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Abstract

A Large Eddy Simulation (LES) of & subsonic round
jet with a Mach number of 0.9 and a Reynolds number
of 65000 is presented. The numerical eode is built us-
ing specific techniques of Computational AcroAcoustics
(CAA). in order to provide directly the radinted sound
field on o computational domain including the acoustic
far-field. The aim of this study is 1o show the feasibihty
of LES combined with CAA methods, to determine for
a subsonic jet both the turbulent flow and the radiated
acoustic field with a high accuracy. The acrodyniunic
propertics of the jet, such as meanflow purameters and
turbulent intensities, are in very good agreement with
experimental data. The sound field gencrited by the jet
is obtained directly in the simulation and investigated,
Acoustic seurces in the jet are located around the end of
the potential core, consistently with experimental obser-
vations. Radiation directivity and sound levels are com-

pared successfully with corresponding measurements,

1. Introduction

Reduction of jet noise requires reliable prodie-
tion methods accounting for all phenomena respon-
sible for soumd generation and propagation. Since
acoustic sources are found in turbulent regions, it
is necessary to know precisely the aerodynamic field
to identify noise generation mechanisms. Also prop-
ertics of the acoustic fluctuations, such as the long-
range propagation of sound waves, are greatly dif-
ferent from those of the aerodynamic field. Thus
approaches specific to aeroacoustics have been de-
veloped.
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Initially, hybrid approaches such as Lighthill's
analogy! have been proposed, consisting of two-step
calenlations separating netse generation and prop-
agation. The acrodynamic field s determined in o
first step, and introduced as acoustic source terms
in a sound propagation method to obtain the noise
radiation in a sceond step.” This approach allows
one to use methods well suited to the acrodynamic
But it has
also two failures restricting its application: the first

and acoustic calenlations respectively.

one is associated with the modelling of source terms,
and the second one with the acoustie-flow interac-
tions which are generally not included properly in
the wave operator.

An alternative to hybrid approaches, linked o
recent, progress inomunerical simulation, is the di-
rect caleulation of sonnd from the resolution of the
compressible Noavier-Stokes equations. The objec-
tive is to determine both the acrodynamic ficld and
the acoustic waves directly. The computed acoustic
ficld is a priori exact because no acoustic model is
used, aund all fow effects on wave propagation are
raken into account. However, this direct acoustic
approach must face serious numnerical issnes,® ow-
ing to the great disparity of levels and lengih scales
between the acoustic and aerodynamic ficlds. This
Las led to the development of techniques specific to
Computational AeroAcoustics {CAA), such as non
dispersive and non dissipative numerical schemes, or
non-reflective boundary conditions. The challenge is
to implement. them in Navier-Stokes simulations to
compute both the turbulent low and the radiated
acoustic fleld.

The dircct caleulation of sound must also natu-
rally meet she difficultios of three-dimensional How
simulations. Three approaches are commonly used
to solve the Navier-Stokes equations. The first one,
the Dircct Numerical Simnulation (DNS), consists in
caleulating all wurbulent scales. It was applied suce-

American Institute of Acronautics and Astronantics



cessfully by Freund et al?® to determine the noise
radiated by supersonic and subsonic round jets. Nev-
ertheless, DNS s restricted to low Reynolds num-
bers, and turbulence modelling is necessary to sim-
ulate higher Reynolds number flows characterized
by a wider range of scales. In Large Eddy Simula-
tion (LES), only larger scales are calculated whereas
the effects of smaller ones are assigned to a sub-
grid scale model. Tt is also possible to solve the un-
steady Reynolds Averaged Navier-Stokes equations
(RANS) using turbulence closures. Applications of
these last two methods have been investigated re-
speetively by Morris et al,® with the calculation
by LES of the radiation of a supersonic rectangu-
far jet, and by Shen & Tam,” with the study of
screech tones generation in a round jet using un-
steady RANS. These approaches are still to be ap-
plied very carefully, because the modelling of a part
of the turbulence is likely to modily aerodynamic
sound sources.

In this study, a Large Eddy Simulation of a sub-
sonic round jet, with i Mach number of 0.9 and a
Reynolds number of 65000 is performed. It is the
natural continuation in 3-D of a preliminary work
dealing with the computation of the sound radiated
by a subsonic mixing layer using the ALESIA code.?
The aim is, by making use of CAA methods in a
Large Eddy Simulation, to obtain for a subsonic jet
the aerodynamic flow properties as well as the ra-
diated sound field, and to validate both of them by
comparison with experimental data.

This paper is organized as follows. Governing
equations and numerical techniques implemented in
the ALkSIA code are presented in section 2. In sec-
tion 3, we describe the jet characteristics and the
simulation parameters. Next, aerodynamic results
are shown in section 4. Then, the radiated acoustic
field is investigated in section 5. Finally, concluding
remarks are given in section 6.

2. Numerical simulation algorithm

2.1 Governing equations

The full three-dimensional Navier-Stokes equa-
tions are written in a conservative form. In cartesian
coordinates, we have

oU  OEe JFe
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The unknown vector U is given by

U = (p, puy, pis, puy, pe)’

where p, u), ug, ug, and ¢ are the density, the three
velocity components, and the total specific encrgy
respectively. Euler and viscous fluxes in the three
coordinate directions are denoted by the subscripts
e and v. System (1) is completed by the definition
of the total specific energy for a perfect gas

1 o . .
P Lo b+ ud)

[)(::7_1 5

where v is the specific heat ratio; and p the pressure.
Thus Euler fliuxes are written as

U g
P+ pul ey
Fe = i Fe = P+ pud
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My
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{pe + puy
and viscous fluxes as

t
Ev = (0.711~T12,T13,Ui1’1i)
Fv =
Gv =

t

(U, T21, 7227723_-":'72:')
. t

(0,731, Tao, T33, WiT3i)

The viscous stress tensor 7,; is defined by 7y; = 2u5;;
where u is the dynamic molecular viscosity, and S
the deviatoric part of the deformation stress tensor

given by
1 ( Ou;
Sij B 5 (OIL‘J +

2.2 Numerical scheme

duy 25, Ot
Or; 3 70z

The numerical algorithm experimented to solve
the 2-1) Navier-Stokes equations® is implemented in
the 3-D case. This high-order, non-dispersive and
non-dissipative, scheme has shown in 2-D its capac-
ity to compute the sound waves with accuracy, de-
spite the difference of magnitude between aerody-
narmic and acoustic fields. It combines the DRP
scheme of Tam & Webb® for space discretization
with a fourth-order Runge-Kutta algorithm for time
integration. A selective damping® is also used to
filter out short waves not supported by the scheme.
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The mesh is non uniform, because different. diseretiza-
tions are required in the acredynumic near-tield and
in the acoustic far-field,

2.3 Boundary Conditions

The 2-D formulation proposed by Tam & Dong!®
is extended to the 3-D case. These boundary condi-
tions are built from the asymptotic solution of Fu-
ler's equations in the acoustic far-field, and allow to
minimize aconstic reflexions generated when fuctu-
ations leave out the computational domain.

[nto the inflow and the lateral sides of the com-
putational demain, only acoustic Huctnations are
reaching the houndaries, Radiation boundary con-
ditions, defined by the differential system governing
the behaviour of acoustic perturbations i the far-
field, are thus applied. They ave written, in spherical
coordinates, as

5 p=p
N g teT _
_ i + | — 4+ - e — iy ={)
vy Ot droor _
: iy Uy - Uy
p p-r

where v, is the acoustic group velocity, and B, 7y, Uy,
iy and §oare the mean density, velocity components
and pressure respectively. These mean quantities are
computed during the siinulation,

Into the outtlow, acrodynamic fluctuations con-
vected by the How are alse leaving the computational
domain. The first four equations are modified to en-
able the exit of vortical or emropie perturbations.
The outflew houndary conditions are written as

%+ﬁ.v(!}_ﬁ)_CL'J(%'FH'V(P‘,E))

f)“,‘ _ _ _ 10 (P_]_)) o o
W+ll.v(lt1 11:)——5T [i = ]’2:,5]
Lap 00-P) =B _

ty Ot ar .

where © = \/p/7 is the mean sound speed.

The efficiency of the bhoundary conditions is es-
timated with two test cases.!!  The first case is
a purely acoustic problem with the propagation of
a three-dimensional acoustical pulse in an uniform
Mach 0.5 flow. Acoustic perturbations are leaving
out the computational domain without significant
reflexions. In the second one, acrodynamic pertur-
bations are considered with the convection of & vor-
tex ring in a uniform Mach 0.5 flow. The exit of this

3
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vortical structure generates weak spurious waves,
but which are not negligible in comparison with the
physical sound field characterized by small ampli-
tudes. Similar results were found for the 2-D for-
mnlasion of Tam & Dong boundary conditions.!' A
sponge zone 18 thercfore implemented in the outflow
direction to dissipate acrodynamic lluctuations be-
fore they reach the boundary, and to filter out possi-
ble reffected waves ® It is based on the combination
of grid stretching with the introduction of an artili-
cial damping term in system {1).

2.4 Subgrid Scale Model

The resolution of Navier-Stokes equations requi-
res the calculation of all wurbulent seales. These
Direct Nnmerical Simulations (DNS) are thus re-
stricted o low Reynolds manber flows.

To simulate flows at higher Reynolds number, a
possibility is to compute only the farger structures,
and to take into account of the effects of smaller
scales via o subgrid scale model. This method is
referred 1o as Large Fddy Siinulation (LES). A wor-
bulent viscosity g ensures dissipation of the smaller
unresolved structures.

Basically, j is replaced by
jo g inosystemn (1), Varlous models have been
built 1o determine an expression of this turbulent
viscosity. To keep the problem as simple as possible
for acrodynamics, we choose Smagorinsky’s model'*
: Y A
= p(Ce)" V2515
whoere the Smagorinsky constant is taken to be G, =
018, and the characteristic grid length is

o Ay Axa Ay

3. Flow simulation

3.1 Flow parameters

The inflow axial velocity uw (7} of the jet is given
Ly the following hyperbolic-tangent profile

= U—J -+ EJit;m]] E
2 2 244

where U is the inflow centerline velocity, dg the ini-
tial momentunm thickness of the shear layer, and rg

i (I)

the jet radius,

The jer Mach number My is taken as 0.9, and
the flnid surrounding the jet is initially at rest. The
choice of this Mach number is justified by the amount
of experimental studies available in the literature,
providing both aerodynamic resulis,'® and acoustic

American Institute of Acromautics and Astronautics



results. -6

This Mach muuber allows also a high
convection speed of turbulent structures, which re-
duces computation time. We can notice that the fivst
nunerical simulation of a subsonic jeu to determine
direcily its radinted field involves a Mach number
0.9 jet. [t is the DNS of a Reynolds mumber 3600 jor
carried oul by Freund.”

The jet Reynolds nnnber, based on the jet di-
ameter and defined by fep = Uy x Dfw, s equal
te Rep = 63000, It is higher than Reynolds num-
bers affordable in DNS, but still lower than values
of practical interest, typically Rep > 10°.

The ratic between the initial jet radius and the
initial momentum thickness of the shear layer is also
an important parameter.  Transition from lLaminar
flow 10 a fully turbulent jet s greatly dependent on
s value. In this study, the ratio 8p/rg is 0.05, thas
enables vhie development of vortical structures in the
shear zones, before turbulent mixing oceurs on the
whole radial section of the jet corresponding 1o the
cnd of the potentiel core.

3.2 Numerical specifications

The computational mesh consists of 255 x 187 x
127 points in the three coordinate directions. Owing
to computer limitations inherent in 3-13 calculistions,
meshes are significantly stretched as represented in
Figure 1.

25

20

30

Figure 1. Visualization of the z —y and y — z sections
of the cartesian mesh grid. Only every sixth line in
the three coordinate directions is shown.

Points are clustered radially in the jeu, with 26
points in the initial jev radius. The minimum mesh
spacing g, found around 7 = ry, is chosen Lo be
dg = L.6Ag, so that there are about ten grid points
in the initial shear. Outside the jet, mesh spacing
increases rapidly, to reach a value of Aya, = 04drg
in the far-field. This mesh spacing Ayer allows
an aceurate sound propagation up to a frequeney

4
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corresponding Lo a cut-cif Strouhal numnber S, =
fox DJU; =0 L1

In the How direction, mesh spacing is constant,
201, with Az = 3A4. Then, meshes
are stretched for the 40 last points with Axee =
0.54rg, in order to build up a sponge zone. Fol-
lowing the technique used in o previous study,® an

up to x =

artificial damping term is progressively added i the
sponge zone. [t is only applied in the flow region
using a radial weighting. Thus, the physical part of
the computational domain extends in the axial di-
rection up to z = 200y for the acrodynamic field,
and up to 2 = 30rq for the acoustic far-field.

The mesh grid is refined enough to calculate ac-
curatly large turbolent structures. The subgrid scale
viscosity 13 around 10 times the molecular viscosity,
which is small compared to values usually found.
That may prevent the subgrid model from being un-
siuited or from generating parasitic noisc.

The time step is defined by At = 0.78q/eq. The
selective dunping is applied two times per iteration
with & mesh Reyoolds number 2, = 5, to cusure
the numerical stability of the simulation in pres-
ence ‘of three-dimensional turbulence. The simula-
wion runs for 36000 iterations, the calculation of sta-
tistical means starting after 5000 iterations. Con-
sequently, the siimulation time corresponds to 22 x
Lifco, where Lo = 3070 is the grid length in the
axial direction. The computation is 15 hours long
on a Nee SN-5, with a CPU e of 0.3us per grid
point and per iteration, and a CPU speed of 5000
Milops.

3.3 Inflow forcing

The jet is forced using a random excitation to ob-
tain its natural developrment. Velocity fluctuations
are added into the infiow to seed the turbulence in

They are solenoidal in order to minimize

the jet.
These
vertical perturbations are generated by the follow-
ing process.

the production of spurious acoustic waves.

First o vortex ring of radius ry s built up near
the inflow at @ = 0.8, It has a longitudinal and
and a radial velocity, but no azimuthal one. The
n" spatial mede of the excitation is then obtained
from this basic vortex ring by multiplying with the
function ¢os(n#). In this study, the jet is excited
using the first tenth modes.

This ring excitation is only applied it the shear
layer; that is the most unstable region of the jet. In
thiese shear zones, turbulent intensities generated by
the forcing are around 3%, which is similar to in-
tensities observed experimentally at jet nozzle exits.

American Institute of Acronautics and Astronautics



Thus, it allows to start properly the transition te
turbulence in the jet.

4. Acrodynamic results

4.1 Flow development

Figure 2 displays the vorticity fields provided
by LES. The longitudinal vorticity Held w. ), shows
that vortical structures are generated in the two
shear lavers, which grow initially rather indepen-
dently.
vicinity of @ = 10ry. indicating the end of the po-
tential core of the jet. Then, i developed turbulence
is found downstrean, illustrated by the transversal

The shear zones begin to interact in the
g

vorticity field w, .. and characterized by o typical
three-dimensional mixing. We can also observe that

acrodynamic fluctuations are dissipated by the spon-
20-"U<

ge zone from x

Figure 2: Snapshots of the vorticity field.  Upper
picture, w,y in the 2 —y plane at z = 0; bottom
picture, w,: in the y — z plane at @ = 12ry. Levels

are given in s

4.2 Mean flow properties

Contours of the mean longitudinal velocity are
shown in Figure 3 for velocities varying from 0.05 {5
up ta 0.93 U;. The jet patential core, region of uni-
form velocity equal to Uj, can be scen. Its end is
located around # = i0ry, which is in agreement with
experimental values. For exemple, Lau ef al.' have
observed the eud of the potential core of a Mach 0.9
jet at a distance of 10.4ry from the nozzle exit,

Mean streamlines are also plotted in Figure 3.
Surrounding fluid, initially at rest, is drawn radially
to the low direction, at a low speed of the order of

2 U,

Then the fluid is carried away in the jet.

(c)2000 American Institute of Aeronautics & Astronautics or Published with Permission of Author({s) and/or Author(s)' Sponsoring Organization.

It is in accordance with experimental descriptions
of fuid entrainment. mechanism, responsible for the
increase of jot How rate.?? The boundary conditions
implemented in the simulation allow the incoming of
fluid in the computational domain to feed the How.
This resnly is essential to obtain flow characteristics
conform to experiments.

Figure 3: Visualization of mean tlow: ——— 10

contours of the mean longitudinal velociy defined

from 0.05 we 095 U/;; — - = . 5 mean streamlines,
Fa H

Figures 4 illustrates computed mean flow prop-
erties. In particular. the lnear growth of different
mean parieneters is found in the jet region where
turbulence s developed, which correspondds to the
assimption of self-similar mean profiles.

In this region. the mean centerline velocity U,
follows a v~ ! decay in the axial direction, which can
be written as
Y =D x —D

X — Ty

[N

where g 15 the virtusl origin, and B is the decay
constant. Figure 4(a) presents the longitudinal eve-
lution of the inverse of the mean centerline velocity
normalized with the inflow velocity U;. Tts value is
I in the potential core, and it grows Hnearly after-
wards, confirming the 27! decay of U,. The constant
815 5.5, with a virtual origin at 2y = 0. It is consis-
tent with measurements of Wygnanski & Fiedler,'?
Panchapakesan & Lumley'™ and Hussein et al ' as
well as DNS results of Boersima et al,*? reported in
Table 1.

Rey, Ié) A Reference
86 x 10Y 5.4 .08 Wygnanski et ol
1.1 x 107 6.1 0.096 Panchapakesan et al’®
95 x 107 58 0.0 Hussein et al1?
24 % 108 59 0.095 Boersma ct al0
6.5 x WY 5.5 0.096 Present simulation

Table 1: Mean flow parameters obtained from dif-
forent. experiments, DNS, and present simulation.

fn the same way, the half-width of the jet §,,y,
defined as the distance from the axis for which the

American Institute of Acronautics and Astronautics



(c)2000 American Institute of Aeronautics & Astronautics or Published with Permission of Author({s) and/or Author(s)' Sponsoring Organization.

2
2“ 1.5
=-
1
0 5 10 15 20
x/r
0
(D)
2
(=)
*‘«N 15
o
1
0 5 10 15 20
x/r
0
(c)
35
3
o 2.5
&
@] 2
1.5
1
0 5 10 15 20

x./'ro

Figure 4: Longitudinal evolution of: {a), the inverse
of the mean centerline velocity normalized with the
inflow velocity U; /U,; (b), the hall-width of the jet
normalized with the jet radius §y4/rg; (¢}, the mean
flow rate normalized with the infow rate Q7 Q.

mean longitudinal velocisy is half the centerline ve-
locity, grows linearly in the jet self-similar region s

'51/'.: = A x (& —mxy)

where 4 1s the spreading rate of ihe jet. In Figure
4(b), we show the longitudinal evolution of the jet
half-width normalized with the initial radius rg. Its
value is 1 as long as no vortical structures are cre-
atad in the shear layers, and then increases slowly
at their appearance around = = 6y, Afterwards,
the jet spreads linearly in the turbulent region, with
arate A equal to 0.096, that is in agreement with
experimental and numerical data of Table 1.
Finally, owing to the 27! decay of the centerline
velocity and to the linear spreading of the jet, the
axial mean flow rate @ must alse grow lincarly as

_@ o x €= Ty
o D

whaore (Jg is the inflow rate, and € is the entrainment,
rate. Figure 4(c) displays the longitudinal evolution
of the mean flow rate normalized with Qp. This
ratio grows regularly, since the entrainment of the
surrounding fluid occurs from the inflow of the com-
outational domain. Nevertheless, the growth is lin-
car only after the end of the potential core, with
an entrainment rate ¢ around 0.32. Experimental
vithues of the entrainment rates are rare in the litera-
ture, because they are diflicult to measure. Ricou &
Spalding?! have however succeeded in determining
the mass entrainment rates of jets between different,
fluids. In the air-air case, they have found o rate of
(.32, which is the same as that given by the simula-
tion.

The mean velocity properties of the jet calculated
Ly LES are therefore in very good agreement with
corresponding data available in the liverature.

4.3 Turbulent intensities

Turbulent intensities of acrodynamic perturba-
tions provided by LES are now investigated. The
longitudinal intensity oy, radial intensity ¢, and
azimuthal intensity g, are calenlated in the © —y
plane at z = 0, using velocity tuctuations o', v' et
w'. They are written as

Tuu = Tyy — Tww =
U U,

The turbulent intensity g, is also defined by

Vv

Ue

Ty =
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These intensities are normalized with the local cen-
terline longitudinal velocity, according 1o usual rep-
resentation.

Rudial profiles of the four wurlmlent intensitics
are shown in Figures 3 and 6 at five locations be-
tween ¢ = lorg and = 200, as fumction of the
nondimnensional coordinate 4/ (x — o). Profiles are
well superitmposed, in agreement with the self-sinila-
rity of fully turbulent jer. The mean profiles cal-
culated between & = 1arg and o = 200, are also
plotted as solid lines. Results are very close to mei-
suments, and mean caleulated curves stand between
two experimental profiles provided by Panchapake-
san & Lumley™ and by Hussein et al !

Turbulence levels supplied by the LES are com-
pared successfully with experimental datas In par-
ticular, the use of the Smagorinsky subgrid-scale
model has not breught a too high dissipation of tur-
bulent, structures. This model s actually suited o
the jeu configuration, where the Boussinesy hypoth-
esis 1s valid and fine turbulence 1s quasi isotropic.

4.4 Turbulent spectrum

Turbulence is fully developed at the point located
at y = ry, 2 = 0 and » = 16.8ry. The turbulent ki-
netic encrgy spectrum (k) 18 shen calenlated ot
this point, and plotted in Figure 7. The Tavlor hy-
pothesis of frozen turbulence is applied to estimate
£{k)) from the temporal spectruim E(f).
tice, the usual relation Ay = 27 /7 15 used.

I prac-

The grid cut-ofl wave number A, is given by
ke = 27 /(6A), where A, is the loeal mean mesh
spacing. It corresponds to the highest wave nuber
well supported by the numerical algorithmn, with 6
points per wavelength, As expected, the spectrum
E(ky) decreases rapidly in the vicinity of k.. The
gridd cut-off is also related to a Stronhal number
St. = 2.5, so that predominant sound sources, typ-
ically found between 0.1 < St < 1 in a jet, will not
be affected significantly by the LES filtering,.

The cut-off of the turbulent. spectrum is located
in the k7% inertial zone, where the kinetic energy
is transfered from large structures wo dissipative fine
scales. That 13 one asswnption of the Smagorinsky
subgrid scale model.

5. Direct calculation of the acoustic field

5.1 Dilatation field

Figure 8 displays the dilatation ficld © = V.u
provided directly by LES. Dilatation accounts only
for compressible fluctuations; and is also connected
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Figure 5: Radial profiles of the turbulent intensities:
{a), o (b), v (€, Gww- %, al @ = 15.8ry; +, at
o= 16.8rg; *, ab o = 17.7r5: 7, at 2 = 18.6rp; A, at
= 19.6rg. ., mean profiles calculated from
x = lirg to ¢ = 20rg; — - — - |, experimental pro-
files obtained by Panchapakesan & Lumley'®:
— , experimental profiles obtained by Hussein, Capp
& George.'?

7
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Figure 6 Radial profiles of the turbulent intensity
Ty Sce Figure 5 for the meaning of various curves
amd symbols.

10
-5/3
k1
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kcl
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1e-5 ” ;
10 10
k,

Figure 7: Turbulent kinetic energy spectruim £(k)
in dB/Hz, at the point located atow = 16.8ry, y = 1o
and z = 0.

8

to Lhe aeoustic pressure ontside he flow region, whe-
re the meanflow s neghgible, by the formula

I dp

D=Vu=-— -
Poi ot
Dilatation is thus proportional wo the vime deriva-
tive of the acousiic pressure owside vhe jet. Tus use
allows wo eliminase the mean pressure field, and to
filter very low frequency oscillations.

Figure 8 Snapshot of the dilatation ficld © = V.u
in vhe acoustic region, and of the vorticity field wy,
in the aerodynamic region, in the o — y plane at
7 = 0. The dilatation color scale 1s defined for levels
from -90 & 90 71, the vorticity scale is the sime as
in Figure 2.

This figure demonstrates that the dilamation field
is not contaminated by parasitic waves generated
by the inflow excitauion or by the exit of turbu-
lent structures of the computational domain. Wave
fronts are mainly coming (rom an erigin lecated aro-
und @ = Llrg, in the region where the mixing lay-
ers are merging, It can be noted that predomi-
nant acoustic sources are located around the end
of the potential core. This agrees both with the re-
sults of the recent INS performed by Freund® and
with the measurements of Chin & Kaplan®? and Juvé
et al*® using various source localization techniques.
Morcover, the computed radiated field is more pro-
nounced in the downstrenm direction, in accordance
with experimental directivities.

5.2 Pressure lield properties

In order to determine the sound levels, the time
evolution of pressure is recorded in the acoustic far-

American Institute of Acronmtics and Astronautics



field, an different points along the bonndaries of the
computational domain. Figure 9 plots the fluctu-
ating pressure obtained during 400G iterations at
x = 10ry, 4y = 24y and z = (1 Very low frequency
oscillitions are visible, with an amplitude higher
than that of phyvsical waves, We suppose that those
spurious oscillations are due to reflections coming
from the outilow boundary. The sponge zone being
built. up over ouly 40 points, the low frequency waves
supported by the maxiinum mesh spacing in the lon-
gitndinal direction may not be dissipated encugh by
the artificial damping teru.
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-30

—60

6000 7000 8000 9000 10000
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Figure 9: Time evolution of the hictuating pressure
recorded at the point located ab @ = 10rg, y = 2y
and = =0, daring 4000 iterations.

This property is also observed in Figure [0, pre-
senting the pressure spectrum in dB at the poing
considered in Figure 9. The spectrum increases rapid-
Iv 10 the low frequencies from o Strouhal number
St =~ 0.1. This low frequency behavior was previ-
ously found in numerical studies of Zhang et al?!
and of Shieh & Morris®® dealing with the computa-
tion of noise generated by flows past a cavity. More-
over, the spectrun decreases sharply around a Strou-
hal number of 1, in the viginity of the grid cut-off
frequency in the acoustic far-field. For 0.1 < St < 1,
the spectrum appears actually as a typical jot noise
spectrum with o peak around St~ (0.3

5.3 Sound pressure level

Following Zhang et al.,*' the physical part and
the spurious low frequency part of the spectrum are

distinguished to calculate the Sound Pressure Level
(SPL). The pressure spectrum is therefore integrated
from a Strouhal mumber 5t = 0.15. The radiation of
experimental jets concerns mainly a frequency range
of 0.2 < St < 1176
the low frequency part of the physical radiated field,

The sound contribution of

9
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Figure 10: Sound pressure level ehtained from the
pressure at the point defined in Figure 9, as function

of Strouhal number St = fD/U;.

neglected inour caleulation, is not predominant. By
this way, the computed SPL are very close to those
obtained if the whole physical spectrum were inte-
grated.

SPL are estimated at a distance of 60rg {romn
the inflow, to enable the comparison with measure-
mwents taking the jet nozzle exit as origin of the di-
rectivity. The r=F decay of acoustic waves is used
from the sound sonrces located at o = 1lrg to the
different. fo-field recording points. Figure 11 shows
the caleulated SPL, and experimental data for var-
The
agreenent, between numerical sound levels and mea-

wus Revonolds numbers, reported in Table 2.

sureimnents is excellont.

Ji% ey, Reference

0.9 54 x 10°  Mollo-Christensen et ol.™
0.8 5 x 107 Lugh™®

G.9 3600 Stromberg et ol '?

0.0 6.5 x 107 Present simulation

Table 2: Some jets with Mach numbers similar to the
Mach number of the present simulation, for which
the radiated sound field has been measured.

The acoustic level reaches a peak aronnd an an-
gle of 30°, and it decreases for angles closer to the
jet axis, which can be attributed to flow refraction
cifects. Furthermore, the acoustic radiation is much
more marked in the downstean direction, with up-
stream sound levels at least 10 dB inferior to the
highest value obtained downstream,

The sound feld provided by LES compares suc-
cessfully with measurements in terms of directivity
and levels. Despite the problem associated with the

American Institute of Acronautics and Astronsutics
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Figure 11: Sound pressure level as function of angle ¢
measured from the jet axis, at 60rg from the jeu noz-
zle. Experimental data by: 4, Mollo-Christensen et
al.'*; o, Lush!®; x, Stromberg et ol 19

spurious very low frequency oscillations, the radi-
ated field is correctly calenlated. Predominant noise
peneration mechanisms are well described in ihe nu-
merical simulation. They seem 1w be relatively in-
dependent of the Reynolds aumber, constdering the
sinmilirity between the noise radiation of jets with
very different Reviolds nunbers from 3600 up o
5.4 x 107,

6. Conclusion

In this paper, & Large Eddy Simulation of o 3-D
round jot with a Mach number of 1.9 and a Reynolds
number of 63000 has been presented. The simula-
tion is based on CAA numerical methods in oeder 1o
compute directly the aerodynamic noise. hinplenen-
tation and results of the calculation are presented.

Specitic CAA techniques, such as the muneri-
cal algorithm or the non-reflecting boundary con-
ditions, mnitially developed to propagate aceuratly
sound waves using Lincarized Euler’s cquations, are
capable of solving the full Navier-Stokes equations
in order to simulate turbulent Hows.

Aerodynamic properties of the jet, namely maan-
tlow parameters and turbulent intensities, arein very
good agreement with experimental data of the liter-
ature. The acoustic field radiated by the jet is also
directly given by the LES. Sound sources in the jet
are found at the end of the potential core, as shown
experinentally. The integration of the physical spec-
trum provides sound pressure levels and directiviey
reproducing well experimental results.

This study shows the feasibility of the direct cal-
culation of the acoustic field generated by subsonic

(c)2000 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

flows using LES. The excellent concordance with
measurcements supports that acrodyvnamic and acous-
tic mechanisms are well accounted for by o sim-
nlation. In that way, further works will investigate
the generation mechanisms of jet noise.
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