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ABSTRACT

Direct numerical simulation (DNS) is used to study
sound generation by an unconfined, turbulent premixed
flame. The computational grid is set up such that both the
near and far fields are fully resolved, and simple chem-
istry is used to reduce the computational cost. In keep-
ing with earlier, simpler studies by the group, flame an-
nihilation events are again observed as strong monopolar
sources of sound, and their amplitudes are consistent with
the groups previously published scalings. Analysis of the
radiated sound then shows broadband spectra, with the ob-
served frequency of peak amplitude being consistent with
those observed experimentally by others.

INTRODUCTION

Combustion-generated noise is unwelcome in many
applications across the transport, power generation and in-
dustrial sectors. In particular, combustion-generated noise
is becoming a major noise source in aeroengines. This is
due to considerable advances over the last decades in re-
ducing the noise from other sources such as fan and jet noise
(Dowling & Mahmoudi (2015); Duran et al. (2014)).

Combustion-generated sound has an additional impor-
tance because it hampers development of low-emission,
premixed combustors. These types of combustors are sus-
ceptible to so called ‘thermoacoustic instability” associated
with the sound generated by the flame inside the combus-
tor. The interaction of the reflected acoustic waves from the
combustor’s walls and nozzle with the flame can trigger in-
stability and produce strong pressure fluctuations, leading
to engine failure in extreme cases.

Review of our current understanding of sound gen-
eration by open turbulent flames shows that combustion
noise sources are considered to be a distribution of monopo-
lar sound sources with different strengths and frequencies
(Bragg (1963); Smith & Kilham (1963); Rajaram et al.
(2006); Rajaram & Lieuwen (2009); Dowling & Mahmoudi
(2015)). Many studies (e.g. Hurle et al. (1968); Strahle
(1978)) have argued that the fluctuating heat release rate is
the dominant source of noise in flames. In a number of one-
(1D) and two-dimensional (2D) numerical studies (Jiménez

et al. (2015); Talei et al. (2014, 2012a,b, 2011)), destruction
of the flame surface area (known as ‘flame annihilation”)
has been shown to have a significant contribution to the rate
of change of heat release rate, and therefore the generated
sound in laminar premixed flames. However, it is unclear
whether these events are also significant sources of noise in
turbulent premixed flames.

Direct numerical simulation (DNS) is a means to gain
an improved understanding of the sound generation mech-
anisms since all relevant flow physics are resolved. How-
ever, DNS is computationally very expensive, in particular
for aeroacoustic simulations of combusting flows. This is
because both the flame and the far field need to be fully re-
solved in these simulations. Due to this limitation, and to
the best of our knowledge, DNS of sound generation by a
turbulent premixed flame has not been attempted in the lit-
erature.

This paper therefore presents a DNS of sound genera-
tion by a turbulent premixed flame. By resolving both the
flame and the radiated sound, the acoustic sources can be
investigated directly using these simulations. A special fo-
cus of this paper is the sound generated by the observed
flame annihilation events. The spectral content of the radi-
ated sound is then examined and compared briefly to exper-
iments performed by others.

GOVERNING EQUATIONS

Using a single-step, irreversible chemical reaction, the
governing equations for the conservation of mass, momen-
tum, total energy, and deficient reactant species mass frac-
tion are respectively as follows:
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where x and ¢ are the spatial coordinate and time respec-
tively. In addition, p is the mixture density, u; is the
Jj — component of velocity, Yz is the fuel mass fraction
(progress variable), p is the pressure, E; is the total energy
per unit mass (including sensible, kinetic, and chemical en-
ergy), q; is the heat flux vector, and 7;; is the i j — component
of the viscous stress tensor. The quantities E;, ¢; (assuming
constant heat capacity), 7;; and p are given by,
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where 7 is the heat capacity ratio, Q is the heat of reaction
per unit mass of reactant, hg is the chemical enthalpy of
formation of species k evaluated at a reference temperature
Tref, U is the dynamic viscosity, D is the binary mass diffu-
sion coefficient, A is the mixture thermal conductivity, R is
the ideal gas constant, M is the species molecular weight,
M is the mixture molecular weight, and &;; is the Kronecker
delta. The variation of y with temperature is modelled us-
ing a power-law,
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where Lr is the fresh gas absolute viscosity. The fuel
species reaction rate @y may be obtained using the Arrhe-
nius law,

o = Ap¥r exp|— LU %% ] (10)

where

A = Bexp (7!3)7 6= TﬁT‘; an

a

Tr—T, E,(Tr—T,
=1 u,andﬁziu( f2 u).
RT

(12)
Ty 2

Note that B is the pre-exponential factor, 8 is the Zel’dovich
number, 77 is the adiabatic flame temperature, 7, is the
fresh (unburned) mixture temperature, E, is the activation
energy and « is the heat release parameter.

Non-dimensional Variables
The following non-dimensional variables are defined:
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Note that a is the sonic velocity, L, is the reference length
which is equal to the jet diameter D, Re,. is the acoustic
Reynolds number, Pr is the Prandtl number, Le is the fuel
Lewis number, Da is the Damkohler number, D,y is the ther-
mal diffusivity coefficient, and v is the kinematic viscosity.

NUMERICAL METHOD AND FLOW CONFIGU-
RATION

The governing equations (1-4) are solved using a mod-
ified version of the numerical solver S3D (Chen et al.
(2009)) known as S3D-SC (Karami et al. (2012, 2015)).
The solver features an 8" order central differencing scheme
for spatial derivatives, combined with a 6-stage, 4™ order
explicit Runge—Kutta time integrator. It is fully parallelised
using the MPI implementation. To suppress numerical noise
at high wave numbers, a 10th-order filter is applied every 10
time steps. The computational domain is decomposed into
a 3D structured Cartesian mesh. The boundary conditions

Table 1: Simulation parameters.

Jet diameter D
15D x 16D x 16D
1800 x 800 x 800

Domain size

Grid resolution

Mean inlet jet Mach number 0.4
co-flow Mach number 0.004
Non-dim. fresh mixture temperature 2.5
Heat release parameter () 3
Jet Reynolds number (Re) 4000
Inlet turbulence intensity (u’/Uj) 0.1
/D 0.07
Sr/ares 0.007
B 8.0
Da 19.44
Pr 0.75
Le 1.0
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Figure 1: Several instantaneous iso-surfaces of the
progress variable Yr = 0.37. FP: ‘flame pinch-
off’event; IB: ‘flame island burn-out’event.

are implemented based on 3D Navier-Stokes Characteris-
tic Boundary Condition (3DNSCBC) (Yoo & Im (2007)).
All non-reflecting outflow boundaries are carefully treated
to avoid spurious noise reflections.

A subsonic round jet of unburned premixed mixture
(reactant) is injected into an open, hot environment of adia-
batic combustion products. The environment temperature is
equal to the product temperature. A coflow with a low ve-
locity (1% of the jet mean velocity) surrounds the jet flame
at the burned mixture’s temperature to mimic natural con-
vection around jet flames in real conditions. A velocity fluc-
tuation, «/, is imposed on the mean inlet velocity field us-
ing an auxiliary homogeneous isotropic turbulence obtained
based on the Passot-Pouquet energy spectrum (Passot &
Pouquet (1987)). This frozen turbulence field is added to
the domain using the Taylor hypothesis. The computational,
flow and flame parameters are summarised in Table 1.

A uniform grid with a resolution of 8.250x 107D is
setup in the streamwise direction (x/D). While maintaining
a uniform grid spacing of 8.250x 10~3D for 6 <| y/D |< 10
and 6 <| z/D |< 10, an algebraically stretched mesh with a
stretching ratio of less than 2.5% is used in the transverse di-
rections (y/D and z/D). Care was taken to ensure adequate

resolution of the flame by having at least 8 grid points in-
side the flame thickness at all times. Moreover, the com-
putational domain was long enough to properly capture the
acoustic waves produced by the flame.

Based on the prescribed inlet jet velocity and the
streamwise domain length, a jet flow-through time is de-
fined as 7; = Ly/U;. The simulation was performed us-
ing a constant time step for 107; to provide a statistically
stationary solution. The simulation required approximately
1,000,000 CPU-hours running on 7680 CPUs (Intel Xeon
Sandy Bridge technology, 2.6 GHz) for 130 hours.

RESULTS AND DISCUSSION

This section is organised as follows. Different types of
flame annihilation events are visually examined first. Next,
the acoustic field is examined to investigate the effect of the
flame annihilation events on the produced sound. Then, the
pressure fluctuations at a given location in the acoustic field
are compared with those produced by annihilation of simple
flame geometries. Finally, a spectral analysis of the radiated
sound to the far field is performed and compared with an
existing correlation obtained from experimental studies.

Flame Annihilation Events

Several instantaneous snapshots of the progress vari-
able Yr = 0.37 iso-surface are shown in figure 1. This
iso-level is selected such that the corresponding progress
variable is close to the point of peak heat release in a one-
dimensional laminar premixed flame with the same chem-
istry model. In the downstream region near the flame
tip, rapid flame annihilation events are observed to occur.
Two interesting geometries of these events which result in
topological changes are specifically noted. The first type
is called a ‘flame pinch-off’(FP) event, in which a single
flame surface breaks into two surfaces. This collision cre-
ates pockets of unburned gases which are consumed as they
travel downstream. We refer to this phenomenon as ‘flame
island burn-out’(IB).

Flame-Generated Noise

To examine the role of annihilation events in the over-
all sound produced by the flame, several snapshots of the
dimensionless dilatation field (D/ay.r)V.ii extracted at the

-

Figure 2: A slice of the dimensionless dilatation field
(Lyef/arer)V.ii located at the centre of the jet.
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Figure 3: The dimensionless dilatation field (D/ay.f)V.ii for several instants close to the flame tip.

central plane through the jet are shown in figure 2. The first
striking observation is that the acoustic field features dis-
crete monopolar sound sources. The sound produced from
these sources, originating some distance downstream of the
nozzle, clearly dominate the incoming noise at the inflow.
It should be noted that the presence of a monopolar acous-
tic field in a premixed flame has also been confirmed ex-
tensively in the literature (e.g. Bragg (1963) and Smith &
Kilham (1963)). The present study clearly shows the sig-
nificant contribution from the annihilation events to this ob-
served behaviour.

Figure 3 shows the dilatation field for several instants
close to the flame tip. As can be seen, the two annihila-
tion events labelled IB and FP produce monopolar acoustic
waves. Our previous studies (Talei et al. (2014, 2012a,b,
2011)) showed that such annihilation events are signifi-
cant sound sources in acoustically excited laminar premixed
flames. This conclusion also appears to be valid for the tur-
bulent flame studied in this paper. However, a more detailed
analysis is required to quantify the contribution of flame an-
nihilation to the overall radiated sound.

Noise Generation by Annihilation Events in
Simple Geometries

The aim of this section is to compare the sound pro-
duced by a typical annihilation event in the flame with
that produced with annihilation events by simple geome-
tries. Two types of annihilation events are considered: axi-
symmetric and spherically symmetric annihilation events.
The simulations for these simple geometries are setup with
the same flame parameters as the turbulent flame. After

initialising the flow field, the spherical and cylindrical pre-
mixed flames start to propagate towards the origin and pro-
duce sound after they annihilate.

Figure 4 shows a comparison between the noise pro-
duced by the two simple flame topologies and a typical an-
nihilation event in the turbulent flame at some distance from
the centre of these pockets. As can be seen, the magni-
tude of the pressure fluctuations in the turbulent flame lies
between those in the spherical and cylindrical flame anni-
hilation events. It should be noted that the peak pressure
observed in figure 4c originates from the ‘flame pinch-off’
event marked as FP in figure 3. This indicates that the
‘flame pinch-off” event can be perhaps modelled approxi-
mately by a collapsing cylindrical flame.

Spectral Analysis

The frequency spectrum of the produced sound is cal-
culated at two different planes perpendicular to the jet axis
with the axial positions of H/D = 3.75 and 7.5. Eight
uniformly-distributed virtual microphones at r/D = 6 are
placed on each plane to measure the sound intensity (see
figure 5). The mean frequency spectrum is then obtained
by averaging the spectrum of all individual microphones.
To reduce the so-called ‘spectral leakage’, a Hanning win-
dow technique (Rajaram et al. (2006); Rajaram & Lieuwen
(2009); Bui et al. (2008)) was used to perform the fast
Fourier transform (FFT) of each time signal at each probe.

The averaged calculated spectra at each plane are
shown in figure 6. Similar to the observations in earlier
experimental studies (e.g Rajaram et al. (2006); Rajaram &
Lieuwen (2009)), the produced sound is found to be broad-
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Figure 4: Fluctuations of the dilatation produced by a) spherical flame, b) cylindrical flame and c) turbulent pre-

mixed flame.



band in nature in our study.

Rajaram et al. (2006) and Rajaram & Lieuwen (2009)
investigated noise generation by a number of turbulent pre-
mixed flames and found that the frequency of peak emis-
sions fheqr across all burners, flow velocities, fuel/air ra-
tios, and fuel types, is mainly a function of the averaged
flame length and mean inlet velocity. They showed that
the peak Strouhal number (St=f,.qL/U;) is in the range
of 0.6 to 1.9. In order to calculate the peak Strouhal number
for the present simulation, the averaged flame length needs
to be calculated. For this end, the time-averaged temper-
ature and reaction rate fields are first obtained (see figure
7). As can be seen, the flame length is approximately equal
to 8.2D. Using this value for the averaged flame length,
the peak Strouhal numbers at the two axial observer posi-
tions are equal to 1.2 and 1.7, respectively. These values
therefore lie within the range of the peak Strouhal numbers
found experimentally by Rajaram et al. (2006) and Rajaram
& Lieuwen (2009).
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Figure 5: The locations of eight uniformly-distributed
virtual microphones at two different axial observer
positions (H/D = 3.75 and 7.5) with a radial distance
from the flame centreline (r/D = 6): a) front view and
b) top view.

—H=3.75D

max

0.81

0.6f

0.4F

0.21

Normalised amplitude by amplitude

Figure 6: Calculated noise spectra at two different ax-
ial observer positions.

Figure 7: Time-averaged non-dimensional tempera-
ture (a) and reaction rate (b) fields at the jet’s cen-
treline plane.

CONCLUSIONS

A numerical study of sound generation by a turbu-
lent premixed flame was performed using direct numeri-
cal simulation (DNS). Since both the flame (near) and the
acoustic (far) fields needed to be fully resolved, single-step
chemistry was used to reduce the computational cost of
these large simulations. Also, three dimensional Navier-
Stokes Characteristic Boundary Conditions (3DNSCBC)
were used at the outflow boundaries to avoid spurious re-
flections. The simulation was performed for ten jet-flow-
through times to approximate a statistically stationary solu-
tion and to obtain a large enough dataset for analysing the
spectral content of the noise produced.

The iso-surfaces of a specific reaction progress variable
were first examined, and two types of flame annihilation
event were identified. These were termed ‘flame pinch-off’,
in which a single flame surface breaks into two surfaces,
and ‘flame island burn-out’, in which isolated pockets of
unburned gases are consumed. The acoustics of these two
forms of annihilation events have been examined in earlier,
simpler studies by the group in 1D and 2D problems. These
annihilation events were again found to produce monopolar
sound in the present study, with amplitudes that are consis-
tent with the group’s previously published scalings.

The spectra of the radiated noise were then examined.
These were found to be broadband in nature, with a peak
amplitude scaling that was consistent with experimental
studies published by others. Ongoing work is now exam-
ining the contribution of the flame annihilation events to the



overall radiated sound.
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