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The present work deals with a low order modelling of combustion noise in a generic premixed
pressurized combustor at Ecole Centrale Paris. The exit of the combustor has choked convergent-
divergent nozzle. The contributions of direct and indirect noise to the unsteady pressure within
the combustor are obtained. The LOTAN (Low-Order Thermo-Acoustic Network model) code is
used to obtain the Green's function for the supply ducting and combustor. LOTAN determines the
linear acoustic, entropic and vortical waves due to a unit harmonic variation in the rate of heat
release. We studied the effect of different upstream boundary conditions on the prediction of
Green's function. To predict the combustion noise, the Green's functions are combined with the
spectrum of heat release rate fluctuation. Two different ways of obtaining the power spectral den-
sity of the rate of heat release/unit volume were used; post-processing compressible LES data or
using a spectral model based on the mean flow and turbulence statistics from a RANS calculation.
Results show that the sound calculated using two approaches are in general in good agreement
with the measured data, although the spectral method tends to under-predict the amplitude at low
frequencies. It is seen that at some frequencies the indirect entropy noise is comparable to direct
acoustic noise within the combustor. Previous high fidelity LES and experimental studies on this
combustor have concluded that indirect entropy noise has a negligible role in the generation of
the total noise in the combustor. This is because these studies could not discriminate fully between
the direct and indirect noise elements: their analysis includes the multiple reflection of entropy-
generated noise by the combustor boundaries as direct acoustic noise.
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1. Introduction

The implementation of advanced low-noise aircraft engine technologies has made noise contribu-
tions from gas turbine combustors increasingly important. This is partially because advances in design
have reduced the other noise sources, and partially because next generation combustion modes burn
more unsteadily [1]. The broadband combustion noise radiated by a combustor comprises two com-
ponents ‘direct’ and ‘indirect’. Fluctuations in heat release from the turbulent flame generate acoustic
waves which are multiply reflected from the combustor boundaries. The resulting wave pattern con-
stitutes the ‘direct’ combustion noise. The ‘indirect” combustion noise is generated when entropy
fluctuations or vorticity perturbations are accelerated through the nozzle at the outlet of the combustor
[2]. In an experiment it is very challenging to differentiate between the contributions from the direct
and indirect noise in the total noise generated in the combustor. This requires development of reliable
prediction tools. In this regard, the capabilities of high fidelity prediction tools based on Large Eddy
Simulations (LES) and hybrid CFD/CAA-methods (computational fluid dynamics/computational
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aeroacoustics) have been demonstrated to enhance the understanding of the physical processes in-
volved in the generation of combustion noise in laboratory scale as well as full scale engines [3, 4].
Nonetheless, in addition to demanding high computational costs, these techniques are not capable of
differentiating the contributions of direct and indirect combustion noise. Analytical models introduce
simplifications with respect to the geometry and flow field which limit their validity to simple cases.
However, more complex geometries can be represented by series of analytical elements which are
linked through network models [5], the so-called ‘low-order’ models. These tools provide the fastest
approach for the prediction of the combustion noise in the combustors under various operating con-
ditions and are also capable of giving physical insight such as differentiating between the contribu-
tions of direct and indirect combustion noise [1, 6, 7]. To meet this requirement, the present work
deals with a low order modelling of the differentiation of combustion noise sources for a generic
premixed pressurized combustor (CESAM-HP combustor) at Ecole Centrale Paris. The LOTAN
(Low-Order Thermo-Acoustic Network model) code (e.g. [6-9]) is used to obtain Green’s function
(transfer function), which determines the linear acoustic, entropic and vortical waves due to a unit
harmonic variation in the rate of heat release. To predict the combustion noise, this Green’s function
is combined with the spectrum of heat release rate fluctuation that is the source for combustion noise.
To obtain this spectrum two approaches are utilised. For the first approach, high fidelity compressible
LES data is post-processed [10]. The second approach is based on the spectral model developed by
Hirsch et al. [11] and recently by Liu et al. [12]. This approach utilizes the mean and flow and turbu-
lence quantities of a RANS to model the heat release spectrum [12]. In a recent work by Ulrich et al.
[5] the LOTAN code combined with the spectral model has been shown to predict the total combus-
tion noise in the CESAM-HP combustor. In this paper we use that solution to investigate the relative
magnitudes of the direct and indirect sound.

2. CESAM-HP combustor rig

The details of the CNRS rig is given in [13] and is shown schematically in Fig. 1. The CESAM-
HP test rig represents a rectangular combustion chamber with length 0.14 m, which is connected to
the atmosphere via a convergent-divergent nozzle (with length of 0.219 m) mounted at the down-
stream end of the combustor. A straight duct with length of 0.135m and a swirler are installed up-
stream of the combustor to prepare premixed propane and air to inject into the combustor.
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Figure 1: Schematic of CNRS combustor rig [13].

The main air enters the premixer as an axial jet injected through a perforated screen. Depending
on the operating condition, additional air may be added through an Impedance Control System (ICS),
which consists of a perforated plate backed by a cavity of variable depth. The ICS is used to provide
an axial flow while preventing flame flashback and controlling the acoustic impedance at the inlet
[13]. The supplied air flows axially through a premixing plenum where a propane-air mixture is ad-
mitted tangentially. This creates a swirling motion that increases stability during lean combustion
operation and leads to a more compact flame. Then, the swirling, premixed air-propane mixture enters
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the combustion chamber and is ignited by a spark plug. Thermocouples and pressure sensors are
mounted at four positions within the combustor. The convergent-divergent nozzle at combustor exit
accelerates the flow of burnt gases and increases the mean pressure in the combustion chamber. In-
direct noise is generated in the nozzle from convected entropy fluctuations produced by the turbulent
flame. The nozzle exit is open to the atmosphere.

Three different operating points were invested in the experiment are defined by different air mass
flow rates through the swirler, perforated screen and axial jet inlet. The chamber was operated under
lean conditions with fixed global equivalence ratio of 0.85 in each case. In the present study only one
of the three operating points is investigated (referred to as OP-13-5-0) with the flow conditions given
in Table 1. This operating point had the most stable combustion of the three conditions.

Table 1: Operating condition of the combustor [13] examined in this work.

Swirler mass flow 13 g/s (air) + 0.983 g/s (fuel)
Axial air of impedance control system (ICS) mass flow 0
Axial air jet mass flow 59/s
Equivalence ratio 0.85
Total temperature inlet 296.5 K
Mean static pressure 2.3 bar

3. Description of the model

3.1 Combustion noise spectrum

In this section we first summarise the relationship between the spectrum of heat release rate fluc-
tuations and the spectrum of the pressure perturbations. The pressure perturbation p(X, ) generated

by unsteady heat per unit volume can be obtained as
p(%,@) = [, G,(Y,% @)d(¥, @)d°y, )

where ® is the angular frequency, v; denotes the volume of the flame brush and the circumflex
denotes a perturbation from the mean. G, is the Green's function that represents the pressure gener-

ated at (X, w) due to a harmonic rate of heat addition at y . This function is the pressure solution of

linearized Euler equations in the combustor that satisfies the appropriate inlet and outlet boundary
conditions. In a similar way the entropy fluctuations can be obtained as a volume integral of the
product of a different Green function ¢, with the rate of heat release/unit volume. We use the LO-

TAN network model to obtain these Green's functions G, and &, . The power spectral density, P(x, ©)
is a statistical quantity measurable in experiments and can be calculated [12] as

A A 2
P(R,@) = [, |Gi(5.%,0)| vy (F. 0Ny & 5. )
In Eqg. (2) , is the cross-power spectral density of heat release fluctuations and V,,, is the corre-

lation volume of the fluctuating heat release rate whose linear dimensions are assumed to be small
comparison with the acoustic and convective length scales. The Pressure Spectrum Level (PSL) in

dB is hence characterized 10log,,(P/ p?,) ,where the reference acoustic pressure is pref = 2 x 10 Pa.
When the heat release is so concentrated that G,(y, X, w) varies little over the combustion zone,
G,(V,%, w) can be taken outside the source integral with respect to source position in Eq. (2) and then

LOTAN needs to be run only once for each mode number and frequency. In Eq. (2) the product of
heat release rate spectrum ., (y,) and its correlation volume needs to be integrated over the flame

brush. This is equivalent to integrating the contributions from the coherent sources of combustion
noise with a correlation volume v_over the flame volume. For this purpose we utilised the spectral
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model of Hirsch et al. [11] modified by Liu et al. [12]. The spectrum of the heat release rate fluctuation
can also be obtained using the LES simulation of the turbulent flame. We post-processed the results
of compressible LES of CESAM-HP combustor [13] to predict the integral of heat release spectrum
over the flame brush and the results are compared with those obtained using the spectral model.

3.2 Green’s function calculation using LOTAN

The Green's function determines the linear acoustic, entropic and vortical waves due to a harmonic
variation in the heat release rate. We calculate its Fourier transform G (¥, %, ) using a network model
called LOTAN (e.g. [6, 7, 9]). In LOTAN the geometry is modelled by a network of modules de-
scribing its features, such as straight ducts, area changes and heating zones. In straight duct sections,
the model neglects any flow variation with radius, and assumes a uniform axial mean flow and either
one- dimensional plane waves in a duct of arbitrary cross-section or circumferential modes in thin
annular ducts. The network model of the CESAM-HP combustor is sketched in Fig. 2.
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Figure 2: Schematic of CESAM-HP combustor used in LOTAN. All length dimension are in m.

For reductions in nozzle cross-sectional area and for gradual area increases, it is assumed that the
mean flow does not separate so that isentropic conditions hold. Then, the mean flow quantities up-
stream and downstream of the area change are related to each other by applying conservation of mass,
momentum and energy flow rates. The flame is modelled as a discontinuity on which the conservation
of mass, momentum and energy flow rates are applied. There is a source in the energy flow rate
equation due to unsteady combustion which induces frequency-dependent acoustic and entropy fluc-
tuations. The flame is placed between 0.01m and 0.02m downstream of the inlet of the combustor
and the effect of flame position on the Green’s function is analysed. We assume that in the nozzle the
region of supersonic flow between choked throat and the shock is compact, but the subsonic conver-
gent and divergent sections are modelled as a series of piece-wise isentropic area changes.

The inlet of the air jet is taken to be acoustically non-reflecting. Flow in the ICS path is taken to
be a short duct with length of 0.004 m. The geometry of the perforated plate such as the number of
holes, holes diameter, open-area ratio and their discharge coefficients are not known. Hence, we study
the effect of different boundary conditions at the ICS inlet duct considering it to be either non-reflect-
ing or acoustically closed. As will be discussed in section 4.1 changing the boundary conditions at
the inlet of the ICS duct has no noticeable effect on the pressure predicted in the combustor. The fuel-
air supply is modelled as coming from a large plenum which is enters the premixing plenum tangen-
tially through a short duct. The throat of the nozzle is choked and so the boundary condition of Marble
and Candel [14] is applied at the throat. The nozzle then discharges burned gases to the atmosphere.

4. Results

In this section we first present the transfer function |p /Q| predicted by LOTAN for total, acoustic

and entropy waves at the position of fourth microphone in Fig. 1 (i.e. x = 122.5 mm from the com-
bustor inlet). In a LOTAN calculation to obtain the direct sound, we calculate the entropy wave gen-
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erated at the flame but ignore its contribution when applying the downstream choked boundary con-
dition. The direct sound field is obtained by adding the downstream and upstream propagating acous-
tic waves. The indirect noise due to the entropy wave can be determined by subtracting the direct
noise from the calculated full sound field. Then using the spectrum of the heat release rate fluctuation,
total, direct and indirect noise generated in the combustor is predicted and compared with experi-
mental data. It should pointed out that in the experiment and in high fidelity CFD it is very challenging
to differentiate the contributions from the direct and indirect noise sources.

4.1 Effect of ICS inlet boundary condition on the transfer function (TF)
Figure 3 shows the amplitude of TF (| p/Q|) for the total noise with two different boundary condi-

tions representing (i) Non-reflecting and (ii) Closed at the inlet of the ICS path.
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Figure 3: Amplitude of the transfer function for total noise as a function of frequency with two different
boundary conditions at the inlet of the ICS, Non-reflecting (back solid line) and Closed (dashed red line).

The inlet of the jet duct is assumed to be non-reflecting and that of the fuel-air supply secondary
duct is taken to be a plenum. It is seen that utilising different boundary conditions at the ICS inlet has
no noticeable effect on the TF predicted in the combustor. This is because the area in the fuel-air
supply secondary path is comparable to that in the main duct. Thus, its inlet plenum ensures a zero
pressure perturbation and this decouples the acoustics upstream and downstream of the mixing region.
Thus, in the following we set the boundary condition at the inlet of the ICS to be non-reflecting.

4.2 Effect of source position on the transfer function
When the heat release is so concentrated that G,(y,%, ) varies little over the combustion zone,
G,(V,%, ) can be taken outside the source integral with respect to source position in Eq. (1).
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Figure 4: Amplitude of the transfer function for (a) acoustic noise and (b) entropy noise as a function of
frequency with different source positions of x, = 10 mm (blue line), X, = 15 mm (black line) and x, = 20 mm
(red line) from inlet of the combustor.
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Since the mean flow Mach number is low in the CESAM-HP combustor at the flame zone (i.e.
M_.. ~0.09), it is a stronger constraint for the combustion zone to be short compared with the entropy

wavelength 270/ than compared with the acoustic wavelength 22T /w, where U and T are the
mean axial velocity and speed of sound respectively. Here the effect of source position on the Green's
function has been investigated. If the Green’s function is strongly dependent on y, one needs to run
LOTAN for a number of axial source positions. According to the RANS simulation of the CESAM-
HP combustor [5], most of the heat release occurs within the first 25% of the combustor length. We
consider the variation of & for a distribution of axial source positions within the first 25% of the

combustor length at positions of X, = 10, 15 and 20 mm. Transfer functions for acoustic and entropy
waves are shown in Fig. 4. It is seen that the acoustic wave is not sensitive to the axial position for
the range of frequencies considered. Thus, we are certain that if entropy waves are diffused before
the fourth probe position, G| is not sensitive to the axial source position. Indirect sound from the

entropy wave shows a slight dependency on the source position mainly at the peak frequencies. How-
ever, these peaks span a very narrow-band of frequency range and hence their integral over frequency
does not contribute significantly to the sound pressure level. Therefore, the results presented in Fig.
4 confirms that it is safe to take G, outside the source integral with respect to X, and thus LOTAN

needs to be run only once for each frequency.

4.3 The transfer function of combustion noise for the combustor
Figure 5 shows the amplitude of TF of total, direct and indirect noise as a function of frequency.
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Figure 5: Amplitude of the transfer function for total (black line), direct acoustic (red line) and indirect en-
tropy (green line) noise as a function of frequency.

It is seen that as the frequency tends to zero the TFs for total, acoustic and entropy noise tend to
small values. As the frequency increase up to about fpeak = 250 Hz (for acoustic and entropy noise)
and fpeak = 300Hz (for total noise) the magnitudes of the pressure increase. A further increase in the
frequency leads to a decrease of the direct pressure. Entropy noise has a complicated dependence on
the frequency due to it multiple resonances. The shape of the total noise is mainly affected by the
entropy noise with multiple peaks and troughs. For frequencies below about 300 Hz the direct and
indirect noise have similar magnitudes and contribute similarly to the total noise. For some frequen-
cies the indirect noise is even higher than the direct noise. For higher frequencies, the contribution of
the entropy noise decreases but it is still high enough to influence the total noise generated.

4.4 Sound Spectra
To predict the pressure spectrum the spectrum of the heat release rate fluctuation that is the source

of direct and indirect entropy noise is obtained by two approaches, (i) by post-processing the com-
pressible LES data of the CESAM-HP combustor [10], and (ii) using statistical noise model by Hirsch
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et al. [11]. The source obtained by these approaches is multiplied by the Greens’ functions as de-
scribed in section 4.3. Figure 6 (a) shows the total Power Spectral Density (PSD) predicted for the
combustor utilizing these two noise sources in LOTAN, and their comparison with the experimental
data. It is seen that the total noise predicted by LOTAN is in good agreement with the measured data
and in particular the frequency where the maximum spectral level occurs, fpeak = 140 Hz, is well-
predicted. The Hirsch et al. [11] spectral model requires mean flow and turbulent properties such as,
velocity, density, turbulent intensity, turbulent dissipation and etc which was obtained from a RANS
calculation [5]. It was shown in [5] that RANS cannot predict the flow properties of the CESAM-HP
combustor accurately. Consequently the there are some errors in the predicted heat release spectrum.
The spectral method tends to under-predict the maximum amplitude of the integral heat release spec-
tra and the spectral level at very low frequencies using compared to the LES data. Hence the PSD is
somewhat under-predicted for low frequencies by the statistical model.
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(a) PSD as a function of frequency for total pre- (b) PSD as a function of frequency for total noise
dicted noise using LOTAN in combination with LES (black line), direct acoustic (red line), indirect entropy
(red line), and statistical model (black line) compared  (green line) based on heat release spectrum obtained us-

with the measured data [10] (symbols). ing LES data [10].

Figure 6: Power Spectral Density (PSD) as a function of frequency.

Figure 6(b) demonstrates the contribution of direct acoustic and indirect entropy noise to the total
noise generated in the CESAM-HP combustor. It is seen that the indirect entropy noise and direct
acoustic noise contribute similarly to the total noise generated. Nonetheless, at frequencies above fpeax
the contribution of the direct acoustic noise is slightly higher. Recent work by Huet et al. [10] con-
cluded that the total noise reflected by the nozzle in the combustor is dominated by the direct contri-
bution. This is because in their paper they discussed that their predicted direct acoustic noise includes
the multiple reflection of entropy-generated noise by the combustor boundaries. Thus, in their analy-
sis the direct and indirect noise counterparts were not fully differentiated.

5. Conclusions

A low order network model (LOTAN) has been used in combination with spectrum of the heat
release rate fluctuation to predict the broadband combustion noise and its direct and indirect contri-
butions in the laboratory-scale CESAM-HP combustor. Two approaches have been utilised to deter-
mine the spectrum of the heat release rate fluctuation for an unsteady turbulent partially premixed
flame. In the first approach, results of a LES have been post-processed to calculate the spectrum of
heat release rate fluctuation. In the second approach, the spectral model developed by Hirsch et al.
[11] and modified by Liu et al. [12] based on RANS data, has been used to obtain an estimate of the
spectrum of the heat release rate fluctuations. This heat release spectrum is then combined with the
Greens’ function predicted by LOTAN to obtain the spectrum of broadband pressure fluctuations due
to combustion noise in the combustor. The total noise predicted utilising LES spectrum agrees well
with the measured data. The statistical method tends to under-predict the measured amplitude for
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frequencies below 250 Hz by up to 20 dB. But, for higher frequencies the predicted noise is in good
agreement with experimental data. Contributions of direct and indirect noise sources to the total noise
at the combustor outlet are identified. For frequencies below fpeax (the frequency of the maximum in
the pressure spectrum), the indirect entropy noise makes a contribution comparable in magnitude to
that of the direct acoustic noise. While for frequencies above fpeak, the contribution of the indirect
entropy noise is modest.
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