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Turbulent combustion processes are inherently unsteady and, thus, a source of acoustic
radiation. While prior studies have extensively characterized their total sound power,
their spectral characteristics are not well understood. This work investigates these
acoustic spectral features, including the flame’s low- and high-frequency characteristics
and the scaling of the frequency of peak acoustic emissions. The spatiotemporal
characteristics of the flame’s chemiluminescence emissions, used as a marker of
heat release fluctuations, were measured and used to determine the heat release
spectrum, spatial distribution and spatial coherence characteristics. These heat release
characteristics were then used as inputs to an integral solution of the wave equation
and compared to measured acoustic spectra obtained over a range of conditions and
burners and at several spatial locations. The spectral characteristics of the flame’s
acoustic emissions are controlled by two processes: the underlying spectrum of heat
release fluctuations that are ultimately the combustion noise source, and the transfer
function relating these heat release and acoustic fluctuations. An important result from
this work is the clarification of the relative roles of these two processes in controlling
the shape of the acoustic spectrum. This transfer function is primarily controlled by
the spatiotemporal coherence characteristics of the heat release fluctuations which
are, in turn, strongly influenced by burner configuration/geometry and operating
conditions. Low-frequency acoustic emissions are controlled by the heat release
spectrum essentially independent of flame geometry. Both the heat release spectrum
and heat release-acoustic transfer function are important at intermediate and high
frequencies. An important feature of the investigated geometry that controls the
heat release phase dynamics is the high-velocity flow relative to the flame speed and
anchored character of the flame. This leads to convection of flame sheet disturbances
(i.e. heat release fluctuations) along the front that dominates the high frequency and
peak frequency scaling of the flame’s acoustic emissions.

1. Introduction

Turbulent combustion processes are inherently unsteady and, thus, a source of
acoustic radiation. Noise emission occurs due to the unsteady expansion of reacting
gases at the turbulent flame front. Locally, such an expansion appears as an unsteady
creation of volume and, hence, as a distributed monopole source. Dowling (in Crighton
et al., 1992) derived a wave equation describing noise production in a reacting flow
that includes a variety of source terms associated with the direct flow noise itself,
diffusive effects and direct and indirect combustion noise. As described by Dowling,
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FIGURE 1. Schematic of turbulent flame and burner illustrating coordinate system
used in the description of the acoustic field.

the direct combustion noise source is dominant in most cases, leading to a linear
wave equation of the form
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where p, ¢, p, y and g refers to the unsteady pressure, sound speed, fluid density, ratio
of specific heats and rate of heat release per unit volume, respectively. The coordinate
system that is used in the solution is illustrated in figure 1, where the points y
describe the flame region and X denotes the measurement point. For situations where
the number of reactant and product moles differ, an additional source term is also
present, which is of much smaller magnitude for hydrocarbon-air flames (Truffaut
et al. 1998).

The focus of this paper is on open, premixed flames (see Thme, Pitsch & Bodony
2006, 2009 or Tam et al. 2005 for recent work on non-premixed flames) with a fixed
composition, i.e. on the actual acoustic radiation from the flame itself, without the
effects of enclosures, which lead to sound reflections, and entropy generated noise by
the acceleration of temperature inhomogeneities through nozzles (Marble & Candel
1977; Muthukrishnan, Strahle & Neale 1978; Shivashankara 1978; Cumpsty 1979;
Krejsa 1983). The heat release rate of a premixed flame with constant composition and
flame speed is proportional to its surface area (Clavin & Siggia 1991) — fluctuations
in fuel/air ratio due to imperfect mixing/acoustic pulsations (Cho & Lieuwen 2005),
or stretch-induced flame speed variations (Wang et al. 2009), can also lead to heat
release oscillations, effects which are outside of the scope of this investigation.

The problem of turbulent combustion noise, i.e. the conversion of turbulent velocity
fluctuations into flame-generated (as opposed to flow generated) sound by distorting
and wrinkling the turbulent flame front, can be decomposed into two distinct
subproblems, as illustrated in figure 2. These are (a) the distortion and wrinkling
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FIGURE 2. Physical processes involved in the conversation of turbulent velocity fluctuations
into flame-generated sound within the linear acoustics approximation.

of the flame, resulting in a fluctuating flame area, and therefore heat release rate due
to underlying turbulent velocity fluctuations, and (b) the generation of sound by these
heat release fluctuations. The first subproblem is a turbulent combustion problem;
it essentially generalizes analysis of the average turbulent flame mass burning rate
(i.e. the turbulent flame speed), to consideration of its fluctuation characteristics as
well. The second subproblem is an acoustics problem, which requires understanding
the characteristics of the underlying sound source (the unsteady heat release), and
the transfer function relating these source characteristics to the far-field sound
field. This paper focuses on the second subproblem. That is, we do not attempt
to characterize the transfer function between approach flow turbulent fluctuations
and the flame’s unsteady heat release rate. Rather, we measure these unsteady heat
release characteristics and relate them to the measured acoustic emissions. Both of
these subproblems are discussed in more detail throughout this section as we review
prior literature on the combustion noise problem.

Consider first the overall sound power emitted by turbulent flames. This topic has
received significantly more attention in the literature than on the spectral distribution
of these emissions. For example, the data in Putnam (1976) and Kilham & Kirmani
(1979) illustrate the combustion noise characteristics of various burners as a function
of heat input, equivalence ratio and upstream turbulence levels. In general, these
studies find that the total sound emissions from the flame scales with its overall heat
release rate. At a fixed heat release rate, the dependence of its acoustic emissions upon
air velocity, equivalence ratio, burner diameter and burner shape is more complex as
the effects of these parameters, often coupled, could also depend on the turbulence
characteristics of the incoming flow. In addition, a number of other studies have
contributed to what is now a large empirical database of overall sound power level
as a function of burner geometry, flow rate and reactant kinetic characteristics, e.g.
see Giammar & Putnam (1972), Shivashankara (1974), Putnam (1976), Roberts &
Leventhall (1973) and Strahle & Shivashankara (1974). These studies have also shown
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that combustion noise is marginally directional (Smith 1961; Shivashankara 1974)
due to distributed source effects (Lieuwen et al. 2006), convection and refraction
(Strahle 1973; Dowling 1979). Results are summarized in reviews by Mahan (1984)
and Dowling (in Crighton et al. 1992).

Most modelling studies are based upon the foundation laid by Lighthill (1952).
However, the first explicit analysis and modelling of combustion noise appears to
have been performed by Bragg (1963). While this model was heuristic in nature,
it laid the foundation for subsequent, more rigorous analyses are given by Strahle
(1971, 1978), Hassan (1974), Chiu & Summerfield (1973), Doak (1973), Dowling (in
Crighton et al. 1992), Kotake (1975) and others. All these formulations lead to similar
expressions for radiated sound power in terms of double spatial integrals of the
unsteady heat release over the source region, e.g. see (1.3) below from Dowling (in
Crighton et al. 1992), derived assuming that combustion occurs in a perfect gas at
constant pressure:

o —1)? 0
P =L 4nip = ) // q(ya,t_\z m\/m)f(yb £ — ¥l )d Y d . (1.3)
PoCo 475/0000

The scaling of this equation is worked out in Dowling (in Crighton et al. 1992). As in
other noise emission problems from spatially distributed random sources, evaluation
of this integral requires modelling characteristics such as the correlation volume
Veorr (Wisle, Winkler & Sattelmayer 2005) or unsteady heat release and how these
quantities scale with underlying turbulence parameters. Scaling these quantities is a
more general turbulent combustion problem with many uncertainties, so most studies
have used basic physical scaling, or semi-empirical correlations of these unknown
parameters, in order to derive combustion noise models. For example, Hassan (1974)
and Strahle & Shivashankara (1974) used empirical models for turbulence intensity
and correlation length to estimate this integral, e.g. the latter study developed the
result P oc F04522U 18 D34 where F is the fuel mass fraction, S; is the laminar flame
speed, U, is the mean velocity of the upstream flow and D is the burner diameter.

Having briefly discussed the total acoustic emissions from turbulent premixed
flames, consider next their spectra, which has received significantly less attention.
Typical combustion noise spectra are shown in figures 3—5. Data show that combustion
noise is broadband in nature. Typical spectra of combustion noise emissions can
exceed background noise levels for frequencies from 100 Hz to over 20 kHz (Briffa,
Clark & Williams 1973; Ramohalli & Seshan 1983). The broadband spectrum of
combustion noise typically increases with frequency, reaches a maximum at f = fjeu,
and then rolls off towards the background noise level (see figure 5). Experiments
generally show f,..« values occur in the 200-1000 Hz frequency range (Mahan 1984;
Kotake & Takamoto 1987). Other data also indicate the presence of multiple peaks
in the acoustic spectrum (Kumar 1975).

Studies have shown that while the acoustic spectrum can shift up or down in
amplitude and left or right in frequency space, its basic shape remains essentially
constant. There are analogies here to the jet noise problem (see Tam & Auriault
1999). This point can be seen from the four spectra shown in figure 3. These
spectra were taken with different burner diameters, fuels and flow velocities and have
magnitudes and peak frequencies that vary by an order of magnitude. However, when
the magnitudes are scaled by the maximum power at f,.q., and the frequency is scaled
by fpeak, the spectra collapse and are virtually indistinguishable (the only difference is
for f < fyear in curve 4, due to non-negligible background noise levels at f < 100 Hz,
see figure 5). Indeed, the measurements reported here show that the acoustic emissions
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FiGUure 3. Four typical combustion noise spectra. Conditions are (1) D=6.4mm,
Uue =40.2m s™!, Fuel = Acetylene, ¢ =0.71, u'/ Uype = 0.8%, (2) D = 10.9mm, Uy =21.8 m/s,
Fuel = Acetylene, ¢ = 0.64, u’/ Uype = 1.5%, (3) D=17.3mm, U,,, = 17.4m s~', Fuel = Propane,
¢ =1.03, u'/Uye =11.5%, (4) D=234.8mm, Uy =9.6m s, Fuel = Natural Gas, ¢ =0.95,
' | Uppe =9.4%.
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FIGURE 4. Same combustion spectra as shown figure 3, with normalized axes.

can be parameterized by a low-frequency spectral dependence given by f#, a peak in
the spectra at f,.., and a high-frequency spectral decay as f~*, as shown in figure 5.
The absolute magnitude of these spectral components scales with the total acoustic
emissions from the flame. For example, Petela & Petela (1983) observed changes in the
magnitude, but not the shape of the spectra with changes in overall heat release rate.
Similar conclusions were drawn by Kotake & Takamoto (1987, 1990) who measured
the influence of burner diameter and shape, flow velocity and turbulence intensity on
the combustion noise spectrum. Given these observations, we frame the rest of this
overview in terms of this parameterization of the acoustic spectrum (o, 8 and fyeqx).

The frequency of peak amplitude emissions f,..x has been discussed extensively
in the literature. As such, it is somewhat surprising that there is no consensus on
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FIGURE 5. Typical combustion noise spectrum (natural gas fuelled, D =10.9mm, U, =
21.8 m s7!, w'/Uue =1.5%, ¢ =0.95. Cold flow noise obtained with exhaust fans on. ‘Bias
Error’ curve indicates uncertainties due to room reverberation effects.

its controlling parameters. A number of analyses have assumed a Strouhal number
scaling for fp., based on burner diameter and jet exit velocity, similar to jet noise
spectral scalings (Smith & Kilham 1963; Strahle & Shivashankara 1974). There have
been related suggestions of a Strouhal number scaling based on the integral length
scale and intensity of velocity fluctuations in the underlying turbulence (Strahle
& Shivashankara 1974; Strahle 1983). Shortcomings of this type of scaling are
highlighted in several studies that note that they implicitly assume that the combustion
noise scales similarly to flow noise, and contain none of the known dependence of fjeax
upon chemistry (Shivashankara, Strahle & Handley 1975; Kotake & Takamoto 1987;
Rajaram & Lieuwen 2003). Other workers have suggested scalings that emphasize
kinetic rates, such as flame speeds or characteristic kinetic times (Shivashankara et al.
1975; Stephenson & Hassan 1977; Abugov & Obrezkov 1978). For example, Abugov
& Obrezkov (1978) suggested a Strouhal number scaling for f,..« based upon the
burner diameter and the laminar flame speed. However, this scaling neglects the
known influence of fluid mechanics, such as mean flow speed, upon peak frequency.
For example, Smith & Kilham (1963) showed that the peak frequency increased with
flow velocity when the chemical parameters were held constant. Shivashankara et al.
(1975) also performed a regression of their data resulting in an empirical expression of
the form fyeq = 12.57U%8 D008 8932 =099 that incorporates fluid mechanics (Ug.),
geometry (D) and chemical kinetics (laminar flame speed S; and fuel mass fraction
F) influences upon fpeax.

Consider next the high-frequency characteristics of the acoustic spectrum f~¢. A
number of measurements have demonstrated the existence of an f > f,.. spectral
region with a power law dependence upon frequency (Huff 1986). Abugov & Obrezkov
(1978) found that the spectrum exhibits a power law dependence with an exponent
of « =2.5 over the 2-10 kHz frequency range. This power law behaviour was also
found by Belliard (1997), who measured values in the range 2.4 <« < 3.2.

Modelling these spectral characteristics from first principles is challenging due to
the highly nonlinear relationship between approach flow velocity disturbances and
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the flame’s heat release. To understand this, consider first the actual generation of
sound by flame heat release disturbances, the second process shown in figure 2. This
relationship is described by (2). For most problems of interest, this problem involves
linear acoustics that are localized in frequency space, i.c. the heat release O( f) and
acoustic spectra p(f) are directly related through a transfer function which can be
determined from (2). As shown in those equations, the key complexity associated with
determining the relationship between Q( f) and p(f) is understanding the space—
time correlation of the heat release characteristics. Indeed, measurement of these
characteristics is a key part of this study in determining the acoustic spectrum.
Consider next the generation of flame disturbances by turbulent velocity
fluctuations, the first process shown in figure 2. This is a turbulent combustion
problem that has not been solved in general, but has been treated approximately
in a number of analyses (Kerstein 1988; Aldredge 1991; Clavin & Siggia 1991;
Lieuwen et al. 2006). This problem is highly nonlinear. For example, in the flame
sheet limit, the flame dynamics are described by the G-equation, which relates the
flame position (given by the G =0 contour) and surface area to the approach flow
velocity disturbance field (Matalon & Matkowsky 1982) through the expression

3G/t + - VG = S.|VG|. (1.4)

It is well known that the parameter u'/S; controls the degree of flame front
wrinkling. In the u'/S; <1 limit, as also illustrated in figure 2, the relationship
between flame area and turbulent velocity fluctuations is linear, implying that changes
in spectra of velocity fluctuations will directly influence those of the flame area and,
therefore, the radiated acoustic field. In contrast, the dynamics relating the velocity
and flame area spectrum become increasingly nonlinear and non-local in frequency/
wavenumber space with increasing u’/S;, ie. the heat release generated at some
frequency f is a convolution of turbulent kinetic energy over a range of frequencies
and length scales for highly turbulent flames where u’/S; > 1.

Related points are discussed by Clavin (2000) and Clavin & Siggia (1991), who
treated the combustion noise problem in the high u’/S; limit. Their paper, while
ultimately directed towards predicting the high frequency spectrum of combustion
noise, more generally presents an approach for analysing the spectrum of flame
surface area fluctuations. They presented a fractal analysis of the flame sheet, leading
to a predicted power law dependence of the acoustic power spectrum of P(f)~ f52
(ie. @ =5/2) at frequencies corresponding to the inertial subrange in the turbulent
velocity field, assuming Kolmogorov scaling and a k>3 inertial subrange velocity
wavenumber spectrum.

From the above discussion, two significant shortcomings in current understanding
are evident. First, better understanding of the spectral characteristics of the acoustic
emissions are needed. In particular, the lack of a consensus on scaling of fyeu
constitutes a major deficiency in understanding. Second, better understanding of the
relationship between the sound source (the unsteady heat release) and the radiated
sound is needed.

Given these points, the objectives of this paper are three fold. The first objective is
to generate a spectrally resolved database of acoustic radiation data from a turbulent
premixed burner with well characterized inlet conditions in an anechoic environment.
The anechoic environment is particularly critical as some of the spectral data in
the literature is contaminated with either room reverberation effects or spurious
approach flow noise. The second objective of this work is to obtain measurements of
the spatiotemporal characteristics of the heat release fluctuations, in order to allow
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FIGURE 6. Schematic of the piloted burner with a picture of the turbulence generator
and the position of the microphones.

direct comparisons of the acoustic and heat release spectrum. The final objective is to
quantitatively relate these measured acoustic and heat release measurements in order
to fully understand the flame’s acoustic radiation. In particular, data, analysis and
modelling of the total sound emissions from the flame, its spatial coherence, source
distribution and spectral features are worked out and related to more fundamental
features of the turbulent flame.

2. Experimental facility and instrumentation

The burner facility used for this study is shown in figure 6. The upstream flow enters
a large plenum and flow silencer with a diameter of 101.6 mm, large compared to the
burner exit diameter and the inlet flow pipes. The flow exits the silencer and passes
through flow straighteners with exit turbulence levels well under 1% of the mean
flow velocity. The flow then enters the turbulence generator section, consisting of an
axisymmetric version of the device described by Videto & Santavicca (1991). This
turbulence generator consists of 1.27 mm thick plates with semicircular cut out slots
of inner and outer diameter D; and D,. Varying these values changes the turbulence
level of each burner by altering the blockage area of the upstream flow. In this way,
turbulence intensities ranging from about 0.5 %—13 % were obtained. Full geometric
details of each generator are tabulated in Rajaram (2007).

After exiting the turbulence generator, the flow passes through a converging section
down to the final nozzle diameter. Nozzle diameters of 34.8, 17.3, 10.9 and 6.4 mm
were used, enabling contraction ratios of 8.5:1-256:1. These high contraction ratios
led to very uniform exit velocity profiles with a thin boundary layer. The boundary
layer thickness expectedly reduced with increasing contraction ratios. Note that data
for our prior parametric investigation utilized a fully developed turbulent inflow
profile (Rajaram & Lieuwen 2003).
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FIGURE 7. Mean and r.m.s. velocity profile for 10.9 mm burner for the case of Uy, =21.8 m s~

and blockage ratio of the turbulence generators being O 93.6%, ¢ 94.2%, O 98.6 %,
vV 99.1 %.

Velocity characteristics were measured using a constant temperature hotwire
anemometer (CTA). The exit velocity profile was measured using a miniature straight
probe with a wire diameter of 5 pm, held using a straight probe holder connected to a
mechanical traverse. In addition, centreline velocity measurements were made using a
90° probe holder that eliminated probe holder interference for spectral measurements.
The raw hotwire data were obtained at 80 kHz and low pass filtered at 30 kHz.

Figure 7 presents a typical result for the mean and fluctuating velocity with several
turbulence generators. As noted above, the time averaged mean and fluctuating
profiles are quite flat, except in the boundary layer. Note also the variation of
turbulence intensity with changes in turbulence generator, as desired. Complete mean
and fluctuating velocity profile results for all burner diameters are compiled in
Rajaram (2007).

Figure 8 presents typical one-dimensional turbulent kinetic energy spectra at the
burner centreline for several mean velocities. The spectra show a smooth roll-off with
increasing frequency, and that there are no discrete peaks, as desired.

Burner exit velocities ranged from 5-48 m s!, allowing for exploration of a large
range of u’/S; values. The lower velocity limit was set by the requirement to maintain
a turbulent flow; the Reynolds number Rep =U,D/v > 10000 for all data reported
here. Its maximum value was set by the point where permanent, extinction induced
holes in the flame occurred, which varies with fuel type and fuel/air ratio. These
permanent holes occur near the flame tip and result in a significant portion of the
fuel escaping and not burning. These flames have significantly different acoustic
properties (Rajaram 2007), and are not considered here. Because this requirement
limited the maximum Reynolds number to values less than 30000, no distinctive
inertial subrange is evident in the velocity spectra. Larger burner diameters which
would allow for exploration of the higher Reynolds number regime were precluded
by thermal load limitations of the anechoic chamber.

Stabilizing the flames at these high velocity’s required a ring pilot flame around
the outer circumference of the burner. The premixed pilot flame was fuel rich and
supplied less than 5% of the total fuel input into the flow. This pilot flow was
introduced as a co-flow via a narrow slit around the burner 2.5 mm upstream of the
burner exit point.
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FiGure 8. Typical spectra of one-dimensional turbulent kinetic energy (D = 10.4 mm,
turbulence generator blockage ratio 93.6 % and Uy, =21.8, 19 and 16.3 m s~

Acoustic data were obtained with 3 Briiel & Kjer microphones that were placed
1.02 m from the burner at angles of § =45°,65° and 90° from the vertical axis of
the burner (see figure 6). The raw microphone signals were fed into Krohn-Hite
Butterworth type band pass filters, set at lower and upper frequencies of 50 and
35 kHz, respectively, and then digitized with a 12-bit National Instruments data
acquisition board (PCI-MIO-16E-1) at 80 kHz. The voltage limits of acquisition and
microphone output gain were both adjusted with operating conditions to maximize
the dynamic range of the system and minimize digitization errors.

The burner was placed inside an anechoic chamber for all acoustic measurements.
Such a facility is essential for these data, as open room measurements lead to spurious
peaks in the spectra due to reverberation effects. Indeed, it is very likely that some of
the data in the literature containing multiple acoustic peaks in the spectra are due to
these room reflections. Even for the data reported here, ripples in the spectrum are
evident at low frequencies due to room reverberation effects. The external dimensions
of the anechoic chamber are 4.11(L) x 3.22(W) x 3.58(H) m and fitted with 45.7 cm
foam wedges. Air is recirculated through the chamber by baffled exhaust and inlet
ducts. This environment significantly reduces the acoustic feedback provided in a
reverberant acoustic field. The room temperature was allowed to reach steady state
and remained constant throughout all test runs.

The characteristics of the anechoic chamber was characterized with the use of a
‘point source’ and the deviation from its 1/R? law dependence in its far field (Ahuja
2003). Detailed results of chamber performance are in Rajaram (2007). They show
that bias errors due to room reverberation effects are less than 1dB for f > 400 Hz and
less than 0.5 dB for f > 1250 Hz. Background noise measurements were made in the
quiescent environment, with the pilot flame only on, exhaust fan only on, bulk flow
on and various combinations of these (Rajaram 2007). These results demonstrate
that acoustic noise emissions exceed background noise by at least 10 dB for
~150Hz < f <30kHz.

Images were obtained with a Phantom high-speed video camera, sensitive to light
in both the visible and infrared spectrum. The camera was situated approximately
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1.2 m to the side of the burner, positioned vertically at roughly half the maximum
flame height for a given burner. A Schott BG-38 filter (transmits more than 90 %
between 360 nm and 575 nm) was used to cut off long and short wavelength
emissions, including infra-red wavelengths. The captured light emissions include
chemiluminescence from the typical dominant sources in hydrocarbon flames
(Lee & Santavicca 2003), ie. CH® (390 and 430 nm), C,* (510 nm) and CO,"
(continuum background from 300-600 nm), with the exception of OH* (310 nm).
The filter primarily cuts out black body radiation and signals from H,O bands over
600 nm.

Chemiluminescence emissions from these species are good indicators of the flame
zone (spatial errors are on the order of the flame thickness) and are known to be
good indicators of the local heat release, within certain limitations as discussed in the
literature (Lee & Santavicca 2003). Since the camera gathers light along the line of site,
the radial and azimuthal characteristics of the instantaneous heat release distribution
cannot be determined. However, by radially integrating these images, instantaneous
data on the axial distribution of heat release can be determined. Since the flames
have high aspect ratios (i.e. Lgume > D), this is the most physically interesting quantity
from an acoustic emissions perspective, as shown in the next section.

3. Source characterization and turbulent flame dynamics

The spatiotemporal dynamics of the heat release rate must be thoroughly
understood and characterized in order to understand the sound emissions that they are
ultimately responsible for generating. This section describes an analysis of high-speed
chemiluminescence images at selected conditions and the key length/time scales.

This heat release and acoustic data were obtained from 530 test points obtained
over a range of burner diameters (6.4-34.8 mm), exit velocities (Rep = 10 000-32 000),
turbulence intensities (u’'/S; =0.1-7), fuels (acetylene, methane and propane) and
equivalence ratios (0.4 or tip loss to 1.1 or flashback), see Rajaram’s thesis for a full
tabulation of these test conditions (Rajaram 2007). The test matrix points are plotted
on a Borghi diagram in figure 9, showing that they primarily fall in the flamelet
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Case 1 Case 2
Fuel Natural gas  Acetylene
Burner diameter (mm) 10.9 34.8
Ugye (ms™h) 21.8 9.7
Turbulence intensity (%) 1.5 8.5
1) 0.95 0.63

TaBLE 1. Enumeration of conditions for Case 1 and Case 2.
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FiGure 10. (a) Instantaneous image of the flame, (b) mean image, (c¢) radially integrated
intensity of (b) and (d) as a function of height, (d) variance image.

regime. In addition, two test points were highlighted for more detailed comparisons
of heat release and acoustic spectrum (see table 1 below).

Figure 10 shows a set of images obtained with a 10.9 mm, natural gas fuelled
(¢ =0.95) burner at an average nozzle exit velocity of 21.8 m s~! and turbulence
intensity of 1.5 %, referred to here as Case 1. A set of 32768 frames were obtained
at a recording rate of 2700 Hz at this condition. The left-most picture in figure 10(a)
depicts an instantaneous image which, as expected, is asymmetric. As discussed
earlier, this image is integrated over the line of sight, which precludes any analysis of
radial/azimuthal variations, but allowing for analysis of transversely integrated axial
distributions. The mean and variance of each pixel in the high-speed images for the
above case is shown in figures 10(b) and 10(d). figure 10(c) plots axial distributions
of the transversely integrated intensity images. This image indicates the location of
maximum mean intensity, as well as the location of maximum fluctuations.

As there is an enormous amount of data in these images, it is necessary to extract
reduced parameters that can be used to characterize the key flame characteristics.
Three length scales are defined: first, Ly seaqe 1S defined as the distance from the
burner exit to the axial location where the horizontally integrated intensity of the
mean image reaches a maximum. This is related to the mean flame length and is a
function of flow velocity and turbulent flame speed. Second, Ly yariance 15 the distance
from the burner exit to the axial location where the horizontally integrated intensity
of the variance image reaches a maximum. It can be anticipated that this length scale
is more physically significant than L e 1n characterizing sound characteristics, as
it is these fluctuations that are responsible for sound generation. Third, Ly gyeas 1S
defined as the distance between the axial locations where the transversely integrated
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FIGURE 12. Spectrum of the spatially integrated heat release measurements
measured at Case 1.

intensity of the variance image crosses 25 % of the maximum value. This length scale
characterizes the axial size of the source region. These three characteristic lengths are
illustrated in figure 10.

Figure 11 compares these three length scales for all conditions investigated in this
study. It can be seen that the parameters are correlated with each other, but are
not identical. This suggests that, under certain circumstances, these lengths can be
used interchangeably to correlate data. However, each length scale controls different
features of the problem, as discussed below.

Temporal characterization of these high speed movies were obtained by dividing
the image sets into ensembles of 1024 images with 50 % overlap, yielding a spectral
bin width of 2.6 Hz. Cross-spectral and coherence characteristics are determined with
respect to the pixel of maximum intensity at that frequency. Figure 12 shows a typical
spectrum of the spatially integrated chemiluminescence oscillations for Case 1. At low
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FIGURE 14. Axial variation of coherence with respect to the location
of maximum intensity oscillation for Case 1.

frequencies, it has a fairly flat dependence upon frequency, while rolling off at higher
frequencies as f~>?; we will return to this spectrum in the next section in order to
compare it with the measured acoustic emissions.

Each individual image was radially integrated, reducing the flame analysis into a
one-dimensional problem. Only pixels whose variance exceeds 50 % of the maximum
variance value were used for this calculation, in order to focus upon the source region.
Results are illustrated for two cases, Case 1 described above and Case 2, obtained
with a 34.8 mm, acetylene fuelled (¢ =0.63) burner at an average nozzle exit velocity
of 9.7 m s~ and turbulence intensity of 8.5 %.

The axial variation in intensity at several frequencies is plotted in figure 13, showing
the spatial distribution of the heat release oscillations and the roll-off in amplitude
at higher frequencies. Figure 14 plots the axial variation of the coherence y2(y;, f),
showing that the size of the coherence region decreases with frequency. This trend can
be illustrated by defining a frequency dependent coherence length scale Ls conerence (f)-
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This length scale is determined by fitting these curves to the equation

— ) — Cvari . e r enc 2
VZ()’l, f) = ((y—L gvariance(f)/L f.conerence(f)) . (3'1)

The frequency dependence of Ly conerence(f) 1s illustrated in figure 15, showing the
drop in coherence length with increasing frequency referred to above. Also shown on
the line are curve fits of the form

Lf,spread
Lf,coherence(f) C 1 + (f/f(rutqﬂ')n ’ (32)
where C, fuup and n are empirical constants. For both cases, the value of n is less
than unity, implying that the coherence length drops slower than the frequency itself,
a result that has important implications on the high-frequency emissions of the flame.
Consider next the cross-spectrum phase of the transversely integrated images .
Although not shown (see Rajaram 2007), the phase ¢ varies linearly with frequency
and axial distance, showing that the heat release fluctuations are propagating
downstream in the axial direction at a constant velocity denoted as ULonpecrion- This
convection velocity can be obtained from the equation

3 |

afdy

Figure 16 plots the dependence of this estimated convection velocity upon the mean
nozzle exit velocity, showing that they are nearly equal.

Taken together, these coherence/cross-spectrum magnitude and phase results show
that the heat release fluctuations roll off in magnitude with increasing frequency, are
convecting downstream at a velocity approximately equal to the nozzle exit velocity,
and are correlated over a length scale that decreases with frequency. These behaviours
are all expected as shown next. The roll off in heat release amplitude with increases
in frequency are due to the low-pass filter character of the flame sheet itself (note
that the G-equation describing the flame sheet dynamics is first order in time). For
example, Boyer and Quinard’s linear analysis shows that a flame sheet perturbed

(3.3)

Uconvection = ’
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by a spectrally white velocity spectrum has an amplitude response that decays with
frequency as f~2 (Boyer & Quinard 1990).

The constant convection velocity phase behaviour of the cross-spectrum, where
U convection = Ugpe 18 associated with the mean velocity component tangential to the flame
surface. As shown by Boyer & Quinard (1990), tangential flow causes disturbances
on the flame sheet to be convected at the mean velocity component tangential to the
front. Related points have been recently emphasized by Driscoll (2008), who notes
that convection of wrinkles along the flame by the tangential component of the flow
velocity influences the turbulent flame speed.

Finally, the roll-off in coherence length of the heat release fluctuations along with
increases in frequency is due to two effects. First, disturbances on the flame sheet are
progressively reduced in magnitude by the smoothing action of flame propagation
normal to itself as they convect downstream, i.e. ‘kinematic restoration’ (Law & Sung
2000; Peters 2000). In addition, the coherence length of the velocity disturbances
exciting the flame decreases with frequency as well.

As will be shown next, these spatiotemporal characteristics of the heat release have
important influences upon acoustic emissions. Utilizing Eq. 1.2 and following Dowling
(in Crighton et al. 1992), the power spectrum of the acoustic pressure in the far field,
defined as P(f, %)= (| P(f, %)), is given by

P — 1) ., O koi-Gr—3a)/IE| 4 A=
Py = Ut [ [ @G P0G 0 a5 a5 G

The eo*(»=3)/Kl term in this equation describes retarded times due to both the
axial and transverse distribution of the heat release (Lieuwen et al. 2006). Because
the flame height is much greater than its width, the retarded time due to the
transverse distribution of the flame is negligible except for very high frequencies,
ie. for f > ~ 1500 and 7500 Hz for the 34.8 and 6.7 mm burners, respectively. As
such, this retarded time is simplified to e*o(»=v)cos? where @ is the polar angle
shown in figure 1. Furthermore, defining the transversely integrated unsteady heat
release, the same quantity reported in the measurements above, as g, :

G\, f) = / GG f) dys dys. (3.5)
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Finally, define the axial distance between the two points in the source region as
A =y,1 — ya1, and suppressing the subscript ‘a’ in y; yields

~ —1)? _x _ .
Pod =Y £ [ [ @ D A et ay da. - 66)

Using the definition of coherence and cross-spectrum,

(@0, N0+ AP
a1 HIPY s+ A FIP)

Since the heat release fluctuations phase linearly vary with axial distance as shown
earlier, the cross-spectrum term can be written as

VLt A, f) = (3.7)

(@1 O+ AL ) = g1 HPYa,0n + AL P
—2mifA,
X ly(y. i + A, fle Uwe. (3.8)
As such, (3.6) can be written as
P =S [ o 0B a0+ 8,
fA/U

< Iy yi+ A, fle MM gy dA - (3.9)

Or, by non-dimensionalizing length scales by L e, denoting dimensionless
quantities with a tilda (), and defining St = fL¢ spread/Uae and M = Uppe/C,:

_ 1 2 4 2 A R -
(V)MS’/ /<q1(;1, ABYG,G+ A, P

X12U;
X |y (31, 51 + A, f)|e 2msrAEMeosd) 43 dA. (3.10)

Note that the relationship between the spectral characteristics of the acoustic
emissions and heat release depend upon four quantities: Strouhal number, Mach
number, spatial variation of the heat release and coherence length scale. In most
instances, the Mach number correction is quite small (see Lieuwen et al. 2006),
reducing this parameter set to three. The properties of the spectrum can be worked out
for various limiting values of these parameters. The reader is referred to Leppington’s
chapter (Crighton et al. 1992) for an overview of the asymptotic methods used to
obtain the limits quoted below.

The low Strouhal number limit is the simplest. If it is assumed that St <1 and
that |y(31, 1 + A, f)|~ O(1) (A more precise description of this limit is that the
coherence or L f.conerence NOrmalized by some reference value in the Strouhal range
of interest must be O(1). The key constraint on the coherence for evaluating this
particular asymptotic limit is that remain a weak function of frequency.), then

St <1, Lconerence ~ O(1) © P(f, %) ~ St>(|Q'(S1)*), (3.11)

P(f, %)=

where <|Q (A1) =([q,G1, f) d5|*) is equal to the power spectrum of the total
spatially 1ntegrated heat release, a quantity that was experimentally determined in
this study, e.g. see figure 12.

The high Strouhal limit is more subtle and depends upon the relative values of the
convective wavelength U,,/f and the coherence length scale L onerence (se€ (3.2)),
i.e. upon the value of StL f.coherence- 1 hese two quantities are contained in terms that
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exponentially decrease and oscillate with increases in frequency, exerting different
asymptotic tendencies on (14). y
We first consider the short coherence length scale limit. If St L/ operence < 1 and

Zf,coherence <K 1, then
f’(St, fC) ~ SIZvacoherence / <|Z]1()~’1, f)|2> dj’l ~ St21~‘§",coherencg<|Q/(St)‘2>- (312)

This St L fconerence < 1 limit requires that the coherence length scale decay faster
with frequency/Strouhal number than f~!. For our data, this is not the case, as shown
in figure 15, and so is not pursued further; however, such a limit might be of interest
for some other system.

The last limit, St L f.conerence > 1, Téquires asymptotic methods for highly oscillatory
integrals. Such fast oscillation integrals are dominated by the characteristics of the
integrand kernel,

w(j}ls A» f) = <|§1(5)17 f)|2>1/2<|('?1(.)~)1 + As f)|2>1/2|3/()~’1» 5)1 + A’ f)‘v (313)

near the boundaries of the integration domain (e.g. at y=60 and 115 mm for the
data shown in figure 13a), more precisely over the dimensionless length scale 1/St.
For example, the high-frequency limit of the following integral can be expanded in
inverse powers of the Strouhal number as

b

. i 1
lim [ g(x)e™?™5 dx =

(q(b)efhriSlh _ q(a)ef2nism)

St—o0 2nSt
“ o(1/81)
1 dg(D) _onisy  dq(@) _sus 3
o T2 eTomwia o(1/8t). (3.14
(2TcSt)2<dxe dx ¢ +O(1/5r). - (3.14)
0(1/512)

For the double integral of interest here, these leading order terms are squared, so
the expansion is in terms of 1/St?, 1/St* and so forth. These terms are then multiplied
by the St* term (see 3.10), leading to terms of O (1) and O(1/St?) as shown below:

~ ~ yi=L

P~ st [ [ Bope s ay ad~ (w350 ] vonyse
" (3.15)

To summarize the above results, the spatiotemporal characteristics of the heat
release influence the acoustic spectrum in fundamentally different ways, depending
upon Strouhal number and coherence lengths scale; these are summarized in figure 17.
For low frequencies, (or more precisely, in the St < 1, |y (51, 31 + A, f)| ~ O(1) limit),
P(f, %) is independent of the spatial distribution of ¢ 11, f). It is only the spatially
integrated spectral characteristics of the heat release (multiplied by St?) that control
the acoustic spectrum, as summarized in (3.11). The Stiﬁcoherem > 1 is also largely
independent upon the heat release distribution. However, here the characteristics of
q.(y1, f) in the interior of the flame brush have no effect whatsoever. It is only
its characteristics at the boundaries that matter in this case. While fig. 17 shows
these relationships in general, a given system will cut through this space along some
parametric curve with increasing frequency. This curve is indicated by the dashed
lines in the figure for Case 1 and Case 2. This shows explicitly the asymptotic regimes
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of interest for this configuration. These predictions are discussed further in the next
section.

4. Acoustic data
4.1. Acoustic inferences on source region characteristics

This section presents results from the test matrix described in the prior section and
presented in figure 9. One of the key features of attached flames, whether a Bunsen
flame as considered here, or a bluff body or ‘inverted V’, is that the turbulent flame
brush thickness grows with downstream distance. This leads to growing levels of heat
release fluctuations with downstream distance from the flame attachment point. This
necessarily implies that the acoustic source region is not uniformly distributed along
the flame, but is concentrated downstream. This is in contrast to a freely propagating
turbulent flame (e.g. see Lawn, Williams & Schefer 2005), where the flame brush
thickness remains relatively constant along the flame.

While this point can be anticipated from figure 10, which shows that the largest
fluctuations in heat release oscillations occur near the flame tip, it can also be
directly inferred from the acoustic data. Two microphones located at different angles
with respect to the burner axis, and equidistant from the burner exit centreline, will
necessarily be different distances, and therefore acoustic travel times, from each spatial
point in the flame region. This acoustic time delay between these two microphone
measurements, Tgeousic, Was estimated from the phase of the cross-spectrum for all
530 test points. This acoustic time delay was then compared to the time delay that
would be expected if the noise were emitted from some virtual point downstream of
the burner Tgeomerric = (R1 — R3)/c, where R; and R; denote the distances from this
virtual point to microphones 1 and 3. Figure 18 shows that selecting this virtual
point as coinciding with the burner centreline at a downstream axial distance of
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FiGure 18. Comparison of time-lags calculated using cross spectrum, to the time lag
calculated geometrically by assuming a source located at axial station of Ly yariance-

Ly variance leads to the same time delay as that measured acoustically. In other words,
the time delay between the two microphone measurements is equal to that expected
from the noise originating at the centrepoint of maximum light emission fluctuations.
This affirms the point that the length scale Ly .sriance» DOt Lys qrerage (although this
length scale would lead to a good correlation between Tgeomerric and Tacousiic, their
values would not be equal), controls the sound emissions characteristics of the
flame.

The scatter in the data about the Tucoustic = Tgeomerric line shown in figure 18 is to be
expected based on the fact that the noise is not emitted at a single point, but is centred
around this point over a distance characterized by Ly spreqas. This spatial distribution
of the unsteady heat release also influences the angular coherence of the combustion
noise. The coherence of noise radiated at different angles from a randomly distributed
noise source is a function of the ratio of the noise source coherence length and the
acoustic wavelength (Rajaram 2007). Such angular coherence measurements have
been used to decompose combustion/turbine (‘core noise’) and jet noise sources in jet
engines (Krejsa 1983).

Figure 19(a) plots the dependence of the coherence between the 45° and 90°
microphone data upon frequency for Case 1. It shows that the sound at these two
locations is highly coherent up to about 1 kHz, then begins to roll off, though in a
non-monotonic manner, and becomes essentially zero at about 4 kHz. This behaviour
of the coherence function was characterized by a cut-off frequency fu..s defined as
the frequency at which the coherence dropped to 0.75. Other definitions were also
considered leading to similar results (Rajaram 2007).

Lyypreaa can be used to correlate this cutoff frequency as shown in figure 19(b).
This plot shows that f.,..; scales inversely with L s,qa. Thus, the frequency and/or
wavenumber over which acoustic emissions remain coherent at two measurement
points is directly correlated with the size of the source region. Although not shown,
similar results were also obtained for the other microphone location pairs, showing
that f....; increases as the angle between the microphone pairs decreases, as expected
(Rajaram 2007).
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FIGURE 19. (a) Dependence of coherence between the microphones at 45° and 90° upon
frequency and the illustration of the cutoff frequency definition, (b) dependence of the cutoff
frequency upon Ly greqq for the same microphone positions.

We next consider the spectral characteristics of the acoustic emissions. As noted
in §1, the acoustic spectra has a nearly universal shape that can be characterized
by three regimes: a low frequency spectral dependence given by f#, a peak in the
spectra at f,.q, and the high-frequency spectral decay f ~. These three corresponding
parameters, B, o and f,.. are considered in more detail next.

4.2. Low frequency slope (B)

To the best of our knowledge, the low-frequency acoustic spectrum has not been
previously characterized in the literature. Accurate measurement of its characteristics
is hindered by signal to noise problems, as this spectral range usually corresponds
with regimes of high-background noise and also the undulations in the low frequency
spectrum due to room reflection (see figure 5).

In order to reduce the effect of room reflections, only the cases with f,.. > 600 Hz
were used to determine B. Given that room reverberation effects are significant at
frequencies below ~ 200 Hz, this allowed a sufficient spectral range to estimate 8. The
resulting uncertainty in 8 is + 0.3 at f,. =600 Hz and 0.1 at f,.. = 1000 Hz. The
resulting estimate of g is plotted in figure 20, which shows it to have a nearly constant
value of 2-2.4. This result can be understood from (3.11), which showed that the low-
frequency side of the acoustic spectrum scales as P(f)~ f2(|Q'(f)|*) (see figure 24).
At low frequencies, (| Q’( f)I?) has a roughly flat spectral profile (see figure 12). Hence
we can expect a P( f)~ f? behaviour at low frequencies, at least to within the extent
that the heat release spectrum is independent of frequency in this regime. The bias in
B towards values of slightly greater than two is due to the fact that the spectrum of
(|Q'(f)I?) has a slightly positive slope at low frequencies. This point is demonstrated
later in the context of figure 24, where it is shown that the ratio 13( /A Q’( f)I?) does
indeed scale as f2.

4.3. Peak frequency

From the solution of the wave equation discussed in the prior section (defined
in (14)), the power spectrum is known to increase, then decrease with increases in
frequency, having its maximum emissions at some frequency f.... This peak frequency
is controlled by one of three processes, as can be seen from analysis of (3.10):

(i) Spectral character of the heat release Q'(f), which serves as the acoustic
excitation.
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FiGure 20. Dependence of low frequency decay exponent (8) upon fpeq for acetylene-air
mixtures in the 6.4 mm burner

The other two processes are associated with the flame transfer function relating these
heat release fluctuations to acoustic emissions, that is controlled by either:

(ii) Frequency dependence of the heat release correlation length, |y (3, 3 + A, )],

(iii) Cancellation associated with the convection of the heat release disturbances
along the flame, given by the term e ™54,

While, in general, any one of these processes could potentially be controlling, it is
this third one that is dominant for the flames considered here.

Consider first the unsteady heat release spectrum. As shown by (3.11), the
acoustic spectrum for a flame with no convective cancellation and where the heat
release disturbances remain correlated (i.e. St <1, Z_fyt.ohere,,ce ~ 0(1)) is given by

f’(f, )?)~St2<|Q/(St)|2>. As such, the spectrum could increase, peak and roll off due
to the multiplication of the spectrum by St?, due to the fact that the heat release is
spectrally flat at low frequencies, and rolls off at higher frequencies (see figure 12).
However, the heat release spectrum must roll off much faster than 2 in order to
cause the acoustic emissions to roll off. Our measurements indicate that the heat
release spectrum rolls off at a decay rate just slightly larger than 2, e.g. it rolls off at
a decay rate as f > in figure 12. Thus, while not important here, this effect could
potentially be controlling in situations where the heat release roll-off is much greater
than /2.

The second effect, the reduction in coherence length scale with frequency is another
potential mechanism for the peaking, then roll-off of the spectrum. As alluded to
earlier, for this effect to dominate the cancellation effect, the coherence length scale
must decay faster with frequency/Strouhal number than f/~!. Again, while it is possible
that this could occur in other configurations, this is not the case in our facility where
decay rates are slower than /1.

The third effect is the dominant one. It simply reflects the fact that convection of
heat release oscillations downstream leads to cancellation of heat release oscillations
from one point of the flame to the next due to time delays. This cancellation effect is
captured by the Strouhal number St, and leads to a very simple scaling in this case,
namely, that f,.. should directly scale with St.

To demonstrate that this is the case, figure 21 plots f,.x as a function of
Uave /Ly spreaa- 1t was determined for all points in the data set by fitting a fourth
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FiGURre 21. Strouhal number dependence of the peak frequency.

order polynomial curve through the acoustic spectrum near the peak. This procedure
minimized the effects of small ripples in the spectrum (e.g. see figure 5) upon the
estimate of f,... The resulting uncertainty in f,.. is approximately +30 Hz for
fpeak <400Hz and £10 Hz at higher frequencies.

Figure 21 clearly shows that the f,.. data fall onto the St =1 line. A similar scaling
using a mean flame length (corresponding roughly to L serage here, which is also
correlated with the more physically significant parameter Ly speqq, see figure 11) has
also recently been shown by Winkler et al. (2005) in a swirling flame.

This result shows that f,.,c most fundamentally scales with L gpreqq and Ugg,. The
dependence of f,.. upon other parameters proposed in prior studies (see Introduction)
is apparently a manifestation of their influence upon these two parameters. For
example, turbulence intensity (Strahle & Shivashankara 1974; Strahle 1983) does
impact f,.q indirectly, through its impact on turbulent flame speed and, therefore,
flame length. Also, the dependence of f,..« upon fuel/air ratio, interpreted by some
as suggesting a chemical kinetic scaling of f,.., is also simply a reflection of the
influences of kinetic properties upon flame speed, and therefore the fundamentally
significant flame length parameters.

Given this very simple f,.. scaling, and the controversy that has existed in the
literature on this scaling for the last two decades, it is worth commenting on the
conclusions from prior studies in the light of this result. We believe that there are two
key reasons this scaling has not been noted earlier:

First, is the limited range of achievable L;/U,, values. Variations in flow velocity
U, cause corresponding changes in flame length L, that cause their ratio L;/Ug
to essentially remain constant. This can lead to the erroneous conclusion that f,c.
does not scale with Ug,.. As such, probably the best way to vary L;/U,, is through
changes in flame speed at constant U,,.. However, obtaining large variations in flame
speed with a single fuel is difficult, because flame stability must also be maintained.
For example, in the authors’ prior publication (Rajaram & Lieuwen 2003), only one
fuel was utilized and, because of the requirement to maintain a stable flame, the
laminar flame speed could only be varied by about 30 %. As such, multiple fuels are
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FiGURE 22. Dependence of high frequency slope parameter o upon turbulence intensity
(measured at the jet exit centreline).

needed to expand this range. In the present work, results were also obtained with
propane and acetylene, allowing S; variations by a factor of 4.

The second reason is signal to noise issues and room reverberation effects. Except
for very small burner diameters and very high flame speed mixtures, combustion
noise generally peaks in the 100-400 Hz region where it is difficult to obtain anechoic
conditions with low background noise. Given the relatively small movement of peak
frequency that was likely present in many prior data sets due to the limited variations
in Ly /Uy, the underlying trend would be masked. This point can be appreciated by
consideration of the variation in spectra with equivalence ratio in Rajaram, Preetham
& Lieuwen (2005) and noting the problems associated with estimating f,.. due to
room reverberation induced ripples.

4.4. High frequency slope (a)

We last consider the characteristics of the measured high-frequency acoustic emissions,
parameterized by fitting the high frequency acoustic emissions to the power law f~*.
Figure 22 compiles the resulting estimates for «. The correlation coefficient of the
logarithm of the acoustic data with frequency exceeded 0.97 for all these points.
The figure shows that o ranges in value from o =2.1-3.2. This range in values is
consistent with the range measured by Belliard (1997) (2.2 <a <3.4), as well as
Abugov & Obrezkov (1978) (¢ =2.5) and the theoretical prediction of Clavin &
Siggia (1991) for the high u'/S; limit (¢ =5/2).

The measured value of « can be compared to theoretical predictions for Cases 1
and 2. The asymptotic analysis suggested that the acoustic spectrum and heat release
spectrum are directly related (i.e. without any additional St multiplicative terms, as
are present in the low St limit). To illustrate that these predictions are consistent with
the data, figure 23 compares the spectrum of heat release oscillations for Case 1 with
its corresponding acoustic spectrum. The figure clearly shows that the roll off rates
of the heat release spectrum is equal to that of the acoustic spectrum. This discussion
suggests that the range in « values shown in figure 22 similarly reflects the variations
in heat release spectrum encountered over the range of investigated conditions.
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FIGURE 24. Comparison of ratio of acoustic and heat release spectrum P(f)/{|Q(f)?) for
Case 1 and Case 2.

The relationship between acoustic and heat release spectra over the entire frequency
range can be better seen in figure 24, which plots the ratio P(f)/(|Q'(f)[?), normalized
by its maximum value for Cases 1 and 2. This figure clearly shows the high and low
Strouhal number zones that determine this relationship. This ratio P(f)/{|Q'(f)*)
has an f? dependence at low frequencies and becomes constant at higher frequencies.
Both results are consistent with the predicted relationships between heat release and
acoustic spectrum.

5. Concluding remarks

This paper has worked out the key spectral features of an anchored Bunsen
flame, including its low-frequency and high-frequency characteristics and the scaling
of the frequency of peak emissions. In addition, these characteristics have been
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related to the underlying spectrum and spatiotemporal coherence characteristics of
the unsteady heat release. An important feature of this investigated geometry is the
anchored character of the flame in a high speed flow that is much greater than the
turbulent flame speed. This leads to two important influences on the flame and its
acoustic emissions. First, the flame brush grows downstream, leading to growing level
of fluctuations in flame position and heat release rate with downstream distance. As
such, the heat release fluctuations are not uniformly distributed in magnitude along
the flame but grow with downstream distance. This leads to the concentration of the
acoustic source region near the flame tip, as shown in the discussion of figure 18.
This also leads to differences between the flame height and heat release fluctuation
length scales, Ly sverage and Ly yariance- Second, due to the high-flow velocity relative
to the flame speed, the flame is nearly parallel to the flow. This causes disturbances
on the flame sheet to be convected at the mean velocity component tangential to
the front. This behaviour plays an important role on the peak frequency scaling
St = fLs sypread/Uo and the high-frequency scaling because of the phase cancellation
term e 2M5'2 in (3.10).

A natural question for further consideration is what would be expected to remain
the same and to change for other flame configurations. It appears that anchored
flames, whether they are swirling, ‘inverted V flames’, or other shapes, will have
similar character, e.g. they will also have a convective component to the heat release
fluctuation, leading to coherence characteristics described in (3.8) and, therefore,
a similar scaling for f,... This conclusion is supported by the measurements of
Sattelmayer’s group (e.g. see Winkler et al. 2005), who have demonstrated nearly
identical scalings for f,.. in an inverted swirl flame. Furthermore, all flames apparently
have the same St <1 character that is controlled by the spatially integrated heat
release spectrum, given by (3.11).

Significant differences in high-frequency scaling can be anticipated between
anchored and freely propagating flames, however, for the same reasons. For example,
this would apply to flames in lower speed flows where the flame is normal to the flow,
such as the configuration described by Lawn et al. (2005). Similarly, it would also
apply to the radiation characteristics of the leading edge of low swirl burner stabilized
or vortex breakdown stabilized flames. In these cases, the peak and high-frequency
characteristics are not influenced by the convective phase cancellation term e 2%54,
but rather by the other processes described earlier: heat release spectrum, coherence
characteristics and, in addition, non-compactness effects (given by the e #0450 term
in (10).

This discussion suggests the need for additional studies of combustion noise from
flames where other physical processes control the acoustic spectrum. In particular,
at least three different configurations would be of interest: those without a strong
tangential flow component, those where the heat release correlation length scale rolls
off faster than f~!, and those where the heat release spectrum rolls off with frequency
much faster than /2.

This research was supported by the National Science Foundation under contracts
CTS-0092535 and CBET-0651045; contract monitor Dr Phil Westmoreland.
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