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Abstract

The relative importance of direct and indirect combustion noise in a realistic gas-turbine combustor is in-
vestigated. While temperature fluctuations are commonly recognized as the primary source of indirect com-
bustion noise, recent theoretical analysis has shown that mixture inhomogeneities and associated variations
in the Gibbs free energy represent another indirect noise-source contribution that is further investigated in
this study. To this end, a hybrid model is developed that combines large-eddy simulations for predicting the
unsteady turbulent reacting flow field in the combustor with a linearized Euler solver to describe the trans-
mission and generation of noise through the downstream nozzle. By considering an operating point near the
lean blow-out limit at cruise conditions, it is shown that indirect noise has an appreciable contribution to the
overall noise emission at low frequencies, and direct noise arising from a tonal instability in the combustor
dominates at higher frequencies. At this operating point, indirect noise contributing from compositional in-
homogeneities was found to be comparable in magnitude to entropy noise from temperature inhomogeneities.
A modal analysis of the indirect noise sources showed that the entropy and compositional noise are shifted
in phase, resulting in a cancellation of the indirect noise. Effects of Mach number and modal shape of the
combustor-exit perturbations on the noise generation are investigated, demonstrating the importance of spa-
tial inhomogeneities to the core-noise contribution.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction reduction and anticipated growth in air traffic.

Engine noise can be distinguished into fan noise,

The understanding, prediction, and mitigation
of engine noise has received significant attention
due to increasingly stringent requirements on noise
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jet noise and core noise [1]. With recent progress to-
wards the reduction of fan noise and jet noise, the
relative contribution of core noise has increased in
importance. Furthermore, with increasing interest
in employing lean-premixed combustion technolo-
gies and the consideration of compact combustors
that operate at higher pressures and power densi-
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ties [2], it is anticipated that combustion-generated
noise will further increase in importance.

Different mechanisms that contribute to core
noise have been identified [3-6]. The first one
is direct combustion noise, which describes the
transmission of pressure fluctuations originating
from the unsteady heat release in the combustion
chamber [3]. The second one is indirect combustion
noise that is caused by the convection of unsteady
vortices, and entropy variations by temperature hot
spots as they propagate from the combustor to the
downstream turbine and nozzle [7]. More recently,
contributions from mixture inhomogeneities and
associated variations in the Gibbs free energy
were identified as an additional source of indirect
combustion noise that has so far not been con-
sidered [6,8]. The relative contribution of these
noise-source mechanisms is strongly dependent
on the operating conditions, engine type, and the
interaction with other noise source.

Experiments have been conducted to examine
combustion noise. With relevance to the anal-
ysis of indirect noise, Bake et al. [9] conducted
measurements in an entropy wave generator to
examine entropy noise mechanisms by heating.
More recently, Rolland et al. [10] performed mea-
surements in a similar configuration to quantify
contributions from direct noise, entropy noise,
and compositional noise, showing that experimen-
tal measurements for indirect noise are in good
agreement with theoretical models.

Over recent years, significant progress has been
made on the theoretical analysis of core noise.
Acoustic analogies have been employed to char-
acterize direct noise and jet-exhaust noise, and
different methods have been proposed for mod-
eling indirect noise that include the compact
nozzle theory [7,11], the effective nozzle length
method [12,13], expansion methods [14,15], and
non-linear analysis [16].

With increasing computational resources, mul-
tidimensional simulations have been employed to
investigate core noise [6]. Leyko et al. [17] com-
pared direct and indirect noise mechanisms in a
model combustor and found that indirect noise is
small for laboratory experiments but increases for
more realistic aeronautical engines. By using large-
eddy simulation (LES), Papadogiannis et al. [18] as-

Table 1

sessed the generation of entropy noise in a high-
pressure turbine stage and found that the upstream
entropy noise is reduced due to the choked tur-
bine nozzle guide vane. O’Brien et al. [19] employed
a hybrid modeling approach to predict the core
noise in a configuration that consists of combustor,
turbine, nozzle and far-field radiation. Livebardon
et al. [20] combined LES and actuator disk theory
to predict combustion noise in a helicopter engine,
confirming the importance of indirect combustion
noise.

These experimental and computational investi-
gations have shown that the relative contribution
of direct and indirect noise to the overall core-noise
radiation depends on engine type and operating
conditions, and an integrated engine-flow-path
representation requires consideration for predict-
ing the noise transmission. By addressing this need,
the objective of this study is to develop a hybrid
model and investigate the relative importance
of core-noise sources in a realistic gas-turbine
combustor. The experimental configuration is pre-
sented in Section 2. The hybrid modeling approach
is presented in Section 3. Results are analyzed in
Section 4 and conclusions are provided in Section 5.

2. Experimental configuration

The combustor considered in this study was de-
signed to reproduce features of a realistic rich-
quench-lean (RQL) combustion chamber [21-23].
The air flow to the primary combustion zone is sup-
plied through two outer axial swirlers and an in-
ner radial swirler. The liquid fuel is injected through
a pressure-swirl atomizer nested in the center. The
combustor walls consist of multi-perforated liners
and dilution holes. The total air flow mass rate is
391.4 g/s with temperature of 394 K. The fuel with
temperature of 322 K is injected at an overall equiv-
alence ratio of 0.1. The operating condition is rep-
resentative for cruise conditions with an operating
point near the lean blow-out limit [22]. The liquid
fuel, considered in this study, consists of an alterna-
tive fuel with a low Derived Cetane Number (Cat-
C1, POSF11498), and relevant fuel properties are
summarized in Table 1. The pressure in the com-
bustion chamber is 2.07 atm. Further details on

Properties of the Cat-Cl1 fuel, with W: Molecular weight, A/i: Heat of combustion, H/C: Hydrogen/carbon ratio; u;:
Dynamic viscosity of the liquid fuel, and DCN: Derived cetane number.

Composition (mass fraction [%0])

Aromatics iso-Paraffins n-Paraffins Cycloparaffins Alkenes
<0.01 99.63 <0.001 0.05 0.32

W [kg/kmol] Ahc [MJ/kg] H/C w; (322 K) [mPa 5] DCN
178 43.8 2.16 0.98 17.1
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Fig. 1. Schematic of hybrid model that consists of unsteady combustor LES and low-order nozzle simulation.

physical properties and combustion quantities for
droplet evaporation, flame-speed and ignition de-
lay are provided as Supplementary Material.

3. Numerical method
3.1. Hybrid method

A hybrid model is developed to predict the
combustion noise in a realistic combustor-nozzle
configuration, which is illustrated in Fig. 1. In
this hybrid model, an unsteady 3D combustion
LES is employed to predict the turbulent reacting
flow field in order to provide realistic combustor
exit conditions as inflow to the downstream noz-
zle. The nozzle flow is described as solution to
the linearized Euler equations (LEE), and inlet
conditions for velocity, pressure, entropy, and
mixture fraction are extracted from the upstream
combustor simulation. In the absence of a detailed
description of the downstream flow geometry, we
considered a nozzle that expands the flow into the
ambient at a prescribed nozzle-exit Mach-number
M. The nozzle geometry is represented by a
converging-diverging supersonic nozzle and the
flow in the nozzle follows the linear-velocity profile
by Duran and Moreau [14]. To examine effects of
modal structure, spectral content, and noise-source
contributions of the combustor-exit flow-field, we
considered an idealized nozzle geometry. Further
extensions are necessary to examine effects of the
inlet-guide vanes, rotating blade-geometry, and
blade cooling that are currently not considered
with this idealized configuration.

3.2. Combustor simulations

Numerical simulations of the 3D combus-
tor configuration are performed using a com-
pressible LES-solver [24.25]. In this method
the Favre-filtered conservation equations for
mass, momentum and total specific energy are
solved, and the thermochemical state is obtained
from a flamelet/progress variable combustion
model [26,27]. Further details on the computa-
tional model and LES-formulation are provided as
Supplementary Material.

The governing equations are discretized us-
ing a hybrid scheme that combines a 4th-order

accurate central schemes with a 2nd-order ENO
scheme. Operator splitting is employed for time
integration, in which the non-stiff advection-
diffusion operators are solved using a third-order
accurate strong-stability preserving Runge-Kutta
scheme [28]. To integrate the stiff chemical
source terms, a semi-implicit Rosenbrock—Krylov
scheme is used, having 4"-order accuracy and
linear cost with respect to the number of species
[29].

A Lagrangian spray particle model is employed
to describe the disperse phase, which is two-way-
coupled to the Eulerian gas-phase solver. The
liquid fuel is injected following a Rosin—Rammler
distribution and secondary atomization is modeled
using a stochastic breakup model. The Vreman
SGS model [30] is employed to model the turbulent
stresses and the turbulence/chemistry interaction
is represented using a presumed probability
density function. Boundary conditions are
prescribed by no-slip wall conditions and the
effusive cooling is modeled through a homo-
geneous approach, in which the effusive gas-
phase velocity is determined from measurements
[22].

The combustor geometry is discretized using a
hexahedral mesh with 18.3 million elements. The
mesh is locally refined in the combustion and shear-
layer regions. Studies on the mesh sensitivity were
performed in prior work [22], focusing on predict-
ing flame-shape, disperse phase, and capturing the
blow-out limits, ensure that this simulation setup is
adequate to describe the unsteady combustion pro-
cess. Combustion noise is dominant at low frequen-
cies [6], and the dissipation/dispersion properties of
the LES solver were evaluated to ensure that the di-
rect noise is accurately predicted for frequencies be-
low 1.5 kHz.

A constant timestep of 50 ns is used to advance
the solution in time. After the simulation reaches a
steady state, statistics are collected for 35 ms, cor-
responding to seven characteristic residence times,
Tres = 5 ms. By analyzing the flow field, we iden-
tified that the combustor exhibits a characteristic
longitudinal frequency at f. = 400 Hz. Probe mea-
surements were employed to compute the acoustic
spectra and longitudinal mode. In the experiment,
Monfort et al. [21] observed an acoustic instability
between 350 and 450 Hz for the equivalence ratio of
0.1, which agrees well with our simulation results.
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3.3. Coupling of combustor exit and nozzle flow

The combustor exit with a rectangular shape is
connected to the nozzle inlet (75 mm in width).
To describe the nozzle flow, a Cartesian coordinate
system is introduced in which the combustor exit
lies on the y — z plane and the x-axis is aligned
with the nozzle center line. The combustor exit-flow
was well mixed along the spanwise direction, al-
lowing us to represent the nozzle-inlet flow as two-
dimensional by averaging along the spanwise direc-
tion z. To describe the nozzle inlet conditions, we
decompose the instantaneous filtered flow field ¢ =
{(u, p, 5, Z} (with u: velocity vector, p: pressure, s: en-
tropy, and Z: mixture fraction) at the combustor
exit plane into mean and fluctuating quantities as
q, t) =q(y) + ¢' (1. t). We further express the fluc-
tuation in terms of temporal frequency as ¢'(y, t) =
[ A, frexp{—iQn [t + ¢,)}df, where A, f,
and ¢, are the amplitude, temporal frequency, and
phase, respectively.

In the following, we adopt two methods to
specify the amplitude, 4,. The first method as-
sumes that ¢ is uniform along the y-direction, al-
lowing us to describe the perturbation by a planar
mode shape. We spatially average each flow vari-
able as (¢),(t) = H™' [ ¢'(y, 1)dy, where H is the
height of the combustor exit. A Fourier transfor-
mation of (g'), is performed to obtain the spa-
tially averaged amplitude spectrum, (4,),(f) =
FI{q'),(¢)]. We conduct LEE simulations for vari-
ous Mach numbers and various frequencies using
this method.

The second method considers the component of
fluctuations at the characteristic frequency f = f..
To this end, we first apply a band-pass filter to the
LES data to extract the corresponding frequency
component of the flow variable at the combus-
tor’s exit plane. Proper orthogonal decomposition
(POD) is then applied to the filtered data, and the
first most-energetic spatial POD mode is applied to
prescribe the spatial dependence of 4,. POD is a
modal decomposition that extracts coherent spatial
structures from dynamic data. Using a dominant
POD mode as a boundary condition to the LEE
simulation provides an adequate representation of
the disturbance energy at the combustor exit as an
effective noise source [31]. Note that, in the present
analysis, POD is separately conducted to p', u/, s/,
and Z' to extract the 1st POD mode of each of
the variables. The effect of the mode shape on the
combustion noise is discussed by comparing with
results obtained using planar and Gaussian spatial
distributions.

3.4. Nozzle-flow simulations

The flow through the nozzle is described from
the solution of the linearized Euler equations that
are obtained by decomposing the flow variables
for a multicomponent mixture with frozen chem-

istry into a mean flow and fluctuations. Substitut-
ing the decomposed variables and retaining only
first-order terms, the linearized Euler equations can
then be written as:

DS +u -V5i=0, (1a)
D +u -Vu+Vyp/p

+(p/yp—5/c,—VZ)u-Vu=0, (1b)
Dip+u -Vi+y(pV-u+pV-u)=0, (lo)
D.Z +u -VZ=0, (1d)

where p is the density, c, is the heat capacities, y
is the ratio of heat capacities, and W is the chemi-
cal potential function. The governing equations are
solved using a 4th-order finite difference scheme in
conjunction with a 4th-order Runge—Kutta method
with a constant time-step size.

In the following, the transmission is predicted
in the form of a transfer function that compares
the magnitude of an imposed disturbance at the
nozzle inlet to the resulting disturbance at the noz-
zle outlet. In these studies, the transfer function
is conveniently expressed in characteristic form for
the downstream and upstream acoustic waves, ad-
vected entropy perturbations, and compositional
perturbations, 7n* = (p'/yp+u//¢)/2, o =5/cp.
& = Z'. We also introduce the Helmholtz number
as He = fL/c, where f is the perturbation fre-
quency, L is the nozzle length and c is the speed of
sound at the nozzle inlet.

In this context, it is noted that this hybrid model
is one-way coupled and effects of the nozzle re-
flection to the combustor flow-field are not con-
sidered. We have computed the transfer function
of the reflected wave, 7, with respect to incom-
ing perturbations by acoustic, entropy and compo-
sitional disturbances at the characteristic frequency
Jf. = 400 Hz, giving the following results: 7, /m} =
0.41, n; /o, =0.02 and n, /&, = 0.08. This sug-
gests that the reflection by entropy and composi-
tional perturbations are small, and a two-way cou-
pled model is required to examining the importance
of the acoustic nozzle reflection on the combustion
dynamics.

4. Results and discussion
4.1. Combustor results

Instantaneous and statistical results showing
axial velocity, temperature, mixture fraction, and
OH* are presented in Fig. 2. It can be seen that a
strong inner recirculation zone is formed near the
swirler, and a smaller recirculation region in the
secondary combustion zone behind the dilution
holes. The high temperature region is visible in
the primary combustion zone, and the flame is an-
chored in the injector region as shown by the OH*
field in Fig. 2. Comparison of OH*-profiles with
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Fig. 2. Instantaneous and statistical results for axial ve-
locity, temperature, mixture fraction, and OH* (from top
to bottom), where the upper sub-panels show the in-
stantaneous quantity and the lower sub-panels the time-
averaged quantity; OH*-results are line-of-sight averaged
data from experiments (top) and simulations (bottom).

measurements show reasonable agreement. Flow
acceleration at the combustor exit can be seen
and appreciable levels of inhomogeneities in the
mixture composition and temperature field in the
secondary combustion zone and at the combustor
exit are visible.

Quantitative comparisons of droplet velocity
with PDPA measurements are shown in Fig. 3 at
three axial positions in the combustor, indicating
that the present simulation can adequately repro-
duce the spray cone angle and the velocity mag-
nitude. Mean combustor-exit quantities obtained
from averaging across the exit plane are reported as:
P = 1.975bar,u = 79.92 m/s, s = 7.403 KJ/(kg K),
and Z = 0.008.

4.2. Chemical potential function

The generation of indirect combustion noise
by compositional inhomogeneities introduces a de-
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ment and simulation.
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Fig. 4. Chemical potential ¥ as a function of rescaled
mixture fraction and Mach number for Cat-C1 fuel.

pendence on the chemical potential function, W, as
shown in Eq. (1). In this work, the chemical poten-
tial function is calculated from the flamelet solution
in terms of Gibbs’ free energy as a function of mix-
ture fraction [6]:

1 i Yy, 1 9
[V (i—Ah?> - %
T &=\ W, iz = ¢, T oz

where AAY is the formation enthalpy, W; is the
molecular weight, 7 is the temperature, Y; is the
mass fraction, g is the specific Gibbs energy of
the mixture. Here, we compute ¥ from a flamelet
at scalar dissipation rate of y =1 s~!, which re-
sembles the combustor exit condition. The chem-
ical potential as a function of mixture fraction and
Mach number M is illustrated in Fig. 4, showing a
strong variation of W at fuel-lean conditions and a
direct dependence on M, due to the dependence on
temperature and pressure through Eq. (2).

4.3. Effect of Mach number

In this section, the relative importance of
core-noise sources is investigated. For this, we
consider nozzle-exit Mach numbers of M, =
{1.0, 1.25, 1.5}. The Helmholtz number is in the
range of 0.2 < He <2, corresponding to physical
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frequencies of 200 Hz <f <2000 Hz with noz-
zle length L = {0.4, 0.45, 0.5} m, respectively. Pla-
nar inlet perturbations are considered and the mag-
nitude of the perturbation is obtained from the
Fourier transformation of the combustor exit sig-
nal. Fig. 5 shows the amplitude spectrum of the
combustor exit quantities.

We compare the sound pressure level (SPL) for
different noise-source contributions for the three
different nozzle-exit Mach numbers. The nozzle
length is modified to match different outlet Mach
numbers [14]. Results for the computed sound-
pressure levels are shown in Fig. 6, where SPL is
defined as SPL = 201log,((pms/pj) dB, where pp
P’ is the root-mean-square of the sound pressure
and py is the reference sound pressure of 20 pPa.
It can be seen that the Mach number has a negligi-
ble effect on the SPL over the range of frequencies
considered in this study. At He = 0.2, the entropy
and compositional noise contributions dominate
over the direct noise. This frequency is lower than
the characteristic frequency of 400 Hz, which cor-
responds to He = 0.4. Over this frequency range,
entropy and compositional noise are found to be
more important for this operating condition. At
He = 0.4, all noise sources reach their peak val-
ues. For conditions He > 0.4, the SPL for entropy
and compositional noise decrease, while the direct

0.002
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0
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——  Entropic
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——  Overall
-0.004 % : 8
Time [-]

Fig. 7. Evolution of the acoustic, entropy, compositional,
and total noise sampled at the center of the nozzle exit for
the conditions M, = 1.5 and He = 0.2.

noise attains an additional peak at He = 1.5. This
frequency corresponds to the higher harmonic fre-
quency, which is also observed in the spectrum
of the pressure and velocity perturbations at the
combustor exit, as shown in Fig. 5. Notably, for
He = 0.2 and 1.0, the total noise is smaller than
the compositional and entropy noise, which can be
explained by the phase cancellation between both
noise sources.

Fig. 7 shows the temporal evolution of the pres-
sure perturbations at the center of the nozzle exit
that correspond to the acoustic, entropy, compo-
sitional, and total noise contributions for the case
with M, = 1.5at He = 0.2. We see that the entropy
and compositional noise have similar amplitudes,
but they are phase shifted by 7. As a result, these
two noise-sources cancel, so that their contribution
to the total noise becomes small.

4.4. Effect of spatial mode shape

In previous theoretical investigations [7,8,11—
15] and numerical simulations [32], perturbations
at the nozzle inlet were treated as planar perturba-
tions. However, the spatial distribution at the com-
bustor exit may differ as a consequence of inhomo-
geneous combustor-exit flow field. In this section,
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Fig. 6. Comparison of SPL for different noise sources and different outlet Mach numbers.
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Fig. 8. First spatial POD modes v (y) for pressure, ve-
locity, entropy and mixture fraction fluctuations obtained
from band-pass filtered LES data at the combustor exit.
The amplitude is normalized.

we investigate effects of these spatial distributions
on the resulting acoustic noise by directly consid-
ering the most energetic POD-modes that are com-
puted from the LES data.

Fig. 8 shows the first POD mode shape for
each quantity. We perform separate LEE simula-
tions using these mode shapes as boundary condi-
tions: ¢'(y, t) = ¥ (y)sin(2x f.t + ¢,), where ¥ ((y)
is the most-energetic POD-mode and ¢, = 0 for p/,
—m /2 for u', and 7/2 for s and Z', respectively. We
also perform separate simulations with planar and
Gaussian spatial distributions with the same total
energy to that of the corresponding POD-mode.

Fig. 9 shows sets of instantaneous contours of
the downstream-propagating acoustic waves in the

Table 2
Comparison of SPL for different mode shapes.

Planar (dB) Gaussian (dB) POD (dB)

Acoustic 152.34 162.58 160.24
Entropic 144.96 153.42 149.75
Compositional 143.29 152.91 150.39
Total 152.12 161.83 159.36

nozzle obtained from the simulations using planar,
Gaussian, and POD mode shapes with He = 0.4
and M, = 1.5. Each set shows the acoustic waves
that originate from the acoustic, entropy and com-
positional perturbations at the nozzle inlet. For all
simulations, we observe strong spatial variations
of the acoustic amplitude along the nozzle center.
These variations correspond to the wavelength of
the pressure perturbation. In contrast, vertical vari-
ations of the acoustic amplitude are strongly de-
pendent on the boundary conditions at the inlet.
This dependence is evident in the contours for the
composition and entropy noise. With the Gaussian
mode shape, the amplitude is larger at the nozzle
center than at the nozzle wall. With the POD mode
shape, a larger amplitude is observed near the noz-
zle wall. This spatial variation corresponds to the
mode shapes at the inlet in that both the entropy
and mixture fraction fluctuations take their maxi-
mum values at y~ + 1 (Fig. 8).

Table 2 compares SPL for acoustic, entropy,
compositional, and total noise at the nozzle exit
for the different inlet boundary conditions. For all
noise contributions, the SPL is largest for the Gaus-
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Fig. 9. Instantaneous contours of downstream-propagating acoustic waves for different spatial structure of acoustic, en-
tropy and compositional perturbations at nozzle inlet for constant He = 0.4 and M, = 1.5.
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sian mode shape and smallest for the planar mode
shape. Although the POD mode shapes at the in-
let do not resemble the Gaussian mode structure
(Fig. 8), their emitted acoustic energy is similar and
differs only by few dBs. Overall, the results suggest
that the spatial inhomogeneity of the inlet pertur-
bations can significantly affect the SPL at the noz-
zle exit in a non-trivial manner. Therefore, the accu-
rate consideration of the effect of these inhomoge-
neous combustor-exit conditions on the noise emis-
sion requires a coupled modeling approach.

5. Conclusions

In this study, the relative importance of direct
and indirect combustion noise is examined by con-
sidering a hybrid modeling approach to couple a
gas-turbine combustor with a converging-diverging
nozzle. Effects of perturbation frequency, Mach
number, and combustor exit modes on the noise
generation are investigated. From this study, the
following conclusions can be drawn:

 For the operating conditions examined, en-
tropy and compositional noise sources have
comparable contributions to the sound pres-
sure level, with both exceeding the direct
noise at low frequencies;

The direct noise is found to be approximately
10 dB higher than the indirect noise at the
characteristic combustor frequency of He =
0.4,

The spatial mode shape has a significant ef-
fect on the acoustic transmission through the
nozzle and requires consideration in accu-
rately predicting the combustion noise.

In this study, we examined the generation and
transmission of combustion noise in a represen-
tative RQL combustor and nozzle geometry. It is
noted that this hybrid approach introduces limita-
tion and further investigations are necessary to ex-
amine effects of turbomachinery, inlet guide vanes,
and blade cooling.
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