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Abstract

This paper presents a numerical and theoretical inveitigat
sound generation by two-dimensional (2D) low Mach number,
premixed flames. Direct Numerical Simulation (DNS) is first
used to study these flames, which are excited by velocity per-
turbations at the inflow boundary over a range of forcing fre-
guencies. The computational domain is fully resolved to the
far-field in all cases, allowing examination of the soundi+ad
ated and its sources. Lighthill's acoustic analogy is thelvesl
numerically using Green’s functions. The radiated sourclea
lated using Lighthill’s equation is in good agreement whihatt
from the DNS for all cases, validating the numerical solutd
Lighthill’s equation. It is shown that the term involving -
ations in the heat-release rate is not the only significamtcgo
term, contrary to the prevailing view in the literature.

Introduction

Sound generation by combusting jet flows has been the subject
of considerable research, particularly over the last spegrs.
Reducing noise from devices such as aircraft engines, indus
burners and diesel engines has motivated many researchers t
study noise generation by different types of combusting $low
Combustion-generated sound has additional importanae sin
its interaction with the flame may lead to thermo-acoustic in
stability, for example in rockets or gas-turbines [e.g. P, ®
reduce the noise in such devices, the mechanisms of sound gen
eration by reacting jet flows should be understood.

So-called ‘acoustic analogies’ can be used to obtain thieftt
radiated sound by jet flows and investigate the sound-ggoera
mechanisms. Acoustic analogies are a rearrangement of the
equations of fluid motion into various inhomogeneous wave
equations. Lighthill [10] proposed the first and best known
acoustic analogy by rearranging the continuity and mommentu
equations only. Since then, Lighthill's equation has besedu
widely to investigate the mechanism of sound generatiorifby d
ferent jet flows [e.g. 3, 2].

Strahle’s work [13] appears to be the first to use an acoustic
analogy to estimate the radiated sound for combusting flows.
Strahle [13] argued that part of Lighthill's stress tensea-f
turing the density fluctuations is the dominant source tefm o
Lighthill’'s equation. In his subsequent work [14], he refor-
lated this source term as a function of heat-release rate fluc
tuations and argued that the far-field sound can be estimated
regardless of the turbulence structure and flame type. ®his r
sult is consistent with the experimental and theoreticad by
Hurle et al. [7] and other earlier works, but provided a more
fundamental explanation as to why sound generation by flames
is commonly monopolar. Indeed, variations in the heatasge
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Figure 1: Steady temperature fiéll'utp/cuz.

rate are now commonly considered to have a significant effect
on sound generation [e.g. 5, 15].

Direct Numerical Simulation (DNS) [e.g. 18] and Large Eddy
Simulation (LES) [e.g. 8] have been used to study sound gener
tion by reacting flows. LES has perhaps received more attenti
since it is computationally less expensive and is also lsigitir
higher Reynolds numbers. On the other hand, since all refeva
features of the flame and flow are directly resolved and source
terms can be directly calculated, DNS offers a unique opport
nity for detailed investigations of sound generation. Nbee
less, validated solution of any acoustic analogy on an aeroa
coustic DNS of a combusting jet flow, and then examining the
different source terms does not appear to have been reported
the literature. This is one focus of the present paper.

The present study has two parts. First, acoustically eXgite-
mixed flame simulations that resolve both the jet flow and the
acoustics will be examined. A numerical solution of Lighti
equation then enables comparison of the source terms of-Dowl
ing’s reformulation of Lighthill’s equation [5] over a raagf
forcing frequencies.

As shown in Figure 1, the test case considered in this paper is
a premixed laminar flame, surrounded by a far-field with the
same temperature as the unburnt mixture. In Figufe i, the
temperaturegy, is the specific heat constant anis the speed of
sound. The subscriptrefers to the unburnt state of the mixture.

Numerical methods and flow parameters

The DNS results in this paper used a modified form of the code
NTmix which features a'8 order compact scheme for spatial



derivatives, combined with &% order Runge-Kutta time inte-
grator [4]. NTmix has been used extensively to study combust
ing flows [e.g. 12, 15, 16, 1, 17]. The governing equationsewer
discretised into 1021 streamwise nodes frem 0 t0 32 ¢

and 541 transverse nodes frgms 0 to 40,e 1, wherel et is the

half width of the flame. A non-uniform grid in both directions
was set up such that the flame structure could be captured with
out compromising the far-field behaviour. In these simalati

the acoustic Reynolds number wRe= pyCyLref/Het = 2000
where p is the density andu is the viscosity. The Prandtl
number was 5 and the Lewis number was unity. The non-
dimensionalisation Damkdhler number was B2% and the
non-dimensional laminar flame speée (the flame Mach num-
ber) was Q1. The ratio of the burnt gas temperature to the fresh
gas temperature was 4 and the Zel'dovich number was 8. The
acoustic Mach number of the unburnt mixture jet issuing into
the domain wad/la = ujn /cy = 0.04, whereu, is the mean un-
burnt mixture velocity at the inlet on the centreline.

The velocity, temperature and mass fraction were imposed at
the inflow boundary usinganh profiles. The inflow velocity
was varied over a range of forcing frequencies at 25% of the
mean inflow velocity, with the forcing frequency represerts
a Strouhal number,

@

where f is the frequency of excitation. The Strouhal numbers
of 0.02,0.0250.05,0.1 and 1 were used in these simulations.
A symmetry boundary condition was used to simulate half of
the domain. The outflow boundaries were modelled with non-
reflecting boundary conditions [11].

St= flret/Cu,

Solution of Lighthill's acoustic analogy

Lighthill’s equation in pressure form is used to study thersb

generation,
1 8%p 5} 9%p,
c2 a2 O*p= 0%;0x; (puittj —Tij) = Tze’ @

where variables in the far field are denoted by a subseriph
the above,p is the pressurey is the velocity,t is the viscous
stress tensor artds the time. The excess density is denoted:

Pe=P—Poo— (P— Po) /G- ©)
By taking the Fourier transform of equation 2, Lighthill's
acoustic analogy can be expressed as a Helmholtz equation,

(w?/c2 +0%)p Pe, (4

AT T
9%0X; PUit; —Tij
where(A) denotes the Fourier transform ©f andw = 2rf.

The solution of equation 4 for an unbounded domain can be
found using free space Green’s functions. However, close
agreement with such a solution is not possible in the present
study. This paper therefore takes an alternative apprdach,
developing a solution of equation 4 for a bounded domains Thi
solution is inevitably more complex than its free space equi
alent. However, it can be validated against the numericad si
ulations, thus giving confidence in subsequent analysiad i
vidual acoustic source terms. It also permits separaticthef
sound generated by the flow itself from that radiated by the in
flow excitation.

This bounded domain Green’s function solution of equation 4
can be expressed as,
/ f(r

p(ro,w G(r|ro)dA— / p(r,w)0G(r|rg).ndl

+/IOG(r|r0)Df)(r,w).ndl, (5)
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Figure 2: Schematic of the coordinate system and the source
region.

where

()= e ©)

andG is the Green'’s function. The terndg andlg are the area
and boundary of the source region. If the boundaries have no
reflections or acoustic energy flux, the corresponding nateg
terms will be zero. However, when the flow is excited at the
inflow or the boundary passes through the source regione thes
terms are non-zero and must be retained.

(puluj T|1)+(*)2pe

The Green’s function for a 2D problem can be expressed using
a Hankel function,

G(rlrg) = (7)

SHSP (kI —ro)).
where
K = W/Ceo.

(8)

Using equation 7 for the 2D problem shown in Figure 2 and
the method of images [6] the resulting Fourier transformhef t
pressure can be considered as a sum of the components,

P = Pin + Pst + Pex, ©)
where
. i
Pin(ro,w) = Z/ f(r)Hél>(K\r’—r0|)dA
Y ap (1)
I (r,w) Hy™ (kry)dy, (10)
- %—0
A - i a(pUin—fiT) (1)
pst(r070~)) = Z/Ao TMHO (K|r *ro‘)dA., and
(11)
Peslro. ) = / peHg" (kIr ~ ol dA 12)

The variablesp.n, Pst and pex describe the respective contribu-
tion of the inflow boundary, the part of Lighthill's stressiser
including the Reynolds-stress term and the excess deesity t
to the radiated sound.

The variable pex in equation 12 can be reformulated using
Dowling’s reformulation [5] of Lighthill's equation as fluws,

Pex = Prr + Pth + Pvis + Pext + Pexe, (13)
where
A KA)pooQ 1)
ptro) =52 [ (00 M —raa (@
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Figure 3: Instantaneous dilatation fiélg {0.u/cy for a) St=1
and b)St= 0.05.
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Figure 4: Non-dimensional RMS pressusgns?/pu?cy” for a)
St=1, b)St=0.05 and c)St=0.02 at 2@, radius.
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and

R iw 0 ——
Peclro.@) = 7 [ S (paHG (K —rolaA  (18)

In the aboveQ is the specific heat of reactio,is the reaction
rate andq is the heat flux. The variablgs,,; fn and pyis are
the effects of heat release, heat conduction and visceesssin
the radiated sound, respectively. Terpas: and pexe are due to
the effects of density inhomogeneities.

Results and discussion

DNS results

Figures 3a and b show the dilatation fiéldu at an instant for
St=1 and 005. Directionality of the acoustic field is observed
at the high frequency limit§t= 1). This can also be seen in
Figure 4a. As shown in Figure 4b, monopolar behaviour is ob-
served at low to intermediate forcing frequencies. Latafhsis

will show that this monopolar behaviour is due to both the-con
tribution of the inflow boundary and monopolar source tenms i
Lighthill’s equation.

Numerical solution of Lighthill's equation

Equation 4 was solved numerically. Figure 5 shows a compar-
ison between this solution of Lighthill’s equation and thE®
results. The DNS and solution of Lighthill’s equation agveey

well in all cases, validating the numerical solution. It aso

be observed that the inflow boundary significantly contekut
to the solution of Lighthill's equation &t = 0.05.

The magnitudes opst and pPex defined in equations 11 and 12
evaluated ak = 0.1Le¢, y = 30Let are shown in Figure 6 for

all cases. As can be seen, the excess density term is the dom-
inant source term. The magnitudesm§, Pin, Puisc, Pexa @and

Pexe defined in equations 14-18 are shown in Figure 7. The den-
sity inhomogeneity ternpey is small compared with the other
terms for all cases. The viscous stress tgxmis also negligi-

ble for all cases studied here. However, it can be obsenadd th
Pexe , Which represents changes in the momentum of density
inhomogeneities, dominates the other source terms.

Figure 7 also shows that bofla, and Pexe are significant source
terms. The relative contribution of the heat release tegm ~
increases as the excitation frequency decreases. Hovtbeer,
excess density termey remains the dominant term f@t >
0.05. This contradicts the view that the heat release source te
is the only significant term in this problem. The term due tathe
conduction,pty, is comparable tgp, for St> 0.1. This may be
expected since heat conduction and heat release are ietymat
connected in premixed flames, and demonstrates once agtin th
Prr is not the only significant source term.

Conclusions

Acoustically forced laminar jet flames have been studied nu-
merically. The sound radiated was directional at high fayci
frequency, but monopolar at low forcing frequency in allesas

Lighthill’'s equation as reformulated by Dowling [5] was em-
ployed to examine the relative importance of the sourceserm
involved in these flames. Since the far field was resolved in
the DNS, validation of the numerical solution of Lighthsll’
equation was first performed, providing a solid basis on tvhic
to discuss the relative magnitude of different source teinms
Lighthill’s equation.

As expected, the so-called ‘excess density’ term in Ligfghi
equation was observed to be significantly larger than the
‘Reynolds stress term’ for all cases. More surprisinglywho
ever, decomposition of this excess density term reveaksith

the limit of high forcing frequency, the term describing nbas

in the momentum of density inhomogeneities was the dominant
source term. At intermediate frequencies, this term duesio d
sity inhomogeneities was still comparable in magnitudeht t
heat-release source term. It therefore appears that esimgid
the heat release fluctuations to be the dominant source ofisou
for low Mach number, combusting flows is problematic.
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Figure 5: Comparison of complete solution of Lighthill'suedion for|p| (solid line), DNS (dashed), solution of Lighthill's equarti
including only the inflow boundary term (dash-dot) at thelaraf 90° with respect to the jet axis and near the inflow boundary. Note

that the DNS line is obscured by the solution of Lighthillguation.
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