the �apping shear layer and separation behaviour

whih possibly might nurture instabilities with a larger spanwise wave length than an

attahed turbulent boundary layer. The spanwise oherene

2
between two points on the

airfoil surfae separated by z is omputed as follows

2(z z ) =
pp(z z ) 2

pp(z 0 ) pp(z + z 0 )
(4.5)

Spetra of the spanwise oherene funtion were alulated for half the span size ( z c

(0 0 075)) for spanwise points 1 through 96, 2 through 97, et. in the DNS and then

averaged. The plots shown in Figs. 4.21(a) and 4.21(b) demonstrate that the domain size

is su�iently large to apture all �ow features. The time data available for averaging

is not yet su�ient to obtain a smoother estimate at low frequenies. Compared with

the tripped ase [Winkler et al., 2012℄, the untripped airfoil has a stronger orrelation on
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Figure 4.20 Spanwise variation of wall-pressure �utuation at x c = 0 95 for

z c 0 01 (a) untripped, sution side; (b) untripped pressure side; () tripped,
sution side; (d) tripped pressure side.

the sution side up to 1200 Hz due to the presene of larger strutures. Nevertheless, it

appears that a spanwise width of 0 12c would be su�ient for this �ow on�guration.

Spanwise orrelation length of the pressure �utuation signals is shown in Figs. 4.22(a) and

4.22(b). This is an important length sale in Amiet's model for far�eld noise predition.

It an be seen that for the sensor loation at x c = 95%, the untripped ase has a muh

larger orrelation length for low frequenies on both sides of the airfoil. The frequenies

where lz c shows its maximum values for the untripped ase are oherent with what has

been disussed in Figs. 4.19(a) and 4.19(b): they are related to the large strutures shown

in Fig. 4.18(). The seond peak of lz c around 1300 Hz is due to the rollers generated by

Kelvin-Helmholtz instabilities.
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(a) sution side
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Figure 4.21 Spanwise oherene of surfae pressure data obtained from the

untripped airfoil DNS results at x c = 0 95.

In Figs. 4.23(a) and 4.23(b), the pressure side of the untripped ase has a larger orrelation

length in the low frequeny range ompared with the tripped airfoil. This is a diret

onsequene of the shear layer �apping on the sution side as the pressure �utuation

signals on the pressure side is quite orrelated with the sution side in the untripped ase

as an be seen in Figs. 4.24(a) � 4.24(d) from 4 loations near the TE. This orrelation

however is not observed in the tripped ase in Figs. 4.25(a) � 4.25(d). Figs. 4.24(a) �

4.25(d) quantitatively explain the origin of the larger strutures at TE on the pressure

side of the untripped airfoil shown in Fig. 4.17(a): the �apping shear layer on the sution

side. Furthermore, the peaks at higher frequenies in these oherene plots indiate that

some aoustis is making both sides of the airfoil ommuniate.

4.4 Aousti Field

4.4.1 Near Field

The separating shear layer without tripping exhibits a �apping motion and is inherently

unstable as learly shown by the cf p.d.f. plots in Fig. 4.16. It ultimately generates

rollers and interats with the trailing edge and produes muh stronger noise radiation

than a fully tripped and turbulent boundary layer on the sution side. This is shown in

Figs. 4.26(a) and 4.26(b), where the instantaneous dilatation �elds are plotted with the

same ontour levels for the untripped and tripped DNS ases. A stronger radiation in the

presene of the separating shear layer is seen. Furthermore, additional noise soures exist

in this ase and the propagation of aousti waves upstream is a�eted by the refration
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Figure 4.22 Spanwise orrelation length at x c = 0 95 (a) sution side; (b)

pressure side.
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Figure 4.23 Spanwise orrelation length on the pressure side near TE (a) un-

tripped ase; (b) tripped ase.

through the separated shear layer. It has been hypothesized in the past that the existene

of suh a separation bubble onstitutes a prerequisite to the ourrene of an e�ient

aousti feedbak loop, whih leads to a single tone or multiple tones to be radiated from

the airfoil.

4.4.2 Far Field

Results from aousti far-�eld measurements for this �ow ondition and airfoil pro�le

are shown in Fig. 4.27 [Winkler and Carolus, 2009℄. For the �ow onditions onsidered

in this study, no tonal noise omponents are seen in the data. This suggests that any
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Figure 4.24 Coherene of pressure �utuations from 2 points respetively from

sution and pressure side of the untripped airfoil at (a) 80% hord; (b) 85%

hord; () 90% hord and (d) 95% hord.
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Figure 4.25 Coherene of pressure �utuations from 2 points respetively from

sution and pressure side of the tripped airfoil at (a) 80% hord; (b) 85% hord;

() 90% hord and (d) 95% hord.
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(a) no tripping

(b) IMBM tripping [Winkler et al., 2012℄

Figure 4.26 Dilatation �eld, displayed from 0 1 (white) to +0 1 (blak).

Figure 4.27 Aousti far-�eld measurements [Winkler and Carolus, 2009℄ of

the airfoil with and without boundary-layer tripping at 1.2m downstream from

trailing edge in the midspan plane at 90 with respet to the airfoil hord.
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feedbak loop that may be present and ampli�ed by the existene of the separation bubble

is atually weak. The �apping shear layer itself is expeted to be responsible for the large

broadband noise inrease notied in the experimental data. In fat, slowly inreasing

the trip thikness in the experiments leads to a redution in the broadband noise hump,

until it reahed the minimum noise level given by the fully tripped airfoil. In that ase

the boundary layer on the sution side was fully turbulent and attahed [Winkler et al.,

2012℄. The sattering of the pressure disturbanes produed by the turbulent bubble at

the trailing edge is therefore responsible for the large broadband noise inrease.

In order to investigate the aousti radiation from the airfoil trailing edge, the simulation

is oupled with an existing Ffows Williams and Hawkings (FWH) propagator to om-

pute the aousti far-�eld from information on the domain boundaries. A porous FWH

formulation and a solid-wall FWH formulation are used and here are referred to as Porous-

FWH and Solid-FWH. Care has been taken to plae the porous ontrol surfae as lose

as possible to the airfoil where the mesh has a high resolution, while still inluding all

dominant soures in the �ow �eld. The Porous-FWH surfaes are illustrated in Fig. 4.28:

a C-ontour shape surfae around the airfoil and an end-ap surfae in the wake where

the turbulene intensity is lower than 10%. The ontribution from the end-ap an be

ignored in this ase as the results for Porous-FWH surfaes with and without the end-ap

show nearly no di�erene. Finally the results from the Porous-FWH with the end-ap are

presented here.

The Porous-FWH and Solid-FWH surfaes are reorded as instantaneous shots during the

simulation and then are fed to the FWH solver. Finally, in order to ompare with the

experimental data, the predited far-�eld PSD for an airfoil of atual span L is alulated

from the omputational slie by

Spp FWH =
L

LDNS
Spp DNS (4.6)

This is valid whenever the omputational domain size is aoustially ompat in the span-

wise diretion [Wang and Moin, 2000℄ and the soure regions of eah spanwise slie an

be assumed to be statistially independent, whih has been on�rmed to be true from the

oherene plots shown in Figs. 4.21(a) and 4.21(b).

Fig. 4.29 shows the results from the FWH predited far�eld noise level ompared with

the experimental data. The two FWH surfaes give signi�antly di�erent results. This

implies that using just the pressure �utuations over the solid surfaes do not apture all

aousti soures for this �apping and separated boundary layer, and that the porous-FWH
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Figure 4.28 Illustration of the

loation of the Porous-FWH sur-

faes (red solid lines).
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Figure 4.30 Aousti far-�eld predition with DNS and LES [Winkler et al.,

2009℄ using Amiet's analogy of the airfoil with and without boundary-layer trip-

ping at 1.2m above trailing edge in the midspan plane at 90 with respet to

the airfoil hord ompared with experiments [Winkler and Carolus, 2009℄.

enlosing more aousti soures yields a better representation of the far-�eld noise. In the

Porous-FWH ase, results were also ompared to the ase of an open C-ontour surfae

where the end-ap surfaes were removed and nearly no di�erene were presented. Both

the Porous-FWH and the Solid-FWH surfaes have a dip around 1 kHz whih is di�erent

from experimental results. The shape of the wall-pressure PSD also shows the dip at the



4.4. ACOUSTIC FIELD 87

same loation in the frequeny domain whih indiates that this di�erene is essentially

from the wall-pressure �utuations in the simulation as shown in Fig. 4.19(a). Although

as observed by Sanjosé et al. [Sanjosé et al., 2016℄ for a similar �ow ase over CD airfoil

at 5 angle of attak, the pressure signals for a �ow ase where transition bubble exists

near the TE on the sution side show very low frequeny patterns whih requires muh

longer time to be observed. In their studies, 40 �ow-through time data were reorded

and the �ow has quite di�erent behaviour in the so-alled quiet and intense windows.

This suggests that the urrent �ow ase may require muh longer omputational time to

on�rm whether the dip is due to the relatively short time ompared with experiments.

Otherwise, the porous-FWH formulation gives a good math with the experimental data.

On the other hand, the far�eld PSD is also derived using Amiet's model with the orretion

onsidering bak-sattering e�ets [Roger and Moreau, 2005, 2010℄. In Amiet's model, the

wall-pressure oherene, onvetion speed and spanwise orrelation length are needed as

inputs and these quantities are obtained from a hosen streamwise point x c = 0 95 on

both the sution and pressure sides lose to the trailing edge.

In Amiet's model, the far-�eld aousti PSD for a given observer loation x = (x1 x2 x3)

(streamwise, rosswise, spanwise), and for a given angular frequeny is omputed via

the following relation:

Spp Amiet(x )
kcx2

4 S2
0

2
L

2
I

uc

k
x3

S0

2

pp 0
uc

k
x3

S0

(4.7)

In this formulation, only parallel gusts to the sattering edge are onsidered; k = c0

is the aousti wavenumber, uc the onvetion speed of the turbulent strutures in the

boundary layer assimilated to gusts, S0 with S2
0 = x2

1 +
2(x2

2 + x2
3) is the onvetion-

orreted far-�eld observer position, and I is the analytial radiation integral that involves

the aerodynami response of a �at plate to the inident pressure gust, inluding the bak-

sattering e�et from the leading edge (see [Roger and Moreau, 2005, 2010℄ for details).

The overbar denotes quantities that are made dimensionless by the half-hord length c 2.

pp 0 is the streamwise-integrated inident wall-pressure wavenumber-frequeny spetrum

for frozen turbulene, whih an be approximated as follows (see Roger and Moreau [Roger

and Moreau, 2005℄ for details):

pp 0
uc

k
x3

S0

pp( )
lz k

x3

S0
(4.8)
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where lz is the spanwise orrelation length near the trailing edge, whih an be alulated

from the oherene funtion by

lz k
x3

S0

=
0

2( z ) cos k
x3

S0

d( z) (4.9)

In Fig. 4.30, a omparison is made using Amiet's analogy between the untripped and

tripped airfoil. In both ases, Amiet's analogy gives a good overall predition on the far�eld

noise, at least for the given observer loation. For the untripped airfoil, Amiet's predition

shows a dip around 1.5-3 KHz whih is thought to be due to the weaker amplitude of

pressure �utuations shown in Fig. 4.13(b). Moreover, in Amiet's model for the untripped

ase, the streamwise loation of the representative point near the trailing edge may not be

as well de�ned as in the tripped ase. Beause in Amiet's model, a well developed turbulent

boundary layer is assumed yet in the untripped DNS, the laminar to turbulene transition

is predited just before the trailing edge. On the tripped airfoil, an over-predition above

3 kHz exists. This is due to the fat that lz is overpredited at high frequenies beause

the oherene does not ompletely drop to zero with the domain and the small remaining

oherene level adds up in the integration.

4.5 Conlusion

A DNS of the untripped NACA6512-63 airfoil in a narrow stream was performed inluding

installation e�ets at a high Reynolds number based on the airfoil hord length of 1.5

10

5
. Airfoil surfae, porous FWH surfae and boundary layer volume around the airfoil

were reorded for 7 �ow-through times based on the airfoil hord and referene veloity

for a sampling frequeny of 47 kHz after the �ow is statistially steady. A �apping and

separated boundary layer at the trailing edge previously observed in experiments [Winkler

and Carolus, 2009℄ was aptured whih led to an extra noise soure ompared with a

tripped ase previously simulated where an attahed turbulent boundary layer was present

[Winkler et al., 2012℄. The results are systematially ompared with the tripped airfoil

DNS [Winkler et al., 2012℄, available LES data base [Winkler et al., 2009℄ and experimental

results [Winkler and Carolus, 2009℄. Compared to the previous LES simulations [Winkler

et al., 2009℄, improved resolution both in spae and time was ahieved whih enables a

more detailed disussion on �ow from the noise soures regions. Both porous and solid

surfae FWH formulations were employed for this untripped ase for deduing the far�eld

noise and ompared with the tripped DNS and the available experimental data .
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For the hydrodynami �eld, although it is a di�ult ase to simulate beause of the narrow

stream from the wind-tunnel jet, due to the proper sets of boundary onditions hosen

for the untripped airfoil, the mean installation is generally well aptured for suh a �ow

ase when ompared with experimental data. The omparison of the mean and RMS

values with LES and experimental results supports the onlusion made by Istvan et al.

[2017℄: the transition loation is very sensitive to the bakground turbulene level. Also,

the higher order of the present numerial sheme gives generally a higher mean pressure

RMS peak at transition loations near LE than the previous lower-order LES. As the

urrent airfoil is immersed in a narrow stream, although the mean installation e�ets are

onsidered in the simulation, the unsteady e�ets from the interation from the jet shear

layer and the airfoil an have e�ets on the transition proess and therefore on the airfoil

�ow topology. This aspet however, needs muh more numerial resoures to be on�rmed.

The wall-pressure spetra at TE show that the �apping shear layer gives higher wall-

pressure �utuations on both sides of the airfoil ompared with the tripped ase. The

spanwise orrelation length beomes bigger in the low frequeny range even on the pressure

side.

The in�uene on the �ow topology from the Kutta ondition is signi�ant when the �ow

on the pressure side of the untripped airfoil is ompared with the tripped airfoil. It is

demonstrated from multiple aspets in this study that the �apping shear layer at the TE

on the sution side of the untripped airfoil has hanged the �ow topology on the pressure

side. Larger strutures at the TE on the pressure side are formed due to the �apping shear

layer and suh an in�uene has even modi�ed the transition loation at LE.

For the aousti �eld, the porous FWH surfae shows a better agreement with experimental

data for the untripped ase. A dip around 1 kHz in the far�eld noise from the DNS may

require muh longer time signals to be �lled. Amiet's model was also used for both the

untripped and tripped airfoil to predit the far�eld noise. It gives a good overall predition

for both the untripped and tripped ases.

Compared with a similar �ow ase [Deniau et al., 2011℄ (Rec = 6 5 105 and Ma = 0 17)

using ompressible LES on a thik and ambered NACA651210 airfoil, where the �ow also

transitions near the trailing edge on the sution side and turbulent on the pressure side,

both the urrent DNS of the untripped airfoil and the NACA651210 airfoil shows an extra

noise radiation from the late transition of the sution side �ow lose to the trailing edge.

However, no frequeny shift mentioned in [Deniau et al., 2011℄ is observed for the urrent

untripped NACA651263 airfoil for the far-�eld noise predition. This an related to the
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higher order expliit temporal sheme whih guarantees the auray of the noise soure

omputation.



CHAPTER 5

DNS of CD Airfoil at 8 AoA

As mentioned in Chapter 2, the CD airfoil at 8 AoA is an exellent ase for airfoil noise

study as the most extensive database available has been established both from experiments

and simulations during the last deades. However, due to the onstraints from the high

Reynolds number and the low Mah number, no DNS has been ahieved before using

a traditional Navier-Stokes solver for this ase. The present study is therefore the �rst

attempt at omputing the �ow �eld around the airfoil and the near �eld noise at the same

time using suh an approah. In this way, the noise soures purely from the airfoil an be

obtained, whih an lead to a better understanding of the noise generation mehanism.

5.1 Numerial Setup

Similar to the previous NACA6512-63 ases, in order to aount for the installation e�ets,

�rstly a 2D RANS omputation of the �ow around the airfoil was onduted, taking

into aount the omplete nozzle shape and geometrial on�guration that were used in

the experiments (Fig. 5.1(a)). Considering the low Mah number in the experiments,

inompressible �ow solutions were used in RANS. The nozzle outlet veloity pro�le was

known from hot-wire measurements and this veloity data was used to de�ne the steady

in�ow onditions to the RANS domain.

The k SST model was found to predit better global behaviour onsidering the veloity

and turbulene kineti energy pro�les when the results are systematially ompared with

experimental data. In a seond step, a trunated domain omprising 6 bloks as shown

by the blak lines in Fig. 5.1(a) was used for the DNS solver. The initial �eld in the DNS

is diretly interpolated from the RANS solution on the DNS grid as shown in Fig. 5.1(b).

The veloity pro�les for the inlets of the DNS domain ome from the RANS that mimi

the in�uene of the wind tunnel on the �ow �eld around the airfoil [Christophe et al., 2009;

Moreau et al., 2009; Wang et al., 2009; Winkler et al., 2009℄. In partiular, it aounts

for the mean e�ets of the �ow de�etion. As also mentioned by [Deniau et al., 2011℄

using a similar proedure for a LES on a NACA651210 airfoil, it should be noted that the

trunated DNS domain boundaries are made so that �rstly these boundaries do not touh

the shear layer from the wind tunnel exit to exlude extra omputational e�orts to resolve

these shear layers; seondly, the veloity vetors from RANS are heked so that these

91
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vetors are real inlets to the DNS domain to avoid possible reirulations or out�ow for

those boundaries in the DNS; and thirdly and most importantly, these domain boundaries

should be far enough from the airfoil to allow the boundary ondition to damp both

turbulent strutures and aousti waves e�iently to avoid possible spurious re�etions

that might ompromise the aousti �eld.

As the CD airfoil has round LE and TE, an O-grid is used around the airfoil and the

re�nement in the boundary layer is arefully done aording to the known data from

experiment. The grid transition from TE to near wake is realized so that the skewness is

well ontrolled and the maximum skewness is smaller than 0.2. In the wake region, the

re�nement is entered along the wake deviation line whih is known from veloity pro�les

by hot-wire (HW) measurements and partile image veloimetry (PIV) measurements.

These details are shown in Fig. 5.2. In the spanwise diretion, 96 Fourier modes are used

with 100% de-aliasing, whih orresponds to 194 olloation points in physial spae. This

number of points was found to be su�ient to resolve down to the Kolmogorov sale for

a similar �ow ase [Winkler et al., 2012℄. These points are distributed over a spanwise

width Lspan of 0.12 hord length. This length was determined to be su�ient to resolve

all turbulent lengthsales in the �ow �eld by previous inompressible studies [Christophe,

2011; Christophe et al., 2008, 2009; Wang et al., 2009℄ and ompressible studies [Sanjosé

et al., 2011℄. The total number of grid points is 345 106.

Unphysial numerial re�etions at the omputational boundaries are avoided by the hoie

of appropriate boundary onditions. An integral harateristi boundary ondition (ICBC)

is used on the C shape ontour inlet (see [Jones, 2008℄ for details). To damp the non-linear

disturbanes aused by onveted turbulene out of the domain, a zonal harateristi

boundary ondition (ZCBC) is applied in the wake [Sandberg and Sandham, 2006℄. At the

outlet, minor re�etions an pollute the dilation �eld and then �nally hange the loading

on the airfoil. 50 streamwise points are used as ZCBC in this ase whih have been found

to be su�ient for this ase. At the blok interfaes harateristi interfae onditions are

used to avoid spurious osillations due to disontinuities in the grid metris [Kim and Lee,

2003℄. At the two 5-blok juntion points above and under the TE shown in Fig. 5.27(b),

the �ow quantities are averaged. Finally, a hard-wall adiabati, no-slip ondition is applied

on the airfoil surfae.

While the experimental [Moreau et al., 2006b; Neal, 2010℄ and previous inompressible

LES [Christophe, 2011; Christophe et al., 2008, 2009; Wang et al., 2009℄ onditions were

Rec = 150 000, andM = 0 05, the DNS is onduted (due to onstraints in omputational

resoures) atRec = 150 000 andM = 0 25. The ompressibility e�ets were �rstly heked
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(a) (b)

Figure 5.1 (a) Wind-tunnel setup for initial RANS omputations and the DNS

omputational domain. (b) Grid in the trunated domain, extrated from the

full wind-tunnel setup.

in RANS whih proved to be weak. Results obtained for �ow ases at the same Reynolds

number and similar Mah number [Winkler et al., 2012℄ using the same ode and from a

DNS using the LBM [Sanjosé et al., 2011℄ indiate that the di�erene in Mah number is

pratially irrelevant and the DNS simulation data an be saled diretly to the referene

onditions of the experiment and LES simulation. This was also onsistently observed

in the ontext of aousti preditions for broadband noise exept when tonal noise was

present. Following the past study, this approah is then taken for the urrent DNS.

(a) (b)

Figure 5.2 DNS mesh details: (a)LE; (b)TE and near wake.
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5.2 Hydrodynami Field

5.2.1 Grid Resolution

The resolution of the DNS ase is heked before further proessing is performed. The

time-averaged grid spaing in wall-units ( x+
, y+ and z+) is shown in Figs. 5.3(a)-

5.3(). x+
and y+ values are also averaged along the span. The values ompare

well with data found to be adequate in previous airfoil DNS studies [Jones et al., 2008;

Sandberg and Sandham, 2008; Winkler et al., 2012℄.

In addition, the proper deay of the power-spetral density (PSD) of the tubulent kineti

energy (TKE) is heked as a funtion of the number of spanwise spetral points Nmode.

Two points in the boundary layer on the sution side very lose to the trailing-edge where

the �ow is fully turbulent and attahed were hosen as monitor points. Figures 5.4(a)

and 5.4(b) show the spetra for the TKE for these 2 points. All spetra drop o� by

several orders of magnitude, and the dissipation range is also resolved properly. Here, the

Kolmogorov lengthsale [Pope, 2000℄, has been omputed as

=
3 1 4

with = 2 sijsij and sij =
1

2

ui

xj

+
uj

xi

(5.1)

where is the dissipation rate of turbulent kineti energy, and sij is the �utuating rate

of strain. The spanwise wavenumber k3 has been alulated by

k3 =
2 Nmode

Lspan

(5.2)
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Figure 5.3 DNS grid resolution around the CD airfoil ( sution

side; pressure side).
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Figure 5.6 (a) Stati lift distribution on the CD airfoil from experiment, RANS

(k SST), LBM [Sanjosé et al., 2011℄ and DNS; (b) Remote mirophone probes

(RMP) loations for the CD airfoil mok-up at ECL.
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Figure 5.7 (a) Mean skin frition oe�ient over the airfoil; (b) mean pressure

gradient over the airfoil ( pressure side; sution side).

Two sets of experiments have been seleted: measurements performed at Mihigan State

University (MSU) [Moreau et al., 2006b; Neal, 2010℄ and those more reently produed at

Université de Sherbrooke [Padois et al., 2015℄ in the newly designed anehoi wind tunnel
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Figure 5.8 Iso-ontours of the normalized cf p.d.f. on the airfoil sution side

using 7 levels exponentially distributed over the range 1 to 3000.

where a lower bakground turbulene intensity Tu an be ahieved (Tu (0 3% 0 4%)

aording to the measurements) ompared to the MSU data (Tu = 0 5%).

As shown in Fig. 5.6(a), the urrent DNS result gives a good predition of the distribution

of the mean wall-pressure oe�ient cp de�ned in Eq. (4.3). However, minor di�erenes

exist. A slightly longer separation bubble is present in the urrent DNS, whih does not

aount for the jet shear layers and the possible introdution of the free stream turbulene

that are present in experiments [Istvan et al., 2017℄.

Time averaged skin frition oe�ient cf on the airfoil is plotted in Fig. 5.7(a). It an be

seen that the �ow reirulation by separation on the sution side is around x c = 0 9.

Similar to what has been realized before for the NACA6512-63 airfoil, the probability

density funtions (p.d.f.s) of cf on the sution side is plotted in Fig. 5.8. Downstream of

the separation bubble, cf displays little variations whih means the �ow is rather steady

in this ase. The mean pressure gradient distribution is shown in Fig. 5.7(b). The �ow

over the airfoil sution side is submitted to a favorable pressure gradient (FPG) after the

transition, then a zero pressure gradient (ZPG) around mid-hord and �nally an adverse

pressure gradient (APG) beause of airfoil amber. Additionally, the dimensionless Clauser

pressure-gradient parameter c [Clauser, 1956℄ is taken to quantify the distribution of the

mean pressure gradients over the airfoil sution side:

c =
w

dp

ds
(5.4)
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where is the displaement thikness, w is the wall shear stress and dp ds is the stream-

wise pressure gradient at the wall between two points on the surfae of the airfoil sution

side. The aeleration level is evaluated by the aeleration parameter K, de�ned as

K =
U2
0

dU0

ds
(5.5)

where U0 is the loal free-stream veloity magnitude where the edge veloity is obtained

from wall normal pro�les and ds is the distane between two points on the surfae of the

airfoil sution side. It should be mentioned that in the original ommonly used forms of

c and K, the gradient terms are taken as the streamwise gradients dp dx and dU0 dx.

They are adapted to the airfoil ase here with urvilinear forms dU0 ds and dp ds. The c

values near the TE are very similar to previously reported results from LES [Christophe

et al., 2014℄ on the same airfoil. The omparison of dp ds, c and K with the LBM

solution [Sanjosé et al., 2011℄ interpolated on the urrent DNS mesh is shown in Fig. 5.9.

For these 3 mean �ow parameter, the urrent DNS are very similar to the LBM solution

whih inludes the entire jet nozzle geometry. This again proves that the urrent DNS has

well reprodued the mean installation e�ets.

As a �rst hek on the ompressibility, the density weighted Favre-averaged veloity pro�les

from TE and near wake were extrated and ompared to those extrated from Reynolds-

averaged �eld. Fig. 5.10 shows the loations at sensor loations #24 and #26 and in the

near wake with 5% and 7% hord distane to the TE. Other loations along the airfoil
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Figure 5.10 Comparison of veloity pro�les extrated from Favre-averaged �eld

and Reynolds-average �eld: (a) and (b) TE loations (Sensor #24 and Sensor

#26); () and (d) near wake (x c = 0 05 and x c = 0 07).
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have also been heked and no di�erene has been found between these two averaged

�elds. This indiates that the ompressibility e�ets in this ase is weak. This topi will

be further proved afterwards from veloity gradient invariant analysis.

The veloity pro�les are then ompared with HW and PIV data from experiments and also

with LBM data. In the experiment, the sensor loations for measuring the veloity pro�les

on the airfoil surfae are illustrated in Fig. 5.6(b). For sensor loations #5 #9 #21 and

#26 whih represent the LE, mid hord and TE, the urrent DNS mean data gives a good

math with the existing data sets as an be seen in Fig. 5.11. For these veloity pro�les,

ut is tangential (to the airfoil surfae) veloity omponent and ue the edge veloity is the

maximum value of ut. h denotes the wall normal distane to the airfoil surfae. The

present reirulation bubble is slightly thiker than the previous DNS yielding a slightly

thiker turbulent boundary layer after the reirulation bubble that triggers the transition

to turbulene.

The veloity pro�les in the near wake loations (Fig. 5.12) are oherent with the devel-

opment of the boundary layer in Fig. 5.11. In general, the urrent DNS data gives an

exellent math with the PIV data, whih is expeted as that data was aquired in the

faility with the lowest Tu. Furthermore, the streamwise and vertial veloity �utuations

between the DNS and PIV data are also ompared in Fig. 5.13. The vertial omponent

shows an exellent math with PIV data. The streamwise omponent shows a slightly

higher peak value than the PIV measurement. Yet overall, a good agreement is formed

with the PIV data.

These results show that the urrent DNS gives a reliable hydrodynami �eld whih is the

prerequisite to study the assoiated aoustis in the following setions.

5.2.3 Instantaneous Flow Field

The �ow topology is shown by the iso-ontours of the swirling strength riterion ci [Wu

et al., 2017b; Zhou et al., 1999℄ and olored by the streamwise veloity omponent. The

value of ci is hosen suh that it is around 3% of its maximum value for the urrent

�ow data around the airfoil, as what has been used for the NACA6512-63 airfoil ase.

On the sution side, it an be seen that at the LE, spanwise oherent roller strutures

are generated due to a Kelvin-Helmholtz instability and seondary instabilities whih

�nally lead to a short reirulation bubble that triggers the transition. The initially large

strutures beome smaller around mid hord and then the �ow further develops until the

TE. Near the TE, the turbulent �ow featuring hairpin strutures from the sution side is

mixed with the laminar �ow from the pressure side in the near wake. The loal Reynolds
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Figure 5.11 Comparison of boundary layer veloity pro�les with experiments

and LBM simulation [Sanjosé et al., 2011℄.
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Figure 5.12 Comparison of near wake veloity pro�les with experiments and

LBM simulation [Sanjosé et al., 2011℄.
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Figure 5.13 Comparison of near wake RMS veloity pro�les with PIV mea-

surements.

numbers based on the momentum thikness after the transition are Re 210 1206

with a shape fator, H = , range 1 51 2 14 where is the displaement thikness.

On the pressure side, the laminar boundary layer stays attahed, and rolls up at the

TE, leading to a weak vortex shedding in the near wake. These basi �ow features are

qualitatively very similar to the DNS using LBM mentioned before by [Sanjosé et al.,

2011℄.

5.3 Wall Pressure Spetra, Correlation and Coherene

Pressure signals over the entire airfoil surfae were reorded for 7 �ow-through times at

a sampling frequeny of 78 kHz, based on airfoil hord length and the referene veloity,

one the simulation was statistially steady.
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(a)

(b) ()

Figure 5.14 Swirling strength riterion ci = 70 iso-ontours olored by stream-

wise veloity: (a) Aerofoil global view; (b) Zoom view at LE; () Zoom view at

TE and near wake.
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Figure 5.15 Spanwise-averaged wall-pressure spetra on the sution side for

di�erent sensor loations as shown in Fig. 5.6(b): , MSU measurements; ,

UdeS measurements; , DNS.

The PSD pp of the wall-pressure �utuations p = p p at a given angular frequeny

is obtained from the wall-pressure ross-spetral density pp(x z x z ) de�ned by
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Eq. (4.4). The DNS data was saled to obtain dimensional quantities. This was ahieved

by multiplying the dimensionless pressure from the simulation by 0U
2
0 . These values

orrespond to the experimental onditions [Neal, 2010℄. The spetra were averaged over all

spanwise points. The sution side spetra for sensors #3 #5 #21 #22 #24 and #26 are

shown in Fig. 5.15 and ompared to the available experimental data respetively fromMSU

and UdeS. Sensors #3 and #5 represent respetively the loations inside the transition

bubble and just after the reattahment as shown in Fig. 5.14(b). The spetral levels show a

hump around 5000 Hz inside the separation and immediately following the reattahment

as a result of laminar breakdown. For the TE sensors, the spetra exhibits very small

variations as shown in Figs. 5.15() 5.15(e) for sensors #21 #22 and #24. The spetrum

of sensor #26, whih is the nearest to the TE, shows an extra hump at a higher frequeny

whih is observed for the �rst time from a numerial approah for suh a �ow ase. The

spetrum from data at UdeS (blue squares in Fig. 5.15(f)) also shows suh a hump in the

high frequeny range of the pressure sensors. The di�rene of PSDs between the DNS and

the 2 sets of experiments is possibly due to the unsteady interation between the shear

layer and airfoil and bakground turbulene intensity. The latter, espeially, as mentioned

by [Istvan et al., 2017℄ an have a signi�ant in�uene on the transition triggered by a

separation bubble on airfoil at moderate Reynolds numbers as in the urrent �ow ase.

For sensors near TE, these three data sets have a very similar shape one the transition to

turbulene has oured. The DNS results have an exellent agreement with the results from

the newly produed UdeS experimental data. This is oherent with previous observations

from the veloity pro�les in Fig. 5.11 whih suggest that the boundary layer at TE from

the urrent DNS is very similar to the boundary layer from UdeS experiments. Previous

numerial studies with di�erent solvers [Christophe, 2011; Christophe et al., 2008, 2009;

Sanjosé et al., 2011; Wang et al., 2009℄ of the same �ow ondition on the CD airfoil and

other studies on the NACA6512-63 airfoil [Winkler et al., 2009, 2012℄ suggest that if the

boundary onditions are properly set and that the transition is at the LE and furthermore

the airfoil hord is relatively long ompared to the transition bubble size, the turbulent

boundary layer will show similar status for a same �ow ondition. This is the ase for the

omparison between the urrent DNS and UdeS measurements: although the transition

proess is not entirely the same, whih an ome from the possible pressure sensor in�uene

around the transition region plus the shear layer interation and the bakground turbulene

as mentioned before is inevitable, the status of the developed turbulent boundary layer in

the DNS and UdeS experiments are quite similar. The measurements from MSU however,

seem to have a slightly di�erent boundary layer along the whole hord, whih again, is

due to the di�erent bakground turbulene level whih an in�uene both the transition
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[Istvan et al., 2017℄ and the developed turbulene [Jiménez et al., 2010; Wu and Moin,

2009℄. Yet in general, these di�erenes at the TE are small. This aspet, for TE noise

soures, is ritial.

The evolution of the spanwise and temporal sales an be identi�ed by the spae-time

orrelation of the wall-pressure �utuation. In Fig. 5.16, this orrelation is shown for

6 sensor loations as de�ned in Fig. 5.6(b). Near the transition region (Fig. 5.16(a)) a

periodi pattern is observed in time while in spae the signal is quite orrelated due to

the spanwise oherent rolling strutures. At mid-hord (Figs. 5.16(b) and 5.16()), before

the adverse pressure gradient zone, both the spanwise and temporal sales are small. A

signi�ant growth of the spanwise and temporal sales is seen for sensor loations further

downstream due to the thikening of the boundary layer by the adverse pressure gradient

as shown in Figs. 5.16(d)�5.16(f). The shapes of the isoontours are similar to those

previous referene inompressible LES [Christophe, 2011; Wang et al., 2009℄ exept for

lower ontour levels whih mainly omes from the improved spanwise resolution in the

urrent DNS.

Another quantity that is of great importane in the simulation of turbulent �ow is the

spanwise oherene of the turbulene �eld. For the purpose of noise predition, it repre-

sents the size of a soure region whih radiates independently from soures in neighboring

regions in a statistial sense. It an be seen from Eqs. (2.2.2), (4.7)� (4.9), for Amiet's

based noise models, the oherene level

2
diretly determines the spanwise orrelation

length and thus the streamwise-integrated inident wall-pressure wavenumber-frequeny

spetrum and �nally the predited noise level. It has been pointed out in previous in-

ompressible [Christophe, 2011; Christophe et al., 2008, 2009; Wang et al., 2009℄ and

ompressible [Sanjosé et al., 2011℄ numerial studies of this airfoil at 8 angle of attak

that the spanwise extent Lspan should be at least 0 1c. For the urrent study, the spanwise

extent was hosen to be 0 12c. The oherene (Eq. (4.5)) is shown in Fig. 5.17. Similar to

the NACA6512-63 ase, spetra were alulated for half the span size ( z c (0 0 06))

for spanwise points 1 through 96, 2 through 97, et. from the DNS. The resulting spetra

were then averaged aross the span. The plots shown in Fig. 5.17 demonstrate that the

spanwise extent is su�ient to aount for the �ow development for suh a �ow ase, for

all streamwise loations from the separation bubble at the LE, to mid hord then �nally to

the turbulent boundary layer at the TE for most frequenies beyond 200 Hz. For lower fre-

quenies, longer signals are required to attain better statistial onvergene. The inrease

of oherene level in the high frequeny range for sensors #24 and #26 is also observed.

This is di�erent ompared with what has been observed by previous inompressible LES
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Figure 5.16 Contours of spae-time orrelation of the �utuating pressure on

the sution surfae as a funtion of spanwise and temporal separations for dif-

ferent sensor loations as shown in Fig. 5.6(b).

[Christophe, 2011; Wang et al., 2009℄. On the one hand this omes from the ut-o� fre-

queny limitations of LES. On the other hand, this may indiate that the �ow in the near
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Figure 5.17 Spanwise oherene of �utuating pressure on the sution surfae

for di�erent sensor loations as shown in Fig. 5.6(b).

wake has in�uene on the pressure �utuations at the TE in this frequeny range as only

the urrent DNS has the su�ient spatial (�ner grid) and temporal (smaller timestep)

resolution.
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Figure 5.18 Spanwise oherene length of �utuating pressure on the sution

surfae for di�erent sensor loations as shown in Fig. 5.6(b).

The oherene level remains small after transition as shown in Figs. 5.18(a)�5.18().

Figs. 5.18(d)�5.18(f) show that the inreased spanwise orrelation level near the TE is

present both in the low and high frequeny ranges. The low frequeny range was observed

before in previous inompressible LES simulations [Christophe, 2011; Christophe et al.,

2008, 2009; Wang et al., 2009℄. A high frequeny orrelation level inrease for sensor #24

and sensor #26 however is also observed. This may indiate that the �ow in the near

wake has in�uene on the pressure �utuations at the TE in the high frequeny range.

The orrelation length for di�erent frequenies is shown in Fig. 5.18. Six frequenies are

shown from 600 Hz to 10000 Hz. Their evolution of orrelation length through sensor

loations #5�#26 is quite interesting. At lowest hosen frequeny 600 Hz, exept for

sensor #7, whih is at mid-hord submitted to ZPG, the orrelation length is relatively

high for all sensors. At 1000 Hz, relatively smaller orrelation length is observed at sensor
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#7 and #9 around mid-hord, submitted to ZPG or mild APG. At 3000 Hz and 5000

Hz, exept for sensor #5, whih is the loation inside the separation bubble at the LE,

the orrelation length exhibits an invariant harater: it drops quikly after 0.01 hord

length in the span for all sensors. For the highest frequeny 10000 Hz, the inrease of the

orrelation length for sensor #26 near the TE indiates that this phenomenon omes from

the �ow near TE, i.e., the near wake.

In Figs. 5.19(a) and 5.19(b), a omparison of spanwise oherene is made between ex-

perimental data (at ECL) and the data from the urrent DNS, at x c = 0 02 (sensor

#26 loation) for a spanwise distane of z c = 0 02 and z c = 0 04 (in the available

frequeny range in experiments). The urrent DNS shows generally a good predition

for these 2 spanwise separation distane in the frequeny range of 700 2000 Hz. For

lower frequenies, as argued by Christophe [2011℄, it is very sensitive to the sample size

whih requires longer signal to be on�rmed. For frequenies over 2000 Hz for a spanwise

separation of z c = 0 02, an extra hump is observed in the DNS.

5.4 Wall Pressure Filtering

A reently proposed tehnique base on wavenumber-frequeny spetra is employed in the

urrent study to further understand the wall-pressure �utuations, whih is one major

noise soure from the urrent DNS. Suh a tehnique has been proposed by Arguillat and

Riot [Arguillat et al., 2010℄ when they onduted diret measurements of the wavenumber-

frequeny spetra of the wall-pressure �utuations beneath a turbulent plane hannel �ow

using a rotative mirophone array as shown in Fig. 5.20. The measurement array is ob-

tained by plaing 63 remote mirophone probes along the diameter of a disk (Fig. 5.20(b)).

The distane in between the holes shown in Fig. 5.20(b) ranges from r = 2mm to

r = 8mm. The measurement onsists of simultaneous reording of the pressure �eld for

a ertain period of time Trecording. Then the disk was rotated by an angle of 2 9

for another set of measurement for the same time period Trecording. Suh a proess was

repeated until the disk was rotated 360 around the enter. In this way, a round �mesh� of

63 63 points with same length of pressure signal for eah point was established for the

wavenumber-frequeny spetra analysis. Later, suh a setup in the same faility (anehoi

hamber with free-stream turbulene intensity Tu 1% at Éole Centrale de Lyon) was

further used to study the aerodynami and aeroaousti ontribution from wall-pressure

�utuations with di�erent �ow onditions inluding FPG, ZPG and APG [Salze et al.,

2014, 2015a,b℄. The lassial form of the wavenumber-frequeny spetrum of the �utu-

ating wall-pressure pp(kx ky ) is illustrated in Fig. 5.21(a). At a given frequeny, the
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Figure 5.19 Coherene between 2 spanwise points of distane z c = 0 02 and
z c = 0 04 at x c = 0 02 (98% hord): (a) Current DNS x c = 0 02. � � �
z c = 0 02 and � � z c = 0 04; (b) Results from �� inompressible

LES [Wang et al., 2009℄ and ECL experiment.

(a)

(b)

Figure 5.20 Experimental setup for measuring the wavenumber-frequeny spe-

tra by Arguillat and Riot [Arguillat et al., 2010℄: (a) test hannel and (b) zoom

view of the rotative remote mirophone array disk.
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(a)

(b)

Figure 5.21 (a) Wall-pressure spetrum of a low Mah number turbulent

boundary layer in the (kx ky) plane for a given frequeny [Arguillat et al.,

2010℄; (b) illustration of energy distribution from aerodynami and aeroaousti

part.
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energy distribution is illustrated in Fig. 5.21(b). As an be seen from these �gures, pp,

whih inludes all the wall-pressure �utuations, is dominated by the onvetive region

entered on kx = kc. The aousti ontribution, is near kx = ka 0. In Fig. 5.21(a) by

Arguillat and Riot [Arguillat et al., 2010℄, this ka is noted as k0. The ompressibility

e�ets are represented by the aousti region de�ned by the disk k ka with a peak at

k = ka. The onvetive and aousti wavenumbers are related by

ka = Ma kc (5.6)

where Ma is the free-stream Mah number.

Inspired by the previous studies on the hannel �ows [Arguillat et al., 2010; Salze et al.,

2014, 2015a,b℄, the objetive here using suh a tehnique, is therefore to haraterize

2D wavevetor-frequeny spetra in the TE region of the airfoil with severe APG �ow

ondition, and to separate the aerodynami and the aousti ontributions. Aording to

the author's knowledge, this is the �rst time that suh a tehnique is used from a high

quality DNS data set from an airfoil noise study. To that end, wall-pressure �utuations

have been extrated for two hosen regions named as Zone1 and Zone2 near the TE

region of the CD airfoil. The latter is loser to the TE. These two regions are shown in

Figs. 5.22(a) and 5.22(b). These two regions onsist of mesh points in the DNS almost

uniform size of s = 0 08 mm in the streamwise and spanwise diretion as shown in the

zoom view of the mesh in Fig. 5.22(). The whole span of these two regions is taken whih

�nally gives the size of the mesh for these two regions 200 194. The Fourier transforms

will then be onduted in the streamwise and spanwise diretions. Using the same �ow

diretions de�ned from the beginning, the wavenumber-frequeny spetrum pp(kx kz )

is onsidered.

(a) (b) ()

Figure 5.22 Investigated zones for wavenumber-frequeny spetra analysis: (a)

Zone1; (b) Zone2 and () mesh detail of Zone1 (skip 5 points in eah diretion).
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Figure 5.23 Wavenumber-frequeny spetra of Zone1: (a) 1459 Hz; (b) 3534

Hz; ()4993 Hz; (d) 6531 Hz; (e) 7528 Hz; (f) 8527 Hz; (g) 9987 Hz and (h)

13981 Hz.
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Figure 5.24 Wavenumber-frequeny spetra of Zone2: (a) 1459 Hz; (b) 3534

Hz; ()4993 Hz; (d) 6531 Hz; (e) 7528 Hz; (f) 8527 Hz; (g) 9987 Hz and (h)

13981 Hz.
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Figure 5.25 Zoom view on aousti ontribution of the wavenumber-frequeny

spetra of Zone1: (a)4993 Hz; (b) 6531 Hz; () 7528 Hz; (d) 8527 Hz; (e) 9987

Hz and (f) 13981 Hz.
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Figure 5.26 Zoom view on aousti ontribution of the wavenumber-frequeny

spetra of Zone2: (a)4993 Hz; (b) 6531 Hz; () 7528 Hz; (d) 8527 Hz; (e) 9987

Hz and (f) 13981 Hz.
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The results of the wavenumber-frequeny spetra are shown in Figs. 5.23 and 5.24 for

several hosen frequenies f=1459 Hz, 3534 Hz, 4993 Hz, 6531 Hz, 7528 Hz, 8527 Hz,

9987 Hz and 13981 Hz. The horizontal and vertial axis are respetively kz and kx

where kz = 2 fz U0, kx = 2 fx U0 and is the loal displaement thikness at the enter

of the extrated planes. The isoontours are the ratio between the PSD value in dB divided

by its maximum value for a given frequeny f ranging from 0.5 to 1 in a linear sale. In

Figs. 5.23 and 5.24, at low frequenies, the aousti ontribution is hardly seen and is mixed

with the onvetive ontribution. With the inrease of frequenies (Figs. 5.23()�5.23(h)

and 5.24()�5.24(h)), the aousti and onvetive ontributions separate. They are learly

entered respetively around the kx = ka and kx = kc and the onvetive ontribution

has a antisymmetri shape along kx and an elongated shape along kz diretion. With

the highest frequenies (Figs. 5.23(h) and 5.24(h)), the aousti ontribution beomes

dominant as shown by the darker ontours around the origin and lighter ontours from

the onvetive region. With the high wavenumber resolution thanks to the re�ned DNS

mesh, the diretivity patterns are also present in these plots. Fig. 5.25 shows the zoom

view of the frequeny wavenumber frequeny spetra at high frequenies. With inreasing

frequenies, the diretivity pattern hanges gradually from a ompat dipole shape to non-

ompat one with multiple lobes as shown by the darkest spots in the aousti ontribution

zone (irle around origin).

The propagation seems slightly more pronouned in the upstream diretion with highest

frequenies (Figs. 5.25(e) and 5.25(f), kx negative). For low frequenies, no privileged

diretion of propagation seems notieable. Fig. 5.26 shows the zoom view from results

of Zone2, no signi�ant di�erene is observed from that of Zone1 (Fig. 5.25). From

what has been observed in this setion, it an be onluded that the high frequeny wall-

pressure �utuations is almost purely aousti, whih, indiates that the high frequeny

phenomenon that have been observed in wall-pressure PSD and wall-pressure oherene,

are aoustially indued phenomena.

5.5 E�ets of Mean Pressure Gradients on Turbulene

Development

5.5.1 Mean Flow Pro�les

In Fig. 5.27, the mean wall normal veloity pro�les are presented. The vertial blue

lines mark the wall-normal loations that are hosen for further analysis in the following

setions. These loations are respetively in the visous sub-layer, log-layer and outer-



◦

1 0
0

1 0
1

1 0
2

y
 +

0

5

1 0

1 5

2 0

2 5

3 0

3 5

u
 +

x/ c = - 0. 8 2 
x/ c = - 0. 6 0

u
+
= y

+

u
+
=     

1_ _ _
0. 4 1

l n( y
+
) + 4. 5

1 0
0

1 0
1

1 0
2

y
 +

0

5

1 0

1 5

2 0

2 5

3 0

3 5

u
 +

x/ c =- 0. 3
x/ c =- 0. 0 8 
x/ c =- 0. 0 2

u
+
= y

+

u
+
=  

1_ _ _
0. 3 0

l n( y
+
)- 1. 3 8

 

 x / c = − 0 .8 2 1 8 % 

x / c = − 0 .6 0 4 0 %  R e θ = 2 1 0 2 8 0 

x / c = − 0 .3 7 0 %  x / c = − 0 .0 8 9 2 %  x / c = − 0 .0 2 9 8 % 

R e θ = 6 2 1 , 1 0 0 9 1 1 8 7 

0 0. 0 5 0. 1 0. 1 5 0. 2
p

s

+

0. 2

0. 2 5

0. 3

0. 3 5

0. 4

0. 4 5

0. 5

 
κ

- 4 - 2 0 2 4 6 8 1 0 1 2
B

- 2

0

2

4

6

8

1 0

 
κB



 ℄  κ
p +

s x / c = − 0 .3 7 0 %  x / c = − 0 .0 8 9 2 % 

x / c = − 0 .0 2 9 8 %  

℄  κ B 

 κ = 0 .4 1 , B = 4 .5 κ =
0 .3 0 , B = − 1 .3 8



5.5. EFFECTS OF MEAN PRESSURE GRADIENTS ON TURBULENCE

DEVELOPMENT 121

layer spanning a range of y+ from 6 180. The pressure gradient is seen to hange the

log-layer and outer-layer dramatially for these �ve investigated loations. The typial

von Kármán onstant = 0 41 for the lassial law of the wall [Von Kármán, 1931℄

u+ =
1
ln(y+) +B (5.7)

works well in the ZPG zone. Yet, for FPG and APG zones, variations of this value have

been reported. [Nagib and Chauhan, 2008℄ have emphasized the non-universality of the

von Kármán onstant through various experiments on anonial �ows and showed that

FPG leads to higher values of while APG gives lower . They also showed that the

onstant B an be negative, whih is the ase for the urrent �ow. This is also onsistent

with the variations reported by [Nikels, 2004℄ (Fig. 8 in [Nikels, 2004℄), whih is repeated

here for the present dimensionless pressure gradients p+s = ( u3)(dp ds) in Fig. 5.28(a).

The values for von Kármán onstant obtained from this airfoil ase in APG zones are

quite di�erent from some earlier reported works of APG boundary layers from �at plates

[Lee and Sung, 2008℄ [Knopp et al., 2014℄. They however orrespond to quite di�erent

�ow onditions. Either c is muh smaller [Lee and Sung, 2008℄ or the loal Reynolds

number Re is muh higher [Knopp et al., 2014℄. Yet they all lie on the urve �t proposed

by [Nagib and Chauhan, 2008℄ for many FPG, ZPG and APG boundary layers as shown

in Fig. 5.28(b). Moreover, as mentioned by [Lissaman, 1983℄ in a review of low-Reynolds-

number airfoils, due to the airfoil thikness and the angle of attak, for the �ow over

airfoils, the turbulent boundary layer after transition an negotiate quite severe adverse

pressure gradient without separation. This is in essene quite di�erent from �ow ases

from �at plate for similar pressure gradients [Knopp et al., 2014; Lee and Sung, 2008℄.

This phenomenon is atually shown in Fig. 5.9(b) as the adverse pressure gradient near

the TE exhibits a high level while the �ow is still attahed to the airfoil surfae. It is

indeed one of the design objetives of the Controlled-Di�usion airfoils, to provide higher

loading apaity at low Mah numbers [Hobbs and Weingold, 1984℄, whih then gives

higher pressure gradients. [Vinuesa et al., 2017℄ ompared a set of high quality DNS

results for similar loal Re range APG boundary layers. They for instane pinpointed

that the data from a DNS [Hosseini et al., 2016℄ over an NACA4412 airfoil at 5 angle of

attak shows muh severer APG measured by c for similar Re range. The strong APG

over the airfoil exhibited a signi�ant e�et in the outer �ow, and also notieable in the

inipient logarithmi region and all the way down to the bu�er layer. Taken that the CD

airfoil from the urrent DNS has a blade shape, whih has an even higher amber and is
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whih indiates that the APG ats as an additional fator to help the momentum exhange

by �utuating veloities. This platform shape is onsistent with what has been reported

by [Lee and Sung, 2008℄ at a similar Re range and by [Skaare and Krogstad, 1994℄ at

a muh higher Re for an APG �ow near separation. As mentioned by [Lee and Sung,

2009℄ from an APG with similar Re from an inompressible DNS approah, hairpin-type

vorties are the predominant strutures assoiated with the prodution of Reynolds stress

in the APG �ows. The hairpin strutures away from the wall in the TE region seen in

Fig. 5.14() and zoomed in Fig. 5.32 support suh an argument for the origin of the outer

peak of the Reynolds stress in APG. These Reynolds stress pro�les further on�rm the

information presented in Fig. 5.5: the intense turbulent mixing for APG zones exists both

in the visous sub-layer, log-layer and even extend to the outer-layer. The omparison

with the �ow in the mid-hord portion in Fig. 5.32 shows that the hairpin strutures are

predominantly forward leaning in the ZPG zone and more bakward leaning ones are seen

in the APG zone.

(a) (b)

Figure 5.32 Instantaneous �ow details visualised by ci = 70 iso-ontours ol-

ored by streamwise veloity omponent: (a) Mid-hord portion (ZPG) and (b)

TE portion (APG).

5.5.2 Veloity Gradient Tensor Invariants Dynamis

The harater of turbulent strutures, their evolution, and how they are distributed in a

turbulent �ow are of great importane to understand their dynamis and to drive their

modeling. Besides the vortex identi�ation methods in Appendix, Lagrangian dynamis

o�ers a possibility to investigate that. In ontrast to Eulerian dynamis, Lagrangian dy-

namis desribes a �ow in a referene system that is �xed with a �uid partile instead of

an inertial system whih is �xed with the �ow domain. This allows a di�erent perspetive

on the �ow. However, most �ow simulations, inluding the present diret numerial simu-



5.5. EFFECTS OF MEAN PRESSURE GRADIENTS ON TURBULENCE

DEVELOPMENT 125

lation (DNS), rely on an Eulerian desription of the onsidered system. In order to exploit

data from an Eulerian system in the Lagrangian dynamis analysis, the veloity gradient

tensor invariants are possible onnetions as they are invariant by rotation or translation.

Furthermore, the veloity gradient tensor ontains rih information about the �ow and

its dynamis. For instane, [Perry and Chong, 1987℄ summarized how loal �ow patterns

an be haraterized by the veloity gradient tensor at the loations of interest. From the

point of view of a �uid partile loated in a struture, it allows the distintion between four

di�erent states of the struture at the loation of the partile. In detail, for inompressible

or weakly ompressible �ow, in whih P de�ned in equation (5.9a) equals or lose to zero,

the spae spanned by Q and R de�ned in equations (5.9b) and (5.9) respetively, an be

divided into 4 setors by the = 0 line and R = 0 line where is the disriminant of the

veloity gradient tensor matrix. These 4 setors orrespond to 4 harateristi struture

types: (SI) vortial strutures with strething harater ( > 0 R 0); (SII) vortial

strutures with ontrating harater ( > 0 R > 0); (SIII) pure straining strutures with

�attening harater ( 0 R > 0); and (SIV) pure straining strutures with elongating

harater ( 0 R 0). Skethes of these topologies an be found in [Ooi et al., 1999℄.

A review by [Meneveau, 2011℄ summarized most of the progress ahieved in the �eld of

Lagrangian dynamis of the veloity gradient tensor. More detailed explanations of the

struture types an also be found in [Perry and Chong, 1987℄ and [Behlars, 2015℄, for

example. For ompressible turbulene, 2 more setors will appear in the QR-spae for a

given P value. Detailed explanations on the �ow behaviour for these additional setors

and the harateristis of ases at relatively higher or extreme P values (both positive and

negative values) from DNS results for deaying ompressible isotropi turbulene an be

found in [Suman and Girimaji, 2010℄.

The joint probability density funtion (joint p.d.f.) of Q and R (or the QR plot) an

statistially desribe the harateristi omposition of turbulene for targeted regions. The

isolines of this joint p.d.f for many �ows have similar shape, reminisent of a �teardrop�

[Chong et al., 1998; Martin et al., 1998; Ooi et al., 1999; Soria et al., 1994℄. Fig. 5.33 shows

this �teardrop� shape from homogeneous isotropi turbulene [Martin et al., 1998℄ as an

example. However, variations of this QR plot shape have been found for di�erent �ows,

espeially for wall-bounded �ows, whih have a wide range of pratial appliations and

are important to be understood. For instane from DNS of wall-bounded �ows it has been

found that the shapes of the QR plot at the outer-layer loations of the boundary layer has

the teardrop shape, whereas in the bu�er layer the tail of the QR plot shrinks ompared

to loation further away from the wall. This di�erene has been found both from hannel

�ows [Blakburn et al., 1996℄ and from turbulent boundary layers �ows [Chaín et al.,
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Figure 5.33 Joint p.d.f. of Q and R from homogeneous isotropi turbulene

�ow in [Martin et al., 1998℄. The ontour levels are logarithmi.

1996; Wang and Lu, 2012℄. Most reently, the onsiderable hange of the QR evolution for

di�erent wall-normal loations has been studied and the wall e�ets have been disussed by

[Behlars and Sandberg, 2017a,b℄ for a zero pressure gradient turbulent boundary layer at

a free stream Mah number of 0.5. The smooth hanges in the outer-layers were ontrasted

by the strong variations in the near-wall region.

However, although a signi�ant amount of researh involving the QR analysis has been

devoted to zero pressure gradient boundary layers, the same annot be said for boundary

layer �ows with pressure gradient e�ets. These �ows are usually found around surfaes

with urvature, as enountered in many aerodynami appliations suh as airfoils, wings

and blades whih have signi�ant engineering importane. Literature [Gungor et al., 2014;

Lee and Sung, 2009; Yuan and Piomelli, 2015℄ reveals that for subsoni boundary layers

that are subjet to a favorable pressure gradient (FPG) or an adverse pressure gradient

(APG), the �ow topology and the mean statistis show signi�ant hanges ompared with

zero pressure gradient (ZPG) turbulent boundary layers as a results of �ow aeleration

and deeleration. For FPG boundary layers, the �ow aelerates and the relaminarization

or more aurately, quasi-laminarization [Yuan and Piomelli, 2015℄ is often observed when

the FPG is strong enough. The turbulene kineti energy (TKE), however, of the mean

�ow ontinues to inrease as a result of the aeleration, yet the �ow may beome less dy-

nami. [Narasimha and Sreenivasan, 1973℄ attributes this phenomenon to the dominane

of pressure fores over the slowly responding Reynolds stresses. From a �ow struture point
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of view, [Bourassa and Thomas, 2009℄ showed that the quasi-laminarization is related to

the stabilizing e�ets of the aeleration on near-wall streaks aused by the derease of

the wall-normal and spanwise �utuations. Reently, [Piomelli and Yuan, 2013℄ further

extended this onlusion with help of a large eddy simulation (LES), stating that the

derease of the wall-normal and spanwise �utuations is aused by the derease of the

magnitude of the pressure �utuations, from a soure term of the Poisson equation, whih

points to a redistribution of the TKE whih �nally leads to quasi-one-dimensional turbu-

lene in the quasi-laminarization zones. For APG boundary layers, the �ow deelerates

and the boundary layer beomes thiker and if the APG is strong enough, the �ow sepa-

rates from the wall. It was reported that the veloity pro�les of APG �ows do not follow

the lassial law of the wall [Von Kármán, 1931℄, even very lose to the wall [Afzal, 1983;

Gungor et al., 2014; Indinger et al., 2006; Lee and Sung, 2008; Nagano et al., 1998℄. [Lee

and Sung, 2008℄ shows that the energy redistribution is enhaned in the outer-layer of

the APG �ows ompared to the ZPG �ow using data from an inompressible �ow DNS.

Later [Gungor et al., 2014℄ performed DNS of a turbulent boundary layer exposed to a

strong APG and found that the mean veloity pro�les do not reveal a logarithmi law and

Reynolds stress peaks move to roughly the middle of the boundary layer.

In this part, a partiular emphasis is put on the QR evolution aused by pressure gradients

for the urrent �ow over the CD airfoil. In order to do that, the ompressible evolution

system for the �rst three invariants of the veloity gradient tensor is brie�y presented here.

The veloity gradient tensor A := u is a 3 3 matrix. Aording to its harateristi

polynomial pchar,

pchar( ) := det(A  I) =  3 + P 2 +Q + R (5.8)

where I is the identity matrix and the �rst three invariants P , Q and R an be alulated

as

P = trace(A) = · u (5.9a)

Q =
1

2
(trace(A)2 trace(AA) =

1

2
(P 2 trace(A2)) (5.9b)

R = det(A) =
1

3
(P 3 3PQ+ trace(A3)) (5.9)



128 CHAPTER 5. DNS OF CD AIRFOIL AT 8 AOA

Another invariant of the veloity gradient tensor to be used in this work is the disriminant

of the harateristi polynomial pchar

:=
1

4
P 2Q2 +Q3 + P 3R +

27

4
R2 18

4
PQR (5.10)

A has its own dynamis de�ned as

dA

dt
:=

A

t
+ (u · )A = AA+H (5.11)

Here the soure term H

H := (5.12)

is a ombination of the visous e�ets and the pressure-density term de�ned as

= (
1

· τ) (5.13a)

= (
1

p) (5.13b)

With these notions set, the ompressible veloity gradient tensor invariant dynamis sys-

tem an be desribed as:

dP

dt
= P 2 2Q trace(H) (5.14a)

dQ

dt
= QP

2

3
Ptrace(H) 3R trace(AH ) (5.14b)

dR

dt
=

1

3
Qtrace(H) + PR Ptrace(AH ) trace(A2H ) (5.14)

where H is the traeless part from the deomposition of the pressure and visous stress

matrix H

H = H +
1

3
trace(H)I (5.15)

For the following analysis, the �ow data length sale is �rstly resaled from the initial

hord length to the loal boundary layer thikness = p99. Seondly, we introdue a

saling based on the loal variane of the veloity gradient tensor magnitude
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var(A) = trace((A A)(A A)T ) (5.16)

This is a measure of the variation of the veloity gradient tensor magnitude and it an

be regarded as a gradient analogue to the turbulene kineti energy. Consequently, the

related terms in the QR-spae are saled as A = A var(A), Q = Q var(A) and

R = R var(A)3 2
. The p.d.f. values for the QR plots in this paper are multiplied by 10

and normalized by the loal maximum p.d.f. value and the olor bars are plotted using a

logarithmi sale from 0 to 1.

[Lozano-Durán et al., 2015℄ state that integrating over a statistially inhomogeneous region

an onsiderably bias the Lagrangian statistis. To avoid this bias, the investigated regions

in this work are hosen so that the turbulene within the integration area is regarded as

quasi-statistially homogeneous. This is ahieved by following the proedure reported in

[Behlars and Sandberg, 2017a℄. The mean dynamis data presented in this work were

integrated in the homogeneous spanwise diretion, about an extent of approximately 20

grid points in the streamwise diretion and approximately 5 grid points in the wall-normal

diretion for eah loation. This results in x+ 100 and y+ 6 for the loation at

y+ = 24. These distanes are similar to the work of [Behlars and Sandberg, 2017a℄.

As mentioned in previous studies, the teardrop shape is not a universal feature, whih

is always observed for homogeneous isotropi turbulent (HIT) �ows. For wall bounded

�ows, the mean evolution of the veloity gradient tensor invariants has been found to vary

strongly with the distane to the wall [Behlars and Sandberg, 2017a℄. This wall e�ets is

observed for all investigated loations in this airfoil ase.

Figure 5.34 shows the overall QR distribution, in whih, eah row orresponds to regions

at 18%, 40% and 92% of the airfoil hord from FPG to APG zones (left to right) and eah

olumn orresponds to a ertain region from y+ 6 to y+ 180 (top to bottom). The

ontours over 95% of the events, whih means, the blak olour represents only 5% of the

maximum p.d.f. value in eah plot. Moreover, to obtain a more quantitative impression,

the joint p.d.f is integrated over the respetive setors in QR spae as mentioned in 1

to alulate the ratio of ourrene from all events in eah setor. This is shown in table

5.2. The Lagrangian dynamis in these 3 zones is seen to have rather di�erent behaviours.

In the FPG zone, an oval shape is seen for the loation losest to the wall (Fig. 5.34(a)).

In the log-layer, the teardrop shape is observed (Fig. 5.34(b)). In the outer-layer, the

ontrating vortial mehanism is less present as an be seen from table 5.2, whih then

gives the QR plot a quasi-triangular shape (Fig. 5.34()). The shapes seen in the ZPG
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Figure 5.34 The mean QR development with distane to the wall over the CD

airfoil. From left to right: FPG (18% hord), ZPG (40% hord) and APG (92%
hord) zones. Three wall-normal loations are shown: (a,d,g) y+ 6, (b,e,h)
y+ 24, (,f,i) y+ 180. The dashed lines divide the QR-spae into 4 setors

whih overs a ertain �ow topology respetively as mentioned in 1.
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regions resemble the shapes that were reported in [Behlars and Sandberg, 2017a℄: the

outer-layer mathes the teardrop shape from HIT data in literature and beomes oval

approahing the wall. The APG has the e�et that the QR shape of the outer-layer

beomes onentrated around = 0 line with positive R values whih is the dividing line

of setors representing the vortial ontrating manner and pure straining with �attening

harater. This means that the energy exhange between the mean kineti energy and the

turbulent kineti energy is stronger than in the ase of the ZPG. It is well established that

vortex strething is a major mehanism of the asading proess towards smaller sales.

Figure 5.34(i) suggests that this behaviour is suppressed by the APG as there are fewer

events present in the > 0 R 0 setor espeially for positive Q values, as there are

fewer bright areas in the SI setor ompared with Fig. 5.34(f). This is also quantitatively

re�eted in table 5.2 when omparing the perentage in SI between APG and ZPG at

y+ 180. Closer to the wall at y+ 24 in the log-layer, for positive R values, more

�attening strain and less ontrating vortial strutures are present ompared to the ZPG

zone with the same wall normal loation (Figs. 5.34(h) and 5.34(e)). The region losest

to the wall produes a QR plot with similar shape to that obtained from the ZPG region

(Figs. 5.34(g) and 5.34(d)). This again indiates that the APG ats as a strong mixing

reinforement in the outer-layer and log-layer for this turbulent boundary layer. In all, it

an be onluded that from the QR point of view, the visous sub-layer has an invariant

harater: an oval shape independent of the pressure gradient onditions. Yet the log-layer

and the outer-layer strongly depend on the pressure gradient.

Component analysis: non-linearity, visous and pressure e�ets

In this part, the ontribution from separate terms of the ompressible evolution system in

equation (5.14) is studied. For this purpose, 3 groups of evolution terms are identi�ed as

suggested by [Behlars and Sandberg, 2017a℄:

(i) H = 0;

(ii) trace(H) = = Q = R = 0;

(iii) trace(H) = = Q = R = 0.

whih give the simpli�ed invariants dynamis systems from equation (5.14):

(i)

dQ

dt
= QP

2

3
Ptrace(H) 3R; (5.17a)

dR

dt
=

1

3
Qtrace(H) + PR; (5.17b)
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Flow regions (SI) (SII) (SIII) (SIV)

FPG at y+ 6 37% 30% 22% 11%
FPG at y+ 24 26% 25% 29% 20%
FPG at y+ 180 17% 19% 32% 32%
ZPG at y+ 6 41% 37% 12% 10%
ZPG at y+ 24 32% 31% 23% 14%
ZPG at y+ 180 31% 30% 24% 15%
APG at y+ 6 41% 30% 18% 11%
APG at y+ 24 32% 31% 23% 14%
APG at y+ 180 15% 15% 41% 29%

Table 5.2 Ratios of the harateristi �ow topologies in 4 setors as mentioned

in 1 in the QR spae from sampling loations over the airfoil. FPG: 18%
hord; ZPG 40% hord and APG 92% hord.

(ii)

dQ

dt
= trace(A ∗); (5.18a)

dR

dt
= trace(AA ∗); (5.18b)

(iii)

dQ

dt
= trace(A ∗); (5.19a)

dR

dt
= trace(AA ∗) (5.19b)

.

where

∗
and

∗
are the traeless parts of and de�ned in equation (5.13).

Group (i) overs all the non-linear terms, exept the traeless part of the soure term H .

For inompressible �ows this gives trace(H) = 2Q and the system would redue to the

restrited Euler system. For the urrent �ow with low Mah number Ma = 0 25, the

ompressibility e�ets are small. For the evolution equations restrited to the nonlinear

terms (as shown in Fig. 5.36) this means that there are no signi�ant di�erenes with the

restrited Euler system [Vieillefosse, 1984℄. Data plotted in Fig. 5.36 is from 92% hord

in the APG zone at y+ 24. The trajetories (blak streamlines) aused by non-linear

e�ets are very similar to that desribed by [Vieillefosse, 1984℄. Here only data from 92%

hord in the APG zone at y+ 24 is shown but the ontribution from non-linear terms

from all other investigated loations in the FPG, ZPG and APG zones shows an invariant
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Figure 5.35 Ratios of the p.d.f of the normalized �rst veloity gradient invariant

P divided by the maximum values for the di�erent zones over the airfoil. Colors

follow the legends in Fig. 5.27 ( y+ 6; y+ 24; �� y+ 180).

harater. This agreement with the inompressible referene [Vieillefosse, 1984℄ means

that mapping the PQR-spae to one of its subsets, the QR-spae taking P = 0 for suh

a low Mah number ase is valid. This has also been demonstrated by [Behlars and

Sandberg, 2017a℄ for Ma = 0 5 turbulent boundary layer data. Moreover, as shown in

Fig. 5.35, the p.d.f. of the normalized �rst veloity gradient invariant P = P var(A),

or normalized inverse dilatation, of all the investigated regions over the airfoil exhibit very

low absolute P values (less than 0.002) for their maximum p.d.f. loations. This on�rms

that, as mentioned by [Suman and Girimaji, 2010℄ in terms of veloity gradient invariants

analysis, at low positive or negative dilatations, the statistial behavior is similar to that

of inompressible �ow. In Fig. 5.36, the mean trajetories move from negative R values

towards positive forming a round head when Q values inrease. The evolution veloity

magnitude of the restrited Euler system is small around the origin of the QR-spae and

inreases with the distane to the origin. Together with the global QR plots shown in

Fig. 5.34, the non-linear part is also seen to drive the global shape of the QR plots.

Group (ii) presents the visous e�ets by negleting all terms exept the ones that link

the visous di�usion and the veloity gradient tensor. This part also shows an invariant

harateristi aross the boundary layer for all investigated regions. Figure 5.37 is a

representative QR plot of this group. The data is extrated at 92% hord in the APG

zone at y+ 24. The trajetories are relatively straight, pointing towards the origin and

only show a slight ounter-lokwise spin. The evolution veloity magnitude is dereasing

with dereasing distane to the origin. But overall the restrited visous di�usion evolution

has an invariant harater in this turbulent �ow aross the airfoil regardless of the pressure
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Figure 5.36 Non-linearity ef-
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Navier-Stokes equations. The

dashed lines divide the QR-spae
into 4 setors whih overs re-

spetively a ertain �ow topology

as mentioned in 1.

−0.04 −0.02 0.00 0.02 0.04

R̂

−0.2

0.0

0.2

Q̂

0.014 0.12 0.31 0.66
√

(dR̂
dt
|vs)2 + (dQ̂

dt
|vs)2
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gradient onditions. The non-linear terms and visous terms are thus not the major reasons

for the hange of overall QR distribution in these investigated zones.

Group (iii) presents the pressure e�ets by negleting all terms exept the terms that link

the pressure with the veloity gradient tensor. This is the part that is most in�uened

by the pressure gradient. This is shown in Fig. 5.38, in whih, eah row orresponds

to regions at 18%, 40% and 92% of the airfoil hord from FPG to APG zones (left to

right) and eah olumn orresponds to a ertain region from y+ 6 to y+ 180 (top to

bottom). For the same wall normal loation in terms of wall unit, the FPG, ZPG and APG

zones have rather di�erent behaviours. Furthermore, the ontribution of the pressure term

varies strongly with the wall normal loation. For FPG zones, the outer-layer results show

that the pressure terms totally ounterat the non-linear terms (Fig. 5.36) and the mean

trajetories show an �unrolling� feature (Fig. 5.38()). In the log region (Fig. 5.38(b)), a

swirl for positive R and Q values is formed in the ontrating vortial strutures regime

setor. More losely to the wall (Fig. 5.38(a)), two distint mehanisms, divided by a

bow-shaped line, are present. On the left side of this line the pressure also ounterats the

non-linear terms whereas it supports them on the right side. These features are assumed

to be related to the rolling strutures of the �ow reattahment after transition as shown

in Fig. 5.14(b). As mentioned by [Joshi et al., 2014℄ from PIV measurements of the �ow

with an aeleration parameter (de�ned in equation (5.5)), K 1 28 10 6
, similar to

the investigated FPG region of the urrent DNS, hairpin pakets often form in the FPG

boundary layer, but on�nes to the near-wall region and the outer-layer frequently onsists

of extended regions of low turbulene. This is onsistent with the urrent observed trend

as the FPG gives the trajetories away from the wall more �unrolling� behaviour. For

ZPG zones, the outer-layer results (Fig. 5.38(f)) show that the pressure terms ounterat

the non-linear terms (Fig. 5.36) exept that a swirl for positive R and Q values is formed

in the ontrating vortial strutures regime. The evolution for this swirl is relatively

small aross the various loations. Approahing the wall, the swirl beomes �unrolling�

and two distint mehanisms, as for region y+ 6 in the FPG zones, are present. These

results for the ZPG zones qualitatively math the results from the zero pressure gradient

turbulent boundary layer data of [Behlars and Sandberg, 2017a℄. In the APG zones,

both the log-layer (Fig. 5.38(h)) and outer-layer (Fig. 5.38(i)) show strong rolling features

in the ontrating vortial regime setor as shown by the strong urvature of the mean

trajetories. For the loation losest to the wall (y+ 6, Fig. 5.38(g)), the �unrolling�

appears and is similar to FPG and ZPG regions. Therefore, at loations losest to the

wall, the pressure term ontribution in the QR plots is quite invariant. Yet, further from

the wall, this ontribution varies strongly with the loal mean pressure gradient.
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Figure 5.38 Pressure e�ets: the mean QR-phase development is shown by tra-

jetories (blak) and by the magnitude of the mean phase veloity (ontours) re-

strited to the pressure term of the Navier-Stokes equations, respetively. From

left to right: FPG(18% hord), ZPG (40% hord) and APG (92% hord) zones.

Three wall-normal loations are shown: (a,d,g) y+ 6, (b,e,h) y+ 24, (,f,i)
y+ 180. The dashed lines divide the QR-spae into 4 setors whih overs

respetively a ertain �ow topology as mentioned in 1.
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Figure 5.39 The mean QR development with distane to the wall at

the trailing-edge and in the near wake: (a)(b)(), trailing-edge (98%
hord);(d)(e)(f), near wake (5% hord from airfoil trailing-edge). The dashed

lines divide the QR-spae into 4 setors whih overs a ertain �ow topology

respetively as mentioned in 1.
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Figure 5.40 Anisotropy invariant map for loations at TE (98% hord ) and

near wake (x c = 0 05 to TE ): (a) entire boundary layer and (b) near wall

distribution up to y+ 6.

E�ets of the wall: trailing-edge to near wake �ow development

As partly mentioned in the previous setions, the wall has signi�ant e�ets on the overall

QR distribution when ompared to HIT �ows. This an already be seen from the ompar-

ison between the urrent �ow over the airfoil and HIT �ow reported in literature, as well

as from the omparison between the �ow near the airfoil trailing-edge and the �ow in the

near wake. Figure 5.39 shows the �ow at 98% airfoil hord and its adjaent area in the

wake 5% airfoil hord downstream of the trailing-edge. More preisely, in Fig. 5.39, eah

row orresponds to regions in the boundary layer at the TE and in the near wake (left

to right) and eah olumn orresponds to either one of these two regions from near the

wall (or near the wake enterline) or to loations further from the wall (or further from

the wake enterline) (top to bottom). The wall normal loations in the boundary layer at

98% airfoil hord are y+ 6, y+ 24 and y+ 180, respetively. From the horizontal

omparisons (trailing-edge �ow with their ounterparts following the streamlines in the

near wake), the QR distribution in the near wake is learly seen to be more isotropi: all

loations exhibit a teardrop shape whereas the trailing-edge �ow shows signi�ant di�er-

enes with varying tangential loations. In order to on�rm and to quantify the di�erene

on anisotropy levels, the anisotropy invariant map �rstly introdued by [Lumley, 1979℄ is

used. Details about the appliation of suh a tool an be found in [Simonsen and Krogstad,

2005℄ for instane. Figure 5.40 shows the distribution of the seond and third invariants
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I2 and I3 of the Reynolds stress tensor ARe de�ned as

ARe =

uxux uxux
uxuy uxuy

uxuz uxuz

uyux uyux
uyuy uyuy

uyuz uyuz

uzux uzux
uzuy uzuy

uzuz uzuz

(5.20)

where x, y and z are the streamwise, vertial and spanwise diretions, respetively. I2 and

I3 are de�ned as

I2 =
1

2
(trace(ARe)

2 trace(A2
Re)) (5.21a)

I3 = det(ARe) (5.21b)

In Fig. 5.40(a), the distribution of the anisotropy level of wall normal points from the

wall to the edge of the boundary layer (up to p99) at the TE (98% hord) and their

ounterparts in the near wake (x c = 0 05 to TE) again learly shows that in the absene

of the wall, the turbulene beomes more isotropi as the values of I3 and I2 from the

points in the near wake are muh loser to the 3D isotropi point where I3 and I2 tend

to zero. In Fig. 5.40(b), the most severe departure from the 3D isotropy for TE points

in Fig. 5.40(a) an be seen to be from the loations loser to the wall (from the wall to

y+ 6) as only the distribution of these near-wall points are plotted in this �gure. These

near-wall points have a nearly 2D isotropi behaviour. These plots thus further on�rm

that the trend seen in Figs. 5.39(a) and 5.39(d) omes from the fat that the �ow turns

more isotropi in the absene of the airfoil surfae. Furthermore, the omparison between

Figs. 5.39(a) and 5.39(d) shows that the wall greatly suppresses the vortial strething

harater of the �ow as the left-upper part of the QR plot in the near wake are muh

bigger and rounder than that from the trailing-edge.

Another aspet worth mentioning, independent of all the �ow onditions, for all the inves-

tigated regions over the airfoil and the near wake, the general mean lifeyle of turbulent

strutures stays unhanged in the QR-spae. This yle starts from straining strutures

and develops to strething vortial strutures and further to ontrating vortial stru-

tures before the lifeyle ontinues again in the straining strutures. This appears to be

an invariant harater for all the regions in the urrent �ow under onsideration.
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x c = 0 2

Figure 5.41 Swirling strength riterion ci = 70 iso-ontours olored by stream-

wise veloity together with dilatation �eld (blak/white) around CD airfoil.
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5.6 Aoustis

5.6.1 Near Field

For the near �eld, the instantaneous dilatation �eld (divergene of veloity ·u) together

with the turbulent strutures is presented in Fig. 5.41. In order to exlude spurious

e�ets in the visualization, the dilatation �eld shown in Fig. 5.41 is omputed using the

same spatial operator (to ompute · u) as in the simulation [Behlars, 2015℄. After

reattahment, spanwise oherent rollers appear and then break down in the zero pressure-

gradient region and then beome turbulent upstream of the TE in the adverse pressure-

gradient region. In the near wake, the laminar �ow from the pressure side is shed and

mixed with the turbulent �ow from the sution side and �nishes its transition whih also

involves minor oherent vortex shedding. It an be learly seen that 3 noise soures exist

in this simulation: a weak soure from the leading-edge separation bubble, the traditional

TE noise from the turbulent attahed boundary layer di�rating at the TE and lastly,

an extra soure in the near wake around x c = 0 2 as indiated by the white arrow in

Fig. 5.41. The extra noise soure in the near wake seems as strong as or even stronger

than the usual TE noise. The distane between 2 onseutive wave fronts as shown in

Fig. 5.41 orresponds to a frequeny around 6500 Hz. Some slightly spurious numerial

artifats marked by the white dashed irles in Fig. 5.41 an be seen at the 5-blok orners

in the visualization; yet they are seen to stay immobile and not ontribute to the noise

prodution from a series of instantaneous �elds at a sampling frequeny of 78 kHz for 1

�ow-through time.

5.6.2 Far Field

In order to investigate the aousti radiation from the airfoil trailing-edge, the simulation is

oupled with an in-house Ffows Williams and Hawkings (FWH) solver SherFWH [Fosso-

Pouangué et al., 2012, 2014; Fosso Pouangué et al., 2014; Sanjosé et al., 2014a℄ for the

omputation of the far-�eld aousti pressure from information in the near �eld reorded

during the simulation. A porous FWH formulation and solid wall FWH formulation are

used here and are referred to as FWH-Porous and FWH-Solid. Care has been taken to

plae the porous ontrol surfae as lose as possible to the airfoil where the mesh has a

high resolution, while still inluding all dominant soures in the �ow �eld. In Fig. 5.42,

the FWH-Porous surfaes are illustrated in olor: a C-ontour shape surfae around the

airfoil (blue), a onnetion surfae at the TE region and a surfae in the wake together

with an end-ap (green) surfae in the wake where the turbulene intensity is lower than

10%.
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Figure 5.42 Illustration of the loation of the FWH-Porous

surfaes (olored solid lines).
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The FWH-Porous and FWH-Solid surfaes are reorded as instantaneous snapshots during

the simulation and then are fed to the SherFWH solver. Finally, in order to ompare

with the experimental data, the predited far-�eld PSD for an atual airfoil span L is

alulated from the omputational slie by

Spp FWH =
L

LDNS
Spp DNS (5.22)

As the spanwise oherene length of the surfae pressure is smaller than the omputational

domain size at nearly all frequenies for this ase as shown in Fig. 5.17, suh a formulation

is valid.

Fig. 5.43 shows the results from the predited FWH far�eld noise level ompared with

the experimental data from far-�eld mirophones. The two FWH surfaes give good

agreement with experimental data for the mid frequeny range. In the FWH-Porous ase,

a seondary hump over the high frequeny range is present and is believed to be aused

by the seondary noise soure in the near wake shown in Fig. 5.41. The ontribution to

the noise predition from the end-ap surfae an be ignored in this ase as the results

for FWH-Porous surfaes with and without the end-ap show nearly no di�erene. In

order to loate the soure responsible for the extra high-frequeny hump, the ontribution

for di�erent pathes of the FWH-Porous surfaes is studied and the results are shown in

Fig. 5.44. In this plot, S1 the noise from the surfaes in red olor in Fig. 5.42, whih

aounts for the pressure �utuations inside the boundary layer and part of the TE area;

S2 the noise from the surfaes in the TE area where the traditional TE noise exists; S3

the noise from the surfaes that envelop the near wake region; and �nally the S23 is a

ombination of S2 and S3. From Fig. 5.44, it is lear that:

The soure in the near wake is responsible for the high frequeny hump;

The noise ontribution from the transition bubble at the LE is negligible at the given

observer loation above the TE;

The traditional TE is mainly responsible for the low-mid frequeny range noise.

In the FWH-Solid ase, no seondary hump is shown as opposed to the FWH-Porous ase.

Yet the spetra osillate over the high frequeny range whih an be due to the in�uene

from the wake.

As in the pressure spetra and near �eld results disussed in Setion 5.3, for the �rst time,

suh an extra noise soure in the near wake is observed in the far-�eld noise for suh a

�ow ase.
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Figure 5.45 Single frequeny diretivity pattern from FWH-Solid results.

Fig. 5.45 shows the single frequeny diretivity pattern from the solid wall surfaes. Far

�eld noise data predited by the SherFWH solver for 72 equi-spaed observers at 1.2 m

from the TE in the mid-span plane was used for theses plots. In order to guarantee the

synhronization of the signals, the reording interval was hosen so that all 72 observers

have peak values whih �nally give a frequeny resolution of 45 Hz. This resolution ould

be improved by a longer signal length but it is su�ient for the urrent disussion. As

in this ase the CD airfoil has an 8 geometri angle of attak, in these diretivity plots

in Fig. 5.45, the radian oordinates system is set so that the 0 position is aligned with

the airfoil hord diretion, not the streamwise diretion, for better illustration. Fig. 5.45

suggests that quadrupole soures beome important with higher kc. For the highest kc

value shown here, the diretivity pattern is signi�antly hanged by the wake. The e�ets

of the angle of attak and airfoil amber an be seen from the orientation of the lobes and

the asymmetry. Compared with the diretivity pattern predited by Amiet's based model

[Moreau and Roger, 2009℄ taking the bak-sattering e�ets into aount, the diretivity
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pattern from the urrent DNS shows a lear disrepany in the orientation of the lobes

(lobe peak loations in the polar map). For higher kc values (kc = 4 and kc = 8 ),

there exists a notieable di�erene on the ontributions respetively from the sution and

pressure side of the airfoil. Furthermore, ompared with the diretivity pattern of a slightly

ambered Eppler387 airfoil at 2 angle of attak [Oberai et al., 2002℄, the amber e�ets

and the e�ets of the angle of attak of the urrent DNS are more pronouned beause

the deviation from the Amiet's diretivity [Moreau and Roger, 2009℄ is larger. Convetive

e�ets [Moreau and Roger, 2009; Oberai et al., 2002℄ were reported from a high �delity

ompressible LES [Wolf et al., 2012b℄ for a similar hord based Reynolds number and

for a slightly higher Mah number on a NACA0012 airfoil. In that ompressible LES

ase, e�ets of the Mah number were shown and the lobes of the diretivity plots were

oriented towards the LE where the Mah number is higher. Yet suh a phenomenon is

not observed from the urrent ompressible DNS. This di�erene is assumed to be aused

by the di�erene of transition mehanism at the LE and onsequently its ontribution

to the radiated noise. On the CD airfoil, the transition at the LE is aused by a short

separation bubble yet in the LES of the NACA0012 airfoil the transition is trigged by

steady sution and blowing (in the experiment tripping was used) at the LE in order to

math the turbulent boundary layer at the TE with experimental data, and this arti�ial

transition an modify the noise ontribution from the LE.

As seen above, a high frequeny hump is observed in the far�eld for the �rst time for this

airfoil ase and it is believed it is aused by the additional high frequeny noise soure in

the near wake. This surmise is obtained from previous analysis an be onluded as:

Dilatation �eld shows a seondary soure dominant by a dominant frequeny around 6500

Hz;

High frequeny hump shown in the wall-pressure PSD for sensor #26 near the TE;

Higher level of orrelation from sensors near the TE for high frequeny range;

Far�eld diretivity pattern for high frequenies highly deviated by the wake.

In order to on�rm this surmise, further analysis are onduted.

5.6.3 Comparison with a Compressible LES with Complete Geom-

etry

A new ompressible LES of CD airfoil using AVBP developed by CERFACS and IFP-EN

with high resolution both in spae and in time was onduted in order to on�rm the

soure in the wake. In order to distinguish the inompressible LES [Christophe et al.,



146 CHAPTER 5. DNS OF CD AIRFOIL AT 8 AOA

(a) (b)

Figure 5.46 Instantaneous �ow �eld from AVBP LES: (a) veloity magnitude

and (b) dilatation.

2009; Wang et al., 2009℄ mentioned before, this newly produed LES will be referred here

and after as AVBP LES.

AVBP solves the three-dimensional ompressible Navier-Stokes equations for turbulent

reating �ows, using both the DNS and LES approahes on unstrutured and hybrid

meshes. The �ltered ompressible Navier-Stokes equations exhibit SGS tensors and vetors

desribing the interations between the unresolved and the resolved motions. The in�uene

of SGS on the resolved motion is taken into aount in AVBP by a SGS model based on

a turbulent kinemati visosity t. Suh an approah assumes that the e�et of the SGS

�eld on the resolved �eld is purely dissipative. Various SGS models are available in AVBP,

only di�ering in the estimation of t. The WALE SGS model [Nioud and Duros, 1999℄

was used for the urrent LES and a DNS path at the LE was used to better apture the

transition proess.

The urrent AVBP LES was onduted at the same hord based Reynolds number Rec =

150 000 as in the DNS and the free-stream Mah number was hosen to be Ma = 0 2.

Lax-Wendro� [Lax and Wendro�, 1960℄ was used for initializing the �ow �eld and TTG4A

[Donea and Huerta, 2003℄ (one of the Taylor-Galerkin based shemes [Donea, 1984; Donea

and Huerta, 2003; Donea et al., 1987℄ available in AVBP) was used for the �nal simulation,

whih gives a 3

rd
order auray in spae and 4

th
order in time. The mesh ontaining 11

million points was re�ned along the jet shear layer line, around the airfoil and as well in

the wake enter line. It should be mentioned that the mesh between the jet shear layer and

the airfoil boundary layer is still oarse in order to avoid extra omputational ost from

the potential interation from jet shear layer and the boundary layer. This is a similar
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strategy used in a LES using the same ode taking the installation e�ets into aount for

a high-lift devie (HLD) [Salas et al., 2016; Salas and Moreau, 2015℄. Yet this is su�ient

for giving a proper loading on the airfoil and the study of the noise soure region, whih

are the two most important requirements for the urrent AVBP LES. The spanwise extent

is 0 11c where c is the hord length. The AVBP LES was run in total for 20 �ow-through

times.

The instantaneous �ow �eld from the AVBP LES is shown in Figs. 5.46(a) and 5.46(b).

Big strutures are formed in the shear layer from the nozzle but they seem to have minor

interations with the airfoil. No signi�ant refration from the shear layer is observed as

Mah number is low.

The mean �ow �eld is evaluated after the AVBP LES is statistially onverged. As an

be seen from Fig. 5.47, the mean streamwise veloity �eld is quite similar to that from the

DNS when saled in the same value range. Fig. 5.48 shows the mean pressure distribution

of the AVBP LES ompared with previous results on the CD airfoil in Fig. 5.6(a). The

AVBP LES predits the loading over the airfoil quite well.

The wall-pressure �utuation is then ompared with the DNS results. The wall PSD is

plotted against the Strouhal number de�ned as fc U0 where f is the frequeny, c is the

hord length and U0 is the free-stream veloity. In Fig. 5.49, the wall-pressure spetra from

sensor #5 and sensor #26 are ompared with the DNS results. The math between DNS

and AVBP LES is exellent for most of the Strouhal numbers. At very high frequeny,

the AVBP LES shows a ut-o�, whih is from the SGS model. The shape of the spetra

from sensor #26 seems to be �atter than that from the DNS at low frequenies. This

�atter shape is also observed from the LBM-DNS [Sanjosé et al., 2011℄ with the omplete

(a) (b)

Figure 5.47 Mean streamwise veloity �eld omparison between DNS and

AVBP LES: (a) DNS and (b) AVBP LES.
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Figure 5.48 Stati lift distribution from AVBP LES ompared with previous

results in Fig. 5.6(a).
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Figure 5.49 Wall-pressure �utuation spetra omparison between DNS and

AVBP LES.
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wind tunnel geometry and from experiment (Fig. 5.15). This di�erene with DNS results

is thus assumed to be aused by the jet shear layer.

For the near �eld, dilatation around the airfoil is shown in Fig. 5.50 both from DNS and

AVBP LES. Besides the traditional TE noise, a seondary noise soure is present in the

near wake both in the DNS and LES, although the loation of this seondary noise is

slightly di�erent. The one from AVBP LES seems a bit further downstream in the wake

ompared with DNS. It should be mentioned that the dilatation �eld from the AVBP LES

is alulated by (1 )( t) whereas the in the DNS it is alulated by ·u. They were

alulated both using ode-based gradient operators to exlude possible visual deviation.

At low Mah number suh as this ase, these two ways of alulating the dilatation gives

similar results in the AVBP LES. This is the �rst time from a ompressible high resolution

simulation for suh a �ow ase with omplete wind tunnel geometry that shows a seondary

noise soure in the near wake. As shown in Fig. 5.51, it should be mentioned that, the

AVBP LES has a very re�ned mesh resolution both on the airfoil and the near wake whih

is a prerequisite for the omparison with DNS. Furthermore, it should be notied that in

the AVBP LES, ontrary to the DNS mesh, there is no blok interfae present in the near

wake, whih indiates again that the extra noise soure from the dilatation �eld from DNS

is atually physial.

The FWH analogy is used for the AVBP LES as in the DNS for prediting the far�eld

sound. Both solid wall from airfoil surfae and two porous surfaes around the airfoil are

taken as shown in Fig. 5.52(a). In this �gure, the solid wall is named as �solid bnd� and

the two porous surfaes are named as �lose inft� and �further intf�. The diretivity of

the integrated SPL from 500 Hz�12000 Hz from these surfaes are shown in Fig. 5.52(b).

The solid wall shows dipole shape while the porous surfaes show more monopole shape.

(a) (b)

Figure 5.50 Instantaneous dilatation �eld omparison between DNS and AVBP

LES around the airfoil: (a) DNS and (b) AVBP LES.
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(a) (b)

() (d)

Figure 5.51 Mesh omparison between DNS and AVBP LES: (a)(b) DNS and

()(d) AVBP LES.
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(a)

(b)

Figure 5.52 FWH predited far�eld diretivity from AVBP LES: (a) illustra-

tion of the positions of hosen surfaes and (b) diretivity of integrated SPL

from 500 Hz�12000 Hz.
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Figure 5.53 Diretivity of integrated SPL from 500 Hz�12000 Hz from FWH-

Solid and FWH-Porous (Closed) in Fig. 5.43.
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Figure 5.54 Comparison between DNS and AVBP LES: aousti far-�eld pre-

dition using porous and solid Ffows Williams and Hawkings surfaes.

Furthermore, the porous surfaes have higher SPL level whih indiates that more noise

soures are inluded in the porous surfaes. Suh a diretivity from the DNS is plotted in

Fig. 5.53. Same information is observed as in Fig. 5.52. The far�eld SPLs predited from

both the DNS and AVBP LES are ompared in Fig. 5.54 against the Strouhal numbers.

A dip for the mid-frequeny in the DNS is not found in the AVBP LES, whih is assumed

to be aused by the interation between the jet shear layer and the airfoil. For other

frequeny range, these two simulations show a good agreement.

In all, despite very di�erent ode strutures between the DNS and AVBP LES, for the

�ow at same Rec and similar Ma, the AVBP LES shows quite a similarity in terms of

basi �ow patterns over the airfoil ompared with the DNS and of aoustis. The extra

noise soure in the near wake exists also in the AVBP LES.

5.7 Conlusion

A ompressible diret numerial simulation was onduted of a ontrolled-di�usion airfoil

at a hord based Reynolds number of Rec = 150 000 and a free-stream Mah number of

Ma = 0 25 at 8 angle of attak that is embedded in a wind-tunnel �ow. The quality of the

simulation was arefully heked and it was asertained that the mean installation e�ets

was reprodued properly and the DNS was suessfully apturing all the relevant �ow
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features that were known to exist from previous experiments and unsteady simulations.

Partiularly, the present Navier-Stokes DNS data was in very lose agreement with newly

produed experimental data in a quieter anehoi hamber at Université de Sherbrooke

and previous LBM-DNS. The present results prove that the urrent DNS an be onsidered

as a high-�delity database for further analysis for suh a �ow ase.

On the aerodynami side, the mean pressure gradient e�ets on the development of the �ow

in the boundary layer were studied through the evolution of the veloity gradient tensor

invariant dynamis. It is the �rst time suh an analysis is onduted on a spatially evolved

�ow over a blade shape airfoil submitted to various mean pressure gradient onditions. The

mean pro�les from the turbulent boundary layer at di�erent hordwise positions suggest

that pressure gradient greatly hanges the topology of the boundary layer. Compared with

zero pressure gradient ondition, an adverse pressure gradient ats as a reinforement of

the intense momentum exhange by �utuating veloities, whih is extended from visous-

sub-layer to log-layer and even to the edge of the outer-layer. This gradient leads to a

platform shape for wall parallel Reynolds stress omponents and a hump shape onneted

by two peak values of turbulene prodution terms.

The mean evolution of the veloity gradient tensor invariant dynamis was found to vary

strongly for regions undergoing favorable, zero and adverse pressure gradients. The shape

of the QR plots of the log-layer and the outer-layer strongly depends on the mean loal

pressure gradients while the visous sub-layer has an invariant harater: oval shape in-

dependent of the pressure gradient onditions. Furthermore, this evolution hanges also

greatly with the distane to the wall. Key hanges are explained in the ontext of QR

plots with mean trajetories and as well from mean pro�les giving both outer and inner

sale as referene. The non-linearity and visous di�usion in the overall evolution of the

veloity gradient tensor invariant dynamis maintain their respetive invariant harater-

isti for all investigated regions regardless of the di�erent pressure gradient onditions.

The non-linearity drives the global shape of the QR plots. The visous di�usion drives

all strutures towards the origin. These two aspets thus do not appear to be the major

reasons for the hanges of the turbulene evolution for the di�erent investigated regions.

In fat, the oupling of the pressure Hessian with the veloity gradient, whih is strongly

a�eted by the mean pressure gradient onditions and the wall, is the major fator that

drives all the hanges of the invariant dynamis in this �ow. From a QR-spae analy-

sis point of view, this oupling seems to be the most signi�ant feature that a�ets the

turbulene development and is highly in�uened by the loal mean pressure gradient and

wall normal distane. The omparison between previous zero pressure gradient turbulent
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boundary layer data and the results from favorable and adverse pressure gradient regions

in this airfoil �ow shows that the pressure gradients have a signi�ant impat at least

in the outer-layer and log-layer of the �ow. The adverse pressure gradient leads to more

rolling features to the mean trajetories in these two layers and suppresses the vortial

strething regime. The wall e�ets are ontrasted with previous studies, and a omparison

between the trailing edge �ow and the �ow in the near wake is also provided. The wall

is observed to mainly suppress the vortial strething features of the �ow and the �ow

exhibits a uniform feature in QR-spae, known as a teardrop in the absene of the wall.

Lastly, despite di�erent �ow onditions for the investigated regions from the urrent �ow

ase, the general mean lifeyle of turbulent strutures stays unhanged in the QR-spae.

On the aousti side, the aousti near �eld was obtained diretly from the simulation.

Besides the previously observed noise soure from the leading-edge transition bubble and

the trailing-edge noise from the interation between the onveting turbulent boundary

layer and the trailing-edge, an extra noise soure appears to exist in the near wake. Suh

a phenomenon is found for the �rst time for suh a �ow ase from a ompressible DNS

approah with a high resolution grid both around the airfoil and in the near wake. The

aousti far �eld is predited using a Ffows Williams and Hawkings solver both taking

the solid wall and porous surfae as noise soures. Both of the surfaes show a good

agreement with available experimental results. The e�et of the end-ap surfae from the

porous Ffows Williams and Hawkings result shows minor in�uene on the noise predition.

The additional noise soure found from the near �eld ontributes to the high frequeny

hump in the radiated far �eld.

In order to on�rm suh a new noise soure, a new ompressible LES using AVBP, with

3

rd
order auray in spae and 4

th order in time, taking the entire wind tunnel nozzle

geometry, was onduted. The AVBP LES was run at almost the same �ow ondition

(Rec = 150 000, Ma = 0 2). The hybrid mesh is re�ned on the jet shear layer, airfoil

boundary layer and the wake line. Despite very di�erent ode strutures between the

DNS and AVBP LES, the AVBP LES shows quite a similarity in terms of basi �ow

patterns over the airfoil ompared with the DNS and of aoustis both in the near �eld

and far�eld. The extra noise soure in the near wake also exists in the AVBP LES. Given

that the AVBP mesh is very re�ned in the wake and has no blok onnetion as in the

DNS, this on�rms again that the extra noise soure in the DNS is atually physial.

Inspired by a reently proposed tehnique, the wavenumber-frequeny spetra is used to

understand the ontribution from aerodynamis and aoustis from the wall-pressure �u-

tuation in the boundary layer near the TE. At low frequenies, the aousti ontribution
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is hardly seen and is mixed with the onvetive ontribution. With inreasing frequenies,

the aousti and onvetive ontributions beome separate. At the highest frequenies, the

aousti ontribution beomes dominant. The diretivity pattern hanges gradually from

a ompat dipole shape to non-ompat one with multiple lobes. The diretion of propa-

gation seems slightly more pronouned in the upstream diretion with highest frequenies.

For lower frequenies, no privileged diretion of propagation seems notieable. Finally,

it an be onluded that the high frequeny wall-pressure �utuations is almost purely

aousti, whih, indiates that the high frequeny phenomenon that has been observed in

the wall-pressure PSD and wall-pressure oherene, are aoustis indued phenomena.



CHAPTER 6

Conlusion et Perspetives pour les Travaux

Futurs

2 SND ompressibles de l'éoulement autour d'un pro�l NACA6512-63 et du pro�l CD,

ont été e�etuées, à un nombre de Reynolds de Rec = 150 000 basé sur la orde et à

un nombre de Mah amont Ma = 0 25, en prenant en ompte les e�ets d'installation de

la sou�erie. Dans les deux as, un alul 2D RANS de l'éoulement autour du pro�l a

d'abord été réalisé. Ce dernier prend en ompte la géométrie omplète de la forme de

la tuyère utilisée dans les essais. Ensuite, un domaine tronqué pour la SND autour du

pro�l dans le ÷ur potentiel du jet de la sou�erie est extrait du domaine de 2D RANS sur

lequel le maillage est ra�né pour satisfaire les ritères de la SND. La distribution de vitesse

aux limites du domaine tronqué était été extraite du alul 2D RANS. Cette distribution

dé�nissait l'entrée 2D stable de vitesse pour le domaine de la SND. La SND était d'abord

exéutée en 2D d'après les hamps de 2D RANS interpolés sur le maillage de la SND, puis

est extrudée en 3D pour la simulation �nale. Les soures surfaiques et volumiques pour

les études de la turbulene et de l'aoustique étaient entregistrées une fois la simulation

statistiquement établie. Les sujets prinipaux dans ette étude omprennent:

Les résultats des SND omparés exhaustivement ave les données existantes des sim-

ulations et des expérienes sur les hamps moyens, les spetres de pression pariétale,

les orrélations & les longueurs de ohérene, ainsi que le bruit au hamps lointain

prédit par les analogies aoustiques;

Des onditions limites stables réussies pour l'éoulement omplexe sur le pro�l NACA6512-

63 et un bruit rihe apturé;

Une étude détaillée sur l'e�et du gradient de pression moyen sur le développement

de l'éoulement à l'extrados du pro�l CD par une analyse QR, ouplée ave une

analyse sur les pro�ls moyens;

Une investigation omplémentaire sur les soures de bruit observées dans la SND du

pro�l CD.

156
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6.1 Déouvertes Prinipales

6.1.1 SND du Pro�l NACA6512-63 à 0 d'AdA

Même si e as est di�ile à simuler à ause de l'éoulement étroit du jet de la sou�erie,

grâe à des onditions limites bien hoisies, les e�ets d'installation sont généralement bien

reproduits en omparant ave les résultats d'essais. A l'intrados, la transition se produit

au BA et une ouhe limite totalement turbulente existe jusqu'au BF. A l'extrados, une

ouhe limite instable et déollée au BF donne une soure de bruit supplémentaire par

rapport au as trippé simulé auparavant dans lequel une ouhe limite turbulente attahée

était présente. Il est démontré de plusieurs manières que la ouhe limite instationnaire

au BF à l'extrados du as non-trippé hange la topologie de l'éoulement à l'intrados. Des

plus grosses strutures sont formées en raison de la ouhe limite osillante et la position de

transition a hangé au BA. Pour le hamp aoustique, la prédition des surfaes poreuses

FWH donne un meilleur aord ave les données expérimentales pour le as non-trippé.

Le modèle d'Amiet ave une orretion sur l'e�et de rétrodi�usion [Roger and Moreau,

2005, 2010℄ était utilisé pour les as trippé et non-trippé. Ce modèle donne une bonne

prédition en général pour les deux as. Pourtant, le hoix de l'endroit pour extraire les

entrées de e modèle pour le as non-trippé est sensible en raison de l'éoulement plus

omplexe existant au BF. Ce fait peut par onséquene dévier la prédition. Le ouplage

aoustique de la bulle de reirulation au BA à l'intrados et la transition au BF à l'extrados

doit être examiné plus en détail.

6.1.2 SND du Pro�l CD à 8 d'AdA

A l'intrados, l'éoulement reste laminaire jusqu'au BF où un éhappement tourbillonaire

se produit. A l'extrados, l'éoulement transitionne après une �ne bulle de reirulation au

BA et puis reste turbulent et attahé jusqu'au BF ave suessivement un GPF, un GPN

et �nalement un GPA dans la région au BF. L'e�et du gradient de pression moyen sur

l'éoulement à l'extrados est disuté en utilisant une analyse QR. L'évolution moyenne

de la dynamique de l'invariant du tenseur de gradient de vitesse varie fortement ave

les gradients de pression moyens di�érents (GPF, GPN et GPA). Cette évolution hange

aussi beauoup en fontion de la distane à la paroi. Le ouplage du Hessien de pression

et le gradient de vitesse est l'élément majeur qui provoque tous les hangements de la

dynamique de l'invariant dans et éoulement. Le gradient de pression donne un e�et

important au moins dans la zone externe et dans la zone logarithmique de et éoulement.

Le GPA favorise plus d'enroulements des trajetoires moyennes dans es deux zones et

empêhe l'étirement tourbillonaire. La paroi empêhe aussi prinipalement e régime. Un
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aratère universel se présente dans l'espae QR, onnu omme la larme, sans la présene

de la paroi, où l'éoulement est plus isotrope. Du point de vue aoustique, on observe la

soure liée à la transition de l'éoulement dans la bulle de reirulation omme identi�é

préédemment à bas nombre de Reynolds, elle liée à l'intération de la ouhe turbulente

ave le BF, et une soure de bruit supplémentaire dans le prohe sillage. C'est la premiére

fois que e phenomène est observé pour et éoulement. Après plusieurs véri�ations

numériques, y ompris une nouvelle SGE ompressible de haute résolution, ette soure

de bruit supplémentaire dans ette SND apparaît bien physique.

6.2 Les Perspetives pour les Travaux Futurs

Pour le as de pro�l NACA6512-63 les e�ets instationnaires de l'intération entre la ouhe

de isaillement du jet et le pro�l peuvent in�uener la topologie de l'éoulement. Cet aspet

demande beauoup plus de ressoures numériques pour être on�rmé lorsqu'on prend en

ompte la géométrie de la tuyère du jet dans la simulation. De plus, omme e as est très

similaire au as présenté par [Sanjosé et al., 2017℄ à l'extrados, on pourrait, ave un signal

plus long, onstater les évènements calmes et intenses par Sanjosé et al. [2017℄, e qui

pourrait mettre en lumière le méanisme de génération du bruit à ause de la séparation

et le reollement de l'éoulement au BF. Le ouplage du rayonnement de bruit issu de la

bulle de déollement au BA à l'intrados et la ouhe limite osillante au BF à l'extrados

serait aussi intéressant à approfondir. Ave la roissane des ressoures informatiques le

omportement de l'éoulement lié à l'augmentation du nombre de Reynolds pourrait aussi

être étudié.

Comme ontinuation du travail sur le as du pro�l CD, 3 aspets pourraient être examinés.

Premièrement, omme il s'agit d'un éoulement variant spatiallement sur un pro�l de la

forme d'une pale, une étude sur les strutures turbulentes d'aprés ci liée à l'in�uene

du gradient de pression moyen pourrait être une approhe possible pour obtenir plus

d'information sur e as. L'étude de l'intermmitene et l'analyse quadrant pourraient être

réalisées et les résultats pourraient être omparés ave les bases de données aessibles

[Jiménez et al., 2010℄ sur les ouhes limites des plaques planes et des anaux. Cette étude

pourrait être intéressante ar auune omparaison omplète n'a été faite omprenant une

ouhe limite de pro�l ave un GPA onsidérable au BF. Deuxièmement, la validation

et la modi�ation du travail de Panton and Linebarger [1974℄ en progrès par ette SND

peuvent donner plus d'information sur la �abilité de ertaines hypothèses, surtout liées

aux e�ets de la présene de l'APG. Finalement, pour mieux omprendre l'origine de la

soure du bruit supplémentaire dans le sillage prohe, une analyse de stabilité globale, une
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analyse de l'instabilité seondaire et un post-traitement du �ltrage du signal sont faisables

pour une investigation plus profonde.



CHAPTER 7

Conlusion and Perspetives for Future Work

7.1 Summary of Flow Cases

2 ompressible DNS of the �ow over a NACA6512-63 airfoil and the CD airfoil at a hord

based Reynolds number of Rec = 150 000 and at a free-stream Mah number Ma = 0 25

have been onduted, taking mean wind-tunnel installation e�ets into aount. In both

ases, �rstly a 2D RANS omputation of the �ow around the airfoil was onduted, taking

into aount the omplete geometrial on�guration of the nozzle shape that were used

in the experiments. In a seond step, a trunated domain for DNS simulation around the

airfoil in the jet potential ore was extrated from the 2D RANS domain and then the mesh

for DNS was re�ned. The veloity distribution around the boundaries of the trunated

domain was taken from the 2D RANS. This data was then used to de�ne a steady 2D

inlet veloity pro�le in the DNS domain. A 2D DNS was then started from the RANS

solution interpolated on the DNS mesh and then extended to 3D for the �nal simulation.

The surfae and volume soures for turbulent and aousti studies were reorded at high

sampling frequenies after the �ow �eld is statistially onverged. Primary topis that

have been studied inlude:

DNS results thoroughly ompared with available numerial and experimental data

sets on mean �ow �eld, wall-pressure spetra, orrelation & oherene length, and

far-�eld noise oupled with aousti analogies;

A proper stable boundary ondition set for simulating a rather omplex �ow over

the NACA6512-63 airfoil and a rih radiated sound �eld aptured;

A detailed study on the e�et of the mean pressure gradient on the �ow development

on the sution side of the CD airfoil through aQR analysis ombined with an analysis

on the mean pro�les;

A further investigation on the noise soures observed in the DNS of CD airfoil ase.

160
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7.2 Priniple Findings

7.2.1 DNS of NACA6512-63 Untripped Airfoil at 0 AoA

Although it is a di�ult ase to be simulated beause of the narrow stream from the wind-

tunnel jet, the mean installation e�et is generally well aptured when ompared with

experiments, due to the proper sets of boundary onditions. Transition ours naturally

on both sides of the untripped airfoil. On the pressure side transition ours at LE and

a fully turbulent boundary layer exists lose to the trailing edge. On the sution side, a

�apping and separated boundary layer at the TE leads to an extra noise soure ompared

with a tripped ase previously simulated where an attahed turbulent boundary layer is

present. Besides, from multiple aspets in this study, the �apping shear layer at the TE

on the sution side of the untripped airfoil is shown to hange the �ow topology on the

pressure side. Larger strutures at the TE on the pressure side are formed due to the

�apping shear layer and suh an in�uene has even modi�ed the transition loation at

the LE. For the aousti �eld, the porous FWH surfae shows a better agreement with

experimental data for the untripped ase. Amiet's model with the orretion of the bak-

sattering e�ets [Roger and Moreau, 2005, 2010℄ was used for both the untripped and

tripped airfoil to predit the far�eld noise. It gives a good overall predition for both the

untripped and tripped ases. However, the hosen loation for the inputs of the model is

very sensitive beause of the more omplex �ow existing at the TE for the untripped airfoil

and an deviate the predition. The e�ets from the aousti oupling of the reirulation

bubble at the LE on the pressure side and the transition at the TE on the sution side

needs to be further onsidered.

7.2.2 DNS of CD Airfoil at 8 AoA

On the pressure side, the �ow stays laminar until the TE where minor vortex shedding

appears. On the sution side, the �ow transitions after a short separation bubble at the

LE then stays turbulent and attahed till the TE. It experienes a mean FPG, a ZPG

and �nally an APG in the TE region. The mean pressure gradient e�ets on the �ow

on the sution side are disussed in detail through a QR analysis. The mean evolution

of the veloity gradient tensor invariant dynamis is found to vary strongly for regions

undergoing FPG, ZPG and APG. This evolution hanges also greatly with the distane to

the wall. Key hanges are explained in the ontext of QR plots with mean trajetories and

as well from mean pro�les giving both outer and inner sale as referene. The oupling

of the pressure Hessian with the veloity gradient is the major fator that drives all the

hanges of the invariant dynamis in this �ow. The pressure gradients is shown to have
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a signi�ant impat at least in the outer-layer and log-layer of the �ow. The adverse

pressure gradient leads to more rolling features to the mean trajetories in these two

layers and suppresses the vortial strething regime. The wall is observed to mainly

suppress the vortial strething features of the �ow. The �ow exhibits a uniform feature

in QR-spae, known as a teardrop in the absene of the wall, where the �ow is more

isotropi. On the aousti side, besides the previously observed noise soure from the

leading-edge transition bubble and the trailing-edge noise from the interation between

the onveting turbulent boundary layer and the trailing-edge, an extra noise soure exists

in the near wake. Suh a phenomenon is found for the �rst time for suh a �ow ase from

a ompressible DNS approah. Through several veri�ations inluding a newly produed

high resolution ompressible LES, the extra noise soure in the DNS is proved to be

atually physial. The wall-pressure �utuations are �nally �ltered by a wavenumber-

frequeny spetra analysis to gain more insight into the ontributions from aerodynamis

and aeroaoustis.

7.3 Perspetives for Future Work

For the NACA6512-63 airfoil ase, the unsteady e�ets from the interation from the jet

shear layer and the airfoil an have e�ets on the �ow topology and need muh more

numerial resoures to be on�rmed by inluding the jet nozzle geometry. Moreover,

as this �ow ase is very similar to the ase reported by Sanjosé et al. [2017℄ on the

sution side, with longer simulation time, the quiet and intense events observed in [Sanjosé

et al., 2017℄ may also our in this ase, whih an reveal more omplex noise generation

mehanisms due to the �ow separation and reattahment at the TE. The oupling from

the radiation from the LE separation bubble on the pressure side and the radiation from

the �apping shear layer on the sution side should also be investigated. With the growth

of omputational resoures, the �ow behaviour with inreasing Reynolds number an also

be studied.

As a ontinuation of the work on the CD airfoil, 3 major aspets an be looked at. Firstly,

as this DNS involves a spatially evolved �ow on a blade shape airfoil, to gain more in-

formation on the �ow, the in�uene of the pressure gradient on the development of the

turbulent strutures an be studied through the ci riterion. The intermitteny and quad-

rant analysis an be onduted and ompared with available data sets suh as [Jiménez

et al., 2010℄ on turbulent boundary layer from �at plates and hannels. This study will be

interesting sine no suh a omplete omparison has ever been ahieved on an airfoil that

has a severe APG near the TE. Seondly, on noise modeling, the validation and modi�a-
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tion of Panton [Panton and Linebarger, 1974℄ and further extension of Rozenberg's model

[Rozenberg, 2007℄ [Rozenberg et al., 2010℄ [Rozenberg et al., 2012℄ through the urrent

DNS is urrently in progress and will provide more understanding of the validation of

ertain hypothesis, espeially from the in�uene of the presene of the APG. Lastly, to

further understand the origin of the extra noise soure in the near wake, a global sta-

bility analysis, a seondary instability analysis and a signal �ltering proess are possible

approahes to be investigated.



Appendix

ci-riterion

As �rstly proposed by [Zhou et al., 1999℄, ci is the imaginary part of the omplex eigen-

value of the veloity gradient tensor A := u when A is deomposed in Cartesian oor-

dinates as

A = vr vcr vci

r

cr ci

ci cr

vr vcr vci

1

(7.1)

where r is the real eigenvalue orresponding to the eigenvetor vr, and cr cii are the

onjugate pair of the omplex eigenvalues with eigenvetors vcr vcii. In suh a deom-

position, as explained by [Zhou et al., 1999℄, the loal streamlines an be expressed by the

oordinates system de�ned by (vr vcr vci) suh that the loal �ow is either strethed or

ompressed along the axis vr, while on the plane spanned by the vetors vcr and vci, the

�ow is swirling. The strength of the loal swirling motion is then quanti�ed by ci.

Equivalent Threshold

There exists a variety of vortex identi�ation methods that an be applied to the urrent

�ow ases to show the �ow strutures. These methods an be ategorized as 3 types:

Vortiity based methods;

Veloity gradient tensor based methods;

Others.

The �rst ategory inludes vortiity magnitude, vortiity lines and kineti vortiity num-

ber. Suh a ategory of method alulates the vortiity and then attempt to visualize the

strutures in di�erent ways. Major ons ome from the inability to distinguish between

Compressible Flow Comments

Q Yes Can possibly ut a struture

Yes Base of ci-riterion

2 No Tailored for inompressible �ows

ci and enhaned ci Yes Clearest explanation on vortex path

Table 7.1 Charateristis of di�erent veloity gradient tensor based riteria.
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shear rotation and swirling motion [Kida and Miura, 1998℄. It is more adapted for free

shear layers and fails in boundary layers. Thus suh a method an only be onsidered as a

qualitative approah for the urrent �ow if applied to. The seond ategory is developed

based on the veloity gradient tensorA := u aiming for visualizing the details of the �ow

strutures of wall bounded �ows. Major ones in this ategory developed hronologially

are Q-riterion [Hunt et al., 1988℄, -riterion [Chong et al., 1990℄, 2-riterion [Jeong

and Hussain, 1995℄, ci-riterion [Zhou et al., 1999℄ (shown in Fig. 5.14) and enhaned

ci-riterion [Chakraborty et al., 2005℄. These veloity gradient tensor based riteria usu-

ally justify in terms of identifying the most intense strutures yet the edued struture

should be interpreted with are [Chakraborty et al., 2005℄. These riteria are all originally

applied to inompressible �ows although only 2 is tailored for inompressible �ow in the-

ory. Their harateristis are summarized in Tab. 7.1. The relationship on equivalent

threshold (a ertain equivalent value of isoontour for the visualization proess) was given

by [Chakraborty et al., 2005℄. For a ertain ci whih satis�es ci > th and cr ci 0

where th is the threshold value for ci and 0 is a given value as a ratio of the real and

imaginary part of the omplex eigenvalue of the veloity gradient tensor, its equivalent

values for Q, and 2 (if the �ow is inompressible) are

Q Qth = 2
th

th = 1
27

6
th

2 2th = 2
th (if appliable)

(7.2)

Using equivalent threshold, the urrent �ow around mid-hord presented by Q-riterion

and ci-riterion is shown in Fig. 7.1. The detail of the �ow strutures indiated by

the blak irles shows that the ci-riterion seems to give more ontinuous strutures

than the Q-riterion. Yet the intensive �ow strutures are qualitatively the same, as

expeted. The ci-riterion [Zhou et al., 1999℄ and enhaned ci-riterion [Chakraborty

et al., 2005℄ are essentially almost the same beause they both use ci to desribe a �ow.

The only di�erene between these two is that the enhaned ci-riterion [Chakraborty

et al., 2005℄ introdues an additional ratio cr ci alled �inverse spiraling ompatness�

whih an further determine whether the �ow is outward/inward spiraling ( cr ci > 0) or

experiening a perfetly irular path ( cr ci = 0). Finally the third ategory inludes the

methods that are more diverse and simpler suh as pressure minima and streamlines, whih

are also merely qualitative measures to desribe the �ow. Consequently, the lambdaci is

applied to the urrent �ow.
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Figure 7.1 Instantaneous �ow strutures shown by Q-riterion (left) and ci-

riterion (right) of the �ow around mid-hord using equivalent threshold, olored

by the streamwise veloity.
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