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Numerical and analytical investigation of the indirect
noise in a nozzle

M. Leykot!, F. Nicoud, S. Moread, T. Poinsct

Analytical and numerical assessments of the indirect ngéserated through a nozzle are pre-
sented. The configuration corresponds to an experimertig) eperated at DLR by Bake et
al. (2008) where an entropy wave is generated upstream obthde by means of an electrical
heating device. Both 3D and 2D axisymmetric simulationsperéormed to demonstrate that
the experiment is mostly driven by linear acoustic phenameércluding pressure wave reflec-
tion at the outlet and entropy-to-acoustic conversion endhcelerated regions. On the other
hand, the spatial inhomogeneity of the upstream entropyuiion has no visible effect for the
frequency range investigated 100 Hz). Results show that the acoustic impedance down-
stream of the nozzle must be accounted for appropriatelydardo recover the experimental
pressure signal. A good agreement is also obtained withe@ypanalytical assessment based
on the compact nozzle approximation.

INTRODUCTION

Over the last five decades, jet and external aerodynamiesofsaircraft have been substantially reduced.
Further developments will be needed for the modern airckadign in order to meet the increasingly re-
strictive rules about noise reduction; there is no doulit@wmputational AeroAcoustics (CAA) will play

a major role in these future developments. With the drastingise reduction already achieved, the relative
importance of other noise sources has increased and thebeoion of these sources must be controlled if
further global noise reduction is to be achieved. Amongdlsmirces, the noise stemming from the tur-
bulent flame within the combustor is already identified as-negligible at take-off, especially in the mid
frequency range. Two main mechanisms have been identif&2®[1.4] regarding noise propagation from
the combustion chamber to the far field (see Fig. 1):

e direct combustion noise: acoustic perturbations generated by the unsteady heaiseefeom the
turbulent flame [7] propagate either upstream or downstitbaough the turbomachinery stages and
can reach the far field after it has been drastically distioiethe mean flow and also diffracted and
reflected by the solid walls within the diffuser, the distriér, and the turbine and compressor blades.

¢ indirect combustion noise: entropy fluctuations generated within the combustion ctemihot
spots, imperfect mixing, ...) are propagated downstreaghigeract with accelerating mean flow.
During this interaction, part of the energy contained ingh&opy mode is transferred into the acous-
tic mode and the subsequent acoustic waves are transnattiee far field through the turbine stages
in a similar way as for the direct combustion noise.

From the current knowledge and expertise about Large Eddul&tions (LES) of turbulent reacting flows
in complex geometries and the accuracy requirements riegandise prediction in CAA, computing the
absolute level of combustion noise from a realistic comtnuist certainly out of reach of the actual com-
puting/modeling capabilities. The objectives of this stade three folds:

e to assess/establish the capability of a state-of-the a& td6l for the computation of compressible
reacting flows to reproduce the entropy/acoustic intepadti the presence of a strong mean velocity
gradient. To this end, the numerical results will be comgaoethe measurements from the entropy
wave generator experiment studied at DLR by [4, 3, 2],

e to gain insight into the first order physical mechanisms tirate the pressure signal measured in
the experiment. Notably the effect of a) the entropy fludtret shape and size and b) the boundary
conditions will be assessed,
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Figure 1 : The two main mechanisms for noise generation from confinadfladirect ¢ —) and indirect () noise

e to investigate to what extent an analytical approach baseth® compact nozzle approximation
[11, 8] and valid for 1D planar waves can reproduce the erpamial data of [4].

The analytical relationships that can be derived under dmepact assumption for plane waves are first
reviewed in section I. The experimental setup and assat@mputational domain are then discussed in
section Il where a short description of the LES solver is @savided. Finally, results are discussed in
section III.

| THEORETICAL BACKGROUND

This section builds upon the results obtained by [11] whai$ed on the generation and the transmission
of flow perturbations (acoustic and entropy) through a steazh-uniform flow. Assuming a quasi-1D
nozzle flow and quasi-steady perturbations (nozzle compasj, they established the relations linking
the different perturbations using mass flow, energy andopgtconservations. These developments are
reviewed here to provide a better understanding of theéetlimoise generation mechanism.

1.1 ISENTROPIC NOZZLE

Consider an isentropic flow of a homogeneous gas of depsitglocityu, pressure, constant heat capacity
¢p ande, = ¢,/ within a quasi-1D adiabatic duct of cross section a#éa). In this case, the mass flow

= puA, @
the total temperature
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and the entropy
— '
s = cplog ek 3)
are constant throughout the duct. The above relations cdiffbeentiated to yield:
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where the speed of sourd= /~vp/p and the Mach number/c have been introduced.
Under the compact nozzle assumption (the wave lengths qfd¢herbations are large compared with the
axial dimension of the nozzle), there is no delay and distotietween the inlet and the outlet of the nozzle.
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Figure 2 : Compact element illustration: The quantify conserved throughout the element, is the same upstream (
and downstreambj at each instant

Compact element

As a result, the instantaneous values of the mass flow, thktérhperature and the entropy are conserved
throughoutthe nozzle at each instant, as displayed in Fig. &@her words, the compact nozzle assumption
allows writing:

[dslg =0 3 [dmlg=0 ; [dL]; =0 (7

where[ |® stands for the jump between downstream (inb)eand upstream (index) of the related object
(subcritical nozzle, supercritical nozzle and normal gfoét this point, it proves useful to introduce the
following reduced variables and acoustic waves [11]:

LAy ds
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Pr=g(p+v) 3 PT=3(p-v) (8
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1.1.1 UNCHOKED NOZZLE

Combining Eq. 7 with Egs.4, 5 and 6 the following set of thrgeations can be obtained:
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In each of the previous equations, the LHS involves the tivaees propagating outward, either upstream
(P)or downstreaml(’,:r andoy); the RHS involves only (known) waves propagating inwaid, towards
the nozzle, either upstrear®f{, o,) or downstreamf,"). Note that in the particular case whePg # 0,

o, = 0andP,~ = 0 (the ingoing waves can be fixed freely), Egs. 9 allows redagehe expression given
in [11] for the acoustic response of the nozzle to an acoestitation (AA):

B an) = (Mo 1+ M, 1+ 30y - DM; (10)
Pt L+ My ) \Ma+ My ) \1+ 5y = 1) MM,

In the same way, if one assum&y = 0, o, # 0 andP,” = 0, the acoustic response to an entropy
perturbation (SA) is recovered as in [11], viz.:

Pt (Mb —Ma) ( iM, )
b (SA) = 11
aa( ) 1+ M, 14+ 2(y — )M M, (1)

1.1.2 CHOKED ISENTROPIC NOZZLE

In the case of isentropic choked nozzle, the flow is subsanithé convergent nozzle part and totally
supersonic in the divergent nozzle part. In this case, thasic waveP,” leaves the domain and cannot be



imposed anymore. Two waves enters the domain, nafglands,, and four must be determined, namely
three transmitted/generated Wavé§+( P~ andoy) and one reflected/generated wavg (. The critical
mass flow equation is then introduced in order to close thbleno (4* being the critical section area and
m* being the critical mass flow):

_lotl
. D1 y+1)
i = A (_) 12
VrTi 7 2 (12)
Combining the differential of Eq. 12 with Eq. 5, one obtains following additional condition:
d -1, d 1. d
EoME M=o (13)
c 2 P 2 ¢

which can be used to complete the previous jump equationd €lagse the system. After some algebra the
following expressions for the four outgoing waves can beioiletd:
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In many practical cases, however, a residual shock standissiiceam of the throat of a choked nozzle and
the mean flow is not isentropic anymore.

1.2 WAVES FOR A SHOCK

The interaction of acoustic, entropy or vorticity waveshwatshock wave is a complicated problem [9, 10],
but it can be managed quite well analytically in 1D [12]. Bystruction the flow immediately upstream
and downstream of a normal shock is supersonic and subsespectively. This means that four waves
are in-going in this case, namely;", P, o, andP,, while only two propagates in the outward direction,
viz. P,:r ando,. The derivation of the outgoing waves as a function of theing ones builds upon the
classical jump relations trough a normal shock which onlyed&ls on the upstream Mach number. This
latter quantity is modified by the shock motion induced byitikgoing waves. After some algebra, ones
obtains:

(14 MZ+2M2Mp) Pf + (1 4+ M2 —2M2My) Py =
(14+ M2 +2M M) PF + (1+ M2 —2M M}) Py
(M2 —1)°

(Pb++Pb_ijfPa’)(771)((7_1)MZ+2)MZ = oy, — 0, (15)

Egs. 15 generalizes the result given in [11] to the case wRgrés not zero and indicates that entropy
fluctuations can be generated by the interaction betweenarstc wave and a shock.

Il C ONFIGURATION

All the computations presented in this paper are relateth¢oLR experimental setup studied by [2].
A sketch of the so-called Entropy Wave Generator experirgedisplayed in Fig. 3. It consists in an
accelerated tube fed by entropy waves generated by anieleeaiting device located between the upstream
plenum and the nozzle. The operating conditions are sut¢hht@anozzle is choked but not adapted so that
a normal shock takes place just after the throat, within therdent section. When accelerated through the
nozzle, the small amplitude entropy fluctuations (of orfdeK) produce backward and forward propagating
acoustic waves. The forward part of the generated noise @ésuaned/analyzed by microphones located
downstream the nozzle. The main physical parameters dgfthanoperating conditions are gathered in
Table 1. Note that the heating durationli@ ms which, with a bulk velocity of order2 m/s, leads to a
entropy perturbation of typical length of orde200 mm while the nozzle is abo@63 mm long. This is
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Figure 3 : Principle of the Entropy Wave Generator experiment (leagife given in mm)Short configuration: ¢ =
500 mm;Long configuration: £ = 2100 mm

Plenum pressure | Outlet pressure| Inlet Mach Shock Mach | Outlet Mach

117000 Pa 100800 Pa 0.037 1.340 0.023

Plenum temperature Pulse amplitude| Pulse duration| Pulse length

298 K 9K 100 ms 1000 ms

Convergentlength| Divergent length| Throat diameter Inlet diameter| Outlet diameter

13 mm 250 mm 7.5 mm 30 mm 40 mm

Table 1 : Main characteristics of the experimental/numerical expent

most probably not relevant to practical engine applicatiwhere the expected length of the entropy spots
is more likely in the ordet00 — 200 mm.

The numerical tool used in this study is the unstructuredmgstion code AVBP developed at CERFACS
[1]. AVBP solves the complete Navier-Stokes equations in amd three spatial dimensions. The un-
structured approach allows computing not only the nozztealso the whole air feeding line as well as
the exhaust system. This code was selected because it shévesmplete compressible Navier-Stokes
equations and can naturally account for the energy trafsfeveen the entropy and the acoustic modes
of oscillation. The numerical method used is based on a weibtesidual, Taylor-Galerkin discretization
which is third order in both space and time [5] in order to mriizie the dispersion/dissipation errors.

The main characteristics of the simulations performed ateayed in Table 2. The entries 'short’ and 'long’
refer to the two types of computational domain depicted m Bi They both include the upstream plenum
and the heating section but the 'short’ one extends 6alymm downstream of the nozzle throat (length
£) while the 'long’ contains the exhaust duct until the ent®to the anechoic part, viz. appr@.00 mm
downstream of the nozzle. BC refers to the boundary conttiescribed at the outlet of the computational
domain which can be either non-reflecting, fully reflectingcorresponds to a finite (neither zero nor
infinite) acoustic impedance. The ’'heating’ entries cqrozsl to the shape of the temperature pulse: it is
1D in most cases (viz. uniform in the plane normal to the daci} can depend on the distanceo the
axis (viz. non-uniform in the cross section - in the presexses the heating source term is proportional to
cos(r/R-m/2), with R the radius of the upstream duct). The uniform and non-umifoeatings correspond
to the same overall energy so that the comparison betweemtise2D-1 and 2D-2 can provide relevant
information regarding the effects of the inhomogeneityhaf €ntropy perturbation on the noise generated.



Run | Geometry| Length BC Heating
3D-1 3D short non-reflecting uniform
2D-1| 2Daxi short non-reflecting uniform
2D-2 | 2D axi short non-reflecting | non-uniform
2D-3 | 2D axi short reflecting uniform
2D-4 | 2D axi long | finite impedance uniform

Table 2 : Main characteristics of the small scale simulations

In the same way, comparing runs 2D-1 and 2D-3 will tell abbetdensitivity of the results to the outlet
boundary condition while comparing 3D-1 and 2D-1 will beesgnt to quantify the 3D effects in the
observed results. At last, run 2D-4 is designed to mimic, asimas possible, the experimental downstream
acoustic impedanéeln all cases, the mesh resolution is enough to represepttipagation of the entropy
and acoustic waves in the duct without significant dissigédiispersive errors (mesh size of ordemm
compared to the perturbation size of ord@)0 mm - see section 8II). The 3D mesh is rather coarse
with 1.2 million tetraedras, corresponding to approxiralé cells in a cross section. The mesh density
is equivalent for 2D axisymmetric cases. Note that the mefheament is not sufficient to resolve the
residual shock appropriately which, given the non-digsipacharacter of the numerical method, can lead
to numerical instabilities. Thus extra numerical disdgahas been added in both 3D and 2D axisymmetric
calculation in the region downstream of the throat of theztez

In order to mimic the experimental heating device, a sowroa is added to the energy equation. It reads:

S(x7t> = S() . % |:ta,Ilh (M) . tanh (M) —+ ]_:| . S(t)
a

a

whereL; = 30 mm is representative of the length of the experimental hgatbne and = 3 mm enables
to smooth sufficiently the source term to avoid numericaléss Moreover, the average locatienof the
source term has been consistently chosen with the locatitireeelectrical device in the experiment)()
mm upstream of the nozzle throat). The temporal evolutiohis defined as following:

s(t):{ 1—e if ¢ € [to, to + T

stto+Te~ =" ft>to+T

wheret, is the time when the electrical device is triggeréds the pulse duration and is equal10 ms
andr = 8 ms. As shown in Fig 4, these numerical parameters allows eefaiesentation of the temperature
fluctuation produced in the experiment. The next sectiofyara the results obtained in terms of pressure
fluctuations generated downstream when the temperatuneripation displayed in Fig. 4 passes through
the nozzle.

Il R ESULTS

The EWG setup has been studied both numerically and arallytituring this study. Numerical simula-
tions have the advantage to integrate all the possibletsffeeolved in the entropy noise generation and

Snot available in [4, 3, 2] but kindly provided by Dr. Ing. F.Baduring the course of this study
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Figure 4 : Time traces of the experimentat) and numerical { —) temperature downstream of the heating location

60 T T T T 60 T T T T

pmm e ————y

40

p' (Pa)
p' (Pa)

p' (Pa)
p' (Pa)

_40 1 1 1 1
0.05 0.10 0.15 0.20 0.25

t(s) . . | t(s)

Figure 5 : Time traces of the fluctuating press®) mm downstream of the nozzle. Experimental dataNumerical
result: ——. Top left: run 2D-1; Top right: run 2D-2; Bottom left: run 2D-3; Bottom right: run 3D-1

contained in the Navier-Stokes equations. The analytigat@ach is valid only under the compact nozzle
assumption and in the linear regime.

The time traces of the pressure compui&d mm downstream of the throat are displayed in Fig. 5 for runs
2D-1, 2D-2, 2D-3 and 3D-1 together with the experimentahalg Clearly enough, these simulations do
not reproduce the experimental data, neither in terms ofiardp, nor in terms of signal shape. For runs
2D-1 and 3D-1, the numerical pressure trace has a top havioelsamilar to the temperature upstream
fluctuation while the experiment shows a wavy behavior aeguency close t80 Hz. The figure also
indicates that 3D-1 leads to results very similar to 2D-#ligating that the disagreement between the 2D-1
computation and the experimental data cannot be attribiot&iD effects. The same conclusion can be
drawn for the temperature inhomogeneity which appears e ha effect, at least for the configuration
considered (comparing 2D-1 and 2D-2). On the other hand, F-ijustrates how large the effects of
the downstream acoustic boundary condition can be. Whetiyaréilecting condition (which imposes
pressure) is used instead of a non-reflecting one (whicgal set the incoming acoustic wave to zero
at the outlet), the amplitude decreases drastically. Mopoitantly, the shape of the signal is also strongly
modified by the superposition of the downward and backwagdqure waves. A wavy behavior is obtained
with run 2D-3, although with characteristic amplitude aretjuency in quantitative disagreement with the
experiment. The previous results suggest that the discoigsobserved in Fig. 5 might be related to a
wrong downstream acoustic impedance. Indeed, the shompe@tional domain and non-reflecting BC
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Figure 6 : Experimental reflection coefficient shift@th0 mm downstream of the nozzle throat and numerical reflection
coefficient.Shifted experimental data: o; Tuned relaxation coefficient: ——

used in run 2D-1, 2D-2 and 3D-1 would only be representativb@ actual experimental conditions if a
perfect anechoic system would have been used by [2]. AgtlEl. 6 demonstrates that this is not the case
and that substantial reflection occurs especially in theffequency range: the modulus of the reflection
coefficient, defined as the ratio of the backward wave to fodweave at the outlet, is as large@$ at 30
Hz, the typical frequency of the reflections observed in ttpeeimental signal (see Fig. 5). Accounting for
a complex valued, frequency dependent reflection coeffisiem CFD code solving the flow equations in
the time domain is not an easy task although it can be theatigtidone by making use of recursive/non-
recursive digital filters. A simpler approach has been fodid in the present study. Instead of using a
non-reflecting outlet boundary condition with zero entgnivave L, it is common use to write the latter
as a pressure difference times a relaxation coefficidhb], viz. L~ = 2kAt - (prer — pB)/(pc), with At
the time steppp the nodal pressure at the outlet boundary angdthe reference pressure. In doing so, the
outlet condition acts as a first order low pass filter [16] wehogt-off frequency is inversely proportional to
x and the reflection coefficierit reads:
R 1 16

 2w/k+1 (16)
It is thus possible to tune the relaxation coefficienih order to mimic the amplitude of the experimental
reflection coefficient, at least in the low frequency rangée Tength? of the downstream duct is then
tuned in such a way to mimic the experimental time delay as$ ageto compensate for the phase of the
relaxation-based outlet partially reflecting conditiomeTexperimental reflection coefficient is considered
here to be measured at the nozzle thraat{ 0) while the reflection coefficient of numerical boundary
condition (Eq. 16) is given at the end of the computationahdim (z = ¢). The experimental reflection
coefficient is thus multiplied byxp(—2:fw/c) in order to shift it to the same position, at the end of the
numerical domainA = ¢). The experimental reflection coefficient obtained in thisyvis depicted in
Fig. 6 where a fair agreement with the numerical one is appaneghe frequency rang2) — 40 Hz. The
'optimized’ relaxation coefficient and length? are close td 60 s~! and2100 mm. As anticipated, Fig. 7
indicates that the numerical pressure signal is in betteyeagent with the measured one when accounting
more accurately for the effective downstream boundary itimmd

It is also possible to perform all these calculations atedjlyy. This can be done using the relations pre-
sented previously for the supercritical nozzle (Eq. 149,rthrmal shock (Eq. 15) and the subcritical nozzle
(Eq. 9). The supercritical nozzle starts at pdirgt the nozzle inlet and finishes at poin the divergent
section where the normal shock takes place. The normal stetetions are defined between ponand

3 and finally the subcritical nozzle starts at padntdownstream of the shock, and finishes at pdiat the
end of the divergent section as shown Fig. 8. Only the entvegye generated by the electrical device is
taken into account and the upstream part of the nozzle isres$to be non-reflecting (even if this is not
the case in the real configuration). The subsonic nozzlebistlrepresented in a general manner by the
reflection coefficientz = P, /P, but it will be considered to be infinitely small for the noeflecting
calculation R < 1 for numerical issues) and to be equal to the tuned reflectefficient of the numer-
ical computation 2D-4 for the 'real’ case. The entropy wamporal evolution is proportional to the one
imposed on the source term on energy in the numerical coripuitaAll the analytical calculations are
performed in the frequency domain in order to take into anttle frequency dependence of the outlet
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Figure 7 : Time traces of the fluctuating pressure downstream of thel@oExperimental data-; Run 2D-4: ——.
Distance downstream of the nozzl&op left: 350 mm; Top right: 730 mm; Bottom left: 975 mm; Bottom right:
1150 mm
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Figure 8 : Description of the analytic approach

boundary condition in the real case, but the different re#tments are still assumed to be compact. Since
the case of a shock in the divergent section is consideres] trex supercritical nozzle (fromto 2) can

be treated independently of the downstream elements, avitiprexplicitly the waves entering the down-
stream elements. The shock (fr@mo 3) and the subcritical nozzle with the outlet BC (fréntio 4) have

to be treated together since most of the waves are coupledlly;ione obtains the reduced pressure fluctu-
ationp,(w) in the frequency domain as a function of the four mach numbégs M, M3 and My (M3
andM, are actually linked by the shock relations), the reflectioefficientR(w) and the reduced entropy
fluctuationo; (w). The time evolutions of the pressure fluctuations reconsttlfrom the analytical cal-
culations are compared to the numerical computations.9sgpows a very good agreement between these
two approaches. This demonstrates that the EWG experificetihé given regime) is essentially driven by
linear quasi-1D acoustics.

IV C ONCLUSIONS

The numerical and analytical analysis performed in thigslptdemonstrates that the pressure signals ob-
tained in the EWG experiment by [2] result from two main metkas:

¢ the entropy-to-acoustic conversion due the strong mearitglgradient in the nozzle, including the
normal shock that stands just downstream of the throat,

e the acoustic reflection within the exhaust system downstrafethe nozzle and test section.
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Figure 9 : Time traces of the fluctuating pressure downstream of thel@ozZNumerical results——; Analytical

results:— + —. Left: Non-reflecting case (Analytic compared to Run 2DRight: Finite impedance case (Analytic
compared to Run 2D-4).

Moreover, in the low frequency range investigated, only 18npr waves are present and the compact
nozzle approximation is valid, even for the entropy peratidns. As a result, the pressure signals observed
experimentally and numerically can be nicely reproduced bynple quasi-1D analytical model derived in
the zero frequency limit for the nozzle.

The authors gratefully acknowledge support from CINES Fa&r tomputer ressources and the DLR for
providing the experimental data.
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