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Abstract

Entropy noise corresponds to acoustic fluctuations generated inside gas-turbine
engines when temperature (entropy) spots are accelerated by the mean flow.
This type of noise currently faces growing interest because of its contribution
to global aero-engine noise as well as its impact on combustion instabilities.
In the present article, a two-dimensional semi-analytical model is developed to
predict entropy noise in nozzle flow. It complements the reference model of
Marble and Candel ("Acoustic disturbance from gas non-uniformities convected
through a nozzle", J. Sound Vib., 55, pp. 225-243, 1977) and its more recent
extensions which remain one-dimensional, by taking the radial variations of
the flow into account in the noise generation computation. Validations are
performed by comparison with computational aeroacoustics simulations with
either entropy or acoustic excitations in a subsonic nozzle. Very good agreement
is observed between the numerical simulations and the 2D model for all the
frequencies considered. The role of entropy wave distortion in noise generation
is demonstrated by comparison with a 1D model which fails to reproduce the
simulated results for medium to large frequencies.

Keywords: entropy noise, nozzle, low-order modelling, computational
aeroacoustics

1. Introduction

With the rapid increase of air traffic, noise disturbances around airports
have become a critical issue. Solutions are needed to reduce the noise emitted
by aircraft, a significant portion of which comes from the engine. Until recently,
the predominant fan and jet noise in turbofans masked internal sources such
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as combustion noise. However, it is becoming a major contributor as other
sources are reduced, and it is even dominant at certain frequencies and operating
points [1, 2] . With no fan and low jet speeds, combustion noise is also significant
in turboshaft engines [3, 4] . In addition, the emitted acoustic waves affect the
flame in the combustion chamber [5], and as such they can play a significant role
in the development of thermo-acoustic instabilities, the improved prediction of
which could lead to reduced NO, emissions.

Combustion noise is made of two distinct phenomena [6]. Direct noise is
emitted within the combustion chamber itself and it originates from fluctua-
tions in heat release of the flame. It was tackled first and has been studied more
extensively [2]. On the other hand, indirect combustion noise is generated by
the presence of heterogeneities produced by the combustion process, convected
downstream and accelerated through the turbine stages and nozzles. There are
three types of perturbations: compositional [7], vortical [8] and entropic [9]. The
latter results in what is also called entropy noise, which sparks the most inter-
est as it constitutes the largest contribution to indirect combustion noise [10].
The entropy noise generation mechanism is classically associated with mode
coupling. As entropy perturbations are accelerated, they interact with acoustic
and vortical modes, leading to the emission of acoustic and vorticity waves [11].
A more physical explanation for entropy noise is that acoustic waves are emit-
ted to maintain pressure balance as entropy waves are expanded in accelerated
flow [12].

The basis of entropy noise theory was established in the 1970s. A model
for the compact nozzle, the length of which is negligible compared to wave-
lengths, was developed based on conservation principles, with an extension to
non-compact nozzles of linear velocity profiles [13]. Similarly, a model for the
compact turbine was derived [14]. Interest in indirect combustion noise was re-
newed in more recent years with the increase of its relative contribution to the
noise emitted by engines as a whole. The research community aims at describing
the full noise generation process including the production of heterogeneities in
the combustion chamber [15], their attenuation [16], their acceleration through
the nozzles [17] and turbine stages [18] leading to indirect combustion noise, and
how these perturbations and acoustic waves exit the engine [19]. Investigation of
entropy noise generation naturally focused on the simpler nozzle configurations
first.

Experimental investigations of a laboratory combustor with a nozzle, which
aimed at evaluating the direct and indirect contributions to combustion noise
at different operating points, highlighted the difficulty to measure temperature
fluctuations at the exit of the chamber [20]. The EWG (Entropy Wave Gen-
erator) experiment was set-up at DLR to focus on entropy noise. It overcame
problems caused by the presence of a combustor by using hot wires to produce
hot-spots. Entropy noise characterisation was improved and its significance
confirmed, but the entropy noise generation mechanism remained difficult to
apprehend [21]. This experiment constituted a first reference case for entropy
noise, the results of which were confirmed by numerical studies [21-23] which
led to better understanding of the acoustic reflections within the experimental



setup and improved modelling of the heat source used to produce hot pulses [24—
26]. Large Eddy Simulation (LES) is classically chosen for these studies for
its higher-fidelity predictions, especially for comparisons with experiment, but
Computational AeroAcoustics (CAA) methods have also been used successfully,
for example to underline the significant contribution of entropy noise to com-
bustion noise [27], at much lower cost. Another test-facility at DLR allowed to
further investigate the reasons for increased entropy noise, and in particular the
role of temperature gradient, mass-flow rate and hot-spot three dimensionality,
as well as the use of bias flow liners for noise reduction [28, 29]. An EWG exper-
iment was also set-up at Cambridge in an effort to investigate both direct and
indirect combustion noise and their relative contributions, as well as to obtain
data for the validation of analytical work [30]. Long ducts and convective times
led to clear separation of direct and indirect noise. Both orifice plates and noz-
zles were investigated using an electrical heating device like at DLR, as well as
pulsed injection of helium to study both entropy and compositional noise [10].
For the first time, data was measured upstream of the source in this test-facility,
making it complementary to other experimental data available for validations.
In addition to laboratory experiments, data from real engines was collected in
an effort to identify the contribution of entropy noise in more realistic condi-
tions [31-33] by comparison with theoretical [34] or numerical work [35].

Even with such advances, extreme operating conditions, chemical reactions,
separation of direct and indirect contributions, challenging temperature mea-
surements, acoustic reflection and the duration of numerical simulations neces-
sary to capture acoustic fluctuations are some reasons why entropy noise remains
complex and costly to investigate numerically and experimentally. This moti-
vates the development of analytical methods which constitute an interesting
additional tool to better understand entropy noise, and which may become a
cost-effective alternative for engineering developments. To this purpose, Mar-
ble and Candel’s model [13] was adapted to get rid of its initial limitations.
It was extended to the non-linear regime for compact nozzles [36] and in the
linear regime to nozzles of arbitrary shape in 1D (non-compact assumption),
for both subcritical and chocked nozzles [37 41]. More recently, the compact
solution was used as part of a model for both direct and indirect combustion
noise which was compared to experimental results [42] and which has been ex-
tended to non-isentropic nozzle flow [43]. The presence of circumferential waves
has also been included [1, 44]. However, limitations remain and it seems radial
variations need to be taken into account to increase the accuracy of estimated
entropy noise levels.

Such transverse variations of the flow were first considered in studies focusing
on the convection of entropy perturbations in channel flow [16, 45, 46]. They
typically aim at evaluating entropy wave attenuation between the combustor and
the turbine stages or nozzles where entropy noise is generated. Noise levels were
found to be strongly affected by shear dispersion of the entropy perturbations,
while dissipation proved negligible. Turbulent and thermal effects have also been
investigated [46-48], as well as the impact of entropy dispersion at the turbine
outlet of a real engine [49]. In addition, entropy dispersion has been modeled
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Figure 1: Diagrams of the waves present for each forcing type in the subsonic case. (a)
entropic; (b) upstream acoustic; (¢) downstream acoustic forcing.

in both nozzle and turbine geometries by computing an attenuation functions
from mean flow variables [50 53]. These entropy convection models provide
the attenuation of the entropy wave, which can then be taken into account as
an input parameter to entropy noise models. However, its evaluation remains
dissociated from entropy noise generation, for which compact or 1D models
neglecting radial variations are used.

In this paper, a 2D-axisymmetric semi-analytical model is developed to pro-
vide a fast and accurate evaluation of entropy noise in nozzle flow. This model,
named CHEOPS-Nozzle (non-compact harmonic entropy noise predictions), im-
proves existing models by taking into account the radial variation of both the
mean flow and entropy fluctuations directly in the noise generation process.
The paper is organised as follows. The analytical developments and procedure
for numerical resolution are provided in section 2. The accuracy of the model
is evaluated in section 3, in which the noise generated and scattered through
subsonic nozzle flow is compared to reference CAA data. The failure of the 1D
models to recover numerical results is demonstrated. To end, conclusions and
prospects are drawn in section 4.

2. Presentation of the 2D model

The 2D-axisymmetric semi-analytical model CHEOPS-Nozzle for entropy
noise in nozzle flow is presented in this section. Figure 1 gives the different waves
involved in the subsonic case. In diagram (a), normalised entropy fluctuations
are noted o = s’/c,. As they are accelerated from position 1 at the inlet to the
outlet noted 2, entropy noise is generated in the form of acoustic perturbations
propagating upstream and downstream respectively, and which are noted P,
and P;" once normalised. The transfer functions [P} /o] and [Py /o1] are used
to describe these waves, generated by the acceleration of o; through the domain.
It can also be interesting to force the system acoustically to investigate the
propagation and scattering of acoustic waves through the nozzle, in particular
as noise sources other than entropy noise are present in engines. Figure 1 (b)



illustrates the case in which the wave P;" is injected upstream and Fig. 1 (c) the
configuration in which the flow is excited with P, , propagating from the outlet
of the domain. Both cases result in waves P; and P; propagating upstream
and downstream respectively, as with entropic forcing. These waves can also
be characterised using transfer functions: [P, /P;t] and [Py /P;"] in the case
of upstream acoustic excitation, and [P, /P; | and [Py /P; ] for forcing from
downstream.

In a first instance, the objective of CHEOPS-Nozzle is to estimate the pres-
sure and velocity fluctuations in order to compute these transfer functions for
entropic, upstream acoustic or downstream acoustic forcing. This model is
adapted from Zheng’s work [54, 55] in curvilinear coordinates to cylindrical co-
ordinates which are well suited to axisymmetric nozzle flow. The governing
equations of the model are detailed in section 2.1 and the resolution process is
given in section 2.2.

2.1. Fundamental assumptions and equations

CHEOPS-Nozzle is based on the Euler equations and obeys the following
assumptions:

1. all viscous terms are neglected, verifying the Euler equations,

2. pressure and velocity fluctuations are solely due to acoustics, thereby ne-
glecting vorticity fluctuations,

3. the mean flow is considered 2D-axisymmetric, with variations in the axial
and radial directions,

4. acoustic waves are considered one-dimensional throughout the domain, as
radial modes are cut-off by the duct and azimuthal modes are neglected,
assuming all fields are 2D-axisymmetric,

5. perturbations are small, allowing the linearisation of equations.

In order to estimate entropy noise, the entropy fluctuations s’ need to be com-
puted throughout the domain, as well as the pressure and velocity fluctuations
p’ and v’ which characterise the resulting one-dimensional acoustic waves. As
entropy is purely convected, it can be computed numerically from mean flow
quantities following a procedure described in the next section. This leaves two
unknowns, so that two equations are needed. Mass conservation and momentum
in the axial direction are chosen, as it is the main direction of the flow and the
direction of acoustic wave propagation.
In its integral form, the continuity equation can be written:

0
o /V pdV = /A (o] (2)dA — /A pua] (@ + dz)dA (1)

The radially dependent flow variables are reduced to one-dimensional quantities
by averaging over each section of area A using the formula:

2= L [ "



and after some simplifications, Eq. (1) reduces to:

op Opuy  1__dA
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Sectional averaging is also applied to the axial-momentum equation, which
writes:

e B P J L (4)
ot Ox or p O0x

Both these equations are linearised using flow variable decomposition into mean
and perturbed quantities, such as f = fy + f’. Because of the one-dimensional
acoustics assumption, the radial velocity fluctuation u). = 0 m/s and sectional
averaging of acoustic fluctuations amounts to v/, = v/, and p’ = p’. In addition,
the equations are given in terms of entropy and pressure fluctuations, s’ and p’,
rather than density perturbations which can be expressed as p' = p'/c3 — pos’/cp,
with ¢y the velocity of sound and ¢, the heat capacity at constant pressure. The
continuity and momentum equations in the direction of the flow then write:
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Note radial variations of the flow appear on the right hand side and in the last
term on the left hand side of Eq. 6, affecting the entropy noise source term
and acoustic scattering respectively. Next, the harmonic regime is considered in
order to eliminate terms involving temporal derivatives. Under this condition,
fluctuations can be written in the form:

(5)

(6)
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p(x,t) = p(x)e’ (8)
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where 4, p and ¢ are the complex amplitudes of the velocity, pressure and nor-
malised entropy fluctuations. The angular frequency is noted w = 27 f, with f
the frequency. The mass conservation and momentum equations, Eqs. (5)-(6),
can ultimately be written:
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(1) Mean flow (2) Streamtube
interpolation generation
(4) Averaging (3) Spatial
over r entropy variation
(5) Spatial (6) Linear system
discretisation to solve

(7) Acoustic wave construction
— transfer functions

Figure 2: Resolution process of CHEOPS-Nozzle.
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Equations (10)-(11) form a system of two equations and two unknowns @ and
p. Its numerical resolution is detailed in the next paragraph.

(11)

2.2. Numerical implementation

The resolution process of CHEOPS-Nozzle is made of the steps given in Fig. 2
and described in this section. In steps 1-3, the input variables of Eqgs. (10)-(11)
are processed. Steps 4-6 then enable the system of equations to be solved
numerically, before post-processing step 7.

Step 1. The model uses two-dimensional mean flow fields as an input. They can
be obtained by any method, typically Computational Fluid Dynamics (CFD):
Euler simulation, RANS, or even LES for instance. These fields must be in-
terpolated by the user onto a 2D-axisymmetric structured mesh. Note the use
of one-dimensional mean flow resulted in the same transfer functions as those
predicted by a one-dimensional model.

Step 2. In order to compute entropy variations in the following step, the mean
flow fields are radially divided into streamtubes by the model using a time
marching method. In the case of turbine flow, streamlines were also used by
Leyko et al. [52] to take transverse mean flow variations into account. They
computed the delay compared to 1D flow at a point downstream of the blade row,
in order to estimate the resulting attenuation of entropy perturbations. In the
present study, the model for entropy noise uses mean flow variables throughout



Figure 3: Contour of the Mach number averaged by the model in three streamtubes delimited
by streamlines (dashed lines) in the convergent section of the nozzle.

the blade passage directly. They are sectionally averaged in each streamtube,
which is illustrated for 3 streamtubes in Fig. 3.

Step 3. As entropy is a quantity convected by the mean flow without attenua-
tion or distortion in subsonic flow governed by the Euler equations, the entropy
fluctuations are then transported numerically using the mean velocity by inte-
gration along each streamtube:

5/(z,t):‘9'<1=07t— L& ) (12)

p Cp o [[u(Q)ll

A sufficient number of streamtubes is required to accurately capture the ra-
dial variation of the entropy perturbations. The mesh must also be discretised
enough in the axial direction to prevent entropy wave dispersion errors. Dif-
ferent phases can be chosen in each streamtube, so that any radial distribution
of the entropy fluctuations can be set at the inlet. In this paper, only planar
entropy waves are considered.

Step 4. With both mean flow variables and entropy fluctuations obtained in two
dimensions to take radial variations into account, they can be sectionally aver-
aged as described in section 2.1, as acoustic waves are assumed one-dimensional.
The system made of Eqs. (10)-(11) can then be solved.

Step 5. To this end, second order spatial discretisation is applied in the axial
direction. The equations are evaluated at the centre of each element noted cy,
while the unknowns, that is the perturbed flow variables p and @, are sought at
nodes k. Then, using the relations:

ka = M (13)
0 o frr =k
%fck - Aka (14)

where Az, is the size of element ¢ in the axial direction, the continuity and
momentum equations (10)-(11) become:
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where py and 4y are the pressure and velocity fluctuation amplitudes evaluated
at node k, A/, and ¢ are cell-centered coefficients at element ¢, which depend

on the mean flow variables, and the source terms Scck and Sévk_[ are also evaluated
at the center of ¢;. These coefficients can be expressed as:
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Notice the acoustic source terms S’CC; and S'é‘f given by Egs. (25)-(26) cancel out
in the case of uniform flow.

Step 6. Boundary conditions are required to close the system of Eqs. (15)-
(16). Physically, they are the acoustic waves entering the domain from the inlet
and the outlet. The relations between the pressure and velocity fluctuations p
and o and the normalised upstream and downstream propagating components
of acoustic waves P~ and PT are given by the Riemann invariants, under the
condition p and 4 are purely acoustical which is one of the model’s assumptions.

They write:
L/ s e
pi:(uma) (27)
2\"po Po



The choice of non-reflective boundaries is made, so that the acoustic waves
entering the domain from the inlet and the outlet are imposed by the user
directly. It also follows they can be written as a function of p and @ using

Eq. (27):
1/ 5 oo
P = (p +”°C°a) (28)
2\"py YPo /.
L/ e
Py = (p —”OC%> (29)
2\ YPo /.

These two relations combined with Egs. (15)-(16) result in a linear system of 2n
equations with 2n unknowns which can be solved numerically for the pressure

and velocity fluctuations p and 4. It is finally recast in matrix form:
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Step 7. The resulting fluctuations constitute acoustic perturbations which are
separated into upstream and downstream propagating contributions, and which,

again using the Riemann invariants defined in Eq. (27), are expressed:

.
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In this normalised form, noise levels can readily be presented in the form of
transfer functions as described in the introduction of this section.

3. Numerical validation

Following the description of the model in general terms in the previous sec-
tion, CHEOPS-Nozzle is applied in the next paragraphs and its results are ver-
ified and analysed using CAA. The DISCERN nozzle was chosen for this study.

It was designed to investigate entropy noise within the European-FP7 project
RECORD. A former version of this nozzle [56] was studied experimentally at
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Figure 4: Contour of the Mach number in the DISCERN nozzle.

CentraleSupélec [20]. Unfortunately it could not be used to investigate entropy
noise numerically because of massive flow separation. To avoid this, the geom-
etry was adapted to the version used in this study, for which no experimental
data is available. It is an axisymmetric nozzle, represented in Fig. 4.

The CAA approach allows to build a reference case in a framework similar
to the model. Indeed, the linearised Euler equations are applied in both cases,
while two of the model’s main assumptions are relaxed by CAA:

o the acoustic waves are not assumed to be one-dimensional,
o vorticity is not neglected.

After a brief description of the application of CHEOPS-Nozzle to the DISCERN
geometry, CAA methods are presented and analytical and numerical results are
discussed in this section.

3.1. Application of the 2D model

Mean flow fields obtained using any method can be used as an input to the
model as described in section 2.2. In this case, the three-dimensional Euler
equations are solved using the ONERA CFD code CEDRE with constant heat
capacity ratio, in agreement with the model’s assumptions. Conditions are based
on those at the exit of a combustion chamber (v = 1.315, T ;¢ = 1300 K,
Uy intet = 12.53 m/s) and on atmospheric conditions at the outlet of the domain
(Poutier = 101325Pa). Spatial discretisation is of second order in space and a
pseudo-transient first order scheme is used in time. Figure 4 shows the Mach
number throughout the 2D-axisymmetric domain. For this subsonic operating
point, the Mach number reaches a maximum of 0.66 at the throat, it is quite
low upstream at 0.02 and equal to 0.34 downstream. Convergence is verified
and the relative mass flow rate error is smaller than 8.107°%.

These mean flow fields are interpolated onto a structured mesh, as described
in the first step of the model’s resolution process. The correct discretisation of
the flow is verified by varying both the mesh size and the number of stream-
tubes, which also affects radial discretisation. Good convergence of the transfer
functions was found with a 750,000 element mesh and 50 streamtubes.

These parameters are used for 3 cases: one with entropic forcing to estimate
entropy noise levels, and two with upstream and downstream acoustic forcing
respectively to demonstrate the accurate propagation and scattering of acoustic
waves more rigorously. In each case, plane waves are injected which corresponds

11



to setting the same entropy wave phase in all the streamtubes which form the
computational domain. Transfer functions are then computed for frequencies
between 0 and 1000 Hz with a step of 10 Hz.

3.2. CAA methods

Like the model, CAA requires mean flow fields as an input. The same 2D-
axisymmetric mean flow fields are used, after interpolation onto a 3D-structured
CAA grid, in order to reduce the possibility of error when comparing analytical
and numerical results. The computation then allows convection of flow pertur-
bations such as the injected entropy wave, as well as acoustic generation and
propagation. This section aims at presenting CAA numerical parameters and
post-processing leading to the computation of transfer functions.

3.2.1. Numerical set-up

The ONERA code sAbrinA_v0 [57, 58] is used for entropy wave convection
and acoustic propagation, as well as generation and convection of vorticity.
The Euler equations are solved in their linear form, which corresponds to the
model’s assumptions. The simulations are made in the time domain, and the
conservative variables are separated into mean and fluctuating contributions.
Sixth order finite difference is used for spatial discretisation with tenth order
explicit filtering, in order to avoid numerical dispersion and dissipation and
to accurately capture acoustics. A third order explicit compact Runge-Kutta
scheme is used in time. Boundary conditions derived by Tam et al. [59, 60]
from the asymptotic solutions of the linearised Euler equations are used both
to limit reflection at the boundaries of the domain and to inject entropic or
acoustic plane waves. The 3D-structured mesh is made of five domains and a
total of 2,500,000 nodes. It is designed to have at least 16 points per acoustic
or entropic wavelength at the highest frequency considered. The time-step is
set to 8.107% seconds so the CFL number reaches a maximum at 0.73. Multi-
harmonic simulations are used to limit numerical cost, with frequencies ranging
from 100 to 1000 Hz with a step of 100 Hz. Two harmonic simulations with
entropy forcing are also used both to validate the numerical methodology and
to facilitate analysis of the results.

Verifications are made using entropic forcing. Mesh convergence is verified,
as well as the agreement between the transfer-functions obtained using the har-
monic and multi-harmonic CAA simulations. In addition, entropy conservation
through the domain is verified using the ratio oo/01. It is just under 0.98 on av-
erage, corresponding to a maximum numerical dissipation of the entropy waves
of 2%, which is assumed negligible.

As with the model, the three cases of entropic, upstream acoustic and down-
stream acoustic excitation are simulated using CAA. Considering all three forc-
ing types also allows to cancel out spurious acoustic reflections on domain
boundaries using non-reflective post-processing, as described in the following
section.

12



3.2.2. Post-processing

In order to analyse upstream and downstream propagating acoustic contri-
butions, wave separation must first be applied to the fluctuations resulting from
CAA. With CHEOPS-Nozzle, the Riemann invariants are used but this requires
pressure and velocity fluctuations to be purely acoustical. This condition is not
met downstream of the nozzle using CAA in the presence of entropy variations.
Their acceleration generates vorticity [44] which affects velocity fluctuations,
while it is neglected by the model. A direct mode matching method involving
the purely acoustic pressure fluctuations only is therefore chosen. It is described
by the following equations in the harmonic regime:

o= pt+p (33)
/
%}; = —ikgp™t ik p” (34)

where p'~ and p’T are the pressure fluctuations propagating upstream and down-
stream respectively, and the wavenumbers are expressed as:

Kr= k= (35)
Up + Co Uy — Co

The derivatives are evaluated using a finite difference scheme and the linear
system can be solved for p'* and p'~. This is achieved over several planes to
reduce numerical error. In addition, it was verified both the Riemann invariants
and the direct mode matching method lead to the same results upstream, where
both pressure and velocity fluctuations are acoustical.

Wave reflection arising from numerical errors which may persist can be can-
celled out by using results given by the three simulations, with entropic, up-
stream acoustic and downstream acoustic forcing respectively. To do so, the
following system of six equations and six unknowns is solved to obtain the non-
reflective transfer functions:

13
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) ) ] ] ] ) (40)
Pt (P7) = -}?72:_ mal(P{)—k I]jf: nrler(P{)Jr g: mP{(P[)
(41)

where the forcing type is given in parenthesis, and the subscript nr indicates
that the transfer functions are non-reflective.

3.3. Results

Entropy noise levels and acoustic wave propagation in the DISCERN nozzle
resulting from both CHEOPS-Nozzle and CAA are discussed in this section. The
transfer functions resulting from the acceleration of an entropy wave through
the domain are given in Fig. 5. The entropy noise computed by CAA is maximal
around 300 Hz and becomes relatively low in the upper end of the frequency
range. Also note the transmitted acoustic wave P, exhibits noise levels about
ten times greater than its regressive counterpart P; . Figure 5 also shows results
from two analytical models from the literature - Marble and Candel’s model for
the compact case [13] and a one-dimensional model [17, 39] - as well as those
given by CHEOPS-Nozzle. The compact model and CAA seem to be in agree-
ment, but the compact solution is only valid for very low frequencies while the
amplitude of the transfer functions quickly evolves. The one-dimensional model
captures this evolution but in a very limited low frequency range, as amplitudes
are grossly overestimated for both transfer functions from about 200 Hz. The
2D-model CHEOPS-Nozzle allows to overcome this, since its estimated noise
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Figure 5: Amplitude and phase of the transfer functions resulting from entropic forcing
[P1~ /o1]nr (top) and [PoT/o1]nr (bottom) computed using CAA, CHEOPS-Nozzle, a one-
dimensional model [17, 39] and Marble and Candel’s compact solution [13].

levels are in good accordance with CAA. The amplitude of [P~ /o1],y is nev-
ertheless overestimated by the model at high frequency, above about 800 Hz,
which could be caused by the stronger assumptions taken by CHEOPS-Nozzle
compared to CAA: one-dimensional acoustic waves and negligible vorticity. The
phase of the transfer functions has a large slope due to a low convection speed,
but it is shown between [0, 2] in Fig. 5 to allow comparison of the different
methods. All phases agree in the compact limit but there are small errors in 1D
at high frequency compared to the two-dimensional approaches. These latter
methods are in good agreement, showing convection and propagation are cor-
rectly accounted for by CHEOPS-Nozzle. Overall, one can consider CHEOPS-
Nozzle gives a good estimate of the entropy noise generated in the DISCERN
nozzle.

This comparison highlights the significance of radial effects on entropy noise,
as taken into account by CHEOPS-Nozzle. They can be due to the two-
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Figure 6: Mean axial velocity (left) and pressure (right) profiles used by the 2D model
CHEOPS-Nozzle after sectional averaging and by a 1D model [17, 39].
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Figure 7: Contour of the normalised entropy fluctuations o inside the DISCERN nozzle in
1D (top) and obtained analytically and numerically in 2D (bottom) for harmonic forcing at
1000 Hz.

dimensionality of either the mean flow or the entropy wave. Figure 6 rep-
resents one-dimensional mean flow quantities along the nozzle axis, as well
as two-dimensional values averaged over each section in the same way as for
CHEOPS-Nozzle. There are only slight differences between the 1D and 2D av-
eraged values, so that two-dimensional mean flow effects do not appear to be
responsible for the lower entropy noise levels. Figure 7 shows the normalised
entropy fluctuation contours used by the 1D and 2D models, as well as those
obtained through CAA. First note the contours resulting from the numerical
and analytical approaches in 2D are in agreement, verifying entropy wave dis-
persion is correctly computed by CHEOPS-Nozzle. Secondly, unlike the mean
flow quantities in Fig. 6, the normalised entropy fluctuation contours used by
the 1D and 2D models differ significantly. It seems the two-dimensional nature
of this entropy wave leads to source decorrelation at sufficiently high frequencies
as it is accelerated through the nozzle, which explains the reduction of entropy
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Figure 8: Normalised entropy fluctuations used by the 2D model CHEOPS-Nozzle after sec-
tional averaging and by a 1D model [17, 39].

noise in two dimensions observed in Fig. 5. The effect of this source decorela-
tion is also illustrated by Fig. 8. In the same way as Fig. 6 for mean quantities,
it represents the axial evolution of normalised entropy perturbations in a 1D
nozzle and sectionally averaged in 2D. It shows radial variations of the flow
lead to a significant reduction in the amplitude of entropy fluctuations from the
convergent part of the nozzle, corresponding to a weaker source strength.

Like with entropy forcing, transfer functions corresponding to upstream and
downstream acoustic excitation are represented in Fig. 9 and Fig. 10 respec-
tively. Results from CHEOPS-Nozzle are in good agreement with both CAA
and Marble and Candel’s compact solution [13], which confirms the good scat-
tering of acoustic waves by the model. Data from the one-dimensional model
also agrees with these two-dimensional results, confirming the validity of the
one-dimensional acoustics assumption made within CHEOPS-Nozzle.

4. Conclusions

The semi-analytical model CHEOPS-Nozzle for entropy noise in subsonic
nozzle flow has been presented. It is based on the Euler equations and it takes
the 2D-axisymmetric nature of the flow into account. It was validated with a
Euler mean flow field by comparison with a reference case built using a novel
CAA approach. This method was chosen because it is also based on the Euler
equations, making it analogous to the framework of the model with two no-
table differences: acoustics are not considered one-dimensional and vorticity is
not neglected by the CAA method. The first of these assumptions was veri-
fied numerically. The concordance of the noise levels given by the model and
CAA seems to indicate the negligible vorticity assumption is also valid. Good
agreement was found for the three possible excitation types: entropic, upstream
acoustic and downstream acoustic. In addition, these results match Marble and
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Figure 9: Amplitude and phase of the transfer functions resulting from upstream acoustic
forcing [Plf/Plﬂnr (top) and [P2+/P1+]nr (bottom) computed using CAA, CHEOPS-Nozzle,
a 1D model [17, 39] and Marble and Candel’s compact solution [13].
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Figure 10: Amplitude and phase of the transfer functions resulting from downstream acoustic
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a 1D model [17, 39] and Marble and Candel’s compact solution [13].
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Candel’s compact solution [13]. This study allowed to highlight the significance
of two-dimensional effects on entropy noise, which seem to be due to the defor-
mation of the entropy wave and the subsequent decorrelation of acoustic sources
throughout the nozzle.
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