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A next-generation axially-staged combustor operating at take-off conditions is analyzed
through large eddy simulations (LES) with the objective to analyze scaling laws for com-
bustion noise modeling. Comparisons to experimental results are reported, including spray,
chemiluminescence, and acoustic measurements. Given the high computational cost of LES,
semi-empirical models are necessary to estimate combustion noise in aviation engines, especially
in the preliminary design stages. Legacy models have proven valuable for many applications,
but the databases underpinning these models are outdated, narrow in scope, and with limited
geometric variations. To address these limitations, we tackle the low-order modeling aspect of
this next-generation combustor by assessing scaling laws for the peak frequency and spectral
shape of direct combustion noise. Existing combustion spectra models represent well the direct
noise acoustic source term, as long as the frequency of peak emission is accurate. It is shown
that the latter can be estimated with the model from Rajaram & Lieuwen (2009), at least when
turbulent premixed flames are considered.

I. Introduction

Aircraft noise is a major concern because it adversely affects the quality of life, health, and property value of
communities in proximity to airports and main flight corridors. One strategy to mitigate noise exposure is to reduce

noise levels at the source. Main contributors to noise emission from aircraft are the airframe and engines. Airframe
noise arises from the wings, fuselage, nacelle, and landing gear. Engine noise is generated by the fan, compressor,
combustor, turbine, and jet exhaust. Substantial reductions in engine noise have been achieved in the past few decades,
primarily due to the introduction of the turbofan engine and the successive increase in bypass ratio [1, 2]. As a result,
the noise generated by the combustor, that we will refer to as combustion noise, became a significant contributor to
overall aircraft noise. Its significance has been recognized at low-power engine conditions during landing and approach,
and in auxiliary power units. Therefore, meeting NASA’s ambitious N+2 and N+3 noise-reduction targets will most
likely require the consideration of combustion noise [1].

Legacy combustor designs generally result in a fuel rich primary combustion zone to provide a robust flame
stabilization. Further downstream, the flame is quenched by dilution air jets to create an overall lean flame, therefore
curtailing carbon monoxide (CO) emissions. This combustor design, known as a rich-quench-lean (RQL) combustor, has
been the state-of-the-art in the aeronautic industry for several decades [3, 4]. Some manufacturers have started to move
away from this design given challenges with minimizing greenhouse gases emissions, primarily nitrogen oxides (NOx).
General Electric (GE) developed the Dual Annular Combustor (DAC) [5], which entered service in the mid-1990s. This
radially-staged combustor featured a pilot stage used at low-power conditions, and a main stage operated at higher
powers. The main stage was designed to provide a lean flame but the fuel and air were inserted through a conventional
fuel nozzle and swirl cup. Only the subsequent Twin Annular Premixing Swirler (TAPS) combustor generation 10
years later introduced a significant degree of premixing in the main flame [6]. Rolls Royce Deutschland developed a
Single Annular Combustor (SAC) combustor with a similar radial staging and lean flame burning to achieve more than
50% NOx reduction compared to RQL technology [7]. Pratt & Whitney (PW) and Raytheon Technologies Research
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Center (RTRC) have also explored and developed various combustor concepts in the past decades in order to reduce
NOx emissions. For example, an axially staged combustion system was developed for the V2500 in the 1990’s. Further
developments were performed to improve this design into the Axial Controlled Stoichiometry (ACS) combustor [4]. The
arrangement and separation of the pilot and the main provides for efficiency and stability at low power, and stability at all
operating conditions. Another advantage of the ACS is that it distributes the heat release axially, reducing susceptibility
to acoustics. Greenhouse gases emissions were also significantly lower than the previously developed TALON X RQL
combustor [4].

The introduction of advanced combustion strategies, such as lean prevaporized premixed combustion and lean
direct injection can, however, result in increased noise emissions due to the occurrence of thermo-acoustic instabilities,
thermal stratification, and higher turbulence levels [4]. Higher operating pressure ratios (OPR) and power densities
might also increase core noise levels [8]. Most of these acoustic assessments of future combustor technologies have
relied on expensive experimental investigations or semi-empirical models, and no capability exists today to reliably and
quickly assess the acoustic impact of emerging technologies. Without further efforts aimed at combustor acoustics,
there is significant risk of establishing long-term combustor technology directions which unnecessarily compromise
community noise impact.

Methods for predicting combustion noise can be categorized in a hierarchy of approaches. At the highest level of
fidelity, methods solving the compressible Navier-Stokes equations via large eddy simulation (LES) directly capture the
acoustic field while resolving the unsteady reactive flow. While this approach can provide great insights and constitute
the basis for in-depth analyses, it is inherently computationally expensive and has limited utility as original equipment
manufacturer (OEM) design tools. Simpler hybrid methods rely on acoustic analogies, where source terms describing
sound generation are introduced in acoustic propagation models. The characteristics of the acoustic sources are usually
first computed using simplified computational fluid dynamics (CFD) models and then analytically or numerically solved
through linearized propagation equations to determine the acoustic field. Although hybrid methods for combustion
noise prediction have made significant strides in recent years, their application has been limited to canonical problems
and simplified geometries, and further development and validation is needed before such methods can be reliably used
for acoustic assessment of advanced combustor technologies.

Due to the aforementioned challenges, semi-empirical models have been widely used to estimate combustion noise
in aviation engines, and are essential at the preliminary/conceptual design stages of aircraft-propulsion systems. At
the core of the semi-empirical models relies the well established observation that the combustion noise spectrum is
self-similar, meaning that it can be modeled using scaling laws. A substantial amount of applied research, relating
measured real-engine noise levels to operating parameters, was published in the literature during the 1970s. Both GE
[9] and PW [10] determined semi-empirical formulas for the total radiated acoustic power, with model coefficients
determined using rig testing. The Aircraft Noise Prediction Program (ANOPP) [9] and the Mathews & Rekos [10]
models also included far-field directivity and spectral distribution, which were obtained empirically from full-engine
tests. A more recent study by Tam et al. [11] compared combustion noise spectra from turbulent open hydrocarbon
flames, low Mach number jets, can-type combustors, auxiliary power units and turbofan engines. This study showed
that the combustion noise spectra can be modeled by the similarity acoustic spectrum of large turbulent structures
of high speed jets. This is consistent with an earlier explanation provided by Strahle [12], who has argued that the
frequency content of combustion noise is governed by large scale motions of the turbulence, through distortions of the
flame surface. These models have proven valuable for many OEM applications, but the databases underpinning these
models are outdated, narrow in scope, and with limited geometric variations. Thus, their applicability to new combustor
architectures is questionable at best.

RTRC have developed an advanced low-emissions aviation combustor design to meet future emissions requirements
and higher thermal efficiency. This technology combines lean burning throughout the combustor and high OPR. An
experimental investigation [13, 14] was performed to characterize noise sources of this novel combustor, designed to
meet NASA’s N+3 emission goals. Results of this work documented in [14] focused on the legacy scaling laws for
broadband combustor noise and identifying some interesting trends with various parameter excursions. One of the
objectives of the program was also to provide data for validation needs of high fidelity methods, which would be suited
for detailed multi-disciplinary analysis of combustor designs. By leveraging these results, we present here a LES of
the N+3 combustor experimental rig, presented in Section II. A specific emphasis on the numerical methods used in
the LES is given in Section III. Comparison to experimental data, including spray, chemiluminescence, and acoustic
measurements is performed in Section IV. Section V tackles the low-order modeling aspect of this next-generation
combustor, and conclusions are presented in Section VI.
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II. N+3 combustor
Figure 1 shows a schematic of the investigated design [13, 14]. The N+3 ACS combustor features axial staging

using separate pilot and main injectors, having distinct functions and design. The pilot and main injectors both mix
liquid fuel and air. The pilot injector features an air-blast atomizer and provides a lean non-premixed flame for low
power conditions, which is stabilized through an inner recirculating zone. The main mixer, however, is fueled at higher
power conditions and is stabilized by hot products from the pilot flame.

The combustor was installed in the Variable Resonance Acoustic Screening Capability (VRASC) test rig, shown in
Figure 1(a). Two separated heated air streams feed the pilot and the main plenums. Downstream of the combustor
section is a side branch pipe of variable length (VRASC tube) that is controlled by a movable plunger. For the current
investigation, the stroke of the VRASC plunger was fixed at a location that minimizes thermo-acoustic coupling with the
injectors. Downstream of the VRASC tube is a choke point to provide a boundary condition typical of an aviation
combustor and to avoid any acoustic coupling with the downstream elements in the rig. Figure 1(a) also shows the
locations of the dynamic pressure instrumentation, made with infinite tube pressure (ITP) probes that are calibrated at
atmospheric conditions. Locations include the pilot and main plenums, pilot bulkhead, aft section, and VRASC flange.

(a) (b)

Main mixerPilot mixer

Mains plenum

Bulkhead Aft

Fig. 1 (a) Schematics of the experimental rig with location of the dynamic pressure instrumentation and (b)
schematic of the N+3 combustor (from [13]).

Two configurations were considered to collect experimental data. The first experiments were conducted at ambient
atmospheric conditions, in a set-up that is consisted only of the pilot injector (with the air-blast atomizer), discharging in
an open environment. This configuration enabled to study the non-reacting spray behavior. Fuel patternation and Phase
Doppler Interferometer (PDI) measurements were conducted, and are compared to LES results in this work to assess the
accuracy of the spray numerical modeling. The second experimental dataset comes from tests conducted in the rig
shown in Figure 1 and performed at conditions representative of Sea-Level Take-Off (SLTO), with a high operating
pressure (≈30 bars) and preheated air.

III. Numerical methods

A. Gas-phase equations
A fully compressible finite-volume solver [15, 16], previously used for studying the FAA referee rig combustor

[17, 18], is used to conduct the LES in this work. It solves the following Favre-filtered continuity, momentum and
energy equations,

𝜕𝑡 𝜌 + ∇ · (𝜌�̃�) = ¤𝑆𝜌 , (1)

𝜕𝑡 (𝜌�̃�) + ∇ · (𝜌�̃��̃�) = −∇𝑝 + ∇ · 𝝉a+𝑡 + ¤𝑺𝜌𝑢 , (2)

𝜕𝑡 (𝜌�̃�𝑡𝑜𝑡 ) + ∇ · [�̃�(𝜌�̃�𝑡𝑜𝑡 + 𝑝)] = ∇ · (𝝉a+𝑡 · �̃�) − ∇ · 𝒒a+𝑡 + ¤𝑆𝜌𝑒𝑡𝑜𝑡 , (3)

with density 𝜌, gas velocity vector 𝒖 = [𝑢, 𝑣, 𝑤]𝑇 , pressure 𝑝 and specific total energy 𝑒𝑡𝑜𝑡 . Overbars and tildes denote
Reynolds and Favre filtering, respectively. Subscripts a and 𝑡 denote viscous and turbulent contributions, respectively.
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Coupling from the liquid phase to the gas phase is achieved through the inter-phase exchange terms ¤̄𝑆b , where b are the
conservative Eulerian variables. The particle-in-cell formulation is employed to perform this coupling. The system is
closed with the ideal gas equation of state. The stress tensor 𝝉 and the heat flux 𝒒 are modeled as

𝝉a+𝑡 = (` + `𝑡 )
[
∇𝒖 + (∇𝒖)𝑇 − 2

3
(∇ · 𝒖)𝑰

]
, (4)

𝒒a+𝑡 = −(_ + _𝑡 )∇𝑇 . (5)

The dynamic viscosity ` and the thermal conductivity _ are evaluated using temperature dependent polynomial fits.
The turbulent subgrid stress (SGS) viscosity `𝑡 is represented using the Vreman model [19] while a constant turbulent
Prandtl number Pr𝑡 = 𝑐𝑝`𝑡/_𝑡 = 0.9 is assumed for the turbulent SGS fluxes.

B. Combustion modeling
The flamelet/progress-variable (FPV) approach [20, 21] is used to model the combustion process in which the

thermochemical properties are a function of mixture fraction 𝑍 and the progress variable 𝐶. The LES governing
equations for these quantities are

𝜕𝑡 (𝜌𝑍) + ∇ · (𝜌�̃�𝑍) = −∇ · 𝒋𝑍,a+𝑡 + ¤𝑆𝜌𝑍 , (6)

𝜕𝑡 (𝜌𝐶) + ∇ · (𝜌�̃�𝐶) = −∇ · 𝒋𝐶,a+𝑡 + ¤𝜔𝐶 , (7)

where the progress variable is defined as 𝐶 = 𝑌CO2 + 𝑌CO + 𝑌H2O + 𝑌H2 [22]. The diffusive and turbulent fluxes for the
scalar Ψ are computed as 𝒋Ψ,a = −𝜌𝐷Ψ∇Ψ and 𝒋Ψ,𝑡 = −`𝑡/Sc𝑡∇Ψ, respectively, where 𝐷Ψ is the diffusion coefficient
and Sc𝑡 is the turbulent Schmidt number, assumed equal to 0.4. Turbulence-chemistry interactions are considered using
the dynamic thickened-flame model [23], where in this study we employ a maximum thickening factor of 10.

A conventional petroleum-derived jet-A fuel is considered in this study. A hybrid approach is taken to model the
combustion chemistry [24]. The real, multicomponent liquid fuel is represented as a single chemical species having
experimentally-determined thermo-physical properties [25, 26]. The thermal decomposition and oxidative pyrolysis of
the fuel vapor are modeled using experimentally constrained, lumped reaction steps [24]. The pyrolysis and oxidation
of the products of fuel decomposition are then modeled using reaction chemistry based on the USC Mech II [27],
ultimately resulting in the 119-species skeletal mechanism for the combustion of Jet-A in air developed by Wang et al.
[24] and Xu et al. [28]. Cooling effects due to evaporation of the liquid phase on the flamelet solution are considered by
computing an effective gaseous fuel temperature 𝑇 𝑓 𝑢𝑒𝑙,𝑔 = 𝑇 𝑓 𝑢𝑒𝑙,𝑙 − 𝐿𝑣 (𝑇𝑒𝑣𝑎𝑝)/𝑐𝑙 (𝑇𝑒𝑣𝑎𝑝), where 𝐿𝑣 is the latent heat
of evaporation and 𝑐𝑙 is the specific heat capacity of the liquid fuel. The subscripts 𝑔 and 𝑙 denote the gaseous and
liquid phases, respectively.

C. Liquid-Phase Equations
In the LES, the spray droplets are modeled using a Lagrangian approach, with the following governing equations

[29]

𝑑𝑡𝒙𝑑 = 𝒖𝑑 , (8)

𝑑𝑡𝒖𝑑 =
𝑓1
𝜏𝑑

(�̃� (𝒙𝑑) − 𝒖𝑑) , (9)

𝑑𝑡𝑇𝑑 =
Nu
3 Pr

𝑐𝑝

𝑐𝑙

𝑓2
𝜏𝑑

(
𝑇 (𝒙𝑑) − 𝑇𝑑

)
+ 𝐿𝑣

𝑐𝑙

¤𝑚𝑑

𝑚𝑑

, (10)

𝑑𝑡𝑚𝑑 ≡ ¤𝑚𝑑 = − Sh
3Sc

𝑚𝑑

𝜏𝑑
𝐻𝑀 , (11)

where 𝒙𝑑 , 𝒖𝑑 ,𝑇𝑑 , 𝑚𝑑 and ¤𝑚𝑑 are the droplet position, velocity, temperature, mass and mass evaporation rate, respectively,
and 𝜏𝑑 ≡ 𝜌𝑙𝐷

2
𝑑
/(18`) is the droplet relaxation time, where 𝐷𝑑 is the droplet diameter. 𝑇 (𝒙𝑑) and �̃� (𝒙𝑑) denote the

gas-phase temperature and velocity evaluated at the droplet position. Pr and Sc are the gas-phase Prandtl and Schmidt
numbers, respectively and 𝑐𝑝 is the gas-phase heat capacity. The coefficients Nu and Sh are the droplet Nusselt and
Sherwood numbers [30], and 𝑓1 is the Stokes drag correction, computed using the expression from Clift and Gauvin
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[31]. A non-equilibrium Langmuir-Knudsen model (model M7 in [29]) is used to close the evaporative heat transfer
correction 𝑓2 and mass transfer potential 𝐻𝑀 .

Secondary break-up (SBU) of the droplets is modeled using a stochastic approach solving a differential Fokker–Planck
equation [32]. The droplet Weber number is defined as We = 𝜌𝑙𝑢

2
𝑠𝐷𝑑/𝜎𝑙 , where 𝑢𝑠 is the slip velocity magnitude and

𝜎𝑙 is the liquid surface tension. The critical Weber number We𝑐 for which break-up occurs is set to a value of 6 [26].

D. Temporal and spatial discretization
The gas-phase equations 1-3 and 6-7 are discretized using a hybrid scheme that combines a 4𝑡ℎ order accurate central

spatial scheme with a 2𝑛𝑑 order essentially non-oscillatory (ENO) reconstruction scheme in regions where sensors
activate [16]. Two sensors are used; the first is based on pressure and density gradients to avoid numerical instabilities
in the combustion regions; the second is based on the progress variable, the mixture fraction and the temperature to
avoid overshoot/undershoot of these scalars. A strong stability preserving 3𝑟𝑑 order Runge-Kutta scheme is employed
for time-advancement of the gas-phase equations, with a maximum CFL number of 1.4. The liquid-phase equations
8-11 are integrated using a Crank-Nicholson scheme.

E. Configuration
The computational domain considered in the LES is shown in Figure 2, which consists of the pilot and main mixers,

the combustion chamber, the VRASC tube and the outlet nozzle section. The end of the VRASC tube is assumed to be
perfectly closed and the outlet is located a spanwise length downstream of the nozzle section. The 𝑥, 𝑦 and 𝑧 axis denote
the spanwise, transverse and streamwise directions, respectively and the origin is located at the intersection between the
pilot centerline and the bulkhead plane. Due to the high impedance of the mixers (measured experimentally) and the
negligible effect of the plenum acoustic modes on the combustion chamber [13], the full pilot and main plenums are not
considered in the LES. Instead, the inlet boundary conditions (BC) are placed a few cm upstream of the swirlers. The
inlet BCs are prescribed using the locally one dimensional and inviscid (LODI) Navier-Stokes Characteristic Boundary
Conditions (NSCBC) method with values for the relaxation coefficients that ensure a non-reflective acoustic behavior
for the frequencies above 80 Hz [33]. The outlet BC is acoustically fully reflective, which will not impact the combustor
acoustics due to the presence of the choke point upstream. All walls in the domain are treated as no-slip and adiabatic,
except for the water-cooled VRASC tube, which is modeled as a no-slip and isothermal at a temperature of 355 K [13].

Note that a configuration different from the one shown in Figure 2 was used for the simulation of the non-reacting
spray at ambient pressure. The pilot section was the same but the main mixers were omitted and the open environment
was modeled by a box of size [25, 25, 12] × 𝐷 𝑓 , where the filmer diameter is denoted by 𝐷 𝑓 .

z

x

y

Choke point Outlet

Main mixers

Pilot mixer Combustion region

VRASC tube

Fig. 2 Computational domain considered in the LES.

Primary break-up of the pilot spray is modeled by injecting droplets following a Rosin–Rammler (RR) size
distribution as boundary condition for the liquid spray at the vicinity of the pilot injection nozzle. The Sauter mean
diameter (SMD) at the point of injection was estimated from the relation proposed by Beck et al. [34], who experimentally
investigated airblast atomizer sprays up to 5 atm. Due to the high flow velocity in the pilot and the low injector liquid
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speed, the Weber number will typically exceed the critical value around the injection point. We therefore expect SBU
to be significant and rely on the SBU model to obtain accurate droplet statistics further downstream. Note that the
liquid injection in the main mixers is not modeled, and the inlets are assumed fully gaseous and well-mixed based on
experimental observations.

A hybrid mesh with 22 million control volumes was used to discretize the domain. Hexahedral elements are used
inside the combustor, the VRASC tube, the choke section and most of the mixers. Tetrahedral elements are used to
represent a portion of the mixer geometries and between hexahedral element blocks of different sizes, serving as a
transition region with adaptive size. The characteristic mesh size ranges from 80 `m in the swirler passages, to 300 `m
in the combustion region and to 3 mm in the downstream part of the combustor.

The reacting flow simulation was ignited by placing a hotspot in the pilot region, which subsequently ignited
the main reactants. Steady-state behavior was assessed from convergence of the pressure inside the combustor and
converged statistics at different streamwise locations. Data was then collected for 40 ms, which was deemed sufficient to
capture the lowest frequencies of interest.

IV. LES Results
The results for the pilot spray case are first discussed in Section IV.A while the results at SLTO conditions are

presented in Section IV.B.

A. Non-reacting pilot spray
The experimental measurements were conducted at two streamwise locations equal to 𝑧/𝐷 𝑓 = 2.5 and 5.

Unfortunately, experimental uncertainties were not reported for the measurements shown in this section. Figure 3(a)
shows these measurement locations and a visual comparison of the fuel spatial distribution using a photo of the spray
(from experiments) and a representation of the droplets projected on the pilot centerplane (from LES). The swirling flow
swiftly disperses radially the droplets. The spray cone angle and radial evolution of the spray in the simulation are
in good agreement with experimental observations. A more quantitative comparison is displayed in Figure 3(b) by
showing the radial fuel patternation profiles at two streamwise locations. The profiles are normalized by the maximum
experimental value obtained at the most upstream location. Almost no droplets are found in the inner recirculation
zone and the radial extent covered by the spray widens downstream. The LES/experimental comparison is reasonable,
especially when analyzing the peak location and the radial extent of the spray.

(a) (b)

Fig. 3 (a) Qualitative and (b) quantitative comparisons of fuel patternation (represented by the normalized fuel
mass 𝑚 𝑓 ) between experimental and LES results.

As mentioned in Section III, the high slip velocity at the injection point results in significant SBU in the first couple
𝐷 𝑓 downstream, where many droplets had a Weber number exceeding its critical value. To assess the accuracy of the
SBU model employed in the LES, the mean, median, SMD and mass median diameters (MMD) are compared between
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experimental and LES results in Table 1, at the two streamwise locations 𝑧/𝐷 𝑓 = 2.5 and 𝑧/𝐷 𝑓 = 5. As expected, lower
diameters are identified at the downstream location, due to break-up and evaporation effects. The agreement at the two
locations is reasonable, especially at 𝑧/𝐷 𝑓 = 5 where the relative error does not exceed 12%. The good agreement at
the most downstream location is also an indication that the droplet evaporation model is acceptable.

𝑧/𝐷 𝑓 = 2.5 𝑧/𝐷 𝑓 = 5
Diameter Exp. [`m] LES [`m] Relative error [%] Exp. [`m] LES [`m] Relative error [%]

Mean 40.1 35.4 −11.8 29.8 29.9 0.3
Median 37.4 33.1 −11.8 27.9 28.5 2.1
SMD 61.1 48.5 −22.3 43.7 39.1 −10.7
MMD 33.3 33.1 −0.7 25.5 28.5 11.7

Table 1 Comparison of various diameter statistics between experimental and LES results.

We conclude this section by comparing the droplets average streamwise and azimuthal velocity in Figure 4. Again,
the agreement between experimental and LES results is reasonable, especially at the most downstream location, which
is not only an indication that the droplet drag model employed is physical, but also that the simulated flow field must be
close to the one of the experiments. Overall, this section showed that the Lagrangian modeling of the spray, discussed in
Section III, led to reasonable results in terms of fuel patternation, droplet size, and droplet velocity for the pilot injector
used in the N+3 combustor.

Fig. 4 Comparison of droplets streamwise (left) and azimuthal (right) velocities between experimental and LES
results.

B. Combustor results at SLTO conditions
We proceed with analyzing the combustor results when operated at SLTO conditions. In this configuration, the pilot

and main mixers are both fueled, but approximately four times more fuel is injected in the main section. Figure 5 shows
an instantaneous temperature field of a plane going through one of the main mixers. The pilot flame, which is out of
plane, can be noticed from the high temperature spots which result from the locally close-to-stoichiometry burning
reactants of the non-premixed combustion. The pilot flame provides the high temperature necessary for the lean main
premixed reactants to stably burn.

In the experiments, chemiluminescence imaging through a side-window was used to capture the line-of-sight (LOS)
unsteady heat release (UHR) field in the 𝑦-𝑧 plane. Visible and CH-filtered light were obtained with a high-speed video
camera. A calibration of the CH emissions was subsequently performed to estimate the UHR (see [13] for details).
Integration of this UHR field in the 𝑦 direction followed by a temporal averaging gives the average heat release rate ¤𝑄 as
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Fig. 5 Instantaneous temperature field of the main injector plane.

a function of the streamwise distance 𝑧, which is shown in Figure 6. Results obtained from the LES with the UHR given
by the FPV table are also shown in this figure. As expected, the main mixers provide the most energy at this SLTO
condition and only a small fraction of the total ¤𝑄 occurs in the pilot region, consistent with the amount of fuel injected in
the pilot and main mixers. Since significant portions of the UHR field were not captured by the camera, we cannot assess
if the ¤𝑄 behavior upstream of the bulkhead plane or downstream the mains is well predicted by the LES. However, the
maximum location and amplitude of ¤𝑄 is in good agreement between the LES and experimental results. The stronger
dispersion of the experimental curve might be attributed to light scattering and reflection effects inside the combustor.

Fig. 6 Comparison of the streamwise variation of the average planar-integrated heat release rate ¤𝑄 between the
experimental and LES results. The streamwise coordinate 𝑧 and ¤𝑄 are normalized by the main mixers location
𝑧𝑚𝑎𝑖𝑛 and the average volume integrated heat release rate ¤𝑄𝑡𝑜𝑡 , respectively.

We finally perform a brief comparison of the acoustics between the LES and experiments. Table 2 shows the OASPL
values at the three probe locations shown in Figure 1. The difference is equal to 0.2, 4.6 and 2.9 dB at the bulkhead, aft,
and inside the plenum, respectively. The OASPL is the highest at the bulkhead because the acoustic response is the
highest at both ends of the combustor, and the lowest in the plenum because of the acoustic impedance of the mixers.
The reasonable agreement between the LES and experiments is a sign that the combustion process, flow dynamics, and
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acoustic modes inside the combustor are fairly well captured, and gives us confidence to analyze further the acoustics of
the system.

OASPL [dB] Bulkhead Aft Plenum

Exp. 178.3 175.5 166.6
LES 178.1 [−0.2] 170.9 [−4.6] 169.5 [+2.9]

Table 2 OASPL at different locations in the combsutor. The value between brackets represents the difference
(in dB) between the LES and experimental results..

V. Modeling of the direct noise acoustic source term
Combustion noise has two components. Direct combustion noise is generated by the unsteady processes of volumetric

expansion and contraction, arising from the fluctuations of heat release rate [2]. It has been demonstrated that direct
combustion noise is broadband and usually peaks at low frequencies (200-1000 Hz) in various configurations such as
laboratory-scale open and confined flames [35, 36], auxiliary power units [37], can-type combustors [11], and turbofan
engines [11]. Another consequence of the spatially and temporally variation of the rate of combustion is the creation
of hot spots and compositional inhomogeneities, that are convected by the mean flow. When accelerated through the
turbine or nozzle stages, these inhomogeneities give rise to pressure perturbations, known as indirect combustion noise
[38, 39].

In the following, we analyze the direct noise acoustic source term, and assess different scaling laws and models. As
shown by Dowling [40] in her acoustic analogy, the direct noise source term is the rate of change of the heat release rate
𝜕 ¤𝑄/𝜕𝑡. The sound power level (PWL) of the direct noise acoustic source term is considered in frequency space as:

PWL(𝜔) = 10 log
(
P(𝜔)
P𝑟𝑒 𝑓

)
, (12)

where 𝜔 = 2𝜋 𝑓 is the angular frequency, P𝑟𝑒 𝑓 = 10−12 W, and P is the power of the acoustic source defined for an
open environment as:

P(𝜔) =
4𝜋𝑟2

𝑠

���𝑝′2���
𝜌𝑐

(13)

with 𝑟𝑠 being the distance between the source and the observer and the ·̂ symbol denotes the solution in frequency
space. Using the expression found in the literature for the pressure fluctuations 𝑝′ associated to direct combustion noise
in an open environment [40], equation 13 becomes:

P(𝜔) = (𝛾 − 1)2

4𝜋𝜌𝑐5

��� ¤̂Ω2
��� = (𝛾 − 1)2

4𝜋𝜌𝑐5

��� ¤̂Ω ∗ ¤̂Ω
��� , (14)

where
¤Ω(𝑡) =

∫
𝑉

𝜕 ¤𝑄
𝜕𝑡

(xo, 𝑡)dxo , (15)

is the acoustic source term integrated over the combustion region 𝑉 . 𝛾 and 𝑐 are the ratio of specific heats and the speed
of sound, assumed constant in the acoustic medium, and ∗ is the convolution operator. In order to model the direct noise
source term spectrum ¤̂Ω, three quantities need to be tackled: the acoustic peak frequency, the spectral shape, and the
OASPL.

Peak frequency. The studies from Rajaram et al. [41, 42] on turbulent premixed flames identified the peak frequencies
close to a Strouhal number

𝑆𝑡 = 𝑓𝑝𝑒𝑎𝑘𝐿 𝑓 /𝑢𝑖𝑛 = 1 , (16)
where 𝐿 𝑓 is the flame length, 𝑢𝑖𝑛 is the average gas velocity at the burner’s inlet, and 𝑓𝑝𝑒𝑎𝑘 is the acoustic peak
frequency. This formulation can be written as

𝑓𝑝𝑒𝑎𝑘 = 𝑢𝑖𝑛/𝐿 𝑓 = 1/𝑡𝑏𝑢𝑟𝑛 , (17)
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indicating that the characteristic acoustic timescale is equal to the characteristic time for a gas parcel to be consumed,
𝑡𝑏𝑢𝑟𝑛. The peak frequency can therefore be retrieved either by computing 𝐿 𝑓 or 𝑡𝑏𝑢𝑟𝑛 from the LES results. Forty
streamlines starting at the pilot fuel injection point and the main inlet of the combustor are computed using the 3-D
temporally averaged field. The mean heat release rate is saved along the streamlines, and ensemble averaged for the pilot
and main injectors, respectively. The flame length 𝐿 𝑓 and burning timescale 𝑡𝑏𝑢𝑟𝑛 are computed from the ensemble
average result as the distance/time between the locations where the ¤𝑄 variance equals 25% of its maximum value
[43, 44]. It is found that the pilot burning timescale 𝑡𝑏𝑢𝑟𝑛,𝑝𝑖𝑙𝑜𝑡 = 100 `s is significantly smaller than the main burning
timescale 𝑡𝑏𝑢𝑟𝑛,𝑚𝑎𝑖𝑛 = 335 `s. This result is echoed by the difference between the pilot flame length 𝐿 𝑓 , 𝑝𝑖𝑙𝑜𝑡 = 13 mm
and the main flame length 𝐿 𝑓 ,𝑚𝑎𝑖𝑛 = 31 mm. However, both flames are extremely compact since the normalized flame
lengths 𝐿 𝑓 , 𝑝𝑖𝑙𝑜𝑡/𝐷 𝑝𝑖𝑙𝑜𝑡 and 𝐿 𝑓 ,𝑚𝑎𝑖𝑛/𝐷𝑚𝑎𝑖𝑛 are of the order of unity, where 𝐷 𝑝𝑖𝑙𝑜𝑡 and 𝐷𝑚𝑎𝑖𝑛 are the diameters of
the pilot and main injectors. The compactness of the pilot flame can be explained by the fast pre-vaporization of the
fuel, efficient turbulent mixing, and high temperature in the inner recirculation zone, as described in Figure 5. The hot
cross-flow impinging on the main reactants is likely to be a determinant factor in reducing the main flame length.

The spectra of the direct noise source term are computed for the pilot and main regions separately. They are then
averaged over third octave bands before identifying the peak frequency. This procedure effectively smoothens the spectra
and helps identifying a meaningful peak frequency to use for modeling. These spectra are shown in Figure 7, and have
peak frequencies of 𝑓𝑝𝑒𝑎𝑘,𝑚𝑎𝑖𝑛 = 2850 Hz and 𝑓𝑝𝑒𝑎𝑘,𝑝𝑖𝑙𝑜𝑡 = 5400 Hz for the main and pilot regions, respectively.

The peak frequencies related to 𝑡𝑏𝑢𝑟𝑛 equal 2985 Hz and 10000 Hz for the main and pilot regions, respectively,
and are represented in Figure 7(a) by the vertical dashed lines. The shaded areas represent a ±50% error. While the
agreement for the main premixed flame is excellent, there is a factor of 2 error for the pilot. While this is a significant
discrepancy, it is not expected for the burning timescale to correspond exactly to the peak acoustic frequency. Such
a modeling might then be used to roughly assess the expected peak frequency. We also note that the right trend is
retrieved, with a significant increase of the pilot peak frequency compared to the main flame. The peak frequency
obtained with 𝐿 𝑓 is shown in 7(b), showing excellent agreement for both the main and pilot flames.

(a) (b)

Fig. 7 PWL spectra of the pilot region, main region and overall combustor. The vertical dashed lines in (a)
show the peak frequencies expected from 𝑡𝑏𝑢𝑟𝑛 while the ones in (b) represent the peak frequency using 𝐿 𝑓 . The
shaded regions represent a ±50 % error.

The peak frequency modeling results are summarized in Table 3. For the main premixed flame, the modeling
strategies are consistent, and in good agreement with the LES. Since the model of Rajaram & Lieuwen [42] was
developed and validated in the context of turbulent premixed flames, it is not surprising that it performs well for the
main region. It is more surprising that the 𝐿 𝑓 model captures well the peak frequency for the pilot flame, and further
work is needed to assess if this model can be applied to other non-premixed flame configurations. We note that, since
the main flame is the dominant source of noise, an acoustic modeling of the pilot might not be necessary, especially at
low frequencies where the main flame is louder by at least 10 dB.
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Main Pilot
LES 2850 Hz 5400 Hz
Model with 𝑡𝑏𝑢𝑟𝑛 2985 Hz 10000 Hz
Model with 𝐿 𝑓 2870 Hz 5435 Hz

Table 3 Peak acoustic frequencies identified in the LES and with the two models.

Spectra shape. Once the peak frequency has been modeled, a self-similar spectrum can be used to model the spectral
shape of the acoustic source term. We identified two spectra from the literature that have shown good agreement with
the acoustics of various aviation combustors (see Section I). The first one is the spectrum from large turbulent structures,
which has been used by Tam et al. [11] for combustion noise modeling. The second one is the widely used ANOPP
model from Ho & Doyle [9]. To be consistent with the peak frequency modeling methodology, we define two different
spectra for the pilot and main regions, respectively. The PWL spectrum of the whole combustion chamber can then be
obtained by summing the individual spectra, as shown in Figure 8.

While the ANOPP model seems to fit reasonably well the LES spectra at low frequencies, it is too narrow-banded,
and under-predicts the acoustic power at high frequencies. In that range, the large structure model is in better agreement
with the LES results. However, both models are reasonably accurate in the 500−20000 Hz range, implying that they
could both capture the most energetic frequencies. We therefore show that, even if these models were developed to
represent the far-field acoustics, they could also be used to describe the source of direct noise. In an open environment,
the far-field noise would contain the same frequency content. However, in a combustor, Karchmer [45] and Royalty &
Schuster [46] noted that the direct noise acoustic source can be heavily altered by the geometry and resonant modes,
thus modifying the unsteady pressure spectrum. In those situations, the acoustic response of the combustor might be
necessary to compute the resulting pressure spectrum.

Fig. 8 Direct noise source term spectra for the pilot region (left), main region (middle), and whole combustion
chamber (right), with the similarity spectra from Tam et al. [11] (large structure) and Ho & Doyle [9] (ANOPP).
The model of Rajaram & Lieuwen [42] (using 𝐿 𝑓 ) is used for the peak frequency.

OASPL. For the direct noise model to be complete, it requires an estimation of the OASPL. Unfortunately, the
present study only considers one operating condition. Therefore, a scaling considering the effects of different operating
parameters cannot be investigated at the moment. Several scalings can be found in the literature that either model the
acoustic emission of open turbulent flames [12, 41, 47] or the noise from aviation combustors [9, 10]. We note that the
experimental work by McCormick et al. [14] already investigated some scaling aspects in the same N+3 combustor.
They concluded that the legacy scaling laws, with some notable exceptions, provided correct trends, but with much
less accuracy compared to a RQL configuration. Specifically, positive fuel-air ratio excursions were found to reduce
the noise levels, a trend opposite to the scaling laws investigated. At this stage, further data and work is necessary to
develop new models compatible with next-generation aviation combustors.
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VI. Conclusion
A next-generation axially-staged combustor operating at take-off conditions was analyzed through LES. Comparisons

to experimental results, including spray, chemiluminescence, and acoustic measurements were reported, demonstrating
the reasonable accuracy of the LES. The main results of this study concern the low-order modeling of the acoustics in
this combustor. Specifically, we assessed scaling laws for the peak frequency and spectral shape of direct combustion
noise. Simple scaling laws based on the average flame length or the average burning timescale performed reasonably
well, especially for premixed reactants. In the context of the development of next-generation aviation combustors, those
quantities could be approximated using a Reynolds-averaged Navier-Stokes solver or experimental observations for
instance, and provide an estimation of the expected acoustic peak frequency. Concerning the spectra shape, both the
ANOPP [9] and Tam et al. [11] models represented well the direct noise acoustic source term at the most energetic
frequencies. We therefore showed that, even if these models were developed to represent the far-field acoustics, they
could also be used to describe the physical source of direct noise.
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