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Combustion instability manifests itself by the coupling of heat release and chamber
acoustics. These instabilities can be present in any type of combustion system, including gas
turbine engines, scramjet engines, and industrial furnaces and boilers. Much research has
been conducted on the coupling of acoustics and heat release for lean-burning systems.
Historically, models of these systems assume the flames to be short and the mean fields to be
incompressible. Proposed here is a new approach to coupling dynamics. If the governing
equations are considered to be compressible, then a relationship among acoustics, vorticity,
and pressure can be derived. In this study the relationship among vortex shedding, flame
dynamics, and acoustics is explored for a bluff-body-stabilized flame using high-speed flame
images and high-speed pressure transducers. It is demonstrated that the flame radiates
sound over a broad spectrum and that thermoacoustic coupling occurs when the flame
sound radiation couples with one of the modes of the combustion chamber.

I. Introduction
Combustion instability manifests itself in many of today’s combusting systems. Instabilities have been
reported in all types of propulsion systems, including rockets, scramjets, gas turbine combustors, and augmentors.
Throughout the 50-year development of high-performance gas turbine engines, combustion instability has been a
major challenge with regard to both the combustor and the thrust augmentor. Over the same time period, many
advances have been made in the modeling of combustion instability.

"Traditional thermoacoustics modeling is based on Culick’s framework (Candel 2002, Malhotra 2004)
where both the pressure fluctuations and the Mach number of the flow in the combustion chamber are assumed to be
small. These assumptions result in a wave equation that describes wave propagation in the combustion chamber,
forced by an unsteady heat-release term. This type of model has proven to be very effective in systems where the
Mach number is small.

In this investigation time-evolving flame and acoustic pressure were studied. Simultaneous flame images
from a Phantom 7.1 camera and acoustic pressure signals from high-speed Kulite transducers were obtained over a
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wide range of conditions and with several different flame-holder shapes. Spectral analysis was used to study the
cause-and-effect relationship between the various flame-vortex modes and the acoustics. Three separate
flame/acoustic/vortex phenomena were studied: the influence of stoichiometry, inlet temperature, and boundary-
layer development. Vortex shedding and flame coupling were found to vary widely as these three parameters were
varied.

1. Compressibility, Vorticity, Noise, and Heat Release
Examination of the governing equations for mass momentum, energy, and vorticity sheds some light on the
coupled nature of vorticity and the flame. The diffusion flames discussed in the introduction operated at very low
velocity, on the order of 10 s of meters a second. As a result these studies assumed an incompressible formulation.
Equation (1) is the conservation equation for mass. For incompressible flow the density is constant and, thus, the
divergence of velocity; the right-hand side of Eq. (1) is zero. For compressible flow the divergence of the velocity is
nonzero and related to the compressibility of the flow.

L tVV-p=—pV-V (1)

Upon studying the vorticity equation, one observes a source term that relates vorticity generation to velocity
divergence. Net compression of the fluid element results in an amplification of the vorticity. Equation (1) can be
manipulated further to show a relationship among vorticity, unsteady pressure, and heat release. If Eq. (1) is written
in terms of the acoustic density and velocity (Kiel 2008):

LTV p=—pV V= V-V = V-V ©)
Acoustic pressure and density are related through the definition for wave speed, Eq. (3). Note that the density
fluctuations are small and assumed to be two to three order of magnitude smaller than the mean density.

dp = a?dp 3)

Using Eq. (3) and the assumption, Eq. (2) is converted to an equation for acoustic pressure. The resultant equation
is:

L +VV-p=—apV-V—a?pV-V 4)

Equation (4) contains two sources of pressure fluctuations from velocity divergence: one source of pressure
fluctuations from the divergence of the mean flow velocity and another from the divergence of acoustic velocity.
Note that small amounts of divergence can result in large acoustic pressure fluctuations because the divergence term
is multiplied by the square of the wave speed. In terms of divergence of the mean velocity Eq. (4) becomes:

98\ 7y-p+a?pVy _
CAMLANAREE )/ (5)

a’p
Substituting Eq. (5) into the vorticity equation results in:

w

at+(V-V)w=

(w-V)V —
@+17v-zi+yﬁv-v
wl&t—mm (6)

124
1
?Vprp+V><(V-r)

In the absence of combustion, spatial and temporal acoustic pressure fluctuations clearly cause vorticity fluctuations
and vice versa. The equations for conservation of mass, momentum, and energy with heat release are:

a
a—’:+V-(pV)=0 (7)
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a(pV)
at

+V-(pVV) = —Vp + uv - WV (8)

p%+pVV-e=—pV-V+q 9)

In Eq. (9), “q” is the heat release from combustion. An equation for pressure, Eq. (10), can be derived using Eqgs. (7)
and (9).

Z—Z;"'VV'P:—VPV'V"‘(V—DQ (10)
Solving for the velocity divergence:

<(V—1)q—%—V\7~p>

— =V-V (11)

Substituting Eq. (11) into the vorticity equation results in:

dw
E + (V " V)(u =
(w-V)V
<(y—1)q—?,—f—vvp)

—o| (12)

1
+p—2Vp><Vp+V><(V-r)

In this equation, unsteady vorticity, unsteady pressure and heat release are all related. This further demonstrates that
vorticity is a significant source of unsteady heat release. This analysis of the governing equations reinforces the
conclusions in that vorticity fluctuations are a driver for the stability and instability of bluff body flames. Clearly
ignoring compressibility, like most researchers do, has causes this coupling mechanism to be largely overlooked in
the literature.

111. Experimental Setup

A 4-MW experimental atmospheric combustion facility located in the Propulsion Directorate of the Air
Force Research Laboratory (AFRL) at Wright-Patterson AFB was used for the experiments. The facility enables the
simulation of geometries ranging from simple, two-dimensional, research flame-holder concepts to complicated,
engine-like three-flame-holder sectors. Electrical heaters can supply air-inlet temperatures up to 800 R, and the
facility has a vitiator that can supply vitiated air up to 1800 R. Oxygen concentration can be varied from 15 to 21
percent. Available air flow allows combustion research at Mach numbers up to 0.4, Reynolds numbers up to
100,000, and modified DeZubay correlation parameters, Eq. (13), up to 100. Figure 1 is a photo of the rig installed
in the Atmospheric Pressure Combustion research Facility.

10,000U
p0957121085 (13)

Dz =
Many fuels are available for research. Gaseous propane and methane can be premixed upstream of the flame
holders. Three liquid-fuel pumps are available to flow a host of liquid fuels, including JET A/JP-8 as well as
synthetic and bio-derived jet fuels.
Figure 2 is a schematic of the experimental rig with the v-gutter bluff-body flame holder installed. The air
flow in the rig is from right to left in the photograph. The rig is 41 in. long. and the cross section is 6 in. high by 5
in. wide. A perforated plate is installed 3 in. downstream from the inlet to provide flow straightening and setting of
turbulence levels. Fuel injection is located 20 perforation diameters downstream of the perforated plate. The liquid
fuels atomize and as they convect downstream and droplets are vaporized prior to combustion behind the flame
holder, The flame holders are mounted to the side walls of the rig, and their trailing edge is 23 in. from the inlet to
the rig.
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Figure 1. Bluff-body flame rig installed in atmospheric-pressure research facility.

Test Section

Mirror

Phantom Camera

V-Gutter Flame Holder

Figure 2. Schematic of bluff-body rig, showing optical access and high-speed-camera placement.

i| 150

V-gutter Circle Square Plate

Figure 3. Bluff-body flame holders.
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In this research the influence of vortex-shedding modes was studied. To investigate the impact of
boundary-layer/shear-layer development on the flame, different flame-holder geometries with different boundary-
layer/shear-layer development were tested. Figure 3 depicts flameholder geometries with different boundary layers.
The v-gutter has a boundary layer that develops from the small-radius leading edge. The thickness of the boundary
layer is a function of the Reynolds number of the oncoming air. For the square flame holder, the boundar-layer
thickness is also a function of the Reynolds number, but its initiation and development are the result of the trip from
the corner of the leading face. In both cases the position of the boundary layer on the downstream side of the flame
holder is constant. For the circular cylinder, the thickness of the boundary layer is also a function of the Reynolds
number, as in the case of the v-gutter and the square. The location where the boundary layer separates on the
downstream side of the flame holder, however, is not constant and is a function of the Reynolds number. The scale
of the v-gutter and square flame holders can also be changed to study the effects of the development length on the
stability. Finally, the plate, similar to the the turbulent diffusion flames in the literature (Chaudhuri and Cetegen,
2009 and Chaparro et al., 2006), has little or no boundary layer. This allows the study of flame stabilization in the
absence of the boundary layer as a control.

IVV. High-Speed Imaging and Pressure Procedures

For the study of thermoacoustic instabilities, high-speed pressure measurements are employed in
conjunction with high-speed diagnostics to ascertain the coupling between the acoustic modes, heat-release
hydrodynamics, and vortivity. High-speed images are synchronized with high-speed pressure transducers through
the efficient use of LabVIEW hardware and software, with simultaneous software triggering.
High-speed images are acquired using of high-speed video and a Phantom v7.1 high-speed camera from
Vision Research. The camera can be used to capture high-speed visible or filtered light images. The camera is a 12-
bit SR-CMOS monochrome camera with a Gigabit Ethernet connection that is capable of capturing video at a
maximum resolution of 800 x 600 pixels at 4800 frames per second (fps). For smaller images, repetition rates up to
160,000 fps can be achieved..

Acoustic pressure measurements can be made using fast Kulite pressure transducers up to 40 kHz. Because
of the hot surfaces on the rig, high-speed pressure transducers cannot be flush mounted to the experimental rig. As a
result, Semi-Infinite Transducers (SITs) with a standoff capability are employed (Fig. 4). In each of the SITS, a
Kulite 5-psi differential pressure transducer that is capable of measuring acoustic pressure fluctuations up to 40 kHz
is mounted in a stainless-steel “tee”. On the left side of the tee is a 0.3-m standoff that connects to the rig. The right
side of the tee connects to the differential side of the transducer. This connection is made with a coiled small-
diameter tube that is 10 m long. The length of the coiled tube provides sufficient acoustic compliance that the
pressure on the differential side of the transducer is constant.

Fifteen SITs are mounted longitudinally along the rig. Simultaneous high-speed measurements of multiple
SITs are made with a high-speed data-acquisition system. An M-series NI 6280 Multi-function Data Acquisition
(DAQ) board is installed into a computer. This board has 16 analog input channels, with a maximum sampling rate
of 625 kHz and 18-bit resolution. To enable multi-channel simultaneous sampling, the 6280 board is linked to an
SCXI 1000 chassis, which is configured with two 8-channel SCXI 1140 boards. The 1140 boards are capable of
simultaneous sampling of all eight input channels with less than 3-ns delay between channels. The SCXI chassis
also houses four SCXI 1121 Isolated Universal Input Modules. Each SCXI 1121 board has four input channels.
The leads from the Kulite pressure transducers in each of the SITs are attached to a terminal block that is mounted
to the front of each 1121 board. The 1121 boards supply 10-V excitation to power the transducers. Two of the
1121 boards are connected to an 1140 board on the back plane of the SCXI. The DAQ is capable of reading all of
the 1140s simultaneously. As a result the system allows the simultaneous read of up to 16 Kulite transducers.
Simultaneous high-speed triggering of the SITs and Phantom 7.1 camera is accomplished through an external
hardware TTL pulse.
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Figure 4. Schematic and photograph of Semi-Infinite Transducers (SITs).

V. Acoustic Model Utilizing Comsol
The wave-propagation equations were derived from the Euler equations.

Using the perturbation
relationship for any variable “a”, the mean and acoustic

a=a+a (14)
component can be derived. To obtain the final perturbation equations, it was assumed that the second-order

fluctuating quantities were zero, the density was constant, there was only axial mean velocity, and the viscous forces
due to acoustic velocity were small. The resulting acoustic pressure and velocity equations are:

Lo, o wop oW

o Pt Py a ! 9
ﬁa_u’+w8_u’+l_)v,8_ﬁ+ﬁw,a_ﬁ:_8_p' (16)
ot OX oy 16} OX
S an
ot OX oy

_%’_F_u%’—_a_p’ (18)
P TP T o

The equation for wave propagation with mean flow and shear results from taking the time derivative of Eq. (15) and
the derivative with respect to x,y,z of Egs. (16), (17), and (18), respectively. The resulting wave equation is:
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The three-dimensional wave equation without flow is represented by the first, third, fourth, and fifth terms on the
lef- hand side of Eq. (19) The remaining terms on the left-hand side of Eq. (19), which have Mach numbers in them,
represent the damping due to mean flow. The terms with the transverse derivative of the mean axial velocity are
negative and represent damping due to these gradients (Kiel and Kashani, 2008). Clearly, Mach number and

compressibility are key, even at low Mach numbers.

The mean axial velocity and temperature field of the experimental rig can be obtained using computational
methods. A Fluent case was set for the experimental rig with a 1.5-in. v-gutter near the center. The RANS solver in
Fluent was iterated to a converged solution. The k-epsilon turbulence model was used for closure. The Eddy
Breakup Model was used for combustion closure. The Reynolds number for the simulation was ~35,000, and the
equivalence ratio was ~0.6. Figure 5 shows the mean temperature field from the Fluent solution; contours are in
degrees Kelvin. Figure 6 is the mean axial velocity from the same Fluent solution; contours are in meters per
second.
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Figure 5. Contours of mean temperature in experimental rig from Fluent.
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Figure 6. Contours of mean axial velocity in experimental rig from Fluent.

freq{19)=55 Isosurface: Velocity potential [nffs] Boundary: Velacity patential [ri/s] Max: 0

Isothermal
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With Combustion

Figure 7. First axial mode of experimental rig.
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3
x10

8

&

a) Isothermal

freq(105)=270 Isosurface: abs(p_acae) [Pa] Boundary: abs(p_acae) [Pa] Max: 19.72

With Combustion
Figure 8. Second axial mode of experimental rig with mean flow and combustion.

The finite-element software package COMSOL Multiphysics was used to find the acoustic modes of the
experimental rig. The PDE mode of COMSOL was used to solve Egs. (15 - (18). The mean temperature and axial
velocity from the Fluent solutions in Figs. 5 and 6 were imported into COMSOL. A mesh of the experimental rig
was generated in COMSOL. Figures 7 and 8 are the shapes of the first two modes of the experimental rig. The top
figure is the COMSOL isothermal solution with no mean flow. The second image in each is the COMSOL solution
for the combusting rig using the velocity and temperature results from Fluent.

Figure 9 illustrates the modeled frequency response of the rig from COMSOL and the cross spectrum of
pressure from SITs mounted to the rig. The blue line in the left-hand plot of Fig. 9 corresponds to the frequency
response of the isothermal case with no flow. The red line represents the combusting case with flow. Note that the
addition of mean flow damps the peaks of the modes. It should also be noted that combustion shifts the resonant
frequency of the modes because of an increase in the wave speed in the combustion zone. The frequency of the first
mode is reduced, while the frequencies of the subsequent higher harmonics increase. The frequency of the first
mode should have also increased. The decrease in frequency of the first mode must be explored further. The right-
hand side of Fig. 9 illustrates the experimental data taken with the SITs for isothermal conditions at 300K. The
figure depicts the auto spectrum of the first transducer nearest the pressure antinode. Note the good agreement
between the frequencies from the rig spectral data and those from the isothermal results (blue trace) from the
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COMSOL model data. Small adjustments to the COMSOL solution are required to obtain a better match with the
actual damping and, thus, bandwidth of the experimental data. Clearly the modes are closed open in Figs. 7 and 8.
This is verified by the odd-integer separation of the peaks in the model and the experimental data depicted in Fig. 9.

40 Isothermal Acoustic Cross Spectrum
300K, no flow 20
phj=0.65, 0.6lb
20
10
X: 383
Y: 2402
| ]
0 0
g
: i
g 20 10 i | | f
=
~— |
!
40 -20 ! [,
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80 -40
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Freq, Hz freauencv (1/s)
Model Rig data

Figure 9. Frequency response (model) and cross spectrum (rig) of experimental rig.

VI. High-Speed Images

Figures 10, 11, and 12 are high-speed images of the flame luminosity that were obtained with the high-
speed Phantom 7.1 camera. These were taken under room-temperature inlet conditions corresponding to a Reynolds
number of ~35,000. In each figure the 1.5-in. v-gutter flame holder was used to stabilize the flame. In Fig. 10 the
equivalence ratio is ~0.8, and the flame is very near the lean limit. Figure 11 contains images from the same
experiment, with an equivalence ratio of ~0.6. Figure 23 contains a series of images for the same experimental
conditions, except that the equivalence ratio is ~1.0.

Evaluating to Eq. (12) several sources of and sinks of vorticity exist. When a flame is present, the heat
release is a source term. The cross product of pressure and density is also a source of vorticity; thus, density
gradients properly aligned cause vortex generation. Upstream of the flame, Kelvin-Helmholtz vortices are generated
by viscous shear and divergence of velocity at the wall of the bluff body. In Fig. 10, it appears that as the vortex
leaves the trailing edge of the flame holder, the flame becomes anchored in the Kelvin-Helmholtz vortices, which is
consistent with the findings of Lieuwen et al. (2009). The scale of the Kelvin-Helmholtz vortices leaving the lip of
the flame holder are the size of the developed boundary layer and are small. As they convect through the flam, they
appear to be amplified. The image is of the luminescent spectrum of the flame, not the velocity or vorticity.

Unlike isothermal flow, the flame creates a density gradient normal to the flame surface. The decrease in
density across the flame results in an acceleration of the flow across the flame, increasing the flow velocity. The
result is a large gradient and divergence of velocity across the flame. The density gradient across the flame is also a
source of vorticity in the near field of the flame holder. In this region the density gradient and axial-pressure
gradient are nearly perpendicular. The cross product of these two gradients results in a source of baroclinic vortices.
The strength of the baroclinic term is dependent on the density or temperature ratio across the flame. Conspicuously
missing from the image are the Von-Karman vortices generated in the isothermal wake. The magnitude of the
changing sign of the divergence in the wake and the magnitude of the baroclinic generation are unknown. Thus, the
reason for the suppression of the large Von-Karman vortices is unclear.
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Figure 10. High-sSpeed image of v-gutter-stabilized flame for equivalence ratio of ~0.8.

Figure 11 depicts the same conditions as those in Fig. 10, except that the equivalence ratio is very near
blowout. As the equivalence ratio is decreased, larger vortices in the wake dominate the flame ; these vortices are
similar to Von-Karman vortices just before extinction. Further reductions in stoichiometry at this point result in
flame extinction. Mehta and Soteriou (2003), Erickson, et al. (2006), and Sankaran et al. (2009) modeled vorticity
behind bluff-body flames and have commented on vortex shedding. In their work, they concluded that the
baroclinic vortices produced by a large temperature rise across the flame dominate and suppress the Von-Karman-
type vortex shedding that is typically observed behind these bluff bodies under isothermal conditions. In their
model they artificially change the density gradient across the flame. For density gradients < 2, the wake becomes
dominated by Von-Karman vortices. Shanbhogue et al. (2009) also comment that these vortices are possible
mechanisms for the final extinction of the flame because of high strain.

Figure 11. High-speed image of v-gutter-stabilized flame for equivalence ratio of ~0.6

Flames driven by thermoacoustic coupling have the same vorticity generation mechanisms as the flames
discussed. These flames also have other vorticity-driving mechanisms due to oscillating acoustic pressure and
velocity. The standing acoustic pressure and velocity waves establish gradients in pressure and velocity along the
axis of the mode; the acoustic gradients are time varying. At any instant in time, the acoustic pressure and velocity
decrease spatially from the antinode to the node. The acoustic pressure and velocity also oscillate everywhere in
time. The greatest temporal oscillations in pressure occur at the antinode. Axially changing acoustic velocity can
cause locally varying vorticity because of divergence of the acoustic velocity field--in much the same way as in the
isothermal case. The locally varying vorticity due to acoustic velocity also changes in time because of the
oscillating nature of the acoustic velocity.

Figure 12 shows four successive images of the luminosity of the flame for the same flame holder as in Figs.
10 and 11. In these images the flame is experiencing self-excited thermoacoustic oscillations. The images were
taken 0.1 ms apart with a high-speed camera. For these images the Reynolds number is the same as in Figs. 10 and
11, and the equivalence ratio is 1.0. The frequency of the instability was measured to be 112 Hz. From acoustics,
this frequency corresponds to the first longitudinal mode of the rig, assuming closed open boundaries. In the images
in Fig. 12, the flame near the flame holder is dominated by two large vortices of opposite sign that are shed
simultaneously from the flame holder. The shed vortices, as shown in the successive photos, grow and travel
together downstream at the velocity of the mean flow. These vortices may have been generated from two possible
sourcesin the shear layer of the flame holder (Kelvin-Helmholtz) or in the wake (Von Karman). The large
convecting near-field vortices could also be baroclinic, induced by the cross product of the flame density gradient
and the axial gradients in pressure (mean pressure gradient and acoustic pressure gradient).
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Figure 12. Successive high-speed image of v-gutter-stabilized flame for equivalence ratio of ~1.0.

VII.  Spectrum Results

The high-speed SIT and camera luminosity images allow spectral and frequency-response analysis of the
data. Figure 13 contains the cross-spectrum SIT data for the 3/2-in. v-gutter flame holder near blow out (left) and at
an equivalence ratio of ~1.0, where the first longitudinal mode is excited (right). For the flame near blow out, the
sound spectrum has significant energy in the low-frequency spectrum below 300 Hz. Also note a peak in the
spectrum near 150 Hz. According to Huelskamp et al. (2010), the Strouhal number for a v-gutter at the inlet
Reynolds number for this experiment is ~ 0.25, which corresponds to a shedding frequency of ~155 Hz. It appears
from the data that there is sound radiation in the low frequency, with a peak at the Strouhal number of the flame
holder.

The right-hand plot of Fig. 13 is for the same flame holder at the same conditions, except that the
equivalence ratio is near 1.0 and the rig is thermoacoustically excited. Note that the spectrum above 0 dB now
extends down to 500 Hz. Also note several peaks ion the pressure data. The peak in the pressure spectrum is at the
resonant frequency and probably represents the resonant mode. Clearly, however, other peaks exist in the pressure
spectrum. It appears from the data that flame holder with the higher equivalence ratio radiated sound over a wider
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spectrum and that several peaks are present in the pressure being radiated. The cause of these peaks is unclear.
Heat-release and vorticity data are required before proper conclusions can be drawn as to their origin.
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Figure 13. Magnitude of cross power spectrum of SIT acoustic pressure for 3/2-in. v-gutter near blow-out
and stoichiometric fueling conditions.

Figure 14 contains data for the 3/8-in. v-gutter flame holder at a Reynolds number of 7000, near blow out
(left), and at an equivalence ratio of ~1.0, where the first longitudinal mode is excited (right). In the figure are two
high-speed images. For the flame near blow out. the sound spectrum is different from that of the 3/2-in. v- gutter.
The power in the spectrum is much lower, but two peaks are present--one at ~150 Hz and one at ~205 Hz. Again
according to Huelskamp et al. (2010), the Strouhal number for a v-gutter at the inlet Reynolds number for this
experiment is ~ 0.27, which corresponds to a shedding frequency of ~220 Hz. It appears from the data, as in the
previous case, that there is sound radiation in the low frequency, with a peak in the range of the Strouhal number of
the flame holder

The lower plot in Fig. 14 is for the same flame holder at the same conditions, except that the equivalence
ratio is ~1.0. Note that the spectrum above 0 dB now extends down to 400 Hz. Also note several peaks in the
pressure data. The energy, however, is much smaller that that of the 3/2-in. flame holder. One of the peaks is near
the same frequency as the resonant peak for the 3/2-in. flame holder. As in the case of the 3/2-in. flame holder,
other peaks are present in the pressure spectrum. The data seems to indicate that the flame holder with the higher
equivalence ratio also radiated sound over a wider spectrum and that several peaks are present in the pressure being
radiated. The origin of these peaks is unclear from the pressure data alone. As in the case of the 3/2-in. flame
holder, data from heat release and vorticity are required to determine the origin of these peaks.

To gain a better understanding of the coupling between heat-release fluctuations in the flame luminosity
and in the pressure spectrum, time-series data were compared. Figure 15 shows the mean luminosity behind the 3/—
in. flame holder at a Reynolds number of 7000 and an equivalence ratio of 0.70. The flame clearly is not near
blowout and not exciting a resonant mode. Time series of the instantaneous flame luminosity were acquired from
the high-speed camera in the wake (at Point 1 on the figure) and in the shear layer (at Point 2).
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Figure 14. Still image of flame luminosity, magnitude of cross power spectrum of acoustic pressure for 3/8-in.
v-gutter near blow out, and stoichiometric fueling conditions.
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Figure 15. Still image of mean flame luminosity for 3/8-in. v-gutter equivalence ratio of ~0.70.

Regarding the two plots in Fig. 16, the left figure is the power spectrum of the luminosity data at Point 1 on
Fig. 15, and the right figure is the autospectrum of the first pressure transducer, located at the pressure antinode of
the rig for all modes, (this location is the inlet plate).. First note that the general shape of the plots is very similar.
The luminosity is greater than 10” below 300 Hz, corresponding to the power in the pressure data below 300 Hz.
Also note that the plots have at least five peaks in common in the frequency range between 0 and 300 Hz. This
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supports the previous conclusion that the flame is radiating sound, especially in the frequency range between 0 and
300 Hz, and that the sound is being picked up by the SITs. The data presented are necessary but do not offer
sufficient proof of the correlation between the flame/vorticity and acoustics.
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Figure 16. Power spectrum of mean flame luminosity and autospectrum of SIT pressure data for 3/8-in. v-
gutter equivalence ratio of ~0.70 located in wake (Point 1).

In Fig. 17 the data on the left-hand side are for the power spectrum of the luminosity at Point 2 on Fig. 15.
As in the case of Point 1, the general shape of the plots is very similar. The luminosity is greater than 10° for
frequencies below 200 Hz, corresponding to the power in the pressure data below 200 Hz. As in Figure 16, each
plot has at least four peaks in common in the frequency range between 0 and 300 Hz. These data corroborate the
data and conclusions concerning Fig. 16.
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Figure 17. Power spectrum of mean flame luminosity and autospectrum of SIT pressure data for 3/8-in. v-
gutter equivalence ratio of ~0.70 located in shear layer (Point 2).
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Figure 18,is the cross spectrum of luminosity and pressure obtained simultaneously. The data were taken
for the 3/2-in. flame holder at conditions that produced the instability shown in Fig. 12. A point was selected at one
diameter downstream of the flame holder, and the luminosity magnitude was saved to a file. Instantaneous pressure
data were obtained with a SIT at the pressure antinode. Both the camera and SIT were fired simultaneously in a
LabVIEW program. Note the peak in the cross-spectrum data at 122 Hz, which indicates that the pressure and
luminosity are highly correlated at that frequency. Also note the large portion of the spectrum above 10 dN, up to
400 Hz.
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Figure 18. Magnitude of cross power spectrum of instantaneous luminosity and acoustic pressure for self-
excited first longitudinal thermoacoustic mode.

VIII.  Conclusions

A compressible derivation of the vorticity equation yielded unexpected results. The time-varying vorticity,
pressure, and heat release are a single equation. When high-speed images are studied with this equation in mind, it
is clear that the vortices captured in the luminosity data can be explained with the vorticity equation. The images
lend insight into certain aspects of the vorticity equation, depending on the nature of the heat release depicted in the
images. The data support conclusions drawn by previous authors on this subject.

From the pressure data it is clear that the pressure and the flame are linked. Over-the-spectrum increases in
acoustic power correspond to increases in luminosity. For flames near blow out, peaks in the pressure data appear to
correspond to vortex-shedding frequencies. For the thermoacoustically excited case, the power of the pressure
increased 10 dB, and many peaks were noted in the pressure data--one corresponding to the resonant mode of the
combustor. The cross spectrum of pressure and luminosity (see Fig. 12) clearly shows a spectral relationship
between acoustics and flame luminosity. Both correlate very well at the resonant frequency of the rig.. Combining
the experimental data and the vorticity equation, the hypothesis that the flame causes the vorticity to radiate sound
across a low-frequency spectrum and that radiation excites a resonance in the chamber is well supported.

At present, a 10-kHz PLIF laser system is being delivered and installed. This laser system will be coupled
with a recently delivered 10-kHz PIV system. Simultaneous high-speed PLIF, PIV, and SIT data will be obtained to
further explore the coupling of vorticity, heat release, and acoustics as well as the hypotheses that combustion
excites vorticity, which radiates sound over a broad spectral range, that discrete vortex frequencies can explain
peaks in the pressure data, and that radiated sound couples with rig acoustics to cause thermoacoustic instabilities.
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