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On the radiated noise computed by large-eddy simulation
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This paper addresses the problem of the estimation of the noise radiated by forced isotropic
turbulence using an hybrid large-eddy simulation/Lighthill analogy approach. The scale separation
associated with the LES approach leads to splitting the acoustic source term as the sum of several
contributions. The subgrid scale and high frequency contributions to radiated acoustic spectrum are
first evaluated on the ground of filtered direct numerical simulations. The parametrization of subgrid
scale effects based on a scale similarity model is addressed.aBptiori and a posterioritests
demonstrate the efficiency of the proposed model.2@1 American Institute of Physics.
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I. INTRODUCTION equation namely Lilley's equatiof, the linearized Euler's
equations or SNGR mod&t.All of these methods requires
Sound generated by turbulence is an important source inowledge of the aerodynamic fluctuations.
noise and raises many questions of fundamental and engi- The Lighthill analogy, which is based on the resolution
neering interest. A steady statistical description of the turbuef Lighthil’'s equation derived from the compressible
lent flow has long been uskfibefore numerical simulations Navier—Stokes equations, was the first attempt to estimate
were carried out to compute the aerodynamic fleRecent  the sound radiated from a finite region of turbulent flow. This
progress in computational fluid dynami@GFD) now offers  method is a very powerful and general approach to compute
many tools to develop new techniques in computationathe acoustic radiated field although it has the limitation of
aero-acoustice€CAA), but sound calculation and propagation assuming that the refraction effect cannot be taken into ac-
is still a difficult numerical problefh® because of the wide count. Using this analogy, the acoustic pressure generated by
range of spatial and temporal frequencies. a turbulent flow is expressed as a function of the Lighthill
Direct numerical simulatiofDNS),® unsteady Reynolds-  tensofT;;~pu;u; . In LES calculations only the filtered vari-
averaged Navier—Stokes simulation(RANS),” semi-  ablesl; are known and the exact Lighthill tensor cannot be
deterministic modelingSDM)*° or, as detailed in this paper, computed. Lighthill's tensof == pli,li; calculated with the
large-eddy simulatiofLES),'** are currently used to com- basic filtered variables is often ug8d!and interactions be-
pute the acoustic sour¢ee., the unsteady flow fieJdAll the  tween resolved scales and subgrid scales are not taken into
methods described below offer many possibilities but alsaccount. Piomelliet al'® proposed a correction based on
have some drawbacks: DNS yields a complete representatiarES properties to recover interactions described below and
of the acoustic source term but does not offer the possibilitorrected Lighthill's tensol ;=% by adding the subgrid scale
to compute the high Reynolds number turbulent flow thatensor. Considering only the acoustic source term, the effects
must be dealt with in practice. On the contrary RANS allowsof the filtering operation have been investigated and param-
access to very high Reynolds number turbulent flows but caatrizations have been proposed. WitkowsialX° proposed
only compute the coherent structures. LES, which is an inan alternative solution by identifying the acoustic intensity,
termediary method consisting of computing only the largestespectively, generated by large scales, small scales and the
scales, has received a growing interest over the last yeargsrm resulting from the interactions between both scales. The
The turbulent motion and the acoustic field can be computedtudy of filtering and the parametrization of subgrid scale
in the entire computational domain but this method becomegensor has been addressed by Seitoall’ to compute the
rapidly very expensive and cannot be used for engineeringadiated acoustic pressure using Lighthill's equation for the
problems. A hybrid method, based on computation of thecase of decaying isotropic turbulence. These results show
aerodynamic fluctuations by solving Navier—Stokes equathat this parametrization leads to reliable results when scale
tions, and on the calculation of the radiated noise by acoustigimilarity type models are used in the representation of the
analogy is often preferred. Acoustic analogies are numerougcoustic field generated by the interaction between resolved-
and only a few of them are recalled here: Lighthil's and subgrid-scales. A recent analytical development based
analogy***retained for the present work, a third-order waveon high Reynolds number turbulent flow performed by Ru-
binstein and Zhot? has shown the importance of the
3Author to whom correspondence should be addressed. Telephoggy ~ UNresolved-scales in the noise production process. The
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unresolved- and subgrid-scales contribution to the radiate@he solution of the Lighthill equation leads to a representa-
noise itself when Lighthill's analogy and LES are used to-tion of the radiated acoustic field. Once the acoustic source
gether for larger Reynolds number turbulent flows on theterm, which is zero outside the flow region, has been com-
ground ofa priori and a posterioritests. The case of the puted by solving the Navier—Stokes equations to compute
sound radiated by a volume of isotropic turbulence is revariablesp andu;, the sound field generated by the turbulent
tained as a test case for the present study. This is an acearotion is uniquely defined. This equation has an exact solu-
demic case, which is one of the very few examples of turbution only for an homogeneous medium at rest, which can be
lent flow whose equivalent acoustic source has well definedbtained using the Green function. For high Reynolds num-
properties. It appears consequently as a first step toward theer flow, a complete knowledge of the source term requires a
derivation of fully general model. This problem has beenhigh resolution of the flow field and then an important com-
addressed by many authors, both from a theoréfi¢dnd a  putational cost. A direct numerical simulatigbNS) may
numericat®?° point of view. Nevertheless, even for this very only be applied on simple configuratidAsand is far from
simple turbulent flow, the authors are not aware of any pubaddressing range of Reynolds number that have to be dealt
lished a posteriori tests for subgrid models for the noise with in practice.

source, the previous studies being devoted fwiori analy-

sis. Considering that the modeling process for the subgrid. Extension to LES

noise source should start with simple flows, which are well

. . . . When a large-eddy simulation is performed to obtain
controlled from a theoretical and numerical point of view

"aerodynamic fluctuations, Lighthill's equation should be de-

isotropic turbulence appears as an mandatory first step. BUived from the filtered Navier—Stokes equations. This for-
as for the modeling of usual subgrid terms, recall that themalism has been presented by Seevml’ for the com-

e>§ten5|on to more complex f_Iows_couId be requwed_ to Com'pressible subsonic case. Since we are dealing with very low
plicate the models. This point will be addressed in future,

K Mach number turbulent flows, the present simulations have
WOrKS. . . . . ... been performed using the incompressible Navier—Stokes
The mthemaUcaI for_mulatlon concerning Lighthill's equations. As expressed in Crow’s papehe inconsistent
equation IS f|rst presented in Sec. Il Section Il is Qevoted tcfncompressible approximation to Lighthill's source term is

:h,? des?rlpnon tgf thei ntjr?enca:cl mf:;hodt a(ljnd lt\lhe ImF.)Ierl’nerlj'ustifiable for low Mach number turbulent flow. More re-

allton %t a_com:jsflc caicula '.O?S tor_ € fsltu ya [;Jlilnerlcad re cently, Ristorcelf* has shown that the associated error term

sulls otained Iroma prion tes s(ie., fi ere 3 an . scales as the square of the Mach number. This approximation

concerning both evaluation and modeling of the subgri s then appropriate to compute flows which are under con-

scale effects are detailed in Sec. IV. In order to assess CORseration in the present work

CIU.SQOZS. g|\éen b\i tr?e flltgred DN‘Q_'i dposttengrl tels,ts_ de- In large-eddy simulation of turbulent flows, any quantity

S(r‘:(;lssntelg ineSCéc Vlave een carried out. L-onclusions arg j, the flow domainV can be split into a resolved or filtered

P o partF and an unresolved or subgrid p&through the appli-
cation of a low-pass convolution filter:

Il. MATHEMATICAL FORMULATION F=E+ f, (4)
A. Governing equations with

Lighthill's analogy***3is a method to compute the radi-
ated acoustic field from a finite region of turbulent flow. This E(y): f GA(y— §F(¢)dé (5)
analogy is based on a combination of compressible Navier— Y% ’

Stokes equations which leads to an inhomogeneous wave . . .
equation for the density whereG, is the spatial kernel filter and = 7r/k; the char-

acteristic cutoff length scale. The cutoff wave numier
9? , & 9? defines the limit between the low-frequency components re-
?P_COWP: WTH ' (D) solved in the simulation and the remaining high-frequency

components which are modeled. The ker@gl is currently
wherec, is the constant speed of sound in the ambient merepresented by a sharp cutoff filter, a Gaussian filter or top-
dium, which is supposed to be at rest, and the Lighthill ten+at filter for analytical development. This function is as-
sorT;; is defined as follows: sumed to fulfill the three following constraints: constant
preservation, linearity and commutativity with derivatives. A
filtered Lighthill equation can then be obtained in the follow-
For high Reynolds numbers the viscous stress teagom  ing two ways: by operating the combination between the
Lighthill's tensor expression can be neglected. The quantitfiltered continuity equation and filtered momentum equation

(p—cdp) is responsible for thermoacoustics efféttand  ysed in LES or by filtering the Lighthill equatiofi). Both
will be neglected for the class flow that have been considereghethods lead to the equation

in this paper. Under these assumptions, the Lighthill tensor
simplifies to P2 . 2 g2 =
— —C — = — T
Tij=puiy;. (3 &tzp 09yiy; P ayiay; "

Tij=pUUj+(p—c5p) 5 — o7 - 2

6
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Under the assumptions of isentropic acoustic pressure fludions are applied to the solution domain which is a cubic box
tuations due to low Mach number and high Reynolds numbeof length 2, with N3=192® equispaced grid nodes.
turbulent flow, the filtered Lighthill tensof;; which repre-

sents the production of resolved acoustic fluctuations is then

given by 2. The forcing scheme

Tij=puiu;= pou;u;, (7) Since we are interested in a spectral analysis of the
acoustic field, a statistically stationary turbulence is
required®? In decaying isotropic turbulence, kinetic energy is
%iissipated after a few eddy turns over time following the
12 decay law?® leading then to a vanishing acoustic pres-

sure. A spectral deterministic forcing scheme has been
implemented to obtain statistically stationary velocity field.
o One way to generate statistically stationary turbulence is to
7i; = (Ui —u;uy), (8)  “force” the large scale velocity components by artificially
adding energy. This energy cascades toward the small scales
and is dissipated by viscous mechanisms. Many forcing
fi ! . schemes have been proposed: Siggia and Pattérson
ined in Eq.(8): . . . . : :

o froze” the velocity Fourier amplitudes in a low-wave num-

T =T+ %= po(uiu; + 7). (9)  ber band, and similarly Shet al*° introduced a scheme to
maintain the energy in each of the first two wave number
shells constant in time. Another class of forcing scheme con-
sists of adding an acceleration term into the momentum

Ty =THES+ T T, (100 equatior?! The forcing scherrlloe used in the present work has

y o . . . been used by Witkowsket al.** for a similar study of sound

whereT;; is the high-frequency part of the Lighthill tensor radiated by isotropic turbulence. This forcing scheme main-

and is not resolved in LES calculations. . L L
tains the total kinetic energy at a constant level by injecting

Th ri ale tensor rs naturall r , AN )
e subgrid scale tensor appears naturally as a sou %ﬁe energy lost during the dissipation process namdtyin

term in the expression of the acoustic fluctuating pressure. | . -
order to get reliable far-field noise prediction using LES cal—ﬂqe nprmahzgd wave number banBin kmax]=[1,5]. The
resulting forcing scheme reads

culations, this tensor must be evaluated to assess the accu-
racy of a prediction of the far-field noise from LES simula- "t (k)= Bu* (k), (13
tions.

where pg is the flow density. As only the filtered velocity

componentsy; are available in LES calculations, the filtered
Lighthill tensor cannot be computed and must be written as
function of filtered variables. Introducing the subgrid scale
tensor7;; resulting from the nonlinearity of the convective

terms and defined as

ﬂ can be approximated b= pou;u; with an inherent
error T2 which is actually the subgrid scale tensgr de-

The final decomposition for the full Lighthill tensor is then
written as

whereU"*1(k) is the Fourier coefficient at timen(+ 1)At
and 0* (k) the Fourier coefficient computed by integrating
IIl. NUMERICAL ALGORITHM the Navier—Stokes equation witl'(k) as an initial condi-

A. Numerical method and forcing scheme tion, with

kmax
1. Direct numerical simulation 8 \/ 1+AE / f E(k)dk ke [Kmin,Kmaxl
= Kmin )

A direct numerical simulation has been performed on a
three dimensional incompressible turbulence.AThe dynamical (14)
equation of the Fourier-transformed velocity(k,t) for
wave vectork and timet, are written, following Orszag®>?®  whereAE is the kinetic energy loss due to dissipation during

. the time At. According to Witkowskaet al° this method
ai(k,t)Z—l—Pum(k)J 0,(p)Upn(k—p)dp, ensures the continuity of the second-order derivatives in
2 time, preventing spurious noise generation. This condition is
(1D indeed required for the present simulations: as will be shown
where in the following sections the acoustic source term can be
expressed as a function of the second-order time-derivative

Pim (k) =Kn( 1 =~ kiki /k%) ki (8im —kikm /K%).  (12) of tphe Lighthill tensor, and the continuity of this derivative is
Equation(11) is solved using Rogallo® pseudospectral al- then required.
gorithm, which evaluates the convolution integral by taking Furthermore as the large-eddy simulation is based on
the product in physical space. This algorithm does introduc@arametrization of the small scales it is necessary that the
aliasing errors which can be reduced by filtering the velocitysmall scales do not depend on the forcing scheme. The
field with an appropriate sharp cutoff filter. In the simulation present forcing scheme appears as a post-processing of the
the Fourier-transformed convective term components haveelocity field computed after each time step, and does not
been truncated for the wave number outside a sphere of rappear explicitly neither in the momentum equation nor in
dius 3N, whereN is the number of grid nodes used in eachthe Lighthill equation. Its exact impact on noise production
direction. The time integration has been performed using @annot bea priori analyzed, and will be discussedposte-
third-order Runge—Kutta scheme. Periodic boundary condiriori when presenting DNS resulfsee Sec. IV A

1 otherwise

1%
— 4+ pk?
g vk
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B. Implementation of a priori and a posteriori tests
for LES

M (x ,b)

To compute the contributions of the tensors appearing in
the decomposition of the Lighthill tensaa,priori tests have
been carried out by filtering the flow field computed with a I
direct numerical simulation. A Gaussian filter function has
been used for the present simulation, whose associated ker- /\/
y
S

nel in physical spac&, and transfer functio® are, respec-

tively,
/ v S=S(y.t-Iric)

6 |12 _glv—¢l\2.
GA<y—s>=(—) exp(%) G(k)

A2

FIG. 1. Geometry of sound source radiatidf=Volume of turbulent fluid,
M=observer positionD =27r.

—A?Kk?
=exp( . ) 19
This Gaussian filter induces a smooth separation between 9 9 _
resolved and subgrid quantities, resulting in a nonzero con-  7j Vt<é,_yuj+ 3—y_U' ; (18)
i i

tribution of low frequencies to the latters. The effects of the
filter have been investigated for three values of the normalwherev(k)=»"(k)»* is the turbulent viscosity. The effec-
ized wave numbek, (k.={7,15,33) leading to a represen- tive viscosity is written as follows:

tation of the field on 18 32° and 64 grids, respectively. A 2
large-eddy simulation using a parametrization of the subgrid yrK) =1+ Ko 15.2 expp— 3.0%, /k) (19
= 15. 0K /K).
14

scale tensor occurring in the Navier—Stokes equation is per-

formed_ 0 compl_ete the study with pos_tenon tests. Aero- Métais and Lesiedf developed a spectral dynamic model to
dynamic fluctuations generated by stationary turbulence ma

be computed by resolving incomoressible Navier Stoke?,(ompute the eddy viscosity based on an adaptation of the
o at'on%u h'chyare r'\t/tleg eis P : Vier= %pectral-cusp model to kinetic-energy spectra proportional to
quatl whi wh k~™. The eddy viscosity is then such as

Jd_  J
ot gy, () Vw:o.sl‘rr;_TT Ko 32 %EC) it m=3. (20
- i_ i i_. i_. — i . he eddy viscosity is set equal to zero.
i P V&yj (Wi U Y u,) IY; il (19 Form=3t Y Y q
0 C. Implementation of Lighthill's analogy
(9—yiui=0, (17 The acoustic field is evaluated from Lighthill's analogy.

The source term is assumed to be nonzero only in a finite

wherer;; is the subgrid scale tensor. Then the radiated “Ois?egionv. Then for any observer defined by the vectoand
is deduced using the filtered Lighthill equatit8) where the  |5cated outside this volumé as shown in Fig. 1, application

associated Lighthill tensor is given By; = po(uju; + 7). of the Green’s function formalism yields
The subgrid scale tensor parametrization is required in
momentum and Lighthill's equation but this parametrization 1 1 92 [x—y| 3
is not required to be the same for both equations. It is wortl(X.1) ={p)= Amc2 fv|X—Y| Ay dy; Tii(y't_ Co )d Y,
noting that the subgrid terms appearing in these two equa- 0 : (21)

tions correspond to very different physical mechanistas-
sical inter-scale interactions in the momentum equation an#here(p) is the averaged density outside the flow domdin
noise production for the Lighthill source teymvhich are  This ensemble average) is performed over 24 different
associated to different mathematical formulations: simple diobservers located at the same distance from the center of the
vergence of the subgrid tensor in the momentum equation§omputational domain. As detailed by Witkowskand Bas-
and a second-order derivative of the same tensor in thtn et al’ three formulations of the solution can be expressed
Lighthill equation. It appears then that different models canfrom Eq.(21). The formulation retained for the present work
be derived for these two terms. A “perfect” model for the is the one successfully used by Witkowskand Sarkar and
subgrid fluctuations or the subgrid tensgy could theoreti- Hussiant® in isotropic turbulence formulation and which is
cally be used to parametrize both effects, but previous workgerived from Eq.(21) by applying the divergence theorem
by Seroret al!” have shown that such a model remains to betwice™
derived. Two different models will be used in the present )
study. The spectral models used in momentum equations de- —lp\= 1 XiX; i - — x=vl 3

. . . p(X,t) <P> 4 TIJ y.t dvy.
veloped by Meais and Lesiedf leads to the subgrid scale 4mcy x3 Jvot? Co
tensor (22)
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TABLE |. Parameters and characteristic values of the flow for each simu-

£ lation.
10" — - Simulation N Re, Urms L N n
i DNS 192 82.31 0.25 0.98 0.28 0.02
, case 1 48 0.235 1.06
e case 2 9% - 0.242 0.9
i case 3 48 - 0.34 1.11
I case 4 96 0.23 1.06
10°F case 5 192 0.23 1.05
10" 3
Y e2v | )k (24)
10 20 30 405060 0

and the squared rms velocity is written as
FIG. 2. Normalized energy spectrum defined&s=E(k)/[gE(k)]dk pre-
sented for three different time&] t* =10.6, A t* =20.5,0 t* =35.4, the

2 o
full line representsk 5%, urzms:§ J;J E(k)dk. (25

Other length scales used in this paper are the integral length

Following the previous results presented in Refs. 10 and 2(fcalel‘ and the Taylor microscale definadas

boundary contributions appearing in E82) are suppressed - w1 , VUers
in order to suppress spurious contributions due to the trun- L=— JO 1 E(kdk and A =15—. (26)
cation of the source volume. This technique was shown in Urms

these references to yield very satisfactory results when comfhe Taylor microscale Reynolds number,Re,\/v re-
puting the noise radiated by a volume of isotropic turbu-mains close to 82 during all the simulation. All averaged

lence. characteristic values and length scales are presented in
Table I.
Lilley'* emphasized some requirements for studying
IV. NUMERICAL RESULTS noise produced by isotropic turbulence at low Mach numbers

on the grounds of previous works by Proudman. The first
requirement is that no anisotropic effects are present in the

The velocity components have been initialized withflow. Considering the case of a volume of isotropic turbu-
Gaussian random numbers with the following initial energylence of sizeD immersed in a laminar infinite space, he
spectrum: recommended./D<1. It is observedsee Table)l that the

2 integral length scalé is very close to 1 in all the presented

E(k)=k*exp(—2k*/k;) - where ko=4. 23 simSIations? withD =27r. 'IYhis corresponds to Et)he usual
The forcing scheme has been implemented after allowing thealue of the ratid./D (whereD is the size of the computa-
turbulence to decay until an arbitrary time ensuring that dional domain (see Eswaran and Pofleand Overholt and
self-similar solution is reached. The steady state is obtaineBopé* for a large number of examplesensuring that the
at the dimensionless tim& =t/r=10.63, wherer=L/u,,s  two-point correlations decay fast enough to prevent spurious
=4.05 denotes the eddy turn over time. Acoustic computaeoupling of the fluctuations. Because of the triperiodic nature
tions have been carried out over approximately 25 eddy turof the simulation, there is no boundary effect between turbu-
over time. The normalized energy spectrum is presented itence and a laminar zone, rendering the constraint less strin-
Fig. 2 for three different times, which represent the initial gent than in the case considered by Lilley. The second re-
time for acoustic computations, an intermediary time and theuirement is that the turbulence must not decay significantly
final time of the simulation, ensuring that the stationary statén the time the sound takes to cross the turbulent region,
is obtained. The factok,»=1.26, wheren=(1°/€)**is vyieldingM<L/D. In our case, since the turbulence is forced
the Kolmogorov length scale, ensures that the small scaleand does not decay, that constraint is automatically satisfied.
are well resolvetf and ak~>" slope is recovered on the The radiated fluctuating acoustic pressurp’(x,t)
interval 4<k=18. The time averaged skewness factor of the=c?,(p(x,t)—<p>) is then computed using DNS data by
velocity derivative equals-0.47 oscillating between values solving Eq.(22). The normalized fluctuating acoustic pres-
—0.46 and—0.5. Since the experimental value is given to besure p*’' = p’/(ufmsl\/l é), where M = U;,s/Co=0.074 is the
—0.4, while simulations giv&,~ —0.5, the result leads to a averaged Mach number associated to the propagation outside
satisfactory agreement. Time averaged statistical turbulerthe domain is presented in Fig. 3 as a function of the nor-
guantities have been computed in terms of the three dimemmalized timet* =t/7 at an observer location. The signal cor-
sional energy spectrufa(k). The instantaneous energy dis- responds to a general steady process rendering possible a
sipation rateg, is computed as follows: spectral analysis of the acoustic pressure.

A. Direct numerical simulation
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_ ) . ) FIG. 4. Acoustic spectra computed from DNS data—); Sarkar and Hus-
FIG. 3. Normalized fluctuating acoustic pressure defined pHs saini datal: Lilley's model o**(1+2w*2)~3 (— — —); Proudman’s
=p'/({p)uz,M3) computed with DNS data. modelw* 72 (- - - o).

The first analysis of the acoustic spectrum was given by
Proudmarnt® His calculations were based on the cancellationcroscale Reynolds number of the simulation. Nevertheless all
of time correlations leading to am~ " slope behavior for results confirm that the noise generated by turbulence is as-
the acoustic spectrum. More recently Liltyrevisited sociated to eddies smaller than energy-containing eddies and
Proudman’s calculation and assumed that the time correla@re consistent with Lighthill's and Proudman’s results.
tion function depends only on the produ€t|x—y|/cg, The sound pressure level is defined as SPL
where ) is an appropriate characteristic frequency corre-=20xl0g(p/prer) Where ps denotes the pressure associated
sponding to the peak of the acoustic spectrum. Using th&o the peak of the signal is compared to those obtained from
DNS database of Debusschest al,®® Lilley’s calculation the Sarkar and Hussafflisimulation and to the analytical
leads to the simple analytical expression for acoustic specolution given by Eq(27) in Fig. 4. At very low frequencies
trum: (w/wy,=<0.6) discrepancies between the acoustic spectrum

and Sarkar's one occur following a growth law of order

P(w)*w/(1+*40%)° @D (wlw,)"2 while that of Sarkar and Hussaini follows a
corresponding to the temporal covariance +@07  growth law of order @/ w,,)?. Since the turbulence is forced
+4/30%7%)exp(—2Q0 7). This expression satisfies the low fre- at large scales theu( w,)* slope behavior expected by the-
quency conditiorithe acoustic spectrum increasessd$due  oretical developments is not recovered. The results of Sarkar
to the temporal covariance aif/97* developed in Lilley’s et al. are recovered for a normalized frequency: <9 w,,
model and also fits the measured results up to the high fre<1.7 with a spectral decay close t@/w,,) 2 for normal-
quency “dissipation cutoff”(the acoustic spectrum falls as ized frequency greater than 1. Fefw,,=1.7 acoustic spec-
w~?). A comparison between these two models was pertrum computed from the present simulation deviates from
formed by Zhouet al2® leading to Proudman’s model when Sarkar and Hussaini’s results by decaying more rapidly and
the Eulerian time correlations are dominated by local strainfalling down in the dissipation range with a decay law scal-
ing, while Lilley’s result is recovered when sweeping effectsing as @/oy,)” "2 The acoustic spectrum computed by
by the largest energetic scales are dominant. The normalizesiarkar and Hussaini follows Lilley’s model on a wider fre-
acoustic spectrum is presented in Fig. 4 as a function of thgquency range than the spectrum obtained from the present
normalized frequencyw* = w/w,,, Where w,, is the fre- simulation before following the ¢/ w,)~ "? law. Their re-
guency at which the peak of the spectrum occurs. This peakults were computed from a decaying isotropic turbulence
occurs at a Strouhal number=S&L/u,,=2.15. In their where the Strouhal number was calculated as St
simulation Sarkar and Hussaini found a Strouhal number wlLy/ug"®, the subscript O indicating that quantities are
equal to St3.5 computed for a Taylor microscale Reynolds calculated a time=0. During the simulation, the quantity
number equal to 65, while Witkowskat al’s simulation  u™9L is decaying in time. This indicates that the character-
leads to St4.0 with forced turbulence at Re20. Accord-  istic frequency is overestimated for this simulation, leading
ing to Lilley’s theory St=2.83 is expected while at high Rey- to a larger broadband acoustic spectrum than that obtained
nolds numbers all simplified models of turbulence suggesfor forced turbulence where the characteristic frequency is
that the eddies of scale close to energy containing range ambtained by statistical average.
responsible for the bulk of the sound generatibfihe result Nevertheless both spectra observe the same spectral de-
found for the present simulation is then in agreement withcay, ensuring that the DNS leads then to an acoustic field
theoretical models and leads to a smaller Strouhal numbeepresentation which is consistent with acoustic models and
value than these obtained, respectively, by Sarkar and Husdso with other simulations. This good agreement allows us
saini and Witkowskaet al. because of the higher Taylor mi- to conclude on the influence of the forcing scheme on the
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TABLE Il. Ratio between acoustic intensities.

|LES/|_ ||_Es/|_
1/1 I LES| Bardina’s model Liu’s model
16° 328 64° 16° 328 64° 16° 328 64° 16° 32° 64°

0.93 0.97 0.99 0.450.75 0.91 0.66 0.90 0.98 0.68 0.96 1.01

noise generation. It strongly modifies the acoustic properties

of the lowest resolved frequencies, yielding a 1/2 slope, but

the modes located after the kinetic energy spectrum peak are
not polluted, leading to the observed good agreement. Since
the maximum of noise production is due to modes located

after that peak and since we are interested in LES with a [ —T
cutoff located in the inertial range, the present forcing St

scheme can be retained. The same conclusion was given Iy, 5. Comparison between acoustic spectra computed from: DN$-iata
Witkowska. filtered Lighthill’s tensor on 1&nodes(— — —); filtered Lighthill’s tensor
on 32 (- - - -); filtered Lighthill's tensor on 6% (—-—-—-—).

B. A priori evaluation of subgrid scale tensor

contribution to Lighthill’s tensor .
g cays more rapidly when the Strouhal number6tas larger

To analyze high frequency and subgrid contributions ofcutoff wave number values are considered. When the low
the acoustic source term to the radiated noise, a comparis@requency part of Lighthill's tensor is taken into account
petween acoustic qugntities computed from aI.I parts occurg e, Tuj) the resulting energy spectrum is computed as a
ring in the decomposition Eq10) has been carried out. function of GU;G, . In Fig. 6 these spectra are presented

In Table I, ratios between the acoustic intendityom-  ghowing that the filter does not modify significantly the in-
puted from the full Lighthill tensof;; and acoustic intensity gtjq range wherek 52 slope is recovered in accordance
| computed from the filtered Lighthill tensdr; have been ith Lilley’s model and Zhou and Rubinstéfhcalculations.
evaluated for all grids. These ratios show that the contribu- Since the h|gh frequency part of the acoustic source term
tion to the full radiated noise generated by the high fre-can be neglected in all cases, the importance of the noise
quency part of acoustic tensdf; remains less than 10% in radiated by the subgrid modes must be estimated. It has been
all cases. In Table Ill ratios between turbulent scales and thghown by Seroet a|_17 that Subgrid scale tensor has a Sig-
mesh size are presented showing that for all value&.of nificant contribution to the radiated noise. In Table Il the
used the integral scale is well resolved, i&ssL. As the  ratio between acoustic intensity computed from the resolved
noise is generated by scales smaller than the integral Scai_‘?ghthill tensor (namely1'ES) and | has been calculated in
this condition must be restricted td<L/St, where 1/St )| cases. A large contribution of intensity generated by the
=0.47 in the present simulation, and according to all valuegpgrid scales is observed. This contribution reaches 55% for

reported in Table Il this condition is satisfied on all grids. 163 case. In order to resolve the eddies associated to the peak
This ensures that the scales responsible for the noise are well

resolved. Comparison between spectra computed from the
full Lighthill tensor and the filtered one in Fig. 5 shows that

the acoustic spectrum hardly changes when the high fre-
quency part of the acoustic source term is not taken into
account. This result is in agreement with those obtained by

Seroret all” ensuring that the use of large-eddy simulation 10°F
is suitable when it is used together with Lighthill's analogy
and when the mesh size satisfies the condition discussed 10°E
above. F

The spectral decay ob~ "2 is recovered in the same
frequency range while discrepancies between acoustic spec-

tra occur for higher frequencies. The acoustic spectrum de- : \
10° E \

10"

TABLE Ill. Parameters and characteristic values of the flow. 10° [ | T DT Y IO e

10 20 30 40 50 60
ke 7 15 31 k
Aln 22.44 10.47 5.07 FIG. 6. Comparison between energy spectrum computed from DNS data:
AN 1.31 0.70 0.34 E(k) (—) and energy spectrum associated to the filtered Lightill tensor
A/L 0.40 0.20 0.10 E(k)G,(k) on(— — —) 16° nodesy- - - -) 32° nodes{(— ——-—) 64

nodes.
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FIG. 7. Comparison between acoustic pressures respectively associated to

the filtered Lighthill tensor(——) and the resolved Lighthill tensor FIG. 9. Comparison between energy spectrum computed from DNS data:

(— — =) on 32 grid. E(k) (—) and energy spectrum associated to the filtered Lightill tensor
E(k)G3(k) on(— — —) 16° nodes(- - - -) 32 nodes(— — — —) 64°
nodes.

of the acoustic spectrum the conditiddL<0.47=1/St is
required, for this grid (1§ A/L=0.4 is obtained indicating

that the smallest resolved eddies are very close to those agz3 nodes remains close to the DNS result. As the filtered
sociated to the peak of the acoustic spectrum. . Lighthill tensor allows to recover the behavior expected by

~ When the subgrid scale effects representing the interagroydman’s theory, the resolved Lighthill tensor does not for
tion between the resolved and the unresolved structures affe two lowest values ok, as shown in Fig. 8. In the fre-
not taken into account, the results obtained are very far fron&uency range $t[2,6] where Proudman’s model was recov-
the solution computed from the low frequency part of thegreq, the acoustic spectrum decreases more rapidly when the
acoustic source term. The largest error is observed as €¥asolved Lighthill tensor is used for the computation. More-
pected for the lowest value di; (ie., 16) used for the yer the peak of the acoustic spectrum for these two cases
simulation. On the 32grid mesh representation presented Nhas been shifted to the lowest frequency leading now to St
Fig. 7, the subgrid contribution is still significant. Errors oc- —1 g for the 18 case and a 2.0 for the 32ase while St

cur for both amplitude and phase of the acoustic signal indi—» 15 \was expecte(Fig. 8). As suggested by the intensity

cating an important effect of the subgrid scale. ratio | "55/1=0.91 on the 62 grid the acoustic spectrum re-

The comparison between acoustic spectra of the quanti%ains close to the DNS one. When a LES is performed the

2 . .
(P/Prer)” Wherepy is the amplitude qf the peak of the spec- resulting kinetic energy spectrum is computed as a function
trum for DNS case and the pressyrés computed from the =2 o .
of uju;G3. These spectra are presented in Fig. 9 showing

full Lighthill tensor and from the resolved one is presented INhat the inertial range is still there for cutoff wave number

Fig. 8. Important discrepancies concerning acoustic spectrum : o .
) . . values considered. As the decay of Eulerian time correlations
computed on 16and 32 grids occur while the solution on

was dominated by large scale straining according to Zhou
et al, % the use of the resolved Lighthill tensor does not re-
cover reliable results indicating that the subgrid scale tensor
should be parametrized in both case$ 46d 32 mesh grid

to get reliable results for the acoustic field.

C. Parametrization of the Lighthill subgrid scale
tensor

In order to recover reliable results concerning both
acoustic intensity and Strouhal number when LES and Light-
hill's tensor are used together, a parametrization of the sub-
grid Lighthill tensor must be performed. Two models have
been tested for the compressible c&se subgrid scale
model of eddy viscosity type, like the Smagorinsky mé@el
and a scale similarity type model, like the Bardina
model***° The Bardina model led to better results than the
Smagorinsky model and for the present simulations scale
FIG. 8. Comparison between acoustic spectra computed from: the fuI?ImllarIty mOdeI_S hfave been ret_amed' Subgrid Lighthill's
Lighthill tensor (——); the resolved Lighthill tensor on 36— — —), on  t€NSOr parametrization with Bardina’s model has been cho-
32 (- - ), on6f(— —— —)grids. sen leading to
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() (b)

FIG. 10. Comparison between acoustic spectra computed from DNS data and filtered DNNShodésa) and 32 nodes(b): the full Lighthill tensor(—);

the resolved Lighthill tensof— — —); the resolved Lighthill tensor with a correction given by Bardina’'s madel - -); the resolved Lighthill tensor with
a correction given by Liu’s moddl—-—-—-—).
TﬁGS: m;j; = uu;— G4 . (28 acoustic spectrum moves away from the expected solution

) o _ _ but still gives better results than without the model. Discrep-
The Bardina model is indeed a theoretical model, which canyncjes between the Strouhal number associated to the peak of
not be applied if the analytical form of the filter is unknown. the acoustic spectrum are smaller. The measured Strouhal
Liu et al™™ have developed a more general scale similarityn mper is S£2.12, while S2.0 has been found when sub-
model written as follows: grid effects were not taken into account. These values are
M= C (ﬁ‘.—ﬁ) (29 very_close to the St_2.15 o_btaingd in the full I_DNS. Results
" LASIE HiE . obtain on the 6% grid dealing with the associated Strouhal
whereC =0.45, bar still denotes a filter at scal& associ- number are insensitive to the correction of the Lighthill ten-
ated to the mesh size amite denotes a filter at scaleA? sor. This demonstrates that the model acts weakly when the
The ratio between the acoustic intensity computed fronfolution obtained by LES is close to these obtained by DNS.
the resolved Lighthill tensor corrected with subgrid tensorThe subgrid scale model of scale similarity type offers a
(namelyI-ES) and the filtered acoustic intensity is presentedgood issue to parametrize subgrid tensors occurring in the
in Table II. In all cases and for both models significant im-filtered Lighthill equation. These models make it possible to
provements are observed. Nevertheless Liu’s model seems kgcover a part of the acoustic intensity that is not taken into
recover better results than Bardina’s one. The ratio reachedscount as was shown by results on thé afd 32 grids
96% and more than 99% for, respectively?2td 64 grid and also do not introduce overprediction of the radiated noise
nodes confirming that scale similarity models are suitable tévhen subgrid model is not really required.
recover the noise generated by the subgrid scales. Acoustic
spectrg computed from the full Ligh}hill t_ensor, the resolvedv_ LARGE-EDDY SIMULATION: A POSTERIORI TESTS
Lighthill tensor and the resolved Lighthill tensor corrected
with both models are presented in Figs.(@0and 1@b), The formalism presented in Sec. Il has been illustrated
respectively, for the 16grid and the 32 grid. As the solu- by ana priori test based on direct numerical simulation be-
tion on the 18 grid was far from the results given by DNS cause it was the best way to analyze the contributions of all
improvements concerning the Strouhal number are indeedf Lighthill's tensors appearing in the decomposition given
observed leading to St1.9 for both models while St1.8 by Eq.(10). The effects of the mesh size have been param-
was found without model as shown in Fig.(&D This result  etrized by a Gaussian filter function. When a real large-eddy
indicates that model effects are strong even if the solution isimulation is carried out the study differs from the filtered
far away from the expected one. On thée’ 82id, both mod- DNS by several points. First of all the filter kernel and the
els also lead to significant improvements for the spectral denzutoff wave number value are not known exactly. Moreover
sity. The acoustic spectrum in Fig. ) computed using the aerodynamic fluctuations are computed using a parametriza-
corrected Lighthill tensor remains close to DNS results aftetion of the subgrid scale tensor appearing in the filtered
the peak of the acoustic spectrum while without subgrid corNavier—Stokes equation while the exact form of the subgrid
rection it was falling down. As higher frequencies are con-tensor was used in the previous study. To compare results
sidered the improvements are less significant and thebtained by direct numerical simulation and those obtained
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FIG. 11. Kinetic energy spectrum: full line DN} case 10 case 2. FIG. 12. Power spectral density computed from: DNS, full line; filtered

DNS on 32 grid, without correction/, with correction¥; case 1, without
correctionO, with correction®.
when real LES is performed, large-eddy simulations of 32

and 64 grids have been carried out using the same turbulent

parameters as those used for the DN8., the same eddy energy is not distributed on the same frequency range
viscosity and same kinetic enengyhe forcing scheme used \yhether DNS is filtered or LES is performed. This result
is the same as those implemented for the DNS and the valug,ggests that the effective filter function is not the same for
of kinetic energy is equal to these resulting from the filteredy|| simulations and that the smallest scale resolyed, these
DNS on the corresponding grid. Simulations are, respecassociated to the highest available frequéntiffer whether
tively, referred to as case 1 and case 2 for thetdideand  the simulation is performed. When a parametrization of the
Lesieur? model on, respectively, the 32r 64 grids. Ki- | ighthill subgrid scale tensor is added to the resolved Light-
netic energy spectra for these two simulations are presenteg|| tensor, interactions between the resolved and the unre-
in Fig. 11 and compared to the DNS results. It is seen thagolved scales are taken into account such that a decay of the
simulations performed by LES led to kinetic energy spec-amplitude of the peak is observed leading to results closer to
trum which is very close to the DNS one. Parameters anghose obtained by DNS, as shown in Fig. 12 and Fig. 13.
statistics concerning these simulations are reported iResults obtained from these simulations are consistent with
Table 1. those obtained from the filtered DNS and these discrepancies
Discrepancies between values obtained for the Strouhajre especially due to the filtering function, indicating that the
number associated to the peak of the spectrum are reporteddfybgrid scale tensor used in the momentum equation does
Table IV. The results indicate that the scales responsible forot introduce spurious effect.
the noise are not resolved in the same way whether the fil-  The main interest of LES is to compute high Reynolds
tered DNS or LES is considered. When Liu’'s model is usedhumber turbulent flows. To extend the range of the study to

to parametrize the subgrid Lighthill tensor, significant im- purely convective regimes, LES have been performed setting
provements are observed for all simulations by moving the

peak of the spectrum to higher frequencies.
In Fig. 12 and Fig. 13 the power spectral density com-

puted from the resolved Lighthill tensor with and without or

correction is plotted as a function of St and compared to i %8
those obtained by DNS and filtered DNS. Discrepancies ob- 025 "
served between LES and filtered DNS concern both the po- :

sition of the peak of the spectrum and its amplitude. Discrep- 02

ancies on the amplitude of the peak indicate that the acoustic
0.15

TABLE IV. Strouhal number obtained for LES simulations without/with

subgrid Lighthill’s tensor. 0ar

TLES TLES4 TSGS 0.05
Lighthill's tensor St St I
case 1 1.80 1.9 () S 1
case 2 2.10 22 g . 0
case 3 1.55 1.67
case 4 2.17 2.28 FIG. 13. Power spectral density computed from: DNS, full line; filtered
case 5 2.22 2.3 DNS on 64 grid, without correctionV, with correction¥; case 1, without

correctionO, with correction®.
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FIG. 16. Comparison between sound pressure le{@B) case 3
(—-—+—-—);case 4+ - - -); case 5(— — —). The thin lines represent
the power spectral density when Lighthill's tensor is corrected with Liu’s
model. The full line is the Lilley model.

FIG. 14. Kinetic energy spectrum: case(g case 4A; case 5J; the full
line representk >,

the molecular eddy viscosity to zero such that the diffusive
effect are only governed by the subgrid scale model of eddyhg to an enrichment of the high frequency part of the acous-
viscosity type. These simulations have been carried out usingc spectrum. As observed for other simulation the use of a
the Méeais and Lesiedf spectral model described in Sec. lll. parametrization for the subgrid Lighthill tensor introduce
These simulations are referred to as case 3, case 4 and casgignificant corrections concerning both amplitude and posi-
for simulations performed on, respectively *384° or 128 tion of the peak. As explained in Sec. IV A, the theoretical
grids. Kinetic energy spectrum obtained for these simulamodel based on the assumption of an infinite Reynolds num-
tions are presentEd in Flg 14 ShOWing thdt_a% iS recov- ber flow predicts aufz Spectra| deca:v or (1)74/3 according
ered and inertial kinetic-energy range is obtained up to th¢y zZhou and Rubinstei?f In Fig. 16 the SPL have been
cutoff wave number. Parameters and statistics concerningjotted as a function of the normalized frequersyand the
these simulations are reported in Table I. The Strouhal NUMresults are Compared to |_i||ey’5 model. On|y case 5 leads to
ber values obtained are reported in the Table IV. All of thesgesults close to Lilley’s model. The acoustic spectrum recov-
values remain close to those obtained with the previous studyrs anw =2 over a significant frequency range for this case
indicating that the position of the peak of the acoustic specmdicating that the width of the inertial kinetic-energy range
trum does not depend on the Reynolds number. The spectrghs an important signification. The model developed by
density has been computed as a function of the Strouhgthou and Rubinsteifi was indeed based on the assumption
number and is presented in Fig. 15. The mesh size used arfl an infinite inertial kinetic-energy range and led o *°
consequently the inertial range width represent important Paspectral decay for the acoustic spectrum.
rameters for such simulations. As the mesh size is refined The previous Study Concerning filtered DNS has shown
(case $the highest accessible frequency is growing up leadthat the acoustic intensity is also corrected when subgrid
scale Lighthill's tensor is taken into account. To analyze the
subgrid scale contribution to the acoustic intensity, the ratio

035 I/1'ES as computed has a function of the cutoff wave number
g .,_\ and is presented in Fig. 17. Comparison between results ob-
o3 PN tained, respectively, by filtered DNS and LES indicates that
ossk /./"/ \ the contribution of subgrid scales to the acoustic intensity
s 7! A depends on the mesh size used for the simulation.
o2l ,/{" 1
g 7 VI. CONCLUDING REMARKS
i / -
orer //',// Vs Lo Computation of acoustic quantities by filtering DNS data
o I_/{,’/' f"//// show that a parametrization of the subgrid scale tensor oc-
2 curring in Lighthill's equation is required to recover reliable
0.05 _;¢ z results for the acoustic field. The study was especially based
F - on the radiated acoustic spectrum. The use of LES shifts the
R T peak of the spectrum toward low frequencies and does not
St allow the acoustic intensity generated by the high frequency
FIG. 15. Comparison between power spectral density cdse 3--—-—); part of the aCOUSt.iC .SOl.Jrce term to re.CO\ler' SUbgrid scale
case 4- - - -); case 5— — —). The thin lines represent the power spec- Models of scale similarity type are suitable to recover the
tral density when Lighthill's tensor is corrected with Liu’s model. acoustic intensity lost in the filtering procedure and to im-
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