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a b s t r a c t 

An open lean-premixed hydrogen/air low-swirl (LPHALS) turbulent flame exhibiting a pronounced peak 

in its combustion noise spectra, is investigated numerically using a hybrid Computational Fluid Dynam- 

ics/Computational Aero-Acoustics (CFD/CAA) framework. Under this framework, the reacting flow-field of 

the flame is computed via Large-Eddy Simulation (LES), while the direct combustion noise it produces is 

captured by solving the Acoustic Perturbation Equations for Reacting Flows (APE-RF). Flame configuration 

and simulation conditions correspond to those of an experimental study on an open lean-premixed H 2 /air 

flame stabilized using a Low-Swirl Burner (LSB). LES results are validated against experimental data. The 

CAA simulation is able to predict a pronounced sharp peak in the computed combustion noise spectra, 

similar to one of the two characteristic peaks observed in the measured combustion noise spectra. Fre- 

quency of this spectral peak predicted by the CAA simulation is 840 Hz, which is close to that of the 

higher frequency secondary spectral peak at 940 Hz measured in the experiment. Upon examining the 

hybrid LES/APE-RF results, the noise generation mechanism at 840 Hz is found to be the intense local 

heat release rate fluctuations, caused by strong interaction between the flame and the periodically gener- 

ated vortical flow structures in the shear layers, downstream of the LSB exit. Additionally, analysis of the 

spectral content and directivity of the noise generated by different acoustic source terms is performed, 

in order to investigate their impact on the radiated acoustic field, and hence the characteristics of direct 

combustion noise produced by the open LPHALS flame. 

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Lean-premixed combustion has been garnering attention in re- 

earch effort s over the past decade, to regulate the ever-increasing 

missions of greenhouse gases (e.g., CO 2 and N 2 O) and NOx, and 

o improve the thermal efficiencies of combustors [1] . However, 

ean-premixed combustion has been found to be inherently un- 

teady [2,3] , and can thereby enhance combustion noise emissions. 

ressure perturbations generated by such unstable turbulent com- 

ustion may couple with the unsteady heat release in turbulent 

onfined flames (e.g., inside a gas turbine combustor), if a feed- 
∗ Corresponding author. 

E-mail address: pillai.abhisheklakshman.2e@kyoto-u.ac.jp (A.L. Pillai) . 

c

a

c

i

ttps://doi.org/10.1016/j.combustflame.2022.112360 

010-2180/© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
ack is established between said pressure perturbations and the 

ame, thus, triggering thermo-acoustic instabilities [2,4,5] . Hence, 

ombustion noise reduction is considered to be an important is- 

ue not just in terms of compliance with regulatory noise emission 

tandards (to avoid adverse effects on public health and quality 

f life), but also for preventing damage to gas turbine combustors 

rom thermo-acoustic instabilities, and reducing their maintenance 

osts. 

Although noise generation from premixed [6–9] and non- 

remixed [10–13] flames has been an actively pursued research 

opic, there are still open questions in this field of research, espe- 

ially pertaining to the differences in the combustion noise char- 

cteristics between premixed and non-premixed flames, such as 

ompactness, scaling relations, and spectral content and directiv- 

ty of the radiated acoustic field. Another open research issue of 
Institute. This is an open access article under the CC BY-NC-ND license 
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articular importance to gas turbine combustors that is not yet 

ully understood is the relative contributions of the two impor- 

ant noise generation mechanisms comprising engine-core noise, 

iz. the direct and indirect combustion noise, to the overall engine- 

ore noise emission [14] . Direct combustion noise refers to the 

coustic perturbations arising from the unsteady heat release and 

s perceived as the unsteady volumetric expansion and contrac- 

ion of the reacting gas mixture caused by the heat release fluc- 

uations [6] . It is a characteristic of open turbulent flames. On the 

ther hand, indirect combustion noise is generated by the accel- 

ration of entropy, vorticity, and compositional inhomogeneities 

hen they convect from the combustor to the turbine stages and 

ozzle situated downstream of the combustor exit in a gas tur- 

ine [14–17] . While direct combustion noise generation from open 

urbulent premixed, non-premixed, and partially premixed flames 

s of interest at the fundamental level, the generation of indirect 

ombustion noise from confined flames in gas turbines has also 

een a subject of active research [14,17–19] . An elaborate discus- 

ion on the aforementioned open research issues can be found in 

he review article by Ihme [14] . Investigations of direct combus- 

ion noise with sharp spectral peaks emitted by unconfined lean- 

remixed flames are few. One example is the experimental interro- 

ation of self-induced combustion oscillations of laminar premixed 

H4/air flames conducted by Schuller et al. [20] . In their study, it 

as shown that self-induced instabilities can occur in open flames 

and not just confined flames), and the measured direct combus- 

ion noise spectra of those laminar premixed flames (with differ- 

nt equivalence ratios of φ = 1.13, 1.20 and 1.28) comprised clear 

ronounced peaks. However, in their study [20] , only the fuel- 

ich laminar premixed flames were susceptible to self-induced in- 

tabilities. In a more recent experimental investigation performed 

y Shoji et al. [21] at JAXA, open lean-premixed H 2 /air low-swirl 

LPHALS) turbulent flames were considered. It was found that the 

ombustion noise spectra of these unconfined flames are charac- 

erized by sharp double peaks for equivalence ratios as low as φ
 0.45. Hence, they [21] elucidated the physical mechanisms un- 

erlying the generation of pronounced double peaks in the direct 

ombustion noise spectra of open LPHALS flames. 

In terms of numerical studies, although Direct Numerical Sim- 

lation (DNS) has been applied to investigate direct combustion 

oise [22] , the hybrid CFD/CAA framework has gained popularity 

n recent years. In particular, the hybrid LES/APE-RF framework has 

een applied to analyze direct combustion noise from open turbu- 

ent premixed [23,24] and diffusion [25] jet flames, and a hybrid 

NS/APE-RF approach has also been applied to an open spray jet 

ame [26] to analyze its combustion noise. The hybrid CFD/CAA 

ramework has also been employed in the investigation of indi- 

ect combustion noise in a realistic gas turbine combustor by Shao 

t al. [18,19] . They developed a hybrid simulation framework that 

ombines LES for computing the unsteady turbulent reacting flow 

eld inside the combustor with a linearized Euler solver which 

escribes the generation and transmission of noise through the 

ownstream nozzle (as the solution to the linearized Euler equa- 

ions). These studies [18,19] revealed that the contribution of indi- 

ect combustion noise to the overall noise emission is appreciable 

t low frequencies and that this contribution of the indirect com- 

ustion noise depends strongly on the engine’s operating condi- 

ions. In another study, Pausch et al. [27] used the hybrid LES/APE- 

F approach to investigate the acoustic sources of a confined pre- 

ixed methane-air high-swirl flame subjected to a self-excited 

hermoacoustic instability inside a model swirl combustor with- 

ut a nozzle downstream of the combustor. But their study proved 

hat the hybrid LES/APE-RF framework (which is also employed in 

he present work) has the potential to be applied for investigat- 

ng the indirect combustion noise from confined flames in gas tur- 

ine combustors, with the appropriate formulations of the acoustic 
2 
ource terms and the Acoustic Perturbation Equations (APE), i.e., 

he APE-4 system used in Pausch et al.’s studies [24,27] . 

However, many of these previous numerical studies [22–

6] primarily focus on hydrocarbon-fueled jet flames with rela- 

ively simple configurations, and unconfined lean-premixed H 2 /air 

wirling flames emitting direct combustion noise with sharp spec- 

ral peaks, have not yet been examined using the hybrid LES/APE- 

F framework. Furthermore, to attain the goal of net zero CO 2 

missions and become carbon-neutral by 2050, the dependence on 

ydrocarbon fuels needs to be reduced. Thus, the commercial use 

f hydrogen, which is a carbon-free clean fuel, is considered to be 

n excellent and sustainable alternative to conventional hydrocar- 

on fuels used in gas turbines. Therefore, the objective of our study 

s to use the hybrid LES/APE-RF framework for simulating an open 

PHALS turbulent flame and its acoustic field, in order to obtain 

nsight into the mechanism resulting in the pronounced peak in 

he flame’s direct combustion noise spectra, and to investigate the 

haracteristics of direct combustion noise radiated from it. Specifi- 

ally, the influence of different acoustic source terms on the radi- 

ted acoustic field is investigated, by analysing the spectral content 

nd directivity of the noise generated by them. To the best of the 

uthors’ knowledge, this is the first study to numerically investi- 

ate this kind of combustion noise from an open LPHALS flame, 

sing the hybrid LES/APE-RF framework. 

. Hybrid LES/APE-RF framework 

The hybrid LES/APE-RF framework couples the reacting flow- 

eld’s simulation (performed using LES) with the acoustic field’s 

imulation (i.e., CAA), and hence comprises two steps. In the first 

tep, LES of the open LPHALS flame is performed, and in the sec- 

nd step, the CAA simulation is performed to predict the acoustic 

eld generated by this flame. In low Mach number reacting flows, 

he characteristic fluid-dynamic length scales are typically an order 

f magnitude smaller than the characteristic acoustic length scales. 

he hybrid LES/APE-RF framework leverages this large disparity be- 

ween the characteristic fluid-dynamic and acoustic length scales, 

nd separates the computations of the reacting flow field and the 

coustic field. 

.1. Large-Eddy Simulation 

In this study, the Flamelet Generated Manifold (FGM) approach 

28] is employed as the combustion model. Hence, the Favre- 

ltered form of the conservation equations of mixture fraction Z̃ 

nd reaction progress variable ˜ C (defined as the sum of mass frac- 

ions of H 2 O and OH, i.e., ˜ C = ̃

 Y H 2 O + ̃

 Y OH ) are solved along with

hose of mass and momentum, and these governing equations are 

iven as: 

∂ ρ

∂t 
+ ∇ · ( ρ˜ u ) = 0 (1) 

∂ ρ˜ u 

∂t 
+ ∇ · ( ρ˜ u ̃

 u ) = −∇ p + ∇ · τ − ∇ · τsgs 
(2) 

∂ ρ˜ Z 

∂t 
+ ∇ · ( ρ˜ Z ̃  u ) = ∇ · ( ρ˜ D Z ∇ ̃

 Z ) − ∇ · J sgs 
Z 

(3) 

∂ ρ˜ C 

∂t 
+ ∇ · ( ρ˜ C ̃  u ) = ∇ · ( ρ˜ D C ∇ ̃

 C ) − ∇ · J sgs 
C 

+ ρ˜ ˙ ω C (4) 

In the above equations, the overbar ̄ indicates spatial filtering of a 

hysical quantity, while the tilde ˜ represents Favre filtering. Ad- 

itionally, ˜ u is the velocity vector, ρ is the density, p is the pres- 

ure, and τ is the resolved viscous stress tensor. The unresolved or 

ubgrid-scale (SGS) stress tensor τsgs 
, given as τsgs = ρ( ̃  uu − ˜ u ̃

 u ) is 
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Fig. 1. Comparison of laminar flame speeds S L predicted using Miller and Bowman’s 

mechanism [33] and Ó Conaire et al.’s mechanism [34] with experimental measure- 

ments [35,36] , as a function of equivalence ratio φ at pressure p = 1 atm and un- 

burnt gas temperature T u = 300 K. 
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omputed using a Dynamic Smagorinsky model [29,30] based on 

n eddy viscosity assumption. ˜ D Z and 

˜ D C are the diffusion coeffi- 

ients of the mixture fraction Z and the reaction progress variable 

, respectively; they are defined as ˜ D Z = ̃

 D C = λ/ (ρc p ) under the 

nity Lewis number assumption ( Le = 1 . 0 ), where λ is the thermal

onductivity and c p is the specific heat capacity at constant pres- 

ure. Moreover, J 
sgs 

ψ 

= ρ˜ u ψ − ρ˜ u ̃

 ψ (where, ψ = [ Z, C] ) denotes the 

esidual subgrid scalar flux in the transport equations of ˜ Z and 

˜ C , 

nd is modelled based on the eddy diffusivity ansatz as follows: 

 

sgs 

ψ 

= −ραt ∇ ̃

 ψ (5) 

here, αt represents the turbulent eddy diffusivity and is calcu- 

ated as αt = μt / ( ρSc t ) . Here, Sc t is the turbulent Schmidt number

nd μt is the turbulent viscosity evaluated using a dynamic pro- 

edure [30] . In the FGM approach, thermochemical properties such 

s ˜ ˙ ω C which is the reaction rate of progress variable C, temper- 

ture T , and the mass fractions of various chemical species ˜ Y k at 

ach grid point in the computational domain, are extracted from a 

re-tabulated database called the flamelet library (explained later). 

or extracting these thermochemical properties (i.e., ˜ ˙ ω C , T and ̃

 Y k ), 

 reduced set of control variables, viz. ˜ Z , ˜ C , and 

˜ C ′′ 2 (which rep- 

esents the subgrid Favre variance of reaction progress variable C) 

31] are adopted. In this study, ˜ C ′′ 2 is evaluated using the following 

lgebraic gradient model: 

 

 

′′ 2 = αC Δ
2 |∇ ̃

 C | 2 (6) 

here Δ is the filter width and αC is the model constant set to 0.1 

ased on a previous study [32] . 

.1.1. Combustion model: Flamelet Generated Manifold 

Combustion of hydrogen is modelled in the LES via the Flamelet 

enerated Manifold (FGM) approach [28] . In this approach, the 

remixed flamelet library is constructed by solving the flamelet 

quations for 1D freely propagating laminar premixed flame. The 

D laminar flame computations are performed for several val- 

es of equivalence ratio φ in the range of 0 . 27 ≤ φ ≤ 1 . 0 using

he FlameMaster code [37] . In order to select a suitable reaction 

echanism for constructing the premixed flamelet library, two de- 

ailed chemical kinetic mechanisms are employed in the 1D lam- 

nar flame computations and their performance is evaluated. The 

rst detailed reaction mechanism to be tested, is the one pro- 

osed by Miller and Bowman [33] which comprises 20 chemi- 

al species and 73 reactions, and the latter is the one proposed 

y Ó Conaire et al. [34] which comprises 9 chemical species and 

0 reactions. Conditions at which the 1D laminar flame compu- 

ations are performed, are the same as those in the experiment 

onducted by Shoji et al. [21] , i.e., pressure p = 1 atm and unburnt

remixed gas temperature T u = 300 K. The laminar flame speeds 

 L obtained from the 1D premixed flame computations employing 

oth the aforementioned detailed reaction mechanisms, are com- 

ared with the measurements of Egolfopoulos and Law [35] and 

amoureux et al. [36] in Fig. 1 . It is evident that S L predicted us-

ng Miller and Bowman’s detailed reaction mechanism [33] agrees 

avourably with the experimental data and outperforms Ó Conaire 

t al.’s mechanism [34] . Especially for φ = 0 . 45 , which is the equiv-

lence ratio of the LPHALS flame targeted in this study, Ó Conaire 

t al.’s mechanism [34] underestimates the laminar flame speed 

 L . Hence, the detailed chemical kinetic mechanism of Miller and 

owman [33] is adopted for generating the premixed flamelet li- 

rary. 

.2. Computational Aero-Acoustics simulation 

To predict combustion noise emitted by the open LPHALS flame, 

he system of Acoustic Perturbation Equations extended to React- 

ng Flows (APE-RF) [25] , which is capable of simulating acoustic 
3 
ave propagation in arbitrary mean flows while taking convection 

nd refraction effects into consideration, is solved in the Compu- 

ational Aero-Acoustics (CAA) simulation. The APE-RF comprise the 

ollowing equations for perturbation density ρ′ , perturbation ve- 

ocity u 

′ and perturbation pressure p ′ [25,38] : 

∂ρ ′ 
∂t 

+ ∇ ·
(
ρ ′ ˆ u + ˆ ρu 

′ ) = q c,r f (7) 

∂u 

′ 
∂t 

+ ∇ 

(
ˆ u · u 

′ ) + ∇ 

(
p ′ 
ˆ ρ

)
= q m,r f (8) 

∂ p ′ 
∂t 

− ˆ c 2 
∂ρ ′ 
∂t 

= q e,r f (9) 

herein, the dependent variables in Eqs. (7) –(9) , viz. density ρ , ve- 

ocity u and pressure p are decomposed into temporal mean (de- 

oted by a hat ˆ , i.e., ˆ ρ , ˆ u , ˆ p ), and fluctuating (denoted by a prime
′ , i.e., ρ′ , u 

′ , p ′ ) components. ˆ c is the mean speed of sound, while

 c,r f , q m,r f and q e,r f (quantities appearing on the right-hand side 

f the APE-RF) represent the source terms responsible for the ex- 

itation of acoustic waves, and are expressed as [25] : 

 c,r f = −∇ ·
(
ρ ′ u 

′ )′ 
(10) 

 m,r f = −( ω × u ) 
′ − ∇k ′ + ∇ 

(
p ′ 
ˆ ρ

)
−

(∇p 

ρ

)′ 
+ 

(∇ · τ
ρ

)′ 
(11) 

 e,r f = − ˆ c 2 
[(

ˆ ρ

ρ
+ 

p − ˆ p 

ρ ˆ c 2 

)
Dρ

Dt 
− ∇ · ( u ρe ) − u · ∇ ̂  ρ − D 

Dt 

(
p − ˆ p 

ˆ c 2 

)]
(12) 

here ω is the vorticity vector (i.e., ω = ∇ × u ), k is the turbulent

inetic energy, τ is the viscous stress tensor, and ρe is the excess 

ensity [39] defined as: 

e = (ρ − ˆ ρ) − (p − ˆ p ) 

ˆ c 2 
(13) 

he acoustic source terms q c,r f , q m,r f and q e,r f , and the mean 

ow quantities, viz. mean density ˆ ρ , mean velocity ˆ u and mean 

peed of sound ˆ c required for solving the system of APE-RF in 

qs. (7) - (9) , are computed from the solution of the LES of the open

PHALS flame performed in the first step. These quantities are then 

apped from the LES grid onto the CAA grid using a trilinear al- 

orithm [25,26] . The acoustic source term q e,r f of the pressure- 

ensity relation in Eq. (9) , contains various source mechanisms 
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Fig. 2. Schematic of the Low-Swirl Burner used in the experimental study of Shoji 

et al. [21] . 
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Fig. 3. Schematic of computational domain and conditions for LES. 
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hat excite acoustic waves in combustion noise. In Eq. (12) for the 

ource term q e,r f , the substantial time derivative of density Dρ/Dt

n the first term on the right-hand side, implicitly describes the 

ffects of heat release rate per unit volume, volumetric expansion 

aused by non-isomolar combustion, species diffusion, heat diffu- 

ion and viscous effects [25,38] . Thus, the acoustic source term 

 e,r f contains one of the dominant source mechanisms of combus- 

ion noise, i.e., the unsteady heat release. Derivation of the APE-RF 

ystem is presented in Bui et al. [40] , and a detailed discussion of

he acoustic source terms and the various source mechanisms con- 

ained in them is available in [25,38,40] . 

.3. Computational configurations and solution algorithms 

Computational configuration and conditions of the LES are de- 

cribed first. A schematic of the Low-Swirl Burner (LSB) used in 

he experiments of Shoji et al. [21] to measure the open LPHALS 

urbulent flame’s flow field and direct combustion noise charac- 

eristics, is depicted in Fig. 2 . The LSB has an inner exit diame-

er of d = 35 mm. A swirler assembly comprising an annular vane 

wirler and a central channel, is recessed from the burner exit 

lane in the upstream direction at a distance of 43 mm. The an- 

ular swirler is equipped with 12 curved blades, each inclined at 

7 ◦ with respect to the burner axis. A perforated screen with a di- 

meter of 25 mm was fitted to the bottom of the vane swirler to 

nable a portion of the reactants to bypass the swirl annulus, and 

hus remain unswirled. This perforated screen comprises 19 holes 

f 3.6 mm diameter each and has a blockage ratio of 66.2% on the 

entral channel. The geometric swirl number of the annular vane 

wirler is 0.39. Further details of the experimental configuration 

i.e., the LSB apparatus and the measurement techniques used) are 

iscussed in Shoji et al. [21] , and are not repeated here for the sake

f brevity. Our preliminary estimates showed that approximately 

.8 Billion grid points would be needed for the LES, if this com- 

lex LSB geometry comprising the annular vane swirler assembly 

nd perforated screens is to be incorporated inside the LES’s com- 

utational domain. 

However, owing to limited computational resources and to keep 

omputational costs realizable, the computational domain of the 

resent LES does not include this complex LSB geometry situated 

pstream of the burner exit as in the experiment. Instead, the LES 

s performed only in the region downstream of the burner exit 

tarting from the burner exit, as illustrated in Fig. 3 which shows 

 schematic of the LES’s computational domain along with the in- 
4 
ow conditions. Similar to Shoji et al.’s experiment [21] , unburned 

wirling H 2 /air premixed gas at an equivalence ratio of φ = 0 . 45

nd temperature of 300 K, flows out of the burner exit into air at 

00 K and standard atmospheric pressure. The bulk velocity of the 

as mixture at the burner exit is 15 m/s. The LES domain mea- 

ures 670 mm × 560 mm × 560 mm in the x -, y - and z-directions,

espectively. Origin of the LES domain is the point on the burner 

xis at the burner exit plane, denoted by the green dot in Fig. 3 .

ES is performed on a non-uniform staggered Cartesian grid fea- 

uring 340 grid points in the streamwise x -direction, and 360 grid 

oints each in the y - and z-directions. Minimum grid spacing used 

n the LES grid is 
x = 
y = 
z = 300 μm. Burner exit diameter

s d = 35 mm, and the annular grey patch surrounding the burner 

xit (see the inflow plane in Fig. 3 ) represents a solid metal base-

late that was present in the actual LSB setup of the experiment 

21] , with an outer diameter of 106 mm. 

At the burner exit plane (i.e., at x = 0 mm) of the present

ES, radial profiles of mean axial and radial velocity components 

nd radial profiles of their corresponding RMS fluctuations mea- 

ured at the burner exit in the experiment, are imposed as in- 

ow velocity boundary conditions. Tangential velocity profiles were 

ot measured in the experiment, hence a LES considering the full 

SB geometry with the same governing equations, turbulence and 

ombustion models described in Section 2.1 , was performed us- 

ng an unstructured commercial LES solver: FrontFlow/Red, which 

as been extended by Kyoto University, CRIEPI and NuFD (Numer- 

cal Flow Designing, Co., Ltd.), referred to as FFR-Comb [31,41,42] . 

he sole objective of performing this extremely expensive LES with 

FR-Comb, was to obtain the radial profiles of mean tangential 

elocity and its RMS fluctuation at the burner exit, so that they 

an also be imposed as inflow boundary conditions in the present 

ES (performed in the computational domain depicted in Fig. 3 ), 

nd ensure that the low-swirl flow is reproduced by the LES. 

igure 4 (a) shows the radial profiles of the mean axial, radial and 

angential velocity components, and Fig. 4 (b) shows the radial pro- 

les of their corresponding RMS fluctuations (i.e., standard devia- 

ions), which are imposed as inflow velocity boundary conditions 

t the burner exit in the LES. Additionally, transient turbulent ve- 

ocity fluctuations generated using a digital filter based technique 

43,44] are superimposed on the mean velocity profiles shown in 

ig. 4 (a) at the burner exit. The radial profiles of RMS fluctua- 

ions of the velocity components depicted in Fig. 4 (b) are fed as 

nput data to the digital filter based artificial turbulence genera- 

or [43,44] . Outflow boundary conditions are applied at the upper 

 − z plane at x = 670 mm (outlet of the LES domain) as well as

he lateral x − y and x − z boundaries (see Fig. 3 ), meaning the 

ressure is fixed at 1 atm and the Neumann condition is imposed 

n the velocity. No-slip velocity boundary condition is applied on 

he solid base-plate’s surface (denoted by the annular grey region 
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Fig. 4. Radial profiles of (a) time-averaged axial, radial and tangential velocity components, and (b) RMS of fluctuations of these velocity components, at the burner exit 

plane x = 0 mm. 

Fig. 5. Instantaneous distributions of (a) iso-surface of temperature at 1500 K (col- 

ored in blue), above the y − z plane (i.e., the burner exit plane x = 0 mm, coloured 

in grey) with the burner exit represented by the black elliptical patch, and (b) iso- 

surfaces of heat release rate (coloured in yellow = 3 ×10 9 W/m 

3 and orange = 

4 ×10 9 W/m 

3 ) and the second invariant of the velocity gradient tensor Q 2 (coloured 

in blue for Q 2 > 0 ). (For interpretation of the references to colour in this figure leg- 

end, the reader is referred to the web version of this article.) 
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CAA simulation cases performed in this study ( : Acoustic source term 

is included in the CAA simulation case; : Acoustic source term is ex- 

cluded from the CAA simulation case). 
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urrounding the burner exit), which is assumed to be an adiabatic 

all. 

Next, the computational configuration and conditions of the 

AA simulation are explained. The CAA domain is a cube with an 

dge length of 820 mm, and its extent in the respective Cartesian 

oordinate directions is in the range of: -75 mm ≤ x ≤ 745 mm, 

410 mm ≤ y ≤ 410 mm, and -410 mm ≤ z ≤ 410 mm. Thus, the 
5 
AA domain is larger than the LES domain and completely en- 

ompasses the LES domain. CAA simulation is performed on a 

on-uniform Cartesian grid consisting of 300 × 320 × 320 grid 

oints in the x -, y - and z-directions, respectively. Origin of the 

AA domain is the same as that of the LES domain (green point 

n the burner axis at the burner exit plane, see Fig. 3 ). The non-

eflective radiation boundary conditions [45] are applied at the far- 

eld boundaries of the CAA domain, because the APE-RF system 

oes not describe the convection of vorticity and entropy modes 

25,38] . Minimum grid spacing used in the CAA grid is 
x = 
y

 
z = 900 μm, which is thrice that of the LES grid. Therefore, in

his hybrid LES/APE-RF framework, LES of the turbulent combus- 

ion field is performed in a relatively smaller computational do- 

ain with fine grid, while the CAA simulation is performed on a 

oarser grid covering a larger acoustic domain, in order to cap- 

ure acoustic wave propagation all the way into the far-field. By 

estricting the LES to a smaller computational domain containing 

he acoustic source region, the computational cost of LES can be 

educed. Hence, the hybrid LES/APE-RF framework is computation- 

lly more efficient and less expensive than performing a large-scale 

ES alone of the open LPHALS flame using a large computational 

omain (same size as the CAA domain) with finer grid. 

The hybrid LES/APE-RF simulation is performed using an in- 

ouse hybrid CFD/CAA code called FK 

3 -CAA [26] , which is a com- 

ination of our in-house thermal flow analysis code FK 

3 [46] and 

ur CAA solver [26] . The FK 

3 code, which is used for the LES, em-

loys a pressure-based semi-implicit solver for compressible flows, 

hose algorithm comprises a fractional-step method [47] . In the 

ES, a 6 th order accurate finite difference scheme [48] is used for 

he spatial discretization of the convective term in the momen- 

um equation, i.e., Eq. (2) . A 5 th order Weighted Essentially Non- 

scillatory (WENO) scheme [49] is used for the spatial discretiza- 

ion of the convective terms in the governing equations of the 

calar quantities, i.e., Eqs. (1) , (3) and (4) . A 3 rd order explicit Total

ariation Diminishing (TVD) Runge-Kutta scheme is employed for 

ime integration of the convective terms in Eqs. (1) - (4) . Thermo- 

ynamic properties and transport coefficients taking temperature 
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Fig. 6. Distributions of (a) instantaneous and (b) time-averaged temperature in the central x − y plane ( z = 0 mm) obtained from LES. 

Fig. 7. Comparison of time-averaged axial velocity distributions in the central x − y plane ( z = 0 mm) between experimental data and LES prediction. 

Fig. 8. Comparison of time-averaged radial velocity distributions in the central x − y plane ( z = 0 mm) between experimental data and LES prediction. 

6 
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Fig. 9. Comparison of axial profiles of time-averaged axial velocity along the burner 

axis (i.e, y = z = 0 mm) between experimental data and LES prediction. 
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ependence into account are computed according to CHEMKIN 

50,51] . 

For simulating acoustic wave propagation all the way up to the 

ar-field, the CAA solver of the FK 

3 -CAA code employs the 4 th or- 

er accurate Dispersion-Relation-Preserving (DRP) scheme of Tam 

nd Webb [52] for discretization of the spatial derivatives on the 

eft-hand side of the APE-RF, and the two-step alternating low- 

issipation and low-dispersion Runge-Kutta (LDDRK) scheme in the 

–6 configuration [53] for temporal discretization. The low-pass fil- 

ering method of Artificial Selective Damping (ASD) proposed by 

am and Shen [54] for suppressing spurious high-frequency waves 

s also used in the CAA solver. The complete CPU time required for 

he hybrid LES/APE-RF simulation (i.e., the time needed for the ini- 
ig. 10. Comparisons of radial profiles of time-averaged axial velocity between experimen

b) x = 35 mm and (c) x = 52 . 5 mm. 

7 
ial LES for computing ˆ ρ , ˆ u and ˆ c , plus the time for the combined 

ES/APE-RF computations) is approximately 1.2 Million hours, by 

arallel computation using 10 0 0 cores on a CRAY XC40 supercom- 

uter at the Academic Centre for Computing and Media Studies 

ACCMS), Kyoto University, Japan. 

In this study, three CAA cases are simulated, each with different 

coustic source terms to investigate their influence on the acoustic 

eld. Table 1 summarizes the acoustic source terms considered in 

ach CAA simulation case. In case1, the APE-RF system is solved by 

onsidering all three acoustic source terms q e,r f , q m,r f and q c,r f . In 

ase2, the acoustic source term q e,r f of the pressure-density rela- 

ion in Eq. (9) alone is considered, and in case3, only the acoustic 

ource term q m,r f on the RHS of the perturbation velocity u 

′ equa- 

ion, i.e. Eq. (8) , is considered. 

. Results and discussion 

.1. Combustion field results 

First, the combustion field of the open LPHALS turbulent flame 

redicted by the LES is investigated. Instantaneous distribution of 

he iso-surface of temperature at 1500 K (colored in blue) is de- 

icted in Fig. 5 (a), while the instantaneous distributions of the iso- 

urfaces of heat release rate and the second invariant of the veloc- 

ty gradient tensor Q 2 are illustrated in Fig. 5 (b). The iso-surfaces 

f Q 2 represent the turbulent flow structures, and in Fig. 5 (b), the 

so-surfaces of Q 2 are depicted for a positive value, i.e., for Q 2 > 0 ,

hich indicate the vorticity-dominated regions. Additionally, the 

nstantaneous temperature field in the central x − y plane (i.e., 

 = 0 mm) is shown in Fig. 6 (a). From these figures, it is evident

hat a lifted flame is formed above the burner exit. Interactions of 

he turbulent structures formed in the shear layers with the flame 

ront, which can be observed in Fig. 5 (b), produce deformations 
tal data and LES predictions at different stream-wise locations of (a) x = 17 . 5 mm, 
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Fig. 11. Comparisons of radial profiles of time-averaged radial velocity between experimental data and LES predictions at different stream-wise locations of (a) x = 17 . 5 mm, 

(b) x = 35 mm and (c) x = 52 . 5 mm. 

Fig. 12. Comparisons of radial profiles of RMS of axial velocity fluctuations between experimental data and LES predictions at different stream-wise locations of (a) x = 17 . 5 

mm, (b) x = 35 mm and (c) x = 52 . 5 mm. 

8 
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Fig. 13. Comparisons of radial profiles of RMS of radial velocity fluctuations between experimental data and LES predictions at different stream-wise locations of (a) x = 17 . 5 

mm, (b) x = 35 mm and (c) x = 52 . 5 mm. 

Fig. 14. Stream-wise profiles of the two-point correlation coefficient of axial velocity fluctuations R (1) 
11 

(χ ) computed for various stream-wise locations ( x = 14 mm, 18 mm, 

20 mm, 24 mm and 28 mm) at the radial locations of (a) y = 17 . 5 mm, (b) y = 20 mm, (c) y = 24 mm and (d) y = 28 mm. 

9 
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Fig. 15. Evolution of the integral length scale L (1) 
11 

along the stream-wise direction, 

computed at the same radial locations as those considered in Fig. 14 . 
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f the flame surface. Such flame deformations caused by the flow- 

eld turbulence can also be clearly discerned from the temperature 

so-surface shown in Fig. 5 (a). The flame considered in this study is 

 low-swirl flame with a swirl number of 0.39. In this flame, vor- 

ex breakdown does not occur owing to its relatively weak swirling 

otion. Vortex breakdown occurs when the swirl number/intensity 

xceeds a specific threshold, typically for swirl numbers greater 

han 0.5 [55] . Therefore, in the absence of vortex breakdown, flow 

tructures such as the central recirculation zone and the precessing 

ortex core are not formed in the LPHALS flame investigated in this 

tudy, nor were they formed in the experiment [21] . On the con- 

rary, in such low-swirl flames, the axial flow velocity decays along 

he stream-wise direction with increasing downstream distance 

rom the burner exit (as will be shown later) within the central 

ivergence zone (CDZ) [21] . Thus, the lifted flame can freely prop- 

gate upstream (against the divergent flow) towards the burner 

xit, and can stabilize aerodynamically at the location where the 

ocal flow velocity equals the burning velocity. Figure 6 (b) depicts 

he time-averaged temperature field in the central x − y plane ob- 

ained from the LES, and the maximum mean flame temperature 

redicted by the LES is 1534 K, which agrees well with the flame 

emperature of 1530 K obtained from the 1D laminar premixed 

ame computation described in Section 2.1.1 . 

Next, the LES results for velocity field are examined. Compar- 

sons of the distributions of time-averaged axial and radial veloc- 

ty components in the central x − y plane between measurements 

nd LES predictions are illustrated in Figs. 7 and 8 , respectively. 

hese figures show that the distributions of mean axial and radial 

elocity components obtained from the LES are in good qualita- 

ive agreement with experimental data. The LES predicted time- 

veraged axial velocity distribution in Fig. 7 (b) shows the forma- 

ion of a central divergence zone (a characteristic flow structure 

f low-swirl flames) similar to that observed in the experimen- 

al data, i.e., in Fig. 7 (a). Owing to the heat release accompany- 

ng combustion and the consequent thermal expansion, there is an 

ncrease in the axial velocity across the flame front, followed by 

he decay of axial velocity along the axial direction, downstream 

f the flame front. Additionally, upon comparing the LES predicted 

ime-averaged radial velocity distribution in Fig. 8 (b) with the cor- 

esponding experimental data in Fig. 8 (a), it can be confirmed that 

he radial spread of the LPHALS flame is well reproduced by the 

ES. 

Quantitative comparison of the velocity field obtained from the 

ES with that measured in the experiment are presented in the 

ollowing. Figure 9 shows the comparison of axial profile of time- 

veraged axial velocity along the burner axis computed in the LES, 

ith that measured in the experiment. The peak value of mean ax- 

al velocity predicted by the LES agrees reasonably well with that 
i

ig. 16. Time-averaged distributions of experimental OH 

∗ chemiluminescence [21] (left), a

n the x − y plane. Yellow lines indicate the isolines of 20% of the maximum mean value

10 
n the experiment, and the axial profile of mean axial velocity is 

ccurately reproduced by the LES for x ≥ 30 mm. However, the ax- 

al location of the LES predicted peak mean axial velocity is shifted 

lightly upstream of that in the experiment. This discrepancy is 

ttributed to the fact that the turbulent inflow velocity boundary 

onditions applied at the burner exit in the LES, do not completely 

atch with those in the experiment, because the complex LSB ge- 

metry situated upstream of the burner exit is excluded from the 

ES. Next, in Figs. 10 and 11 , the radial profiles of time-averaged 

xial velocity and radial velocity components obtained from the 

ES are compared with the corresponding experimental measure- 

ents at different stream-wise locations from the burner exit. In 

ig. 10 (a), it can be seen that the axial velocity is overestimated 

t the stream-wise location of x = 17 . 5 mm, but the LES predicted

adial profiles of axial velocity at the other stream-wise locations 

onform well with the measurements, while also capturing the ra- 

ial locations of the peak axial velocities in these radial profiles 

nd the flame spread accurately. Similar tendencies are observed in 

he LES predicted radial profiles of radial velocity in Fig. 11 . Hence, 

rom the results presented in Figs. 10 and 11 , it can be said that

he LES predictions are in an overall favourable agreement with 

he experimental data. Additionally, the radial profiles of root mean 

quare (RMS) fluctuation of axial velocity and radial velocity com- 

uted from the LES are compared with the corresponding exper- 

mental data in Figs. 12 and 13 , respectively. The stream-wise lo- 
nd computed line of sight integrated mean OH radical mass fraction, 
∑ 

z ̂
 Y OH (right) 

 of OH 

∗ chemiluminescence (left) and 
∑ 

z ̂
 Y OH (right). 



A.L. Pillai, S. Inoue, T. Shoji et al. Combustion and Flame 245 (2022) 112360 

c

a

i

l

t

d

a

m

o

i

b

a

i

c

m

i

d

t

t

fl

c

p

h

c

o

i

m

t

c

t

F

r

p

t

R

w

t

g

a

t  

e

w

F

t

t

w  

e

o

s

a

t

l

d

s

l

d

i  

L

a  

w

e

r

Fig. 17. Instantaneous distributions of acoustic source terms (a) q e,r f and (b) q c,r f in 

the x − y plane ( z = 0 mm), obtained from LES solution. 
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ations at which these comparisons are performed, are the same 

s those in Figs. 10 and 11 . Though there are some discrepancies 

n the radial profiles of RMS fluctuations of axial and radial ve- 

ocities predicted by the LES (especially in the shear layers), their 

endencies such as the LPHALS flame’s radial spread and the ra- 

ial locations of the peak RMS fluctuations of velocity components, 

re in favourable agreement with the tendencies observed in the 

easurements. As mentioned above, an important reason for the 

ver-predictions of u ′ rms and v ′ rms in the shear layers by the LES, 

s the lack of the complex LSB geometry situated upstream of the 

urner exit, in the LES’s computational domain. However, there is 

nother reason for these discrepancies between the LES and exper- 

mental results. In the experiment, vector calculation from parti- 

le images acquired by Particle Image Velocimetry (PIV) measure- 

ents is essentially a spatial correlation analysis involving spatial 

nterrogation. In the flow-field where there is a large velocity gra- 

ient within a relatively small spatial domain, e.g., shear layers in 

he present study, an interrogation domain cannot very finely cap- 

ure the velocity gradient, and hence the resultant peak velocity 

uctuation amplitudes and the widths of the peaks typically be- 

ome smaller and larger, respectively, than the true values. In the 

resent study, the RMS fluctuations of the velocity components 

ave some discrepancies between the experimental and numeri- 

al results in the shear layers, where the situation described above 

ccurs. Therefore, these discrepancies may also be caused by the 

nterrogation analysis used in the vector calculation in the experi- 

ent. 

In order to obtain more insights into the turbulent state of 

he LPHALS flame, the spatial variations of two-point correlation 

oefficient of the axial velocity fluctuations and the evolution of 

he integral length scale in the shear layers are examined next. 

igure 14 presents the stream-wise variations of the two-point cor- 

elation coefficient of the axial velocity fluctuations R (1) 
11 

(χ ) , com- 

uted at various stream-wise locations ( x ) for a given radial loca- 

ion ( y ). Here, R (1) 
11 

(χ ) is defined as follows: 

 

(1) 
11 

(χ ) = 

〈 u 

′ (x, y, z) × u 

′ (x + χ, y, z) 〉 
u 

′ 
rms ( x, y, z) × u 

′ 
rms (x + χ, y, z) 

(14) 

here u ′ is the axial velocity fluctuation given as u ′ = ̃

 u − ˆ u , χ is 

he separation distance in the stream-wise x -direction, and the an- 

le brackets 〈 〉 in the numerator of Eq. (14) represent temporal 

veraging. The radial locations chosen for this analysis are such 

hat the interrogation positions ( x, y ) in Fig. 14 lie in the shear lay-

rs of the LPHALS flame, where the turbulent structures interact 

ith the flame front. Hence, the R (1) 
11 

(χ ) distributions presented in 

ig. 14 also offer a signature of the spatial extend of the acous- 

ic source terms in the stream-wise direction, at the respective in- 

errogation positions. The stream-wise variations of R (1) 
11 

(χ ) differ 

ith the radial location ( y ) in the shear layers at which they are

valuated, owing to the influence of heat release and entrainment 

f the surrounding ambient air into the swirling flame. A key ob- 

ervation from these stream-wise variations of R (1) 
11 

(χ ) is that, neg- 

tive values of R (1) 
11 

(χ ) can be found at several interrogation posi- 

ions, which is probably an indication of periodicity in the shear 

ayers. In the analysis presented later in Section 3.3 , there is in- 

eed evidence of periodic interactions between the turbulent flow 

tructures and the flame front in the shear layers. Spatial evo- 

ution of the integral length scale L (1) 
11 

along the stream-wise x - 

irection, at the same radial locations where R (1) 
11 

(χ ) is computed 

n Fig. 14 , are depicted in Fig. 15 . Here, the integral length scales

 

(1) 
11 

are computed from the stream-wise distributions of R (1) 
11 

(χ ) 

s L (1) 
11 

= 

∫ ∞ 

0 R (1) 
11 

(χ ) dχ . It is evident from Fig. 15 that the stream-

ise evolution of L (1) 
11 

differs with the radial location at which it is 

valuated. As will be shown later in Section 3.3 , an important heat 

elease rate fluctuation phenomenon occurring in the shear layer 
11
egion for stream-wise locations within 16 mm ≤ x ≤ 26 mm, is 

artly responsible for a pronounced peak at a specific frequency 

n the spectra of combustion noise generated by this open LPHALS 

ame. Similar to the interrogation positions for R (1) 
11 

(χ ) computa- 

ions, the positions considered in Fig. 15 for estimating L (1) 
11 

, espe- 

ially for the stream-wise locations within 14 mm ≤ x ≤ 26 mm, 

ie in the shear layer region where flame-turbulence interactions 

ccur. Thus, the results in Fig. 15 provide an estimate of the sizes 

f the integral length scales L (1) 
11 

interacting with the flame front 

nd causing heat release rate fluctuations along the flame front. 

urthermore, for the positions at which L (1) 
11 

is computed in Fig. 15 , 

he LES grid is discretized by a uniform grid spacing of 300 μm, 

o these integral length scales are adequately resolved. 
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Fig. 18. Instantaneous distributions of the components of acoustic source term q m,r f in the x − y plane ( z = 0 mm), obtained from LES solution. 
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To investigate the prediction accuracy of the flame’s lift-off

eight L li f t , Fig. 16 depicts the comparison of the line of sight in-

egrated mean (i.e., time-averaged) OH 

∗ chemiluminescence dis- 

ribution measured in the experiment, with the line of sight in- 

egrated mean (i.e., time-averaged) OH radical mass fraction dis- 

ribution, i.e., 
∑ 

z ̂
 Y OH , on the x − y plane obtained from the LES. 

he detailed reaction mechanism [33] adopted for generating the 

amelet library for the LES does not contain the OH 

∗ species, so 

he mass fraction of OH radical is used for the comparison instead. 

onsequently, the distribution of mean OH radical mass fraction 

hown in Fig. 16 (b) will differ from that of the mean OH 

∗ chemi-

uminescence measured in the experiment. However, the LES cor- 

ectly predicts the V-flame structure observed in the experiment. 

n this study, the flame lift-off height L li f t is defined as the mini- 

um height from the burner exit to the isoline of 20% of the max- 

mum mean OH radical mass fraction, which is denoted by the yel- 

ow isoline in Fig. 16 (b). In the experiment, 20% of the maximum 

ean OH 

∗ chemiluminescence intensity, which is denoted by the 

ellow isoline in Fig. 16 (a), was used as the threshold value for 

efining L li f t [21] . Flame lift-off height evaluated from the LES us- 

ng the metric defined above is L li f t = 5 . 25 mm, while that mea-

ured in the experiment is L li f t = 5 . 39 mm [21] . Thus, the flame

ift-off height predicted by the LES is in good agreement with that 

f the actual open LPHALS flame. Based on the LES results for the 
12 
rst and second order velocity statistics shown in Figs. 10–13 , and 

he flame structure and lift-off height predictions in Fig. 16 , it can 

e said that the LES in this study is capable of reproducing the 

ombustion field of the open LPHALS flame with reasonable accu- 

acy. Temperature profiles were not measured in the experiment, 

nd hence we were unable to compare the LES predicted tempera- 

ure profiles with those of the real flame. 

In Section 2.3 , it was mentioned that the adiabatic boundary 

ondition is imposed on the annular metal base-plate around the 

urner exit (i.e., the annular grey patch surrounding the burner 

xit in Fig. 3 ). It should be noted that the current study deals with

n open lifted lean-premixed low-swirl flame, wherein the flame 

oes not interact directly with this annular metal base-plate, nor is 

he flame attached to the burner exit periphery. Additionally, there 

s a continuous supply of cold premixed gas at 300 K flowing out 

rom the burner exit towards the flame. Consequently, convection 

nd conduction heat transfer from the flame to the annular metal 

ase-plate is unlikely. The main mode of heat transfer from the 

ame to the base-plate will therefore be radiative heat transfer. 

ut it should also be noted that a lean-premixed H 2 /air flame is 

onsidered in this study, which is a non-sooty flame, so it mainly 

mits radiation in the infrared spectrum. However, every time the 

SB was operated in the experiment to measure certain quantities, 

he data sampling would be completed fairly quickly, usually in 
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Fig. 19. Instantaneous distributions of acoustic souce term, q e,r f and heat release 

rate, Q in the x − y plane ( z = 0 mm). 

Fig. 20. Instantaneous distributions of acoustic pressure perturbation, p ′ (obtained 

from CAA solution), and acoustic source term, q e,r f (obtained from the LES solution) 

in the x − y plane at z = 0 mm (below), and the y − z plane (represented by the 

yellow dashed line in the x − y plane) at x = 20 mm (above), of the CAA grid. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
bout 10–20 s. Therefore, within this short time duration, infrared 

adiation from the flame to the annular metal base-plate is unlikely 

o cause any drastic temperature variations on the base-plate’s sur- 

ace. Consequently, the likelihood of the base-plate’s surface tem- 

erature influencing the temperature field of the gas in its vicinity, 

hich will have a subsequent impact on the flame lift-off height or 

he flame’s distance from the annular metal base-plate, is also ex- 

ected to be insignificant. Hence, conjugate heat transfer between 

he flame and the annular metal base-plate (via. radiative heat 

ransfer from the flame) is not considered in the current LES. Fur- 

hermore, temperature distribution on the metal base-plate’s sur- 

ace was not measured in the experiment, and hence the adiabatic 

oundary condition is imposed on the annular metal base-plate’s 

urface in the LES. Moreover, from the temperature distributions 

llustrated in Fig. 6 , it can be substantiated that even with the adia-

atic wall surface assumption, the temperature close to the burner 

xit periphery and the annular metal base-plate remains more or 

ess the same as the ambient temperature of 300 K. 

.2. Acoustic field generated by the open LPHALS flame 

Results of the CAA simulation case that considers all the 

coustic source terms of the APE-RF system (i.e., q c,r f , q m,r f and 

 e,r f ), viz. case1 (see Table 1 ), are examined and an analysis of

hese acoustic source terms is also presented in the following. 

igures 17 and 18 illustrate the instantaneous distributions of the 

hree types of acoustic source terms in the system of APE-RF, viz. 

 e,r f , q c,r f and q m,r f , respectively, in the central x − y plane. These

ource terms are computed from the LES solution and interpolated 

nto the CAA grid from the LES grid at the end of every LES step,

o solve the APE-RF system in the CAA step. From Figs. 17 and 18 ,

t is evident that q c,r f is 5 orders of magnitude smaller than q e,r f ,

nd all three components of the source term q m,r f are 3 orders 

f magnitude smaller than q e,r f . Hence, the acoustic source term 

 e,r f which is the strongest, is expected to have a dominant con- 

ribution to the acoustic field, while the influence of the other two 

ources terms, i.e., q m,r f and q c,r f , on the acoustic field is expected 

o be insignificant in comparison. An analysis on this is presented 

n the next subsection. Instantaneous distributions of the dominant 

coustic source term q e,r f and the heat release rate per unit vol- 

me Q in the central x − y plane are shown in Fig. 19 . Comparing

igs. 17 (a) and 19 , it can be discerned that the regions where q e,r f 

s particularly strong, coincide with those where the unsteady heat 

elease of combustion occurs. This observation is consistent with 

he formulation of the acoustic source term q e,r f , because as men- 

ioned previously in Section 2.2 , the substantial time derivative of 

ensity ( Dρ/Dt) term on the RHS of Eq. (12) includes the dom- 

nant source mechanism of direct combustion noise, i.e., the un- 

teady heat release [25,38] . Furthermore, Fig. 20 depicts the instan- 

aneous acoustic pressure perturbation p ′ fields obtained from the 

AA simulation (represented in grey scale), along with the instan- 

aneous distributions of the dominant acoustic source term q e,r f , in 

he central x − y plane and the y − z plane at x = 20 mm of the

AA grid. Excitation of strong pressure perturbations in the regions 

here q e,r f is large, is evident from the pressure perturbation field 

n the central x − y plane ( Fig. 20 ). Additionally, it is observed that

he acoustic pressure perturbations propagate almost circularly in 

he y − z plane, owing to the circular distribution of q e,r f in the 

 − z plane, which arises due to the axisymmetric feature of the 

ow-swirl flame. 

CAA simulation case1’s results for the radiated acoustic field are 

ompared with those of Shoji et al.’s experiment [21] next. Sound 

ressure level (SPL) spectra computed from the solution of the 

PE-RF in CAA simulation case1, are compared with the measured 

PL spectra in Fig. 21 for two positions: ( x, y ) = (50 mm, 180 mm)

nd ( x, y ) = (50 mm, 360 mm). These two positions are also indi-
13 
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Fig. 21. Comparisons of sound pressure level (SPL) spectra between experimental 

data [21] and CAA predictions at different positions. 
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Fig. 22. Sketch of positions (red and green circular points) in the x − y plane ( z = 0 

mm) at which SPL spectra are computed. Distribution of the time-averaged speed 

of sound ˆ c (obtained from the LES) in this x − y plane is also shown. (For interpre- 

tation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 

Fig. 23. Stream-wise variation of the spectrum of coherence C q ′ 
rad 

p ′ (x, f ) between 

the radially integrated heat release rate fluctuations q ′ 
rad 

(x ) and the far-field acous- 

tic pressure perturbations p ′ sampled at ( x, y ) = (50 mm, 180 mm). 

fl

t

l

 

ated by the two green circular points in Fig. 22 , and are the same

ositions at which microphones were placed in the experiment. 

oise spectra of the non-reacting low-swirl flow that were mea- 

ured before igniting the H 2 /air premixed gas in the experiment, 

re also plotted for comparison. It can be seen from Fig. 21 that 

or the frequencies below 1800 Hz (i.e., for most frequencies of in- 

erest), the Sound Pressure Levels (SPLs) of the non-reacting flow 

re about 20–25 dB lower than those of combustion noise (i.e., 

he reacting flow) in the experiment. This observation is consis- 

ent with the findings reported in several previous studies (e.g., 

9 , 13,27,56–59] ), that in low Mach number open turbulent flames, 

he noise generated by the unsteady heat release dominates over 

urbulent mixing noise. In Fig. 21 , it is observed that the com- 

uted SPL spectra show favourable agreement with the measured 

PL spectra for frequencies greater than 10 0 0 Hz (i.e., f > 10 0 0

z). However, for frequencies below 10 0 0 Hz, the computed SPLs 

re under-predicted and the first pronounced peak at f = 500 Hz, 

hich is observed in the measured combustion noise spectra is not 

aptured. The two pronounced SPL peaks at 500 Hz and 940 Hz 

easured in the experiment, are generally not observed in the 

pectra of direct combustion noise radiated by open flames. Such 

ronounced twin spectral peaks are unique to the low-swirl lean- 

remixed H 2 /air flames investigated by Shoji et al. [21] , and based 

n their investigation, the SPL peak at 500 Hz was caused by global 
14 
ame fluctuations that induced global heat release fluctuations at 

he same frequency. At this stage, it is important to clarify the fol- 

owing aspects: 

1. It is known from previous numerical studies (e.g., [24 , 27 , 60] )

that the exclusion of even a part of the burner geometry from 

the computational configuration can affect the prediction accu- 

racy of the hybrid LES/APE-RF simulation, because the acoustic 

modes of the burner can interact with the turbulent flame and 

influence its dynamics and combustion noise. 

2. However, in Shoji et al.’s experiments [21] , the LSB system, or 

the entire experimental system for that matter, does not have 

natural frequencies in the range of the double peak frequen- 

cies (i.e., 500 Hz and 940 Hz). Therefore, the acoustic pressure 
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Fig. 24. Flame structures observed in the instantaneous temperature distributions on the x − y plane ( z = 0 mm), extracted over a time period of T p = 1 / 840 s, with the 

interrogation window (yellow square) situated at (x, y ) = (22–32 mm, 16–26 mm). t 0 is an arbitrary time at which LES data sampling starts. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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waves generated by the flame do not couple with the LSB sys- 

tem’s acoustics, and do not cause any pulsations in the flow 

rate of the premixed gas mixture supply upstream of the burner 

exit, at a frequency corresponding to that of the double peaks 

observed in the experiment. 

3. If relatively high-frequency fluctuations of the premixed gas 

mixture were strong in the LSB system, they would be removed 

by the two flow screens or punching plates placed inside the 

burner, as shown in Fig. 2 . 

4. Additionally, the air compressor used in the experiment, which 

can cause flow fluctuations, was placed very far from the 

burner system. In between them, there is long piping, which 

would eliminate flow fluctuations that were strongly oscillating 

at a single frequency, if they existed. 

5. Furthermore, an air reservoir with a large volume was placed 

downstream of the air compressor as a buffer, to remove any 

periodic fluctuations associated with the compressor frequency. 

6. Overall, no fluctuations occurring upstream of the burner exit 

caused pronounced, sharp double peaks in the combustion 

noise spectra. Rather, these twin spectral peaks in the mea- 

sured combustion noise spectra were caused purely by physical 

phenomena in the flow field present downstream of the burner 
exit [21] . i  

15 
The present CAA simulation is unable to predict the SPL peak 

t 500 Hz and underestimates the SPLs for f < 10 0 0 Hz. These dis-

repancies are attributed to the inflow boundary conditions for the 

urbulent velocity field applied at the burner exit in the LES, which 

o not completely match with those in the experiment. This is be- 

ause the present LES domain lacks the full LSB geometry situated 

pstream of the burner exit to keep the computational cost real- 

zable (see Section 2.3 ). Thus, the heat release rate fluctuations, 

hich are extremely sensitive to the inflow turbulent velocity fluc- 

uations and are the dominant source mechanism of direct com- 

ustion noise, will not be perfectly predicted by the present LES. 

Furthermore, it is worth noting that, while the combustion 

oise spectra measured in the experiment are estimated using the 

ressure perturbation p ′ signals sampled over a time duration of 

 s, those obtained from the CAA simulation are computed using p ′ 
ignals sampled over 0.3 s duration. Therefore, owing to the nature 

f combustion noise, characteristics of the combustion noise spec- 

ra (such as amplitude and peak presence) can slightly vary, both 

ualitatively and quantitatively, depending on the time period of 

he p ′ signal within which the spectra are estimated. For instance, 

ven when using the same experimentally obtained p ′ signal, the 

mplitude of the SPL peak at 500 Hz and its presence can vary 

f the entire 5 s signal is used, as in Shoji et al.’s study [21] , or
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Fig. 25. Power spectral density (PSD) of local heat release rate fluctuations Q ′ 
local 

occurring in the region indicated by the yellow square in Fig. 24 , obtained from 

LES. 

Fig. 26. Cross power spectral density CPSD p ′ Q ′ 
local 

between the acoustic pressure per- 

turbations p ′ computed at ( x, y ) = (50 mm, 180 mm), and the local heat release rate 

fluctuation Q ′ 
local 

occurring in the region indicated by the yellow square in Fig. 24 . 
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nly a portion of the signal is used, e.g., 0.3 s duration, as done 

n the present CAA simulation. Hence, this is another likely reason 

s to why the CAA simulation is unable to predict the SPL peak 

t 500 Hz observed in the experimental combustion noise spectra. 

owever, as depicted in Fig. 21 , the CAA simulation can predict 

he reduction in SPLs with increasing radial distance ( y ) from the 

urner axis (i.e., y = 0 mm), and the amount by which the SPLs

educe when the observer position changes from ( x, y ) = (50 mm,

80 mm) to ( x, y ) = (50 mm, 360 mm), agrees well with that in the

xperiment. Moreover, the CAA simulation predicts a sharp peak in 

he computed SPL spectra at f peak = 840 Hz, which is close to the

requency of the secondary spectral peak at 940 Hz in the mea- 

ured combustion noise spectra. The mechanism causing this pro- 

ounced peak at f peak = 840 Hz in the computed combustion noise 

pectra of the open LPHALS flame is elucidated in the next subsec- 

ion. 

From Figs. 17 and 18 , it can be substantiated that the strongest 

coustic sources of each type are typically confined within a re- 

ion demarcated by x ≤ 40 mm and | y | < 40 mm. Additionally,

he physical phenomenon responsible for the manifestation of the 

harp SPL peak at 840 Hz in the computed combustion noise spec- 

ra (discussed in Section 3.3 ), is also confined within the stream- 

ise region corresponding to 6 mm ≤ x ≤ 26 mm. Moreover, the 

xial and radial lengths of the LPHALS flame measured in the ex- 

eriment, using the same definition of the flame boundary as that 

n Fig. 16 (i.e., 20% of the maximum mean value of OH 

∗ chemilumi- 

escence intensity), are 28.1 mm and 56.8 mm, respectively. Now, 

he acoustic wavelengths (calculated using the speed of sound in 

mbient air at 300 K) corresponding to the frequencies of inter- 

st in this study, viz. 500 Hz and 940 Hz observed in the experi- 

ent, and 840 Hz predicted by the CAA simulation are 680 mm, 

61.7 mm and 404.8 mm, respectively. Therefore, a comparison of 

he above-mentioned spatial extent or dimensions within which 

he strongest acoustic sources in the turbulent reacting flow-field 

re confined, and the axial and radial lengths of the LPHALS flame 

ith the acoustic wavelengths of interest, reveals that the acoustic 

avelengths are much larger. Hence, the current LPHALS flame can 

e considered acoustically compact. 

.3. Characteristics of radiated acoustic field 

To investigate the cause of the peak in the computed SPL spec- 

ra at f peak = 840 Hz, the spatial dependence of the correlation be- 

ween heat release rate fluctuations and the far-field acoustic pres- 

ure perturbations p ′ are analysed. For this purpose, the stream- 

ise variation of the spectrum of the coherence C q ′ 
rad 

p ′ (x, f ) be- 

ween the radially integrated heat release rate fluctuations at a 

iven stream-wise location q ′ 
rad 

(x ) , and p ′ sampled at the far-field 

osition of ( x, y ) = (50 mm, 180 mm), is shown in Fig. 23 . It can

e seen that there are strong correlations between q ′ 
rad 

(x ) and 

p ′ around 840 Hz at several stream-wise locations. However, two 

tream-wise regions of particular importance can be substantiated 

rom Fig. 23 , viz. 16 mm ≤ x ≤ 26 mm and x < 16 mm. First, the

tream-wise region within 16 mm ≤ x ≤ 26 mm is considered, and 

he temporal variation of the instantaneous temperature distribu- 

ion in the central x − y plane, obtained from the LES is examined 

n Fig. 24 . From these instantaneous temperature distributions that 

re extracted over a time period of T p = 1 / f peak (i.e., T p = 1 / 840

), the generation of vortical flame structures is detected in the 

hear layers, i.e., within the region denoted by the yellow square 

n the temperature distributions shown in Fig. 24 . Such vortical 

ame structures are found to shed consistently in this shear layer 

egion over every cycle of duration T p = 1 / 840 s, which indicates

hat there may be periodic interactions between the turbulent flow 

tructures and the flame. Hence, if these vortical flame structures 

re indeed generated periodically, they are bound to produce local 
16 
ame front deformations, which will consequently result in local 

eat release rate fluctuations at a specific frequency. 

Therefore, the spectral characteristics of the local heat release 

ate fluctuations occurring in the shear layer region denoted by the 

ellow square in Fig. 24 are analysed next. Figure 25 depicts the 

ower spectral density (PSD) of the local heat release rate fluctu- 

tions occurring within the region denoted by the yellow square. 

t is observed that the local heat release rate fluctuation spectrum 

lso contains a pronounced (and the strongest) peak at 840 Hz, 

hich seems to be consistent with the frequency f peak of the sharp 

eak seen in the computed combustion noise spectra in Fig. 21 . 

urthermore, as evident from Fig. 21 , the sharp SPL peak at 840 Hz 

ppears in the computed noise spectra regardless of the observer 

osition. Hence, to confirm whether a possible physical correlation 

xists between the local heat release rate fluctuations and direct 

ombustion noise (i.e., acoustic pressure perturbations) at 840 Hz, 

he cross power spectral density (CPSD) between the acoustic pres- 

ure perturbation p ′ signal sampled at ( x, y ) = (50 mm, 180 mm)

the same position as that in Fig. 21 (a)], and the local heat re- 

ease rate fluctuations Q 

′ 
local 

(occurring in the region denoted by 

he yellow square in Fig. 24 ) is examined in Fig. 26 . A pronounced

harp peak at 840 Hz with the highest amplitude is observed in 

he cross power spectrum as well, suggesting a direct and strong 

hysical correlation between Q 

′ 
local 

and p ′ (i.e., direct combustion 

oise) at 840 Hz. Therefore, it can be confirmed that the peak in 

he combustion noise spectra at 840 Hz is caused by the intense 



A.L. Pillai, S. Inoue, T. Shoji et al. Combustion and Flame 245 (2022) 112360 

Fig. 27. Cross power spectral density CPSD (q ′ TKE ) between the heat release rate fluctuation q ′ (x, y ) and the turbulent kinetic energy TKE( x, y ) at various positions along the 

flame front, in the shear layers for x < 16 mm. 

l

g

1

t

t

o

i

s

(

t

s

b

e

t

f

t

t

i

a

t

l  

e

a  

i  

s  

C

n

f

t

T

a

x

n

s

(

t

t

i

t

s

s

S

b

s

c

t

f  

t

t  

d

o  

c

d

b

f

f

f

c

t

q

a

t

t

q

n

s

c

f

t

c

e  

l

t

i

e

d

s

u  

p

u  

0

b  

f  

i

i

p

f

u  

E

n

x

ocal heat release rate fluctuations resulting from the periodically 

enerated vortical flame structures in the shear layer region within 

6 mm ≤ x ≤ 26 mm. Such vortical flame structures arise due to 

he interaction between the flame and the vortices produced in 

he shear layers. The same mechanism was responsible for the sec- 

ndary peak at 940 Hz in the measured combustion noise spectra 

n Shoji et al.’s work [21] . 

Contrary to the emergence of vortical flame structures in the 

hear layers of the stream-wise region within 16 mm ≤ x ≤ 26 mm 

see Fig. 24 ), such vortical flame structures are not apparent in 

he stream-wise region corresponding to x < 16 mm in the in- 

tantaneous temperature distributions shown in Fig. 24 . However, 

ased on the stream-wise variation of the spectrum of coher- 

nce C q ′ 
rad 

p ′ (x, f ) illustrated in Fig. 23 , it was substantiated that 

here exist strong physical correlations between q ′ 
rad 

(x ) and the 

ar-field acoustic pressure perturbations p ′ around 840 Hz, even in 

he stream-wise region corresponding to x < 16 mm. Hence, even 

hough vortical flame structures are not detected in this region, 

t is still possible that interactions between the flow turbulence 

nd the flame front occur in the shear layers at stream-wise loca- 

ions corresponding to x < 16 mm, which lead to the strong corre- 

ations between q ′ 
rad 

(x ) and p ′ at 840 Hz. To confirm this hypoth-

sis, the CPSD between the heat release rate fluctuations q ′ (x, y ) 

nd the turbulent kinetic energy TKE( x, y ), denoted by CP SD (q ′ TKE ) ,

s computed at various positions ( x, y ) along the flame front, in the

hear layers for x < 16 mm, and analysed in Fig. 27 . The plots of

P SD (q ′ TKE ) depicted in Fig. 27 , contain the highest amplitude pro- 

ounced sharp peak at 840 Hz for all positions along the flame 

ront, indicating a direct and strong physical correlation between 

he heat release rate fluctuations and the flow field turbulence. 

hus, the turbulence induced heat release rate fluctuations gener- 

ted in the shear layers of the stream-wise region corresponding to 

 < 16 mm, are also responsible for the manifestation of the pro- 

ounced SPL peak at 840 Hz in the computed combustion noise 

pectra. 

Results of the CAA simulation cases, i.e., case1, case2 and case3 

see Table 1 ) are analysed next, to investigate the impact of acous- 

ic source terms q e,r f and q m,r f on the acoustic field radiated by 

he open LPHALS flame. Specifically, the acoustic fields simulated 

n these three cases are analysed in terms of their spectral con- 

ent and directivity characteristics. A separate CAA simulation con- 

idering only the acoustic source term q c,r f was deemed unneces- 

ary, because this source term was found to be the weakest (see 

ection 3.2 ), and hence its contribution to the acoustic field will 

e negligible in comparison to those of q e,r f and q m,r f [25,38] . SPL 

pectra computed at six observer positions indicated by the red 

ircular points in Fig. 22 , are compared among the CAA simula- 
17 
ions of case1, case2 and case3 in Fig. 28 . The positions chosen 

or this analysis are at a fixed radial distance of y = 180 mm from

he burner axis, and at six different streamwise x locations from 

he burner exit. In Fig. 28 (a)–(c), it can be seen that the SPLs pre-

icted by case1 (which considers all three acoustic source terms 

f the APE-RF system, viz. q e,r f , q m,r f and q c,r f ) and case2 (which

onsiders only q e,r f ) are nearly identical across all frequencies. Ad- 

itionally, in Fig. 28 (d)–(f), it is observed that the SPLs predicted 

y case2 are only slightly lower than those predicted by case1 for 

requencies below 1500 Hz. Furthermore, the SPL spectra obtained 

rom case3 (which considers only the acoustic source term q m,r f ) 

or all six positions, show that the SPLs are lower than those of 

ase1 and case2 across all frequencies. This is because the source 

erm q m,r f was found to be 3 orders of magnitude smaller than 

 e,r f (see Figs. 18 and 17 ). Therefore, the results of case1, case2 

nd case3 for the computed SPL spectra in Fig. 28 , suggest that 

he dominant contribution to the total SPL comes from the acous- 

ic source term q e,r f , while the contribution from the source term 

 c,r f to the total SPL is negligible across all frequencies. Moreover, 

oticeable attenuation of SPLs in the higher frequency range is ob- 

erved in the noise spectra of all three CAA simulation cases, espe- 

ially for the positions shown in Fig. 28 (e) (SPL attenuation occurs 

or frequencies greater than 20 0 0 Hz) and Fig. 28 (f) (SPL reduc- 

ion occurs for frequencies greater than 1500 Hz). These positions 

orrespond to the farther downstream x locations from the burner 

xit (i.e., x = 0 mm). It is apparent that the farther the downstream

ocation from the burner exit, the lower the noise radiation angle θ
o the burner axis (described later), and the greater the reduction 

n SPL of the high-frequency noise emissions. This phenomenon is 

xamined further by analysing the directivity behaviour of the ra- 

iated acoustic field in all three CAA simulation cases. 

For the directivity evaluations, sound pressure levels at several 

pecific frequencies are computed at various observer positions sit- 

ated on a circular arc of radius R = 360 mm in the central x − y

lane, as depicted in Fig. 22 . The center of this directivity eval- 

ation arc is denoted by the yellow point P [ (x, y, z) = (20 mm,

 mm, 0 mm)] in Fig. 22 , whose stream-wise location is chosen 

ased on the results illustrated in Figs. 17 (a) and 20 . As evident

rom Fig. 17 (a), the acoustic source term q e,r f is strong in the vicin-

ty of x = 20 mm, and from the acoustic pressure perturbation field 

n the central x − y plane shown in Fig. 20 , excitation of strong 

ressure perturbations around x = 20 mm can be discerned. There- 

ore, the stream-wise location of the center of the directivity eval- 

ation arc (yellow point P in Fig. 22 ) is chosen to be x = 20 mm.

ach observer position on this circular arc corresponds to a certain 

oise radiation angle θ , which is defined as the angle between the 

 -axis (i.e., the burner axis) and a line segment joining the center 
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Fig. 28. Comparisons of sound pressure level (SPL) spectra among the CAA simulations of case1, case2 and case3, computed at six different positions indicated by the red 

circular points in Fig. 22 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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f the circular arc (i.e, the yellow point P in Fig. 22 ) and an ob-

erver position on the arc (denoted by the yellow line in Fig. 22 ).

irectivity plots are shown in Fig. 29 for all three CAA simulation 

ases for frequencies ranging from 400 Hz to 2640 Hz. Variations 

f the frequency-specific SPL with the radiation angle θ for fre- 

uencies below 1500 Hz, depicted in Fig. 29 (a)–(d) show that the 

PL in case2, which considers only the acoustic source term q e,r f 

f the pressure-density relation Eq. (9) , remains nearly constant at 

ll radiation angles except for θ < 20 ◦. This monopole-like directiv- 

ty pattern generated by the source term q e,r f is attributed to the 

ominant source mechanism included in q e,r f , viz. the unsteady 

eat release [56–58] . Similar directivity behaviour is observed in 

ase1 (which considers all the acoustic source terms of the APE-RF 

ystem) for frequencies below 1500 Hz in Fig. 29 (a)–(d). 
18 
On the contrary, from the directivity plots of frequency-specific 

PL for frequencies above 1500 Hz, depicted in Fig. 29 (e)–(h), it 

an be seen that the SPLs start to decrease for θ < 40 ◦ in all three

AA simulation cases. Such reductions in SPLs for θ < 40 ◦ at the 

igher frequencies, are caused by acoustic refraction effects due 

o spatially varying mean temperature within the turbulent flame 

58,61] . To be more specific, mean temperature gradients in the 

ame will lead to gradients of the mean speed of sound ˆ c , and 

he acoustic waves (produced by the sources) propagating in the 

ownstream direction interact with these mean sound speed gra- 

ients to get refracted outwards, i.e., away from the flame/burner 

xis. Consequently, as evident from Fig. 29 (e) - 29 (h), the preferred 

irection of noise emissions at higher frequencies in case1 and 

ase2 is θ ≈ 40 ◦. Such deviations from the isotropic/monopole di- 
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Fig. 29. Frequency-specific sound pressure level (SPL) computed at various positions on a circular arc of radius R = 360 mm in the x − y plane ( z = 0 mm), whose center 

is located at the point (x, y, z) = (20 mm, 0 mm, 0 mm), as depicted in Fig. 22 . Observer positions are placed on this circular arc at an increment of 10 ◦ , starting from a 

radiation angle θ = 10 ◦ up to θ = 90 ◦ to the burner axis. Results are compared among all three CAA simulation cases. 
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ectivity pattern arising from the aforementioned refraction effects 

ue to mean sound speed gradients in the flame, have been stud- 

ed extensively via experiments [11,58,61] and numerical simula- 

ions [13,38,62] . Moreover, it can also be observed that the higher 

he noise emission frequency, the more susceptible it is to the re- 

raction effects, which is evidenced by the stronger attenuation of 

ts SPL. Hence, attenuation of the high-frequency noise emissions 

bserved in Fig. 28 (e) and (f) for the far downstream positions 

which correspond to radiation angles θ < 40 ◦), can be attributed 

o the aforementioned acoustic refraction effects. 

Next, focussing on the results of case3 (which considers only 

he acoustic source term q m,r f of the perturbation velocity Eq. (8) ) 

n Fig. 29 , it is evident from the directivity patterns that a strong 

irectionality exists at all frequencies, contrary to case1 and case2. 

or frequencies below 1500 Hz, i.e, in Fig. 29 (a)–(d), the pre- 

erred noise radiation direction is θ ≈ 20 ◦. However, at frequencies 

bove 1500 Hz, the noise directivity shifts to θ ≈ 30 ◦ as shown in 

ig. 29 (e) and (f), and to θ ≈ 40 ◦ as shown in Fig. 29 (g) and (h).

his shift in the preferred noise radiation direction is also caused 

y the acoustic refraction effects, and once again suggests that the 

nfluence of these refraction effects on the directivity behaviour 

ecomes stronger with increasing noise emission frequency. Addi- 

ionally, the noise directivity patterns observed in case3 are an in- 

ication of the inherent non-isotropic noise radiation characteristic 

f the source term q m,r f . In order to understand the strong noise 

irectivity generated by the source term q m,r f , a detailed investi- 

ation of the directivity behaviours of the different source mech- 

nisms contained in it [see Eq. (11) ] would have to be performed. 

owever, for such an investigation, additional CAA simulations to 

valuate the individual contribution of each source mechanism in 

 m,r f to the radiated non-isotropic acoustic field would have to be 

arried out. Such an analysis is beyond the scope of this paper and 

ill be conducted in a future study. 

. Conclusions 

Direct combustion noise generated by an open lean-premixed 

 2 /air low-swirl (LPHALS) turbulent flame was investigated using 

he hybrid LES/APE-RF framework. Acoustic field radiated by this 

ame was predicted by solving the system of Acoustic Perturba- 

ion Equations for Reacting Flows (APE-RF) in the CAA simulation. 

ES results for the flow-field velocity distributions and statistics, 

ame structure and lift-off height showed an overall favourable 

greement with experimental data. SPL spectra obtained from the 

AA simulation was unable to capture the first pronounced peak at 

00 Hz that was observed in the measured combustion noise spec- 

ra. This discrepancy was attributed to the inflow boundary condi- 

ions for the turbulent velocity field applied at the burner exit in 

he LES, which did not exactly match with those in the experiment. 

he reason for this was the lack of the complex Low-Swirl Burner 

LSB) geometry situated upstream of the burner exit in the LES. 

onsequently, the LES was unable to accurately predict the heat 

elease rate fluctuations, which are the dominant source mecha- 

ism of direct combustion noise. However, the computed combus- 

ion noise spectra possessed a pronounced peak at a frequency of 

40 Hz, which was close to the frequency of the secondary peak 

at 940 Hz) in the measured combustion noise spectra. Appear- 

nce of this peak in the combustion noise spectra was attributed 

o the intense local heat release rate fluctuations in the shear lay- 

rs. These heat release rate fluctuations induced by the periodic 

nteractions of the turbulent flow structures with the flame front, 

ere mainly confined in the shear layers of the stream-wise region 

ithin 6 mm ≤ x ≤ 26 mm. 

Influence of the acoustic source terms on the radiated acous- 

ic field was investigated by analysing the spectral content and di- 

ectivity of the noise generated by them. Three CAA simulations, 
20 
ach considering different acoustic source terms were performed. 

esults showed that the source term of the pressure-density rela- 

ion, i.e., q e,r f , had the dominant contribution to the acoustic field 

enerated by the open LPHALS flame, and the source term of the 

erturbation density equation, i.e, q c,r f , had negligible contribution 

o the acoustic field. Additionally, SPLs generated by the source 

erm of the perturbation velocity equation, i.e., q m,r f , were lower 

han those generated by q e,r f . Attenuation of the SPLs at higher 

requencies (i.e., frequencies greater than 1500 Hz) was observed 

or the farther downstream positions, which correspond to noise 

adiation angles with respect to the burner axis of less than 40 ◦. 

hese reductions in SPLs were attributed to the acoustic refraction 

ffects caused by mean sound speed gradients in the flame (aris- 

ng from spatially varying mean temperature in the flame). Inspec- 

ion of the directivity characteristics of the radiated acoustic field 

t several specific frequencies revealed that, the source term q e,r f 

enerates a monopole/isotropic directivity pattern for frequencies 

elow 1500 Hz, but for the higher frequencies, its directivity be- 

aviour deviates from the monopole character and exhibits a pre- 

erred noise radiation direction of around 40 ◦ to the burner axis, 

hich was caused by the above-mentioned acoustic refraction ef- 

ects. Similar noise directivity behaviour was observed in the CAA 

imulation which considered all three acoustic source terms of 

he APE-RF system (i.e., q e,r f , q m,r f and q c,r f ). Furthermore, direc- 

ivity patterns produced by the source term q m,r f showed strong 

irectionality at all frequencies. The preferred noise radiation di- 

ection varied from 20 ◦ to the burner axis for frequencies below 

500Hz, up to 40 ◦ to the burner axis with increasing noise emis- 

ion frequency in the higher frequency range. Such a shift in the 

referred noise radiation angle was also attributed to the acous- 

ic refraction effects arising from the mean sound speed gradi- 

nts in the flame. Thus, the applicability of the hybrid LES/APE- 

F framework to simulate the direct combustion noise (with pro- 

ounced spectral peak) generated by the open LPHALS turbulent 

ame was demonstrated in this study. It was confirmed that the 

ybrid LES/APE-RF framework can predict the important charac- 

eristics of direct combustion noise radiated by the open LPHALS 

ame. 
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