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Due to increasingly stringent emission regulatiaonis, important to develop clean

combustors. Combustion behavior is very complealimost all practical power plant
systems. Measurement of temperature, pressure,l loa, and chemical
composition inside the flame provides critical im@tion to develop cleaner
combustors. This would result in significant impeowvent in energy efficiency and
reduce the environmental impact. A high densityseemetwork system would assist
in understanding the various ongoing processesroaguwithin the combustors. This

dissertation is focused on how much additional nmiation can be gathered from

multiple sensors.

Four different time delay estimation methods (ustrgss correlation, phase
transform, generalized cross correlation with maxmikelihood estimation, and

average square difference function) were examinsthgutwo sensors. Phase



transform offered better results to calculate itheetdelay between a given pair of
microphones. This has the potential to determicallooise generation sources from
within flows and flames with the additional infortitm on local noise generation

source.

As a step towards the development of a sensoronkpwlifferent sensors were
examined. A micro-thermocouple, microphone and ophone probes were utilized
to enhance understanding of the flame with detailddrmation on the various
ongoing processes in a premixed swirl flame. Higbgliency temperature and
pressure measurements were used to identify tmm#ih@nd acoustic characteristics
of the flame and combustor. The local distributiarfsfluctuating pressure and
temperature were measured in different regiongnd around the flame. Pressure
fluctuation showed significant variation in diffetedirections for the combustive
case relative to non-combustive flow. Also a conygwar of the pressure and
temperature fluctuations revealed that maximum tgatpre fluctuations occur
mostly near to the visible flame boundary while maxm pressure fluctuation occur

further away from the flame.

Acoustic data from the premixed swirl combustorvgdo variation in fuel to air
ratio changes the spatial distribution of noisenaasured by different sensors placed
around the combustor. A comparison of differentsses showed that a single sensor

does not capture all the information with changefuel to air ratio.
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Chapter 1: Introduction

1.1 Background and motivations

Due to increasingly stringent emission regulatitms gas turbine industry faces
challenges to develop cleaner combustors. Thigdmsdted in fundamental redesign
of combustion systems used on gas turbines [1]leTAld shows some of the limits
for NOx and CO that apply worldwide for stationaggs turbines [2]. The next
generation of combustors needs to be significanilyre efficient with reduced
pollutants emission, especially carbon emissionsirgle sensor from a process or
combustor provides limited information. Having thest performance of the gas
turbine combustor at operating point and adjustivgequivalence ratio of fuel and
gas mixture is not simple. Control system operdtes combustor via partial
information regarding the actual flame propertiesl @stimated air mass flux. This
method seems effective but it suffers from the pidé variations of engine
properties. For example natural gas companies gupels from different sources, so
that the system has to adapt to these changesnsingeany change in combustion

parameters.

In next generation of combustors, it is requiredrneasure local flow, pressure,
thermal signatures and chemical composition as a®ltheir interactions to have
optimum performance of the system. Exact knowledfy¢he equivalence ratio is
necessary to combat undesired changes in air mejstuel quality, and power

consumption. These changes might be responsiblehfmmge in pollutants emission.



Small changes in the operating conditions in flamest be monitored for efficient

combustor operation.

Country NOXx (at 15%02) CO (at 15% 02) Rate Powe
Italy 29 vppm 48 vppm > 50 MWth
France 40 vppm 80 vppm > 50 MWth
England 28 vppm 80 vppm > 50 MWth
USA (California) 9 vppm Not stated Not stated

Table 1.1.Emission limit for gas turbines.

Sensors can be placed at a variety of locatioke skensing the flow parameters or
velocity upstream, inside the combustor to seefldrae, or further downstream to
analyze the flue gases. Optical techniques aremtamsive but need windows, which
can be difficult to accommodate and maintain. lis tegard both thermocouple and

microphone probe can withstand harsh environments.

In the future, it is anticipated that using a largenber of sensors (homogeneous
and heterogeneous) can help provide detailed irdbom on various ongoing
processes within the system and improve the syp@mormance.As the emissions
associated with combustors become important,imerative that one must embark
to develop functional values (output property afirat or a plant) that may feature

cleaner-burning in future smart combustors.



In the actively controlled combustors one woulde \®nsor networks and
advanced diagnostic techniques to accurately,bigliand inexpensively detect local
flow, thermal and chemical conditions within themdmustor to obtain information
about the integrated global performance of the astdy. Dense network of sensors
around the combustor can improve the system pedioce Figure 1.1 shows current

gas turbine engine and its combustor.

Figure 1.1.A modern gas turbine engine with its combustor.

Combustion behavior is very complex in almost adlgbical power plant systems;
temperature and pressure information are amongstfundamental information
desired. Much reduction of NOx emissions has be&#mesed by premixed fuel-lean
combustion by reducing the flame temperature f2vd measure the temperature of
the flame and provide suitable conditions at eacid, it is possible to reduce NOx
emission which depends exponentially on temperal8}e This will significantly

improve reduce the environmental impact and al$@ece the energy efficiency.

The noise generated in the flame shows the coupetyveen pressure and

temperature fluctuations in flames [4]. The noiseiteed from a burner is largely



determined by the interaction between the energyesion mechanism of the flame
and the combined acoustic and aerodynamic chaigtaterof the system [5]. Finding
the sources of noise associated with flame to obnts effect on the flame

characteristics and combustion phenomenon as avidohportant.

The measuring parameters of the flame are diffelmd each diagnostic
technique differs relative to time, spatial reslnf and their accuracy. One of the
consequences of pressure fluctuation is a condilieracrease of corrosion of the
walls in combustor or boilers in power plants [Bhe understanding of concentration

of pressure fluctuations near the wall can be tses$timate to wall corrosion rate.

Each individual sensor contains more informationewhused solely or in
conjunction with other sensors; however one musk smeans for additional
information that can be gathered from multiple sesis Hypothesis should be
established, that signal of the sensor containsenmdormation and one ought to
correctly analyze. These can be from fast Fouriansfer and cross correlation
analysis of the time series. These methods caxtieading to examine power plants,

and combustors using large array of homogeneou$etetlogeneous sensors.

A method is successful if it provides us with meahil parameters that help to
control the flame. The results of data modelingehfailed to adequately capture the
underlying correlation and although usually therapph is promising; its successful
application in practice requires a considerable amh®f resources with respect to

system setup and calibration, testing and validdfrg.



The effect of different geometry of these homogerseand heterogeneous sensors
should be examined. Also the effects of increasedhber of sensors for more
information need to be tested. Different geomshguld be investigated by changing
number of sensors. The effect of increase in nurabsensors for extra information
that can be obtained from a system should be examiBxperiments need to be
carried out to support numerical simulation resufigally, increasing the number of

sensors should be tested.

1.2 Sensors for flame monitoring

A reliable monitoring or sensor tool for most inttied burner is necessary for
cleaner environment. It is imperative that embaekealoping functional value for
clean-burning smart combustors. In this regard, dptimizing of burner setting is
necessary to reach this goal. Sensors are esstatiabntrol to show the state of

burning process.

Conventional sensors usually measure global vasabluch as flue gas or the
product of the combustion such as NOx, CO or O2tliese sensors provide limited
information about inside the combustor, burner,flame, see figure 1.2. New
diagnostic techniques and sensors would be negessgive us more information on
the flame itself. This requires the collection nformation directly from the flame.
This can provide fast and detailed information be warious ongoing processes

within the system.

This will provide optimized combustor operationpmitor the process and finally

control or reduce the instabilities and its conseqes on the equipment. A large



numbers of diagnostic techniques are availablehtracterize the flame, see figure

1.3.

Sensorq

6
a8
] |

Controller

e m—
Actuator TAIr

Figure 1.2.Conventional sensor locations and its controlesyst

These techniques should provide a good desaniptio flame or combustor
process in general and give detailed informatiorthenvarious continuing processes
within the flame or combustor. Figure 1.4 shows kgt generation of combustors.
Various physical factors within the combustor canelxamined using heterogeneous

Sensors.

Flame diagnostic in one area can be used in otkasaThe goal in this section is
to study and review different current available Inoels for general flame diagnostics
using homogeneous and heterogeneous sensors. klcr@pprobes, microphone
arrays and thermocouples and techniques relatddtise sensors, which have been

used in this research are considered in more deatadection 2.
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Figure 1.4. Next generation of combustorssy(

1.3 The issues of sensors and flame

Velocity in the practical flames usually is highoeigh that the flow is turbulent at
the burner outlet. Instantaneous values the veglod¢emperature, pressure and

composition of parameter of a turbulent flame ast aonstant in time and fluctuate



around the mean values. Also, the flame is not lyganeous and sensors at each
point will give different values, therefore monmoy several points should be
considered for correct information from a flametdrathis information can be used
for more valuable process control. The informatcan also be used in model

validation and model development.

Data modeling is required to adequately captureutigerlying correlation and to
find correlation between sensors. Successful fancin practice needs significant
amount of resources with respect to system setup aatibration, testing and
validation. Using multiple sensors is new in haeshvironments. Cheap energy
available previously prevented precious improvemerthis field. There are several
issues for using multiple sensors for diagnosimgné. Some of the issues can be

summarized as follows:

o Can temperature and pressure measurements inatine fdentify a distinct
signature of a practical flame?

o Can multiple sensors provide improved informatimnf combustors?

o How many sensors are adequate to describe a defmatbustor local and

global behavior?

1.3.1 Flame diagnostic with light emission

1.3.1.1 Laser absorption emissions
Different species have different absorption spewsfrand this property is used to
determine the gas composition. Absorption spectqmgds a technique for measuring

gas composition based on a decrease in intensignwh beam with a certain



wavelength passes through a gas. Based on thebabseavelength it is possible to
specify chemical species. Tunable diode lasers umex for used for abortion
measurements in high temperature gasses [8]. Sarieswn sensors for combustion
show that diode laser sensor is suitable for fladymamics and instability
measurement in the flame [9]. Time multiplicity advage and wavelength tuning is

used to achieve simultaneous measurement of ditfepecies.

1.3.1.2 Multiple emission (sensors)

Light emission can be used as a flame signaturgvolks based on relation
between the energy emitted at certain band and fedehse rate which has a
relationship with fuel air ratio in the burner. Ookthe challenges in this regard is
selecting a correct signal / data, which is use@ asliable and meaningful signal/
data. One of the recent works had been done ballingt optical fiber probes inside
the burner to see different parts of the flame.sTwork showed the possibility of
application of optical fiber monitoring system foombustion process to reduce the

amount of NOx produced and emitted [6, 10].

1.3.2 Imaging technique (CCD camera)

Flames produce visible light as well as IR and ht. Flame by charge-couple
device (CCD) camera has been used for flame didigsosn many modern
incinerators and power plants. CCD camera can bd wsth different narrow band
filters to show different illumination from the fiee. Thus by analyzing the emission
spectra, it is possible to identify different s@ecin the flame. With this diagnostic

technique it is possible to specify the amount oérgy emitted from the flame,



because emitted power at each wavelength hastenslaip with temperature. So the
temperature can be estimated from the detectedtraalisignals. Chemiluminescence
can show heat release patterns that can be dohentgnsified CCD camera. High
frequency Chemiluminescence imaging techniguesesl to locate the sound sources
from within a flame. High frequency Chemiluminescenis costly and requires
rigorous data processing for the localization afustic sources within a flame. CCD
camera integrated with band pass filters at sealegtavelength can be used to
estimate chemiluminescent emissions due to CH,@2CGH from blue, green bands

and UV signals, respectively.

1.3.3 Microphone and microphone probe

Localized heat released fluctuations cause a suédpansion of fluid which
causes pressure fluctuations and sound. Turbulesnases pressure fluctuations and
unsteady heat release, which can cause pressuatedfion and noise. Therefore the
noise radiated by a flame has close relationship wnsteady heat release rate. Heat
release fluctuations generated by non turbulent flzstabilities, vortex shedding or
PVC are reported [11]. In a combustor the noisetspm is strongly influenced by
the combustion chamber [12], so here first the #awithout combustion will be
considered. Pressure fluctuations can be caus&astapility, so it is possible to use
microphone or microphone probe as a sensor to proaity instability in a flame

[13].

Pressure and radiation sensors were used to cdlieit information from the
flame. Flame was used and pressure fluctuatione weeasured with a set of

microphones. With an experimental program a ratatigp between output of sensors

10



and NOx emissions was found. Many tests with twearaphones, one inside the
burner and other located at the combustor wallevdeme. Artificial neural network
were used to predict NOx emissions to find out lati@ship between output of

sensors and NOx emissions [13, 14].

A measurement with change in the flow characterigfte turbulent intensity and
mean flow and equivalence ratio has been done [L&]nsfer function between
approach flow velocity fluctuations and heat re¢efiactuation and radiant acoustic
pressure were presented. This study shows turbplemixed combustion processes

are unsteady and cause acoustic radiation.

1.4. Thermocouple, microphone probes, and micromnes to

examine a premixed Swirl Flame

In combustion systems, the minimization of the e@esurces, namely noise from
the turbulent flow, combustion noise and noise edusy periodic instabilities and
fluctuations of the ignition zone is required. Svigr often used in flames to provide
the source of high ignition energy, wider stabibtyd operational ranges. Frequently,
the complex interplay between local flow, pressurkemical composition, and
temperature within these high performance combsstoeans that they must be
carefully monitored in order to maintain favorabt®embustion condition. The
complex coupling between fluctuating temperatures gressure within the turbulent
flame affects the localization of acoustic soureethin the flame, which in turn
affects the flame characteristics and combustiorenpmenon as a whole.

Understanding the coupling mechanisms between acowaves and flames have
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become an important issue in the development ofbcstion systems. The use of
homogeneous and heterogeneous sensors can redaeeand avoid the structural
damage that often emanates from such an interatigoroduce thermo-acoustic
instabilities. Currently comprehensive informatisnnot known about the coupling
between fluctuating temperatures and acousticsitansburces. The complexity of
such an interaction is higher for turbulent flantiesn for laminar flames due to the
large variety of fluid dynamic and thermo-chemisadles involved both in space and

time.

Swirl is used in practically all types of combuostisystems, including gas turbine
combustion, furnaces and boilers. In combustiortesys, the favorable effect of
imparting swirl to combustion air and/or fuel haseh extensively used for flame
stabilization, high heat release per unit volunral elean efficient combustion [16].
Premixed combustion is susceptible to inherenttesdy high acoustic pressure and
temperature fluctuations [17]. Swirl flows andnflas can generate periodic flow
instabilities, which lead to an increase in noiseission and problems of flame
stability [18]. Instabilities in swirl flames haveeen investigated by a number of
investigators and reveal the importance of cohesémictures in the forward flow
surrounding the inner recirculation zone [18]. Tdastence and the influence of
coherent structures on noise emission from thedldand thus of the combustion
system) requires further physical understandingninimize combustion noise in
stationary industrial gas turbine engine applicaioSwirl flames can result in high

noise levels, in particular under high intensitydiions.
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The extent of thermal non-uniformity in premixddnes is poorly characterized
but can be expected to depend upon the combustdigaation, the degree and
distribution of swirl in the combustor, and othepuit and operational parameters of
the combustor [16]. The thermal field non-uniforyndan influence the combustion

efficiency as well as emission levels, including N[Q9].

Different combustion characteristics have beemdoby changing the radial
distribution of swirl in a burner [20]. Marshall diGupta [21] determined the thermal
characteristics of different premixed flames perfed through various combinations
of swirl and axial inlet momentum distributionsandouble concentric swirl burner.
Fluctuating temperature measurements were obtdoreseveral different flames at
various spatial locations in the flames. By maimitag a constant equivalence ratio, a
comparison of the dimensions and distribution ehgeratures for different flames
was achieved. These results provided informationthen important role of radial

distribution of swirl and jet axial momentum on flenme thermal characteristics.

The goal here is to implement homogeneous (sanpe t9f sensors),
heterogeneous (different type of sensor) sensatersyto investigate the thermal and
acoustic behavior of premixed swirl flames. Sucketwgeneous sensor arrays can
provide detailed information on the thermal andustic characteristics of a premixed
swirl flame. In future, smart combustors are expecto possess an array of
homogeneous and heterogeneous sensors for combumsbaitoring and control.
However, implementation of such arrays in an oediway is still an area of active
research. Three different types of sensors have bged in the present investigation:

condenser microphones, microphone probe and a nhemnocouple. Here, some
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initial steps have been undertaken towards the aion@ohtal understanding for the
development of a homogeneous sensor arrays (eightophones and three
microphone probes) and heterogeneous sensor net{ambination of eight
microphones, three microphone probes and a themumpbepfor detailed combustion
monitoring. A swirl stabilized premixed flame burnigas been used in the present
investigation. The effect of mean and fluctuatirgmperature and temperature
distribution on the distribution of acoustic sowcwithin the flame has been
examined. The measurement of high frequency terperaignal allowed one to
determine characteristic mean and fluctuating teatpees and thermal stratification
characteristics within the flame. The measuremédninicrophone probes allowed
determination of fluctuating components of soundspure level at various spatial
locations within the flame. Experimental data préed here provided improved

insights on the thermal and acoustic behavior sWial stabilized premixed flame.

1.5 Objectives and approach

The main purpose of this dissertation is: examieerble of increased number
of low cost sensors in combustors to provide imptbunderstanding of the flow,
reactions and flame using homogeneous and hetezogsrsensors. Each individual
sensor contains more information when used solonocombination with other
sensors; how much additional information can béeyad from multiple sensors is
the focus here. Hypothesis should be establishet, reveals that signal from a
sensor contains more information and that this kshbe analyzed in depth. It is
expected that such understanding will help devéigp performance sensor network

for use in advanced power plants.
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The following approach will be addressed here.

1- Find out which correlation methods will give bettesult.

2- Use of thermocouple, microphone probes and micnopharray to

examine the noise source in a flow and swirl flame.

3- Use microphone arrangements to examine the acaigtiatures between

sensors, with change in amounts of fuel in a cotaous

In first set of experiments, different correlatiorethods examined. Time delay
estimation may be affected by some practical diffies, such as, background
acoustic noise, reflection, and other kind of na@seociated in the system. The level
of signal-to-noise ratio (SNR) affects the preaisad these methods. Signal-to-noise
ratio is a measure used in science that compageds\bl of desired signal to the level
of background noise. It is defined as the ratielettrical signal power to the noise
power. Some methods offer better results for Hmesconditions. To find out which
correlation methods between sensors will give bestsult, four different times delay
estimation methods are examined here using MATLABese were: Cross
correlation (CC), generalized cross correlatiorhwahase transform (GCC-PHAT),
generalized cross correlation with maximum-likebdo estimation (MLE) and
average square difference function (ASDF).

In the second set of experiments, a micro-tlheouple, microphones and
microphone probes were employed to provide detaidarmation on the various
ongoing processes in a premixed swirl flame. Higkqdiency pressure and
temperature measurement were used in conjunctitmflame imaging technigues to

identify the thermal and acoustic characteristithef flame. The local distributions of
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fluctuating pressure and temperature were measuratifferent regions, in and

around the flame. The noise generation sources ineestigated using microphone
probes in conjunction with an array of microphon&emperature and pressure
fluctuations were studied in detail at the boundang immediately outside of the

visible flame.

Finally, It is expected that measurements of theusiic signatures between
sensors, can be characterized the flow physicamiitie combustor. Tests were made
at constant air and the amounts of fuel flow varikdletailed acoustic analysis was

done for a premixed swirl combustor with a micropb@rrangement.
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Chapter 2: Theory, apparatus and instrumentation

2.1. Experimental set-up

Swirl is used in almost all types of practical damtion system, including gas
turbine combustion. In combustion systems, theceth swirl to combustion air and
fuel has been used for flame stabilization, higathielease and efficient combustion.
Figure 2.1 shows a schematic of the 6.12 kW predthswirl test combustor and the
test facility used here. The flame is stabilizedaonenter body and the combustion
occurs at atmospheric pressure. The fuel inlet dianmof the premixed combustor is
20mm and the combustor chamber is a 210 mm longzjtudbe with a 60mm inside
diameter. A laboratory-scale test combustor wasl ukat incorporated a premixed

swirl burner.

Combustion air was supplied at ambient temperdtora the compressor and the
flow rate monitored using a mass flow controlled aagulator. High purity methane
gas was metered by a mass flow meter and mixedaaitht a location upstream of
the combustor. The air and fuel mass flow rate veargrolled by flow controllers.
The regulator and controller could maintain thevfim be within +1.5/-0.5 percent of

the full value.

The premixed condition was achieved by injectingel futhrough five
circumferentially distributed holes at 100 mm dmst@ upstream from the combustor
inlet. The flame was stabilized using 45° vane &wiin the flow path, having six

swirl vanes.
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Figure 2.1. (a) Schematic diagram of the premixed swirl comtnugb) Photograph

of the test facility.
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2.2. Data acquisition set-up

Figure 2.2 shows the data acquisition setup. Datagged simultaneously from
all microphones and thermocouples. Hi-speed Naltiomstrument-USB data
acquisition hardware was used along with data adgpn software with the ability to
record 16 simultaneous inputs (4 for thermocouplé 52 for pressure signals from

microphones).

Upto 8 Thermotouples
MITIAR S0n0 areund the flame ¢ensidered
Pikiiadiid i Matenal P 2%Rh-pt
Soamalna it (12 ke 10 LS AR Yoo ownETE
Sanatag inputs (1241t 10LE/3) Disineler 25-50 1icrons .
Zanalog outpute (12-bit, 150 ™, Up to Scondenser microphones
Sie), 12 digtal 10 3 \ around the fiam & ¢onsidered
\“ with and without the probe
}\ Frequency range 20Hz-20 £z
W Dirgction : Omni d rection ai
Ay Sensivity 35 dB £ 4 dB
l\\. —
e .
Zhacois

MI9215
£ simultan eously sampled inputs, 10CkSsichannel
16-hitresalution

+10'V Analog Input Madule iont ?BSSF::JW
i ! ontroller

Ai-from compressar

Mass Flow Matural Cas
Controller

_ 0 I NIeDAQ-BTS

NIUSB-8233

Za-pitresolation ADCSwith 102 dB dynaric ran e

4 gimLItanecusly sampled analognputs atupto 20 kSisfchanr el
Fi-speed LSE caa transferandUS3 bus-oowered

Computerwith
Lab View

Figure 2.2. Test setup and facility in University of Marylar@ombustion Lab.
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The 50k sampling frequency per second for each reldlamade it possible to
acquire data at high frequency so that one coutduca any instability in the flow

and flame.

2.3. Thermocouple

High-frequency temperature measurements wbtaireed using 50um wire
diameter R-type (Pt/Pt-13 percent Rh) micro themopte probe. Thermocouple
junction was suspended between two 1.5 mm dianoetemic supports. The wire
diameter was small enough not to cause any significnterference on the flame
structure while maintaining structural rigidity thfe thermocouple. The thermocouple
probe was traversed at different spatial locationghe flame using a 2-D (X-Y

direction) traversing mechanism.

At every probe location in the flame, the sigof the thermocouple was
amplified and sampled at 10 kHz for a total of 800, samples (or a total sampling
time of 30 s). The response time frequency for dlermocouple without
compensation was about 35 Hz. Such high samplieguéncy was required to be
able to average over the low and high frequendyulence and some local instability
in the flame. The high frequency sampling ratesiensne to have enough resolution
of the any turbulence time scales presented irfladmee. According to the work of

Hinze [22], turbulent flow can occur in open andsad flames at frequencies as high
as 5 kHz. Therefore, with a sampling frequency @fkHz (f,, = 5 kHz), it was

possible to capture and temperature variation (lerii occurrence). It was founded

that frequency greater than about 5 kHz contaigsenorhis can be from in the data
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acquisition card and electronics used in the teatpeg measurement circuits. The
sampling time of 30 s allowed for averaging ovew lto moderate temperature
fluctuations measurements. It gave a good reprasentof the thermal field. Large

temperature fluctuations were found at all locationthe flame.

The thermal inertia of the thermocouple istforder damping of the frequency
response of the bead, so that compensation isreeqto consider for temperature.
The time constant of the thermocouple should beispé. This time constant is a
function of local conditions; the heat transfer féiogent, local velocity, temperature,
turbulent flow, and the local Reynolds number ofen23, 24]. Average values for
the time constant at each point have been used2@p, The large velocity and
temporal changes of temperature show that the nsgpof the thermocouple is non-
linear. So it is required to perform compensatiomsdd on the velocity and
temperature at each point in the flame [27]. Heompensation technique in swirling
flames has been used [28]. The temperature comgg@ms$achnique has been used to

correct for this effect in thermocouple bead size.

The condition and the response limitation of thertocouple depend on energy
balance on the bead of the thermocouple. Heat faanakes place between the
thermocouple bead and the environment. Three tygeeat transfer present in this
balance are radiation, conduction and convectitre fieat transfer by conduction is
small relative to convection and radiation [29].dgn the assumption that the heat

loss of the thermocouple bead is insignificantehergy balance can be written as:

Js: =4 - Q. (21)
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where, q,, 0,, g, are heat storage in the bead, radiation, and ctioveheat
transfer respectively, see figure 2.3.

Yy 4
'—T'{-. o =
Y

L

R~= A

{

(

Figure 2.3.Energy balance for the thermocouple bead.

The convection heat transfer in the above equatonbe written by:

d. =h*A*(T,-T,) (22)
where, h, is the convective heat transfer coefficief the flow over the

thermocouple junctionA, is considered for area of thermocouple junctidp,is the

gas temperature within the flame, aifigl is considered for measured thermocouple

junction or bead temperature,. The radiation traaisfer is defined as:

qr = A\) * S * e* (Tb4 - Tstr) (23)

where, sis Stephan Boltzmann constang is emissivity, and T

sriS the
temperature of the test section. And finally thatrstorage in the thermocouple bead
is given by:

- * *dTb
qst _rnb Cp T

. (24)
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where, m, is the mass of the thermocouple junctieyjs the specific heat of the

thermocouple junction, and t is the time. The resgotime limitations of the probe
become apparent after performing an energy balancthe measuring junction or
bead of the thermocouple. Convection, radiation thedmal storage are balanced in
this system. As it was mentioned conduction losdethe thermocouple probe are

assumed to be small. After manipulation, the endrghance can be expressed as

[28]:
T, =T, +¢.(T U)ﬂ+ (T, - Ta) (25)
g b T g’ dt g b sur y
m,C
ty=—=2 (26)
hA,
_ 3est ;
I,Cply 2.7)

where, ¢ ; is the characteristic response time or time comnsththe probe, ang
is the ratio of radiative effects to convectiveeets. The response time of the probe is
governed by the thermocouple probe properties &w properties. The radiation
factor,g is also determined by the thermocouple junctioopprties and the flow
properties wheref is the emissivity, ané is the Stefan-Boltzmann constant. It is
apparent from Equation (2.5) that the gas tempegatuthe flame differs from the
measured thermocouple bead temperature by tharigienertia’ and radiative loss

offsets.
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These offsets are increased by slow response tmdehgh bead temperatures.
From the measured valueszof the gas temperature (compensated) is calculated

from the uncompensated temperature data from Equé®.5) above. A circuit was
designed to switch between heating and coolingesyébr characterization of the
probe’s response to temperature changes at ang fpeation in the flame [30]. The
DC heating current was applied to thermocouplehtesting the thermocouple. The
voltage was about 10 V. When the heating currerst tnened off (the thermocouple
started to cool off) the input from the thermocau@nd data acquisition was
activated to collect the data from the thermocouplégput that indicated the
temperature decay at the local prevailing cond#iofhe circuit’s short switching
time assists in improving the accuracy of this mdthThe digital compensated
thermocouple measurement technique described alsowe feasible method for
extracting detailed turbulent information from swilames. Before compensation, a
limit on the maximum frequency was applied to thw temperature data [30]. The
cutoff frequency of the probe was selected as 14@0 While, the response
frequency for the thermocouple without compensatiwas about 34 Hz, the
compensation extended the effective response timtheo thermocouple probe to
increase by a factor of more than 40. The respdime of the thermocouple
increased with compensation (up to 1.4 kHz aftenmensating for the probe thermal
inertia) to allow improved resolution of the turbat mixing process which governs
these flames. Earlier studies have also shownrésepce of temperature fluctuations

in swirling flames [20, 21]. Even with the smattsithermocouples used it is required
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to resolve the flame thermal behavior at high fesgues by corrections made to

thermal inertia of the thermocouple.

To extend the frequency response of thermocoupteshigh frequencies,
compensation to the thermocouple output must beedaout. In this regard it was
required to specify the time constant that depemdsemperature and velocity for a
given thermocouple. The time constant is a functiblocal temperature and velocity
in the flame, so that it varies at various spalimations in the flame. The time
constant was measured at different spatial locationthe flame by electrically
heating the wire to some higher temperature anordéty the temperature decay as a
function of time in the computer program. This e was repeated up to 30 times at
each position of the flame. Then the resulting terajure decay curves were

averaged to obtain a smooth decay curve. This accoukel be categorized as:

t

T(t)=T,+DT*ef (2.8)

where, DT =T, - T,, andT, is measured initial temperature ahg, is measured

final
final temperature. A time constan{ was defined as the value at which the overheat
temperature T has decreased by a factor 1/e, figure 2.4. fiimis constant was used
to compensate the thermocouple output for detengirthe true high frequency
fluctuations. The effect of the radiation was atsmsidered in the compensation,

equation 2.5.
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Figure 2.4.Characteristic temperature decay curve.

In our case, effective response time lod thermocouple probe was
improved by a factor of 40 via the digital compditsa technique. Temperature
measurements were taken only on one half planghendesults were mirrored for the
other half assuming flame symmetry. In order toaobtdetailed information,
temperature measurements were taken for a grido$iz@ 30 (300 data points) with
10 radial locations and 30 vertical locations d&42mm (0.1 inch) intervals. The
value of time constants was measured at 60 loctiothe flame. The time constant
was then obtained at every measurement locationeaty other measurement
location) within the flame by interpolating the dafhe hardware used for the mean
and fluctuating temperature measurements is disdusisewhere in sufficient detalil

[28].

2.4. Microphone probe

Several probe microphones were assembled and oseudatuate the pressure

signals in a still and air jet environments. Prdisgnostics showing good promise to
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seek additional information were then selectediridral calibration and subsequent
additional insights on the sound pressure levedtdlations from within the flame.
Three microphone probes that had same size anshthe performance were used to
measure pressure fluctuation levels at each spkwation from within the flame.
The inside diameter of the water cooled probe usad 2 mm and the tip hole
diameter was 1 mm in order to damp resonanceraptbve the frequency response
from this probe. The microphone was placed at gaudice of 120 mm from the
entrance of the probe. The excited fluctuating sues propagated down the probe
and the signal measured at the microphone. Naiethie pressure wave should not
reflect and that the reflected wave should be waaknegligible. The results showed
that the small condenser microphone used here eafigible pressure wave

reflection effects using water cooled probe.

In turbulent flow region the instantaneous veloditglude a mean value and
fluctuating component of the velocity. Microphonese used to capture the
fluctuating component of the dynamic pressure araayic pressure fluctuation. A
condenser microphone is chosen as the transductéot fluctuating pressure. It is
possible to measure the pressure fluctuations thighmicrophone probe. There is a
relationship between the steady and fluctuatingprmments of the pressure, velocity
and density. Dynamic pressure is the differencevéen stagnation pressure and
static pressure, and since it has a relation witletic energy of a fluid particle

through the density, it can be written as:

P+P,- 05" (r+r7) (U+uf=0 (210)
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where, P is mean of dynamic pressuPel, is dynamic pressure fluctuatiorf, mean

density of the gas/ density fluctuation, U mean velocity, and u velpditictuation.
Considering a low turbulent intensity, and an iswiy turbulent flow, the dynamic

pressure fluctuation can be given [31]:

05 2
Pj) -p2 U“ (211)

For flows where the turbulence intensity is toohhamn empirical fit can be used to
correct Eq. 2.11. [32] This equation shows that tbhet-mean-square of the
fluctuating pressure is proportional to the rootamsquare of the velocity
fluctuation. Equation 2.11 shows that pressuretdiaiton is proportional to velocity
fluctuation. Hence the measured pressure fluctnati@ave directionality with respect
to the reference frame of the burner. Equation hdd4 been derived for isodensity
turbulent flow which is not for the flame zone whethe velocity and density
fluctuations can occur at the same time. Howeverophone probes are still
expected to give good information on velocity fluetion or density fluctuations in

flame zone.

Microphone probes have been used to measure thedmtribution of turbulent
intensity in the flame [32, 33]. Measurements oé tistribution of the pressure
fluctuations were made here and turbulent intengég not considered. The pressure
fluctuation data provided information on the spatistribution of noise sources in

the flames. Dynamic pressure fluctuations have loeee in three different directions
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(homogeneous sensors) and pressure and temperfiteation have been
performed simultaneously (heterogeneous sensabtan a better understanding of

application of these kind of sensors and soundrgéipa in the flame.

In order for a microphone probe to be effective, tisonant qualities of the probe
must be characterized. The probes used in the iexpets with a condenser
microphone were characterized and the performaheeacteristics examined. The
calibration consisted of a measurement of the a#téon of pressure wave between

the open end of the probe and the microphone (zgater 4).

2.5. Microphone array

The sound pressure levels were measured using ey af condenser
microphones at various axial positions above th# pbane of the burner. The
microphones were housed in an array tower. Theapiones were placed around
the burner at a radial distance of 3.5 inches fritv@ burner central axis. The
microphone was 6mm in diameter and 3.4mm long lgpaimominal sensitivity of -
35 dB +/- 4dB. The sound pressure levels (as angdifrequency spectra) were
measured up to 25,000 Hz. Signal was measuredeaodded using high-speed data
acquisition cards. The data were acquired simuttasig using eight microphones.
The samples were acquired at a sampling rate {8 for total time duration of

300 seconds. Data acquisition and analysis weredasut using Lab View software.

Figure 2.5.a shows the UMD swirl combustor in ofiera and condenser
microphones used for acoustic data. Angular arnawege: of the microphones around

the premixed swirl combustor is shown in Figure .l2.51t shows the tower

29



constructed for housing the microphone array arahedpremixed swirl combustor.
Microphones were attached to the towers at vat@ights of the combustor at 1 inch
intervals starting from the combustor exit to a detveam position of eight inches
downstream from the combustor exit. Spacing at lemahtervals did not yield

statistically significant variations.

(a) (b)

Figure 2.5. (a) Top: Tower for housing the microphone arrayuad the premixed
swirl combustor and Bottom: condenser microphone #s physical size as
compared to one penny, (b) Angular arrangement iofaphone array around the

premixed swirl flame.
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Chapter 3: Cross-correlation methods

To examine the correlations between sensors, itieedelay of arrival of the signal
was obtained from the measured time delays between microphones.Most
practical acoustic signal processing schemes aedban time difference of arrival
estimation (TDOA). The time delay estimation tecju@s present various good
improvements for acoustic source localization t88][ Time delay estimation (TDE)
between signals received at two microphones depends/pe of the signal and
especially gets degraded by the signal-to-nois® ratich is one of the main
parameter for signal processing.

Time delay estimation may be affected by backgroacaolustic noise, reflection,
and other kind of noise associated in the systeranifferent microphones from the
same company could give different output signatgtie same input signal. The time
delay can be estimated under various SNR levels. |&btel of signal-to-noise ratio
(SNR) is a logarithmic function as a ratio of poveggnals, affects the precision of
these different methods.

Several methods were tested with different mainramide sources. It is found out
that some of correlation methods offer better tediolr the same signal to noise ratio
conditions while other methods do not. To find adtich method will give better
correlation result for our condition (combustionis®), four different time delay
estimation methods are examined here using MATLA& @M. These estimation
methods were: cross correlation (CC), generalizezbsc correlation with phase

transform (GCC-PHAT) [33, 34], generalized crossr@&ation with maximum-
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likelihood estimation (MLE) and average squareeatéhce function (ASDHB5, 36,
52].

In acoustic source location by means of microphamay requires accurate time
delay estimation to achieve a desired degree daigoa. It is connected to the high
speed of sound pressure transmission when condidaereconnection with the
distance between microphones placed in a givenespaAeighting functions have
been used to improve the performance of TDOA. Thass correlation (CC)
algorithm with selecting the correlated expectationction correlates the recorded
signals and considers the time delay value thainma&s the value of the correlation
function.

Techniques such as CC, GCC-PHAT, MLE and ASDF nusheere used for
TDOA estimation. A Comparison of location estimagowith different methods is
presented [38]. These methods can give excellsnttgeif the source is selected as a
white noise (with a flat power spectral densityhieTshape of the correlation function,
the source signal and type of noises modifies thepes of the cross correlation
function. Average square difference function (ASD¥Hust subtract the values based
on the minimum difference between signals fromrtherophones and the time delay
estimation.

The GCC-PHAT and MLE methods are based on maximizi@rtain expected
function. ASDF algorithms have been used to compghee cross correlation of
microphone signals with the signal from reference&rophone. The numerical
simulations were carried out in Matlab program &nbrable algorithms identified.

The numerical simulation results obtained from thare compared in terms of
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precision. The experiments were carried out in rgelaopen room to reduce the
reverberation effects. Two microphones, separated dixed distance (d), were
employed to estimate the time delay between thedignals. In each case a single
sound source was employed to generate the sounddiffiedent algorithm was

employed to estimate the time delay between agfamicrophones to examine the

precision of each method.

3.1. Methodology

To find out which correlation method will give battresults acoustic source
localization technique has been used to deterntiee positional location of an
acoustic source relative to some defined referdrasee. Acoustic source present in
the near field to a combustor can be localized wigfa on the time difference of
arrivals measured using a pair of microphones amulvk speed of sound in the
medium containing the acoustic source.

Most practical acoustic noise source localizati@mesnes are based on time
difference of arrival estimation due to their copiceal simplicity, reasonably
effective in moderately background noise and remenht environments. Time delay
estimation is used to localize the targets dependimthe sound [33].

The signal received at 2 microphones separated bpeaified distance can be

modeled by:

r(t) = s(t) +ny(t),

() =a,s(t- £)+n,(0), OELET B
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where, r,(t) and r,(t) are the outputs signals of two separated microphasft) is
the source signaln, (t) is the additive noise to the first microphone amdt) is the
additive noises to the second microphore, represents the relative signal

attenuation,T denotes the observation interval, ahdyields the time delay between

the two received signals.

3.1.1. Correlation methods

Time difference of arrivals was measured with a paimicrophones. Selected
algorithms were considered that were used to esitha time delay. These methods
estimate the time delay between two signals thatesain their precision and
complexity. Four methods used here were crosslatioe (CC) method, generalized
cross correlation with phase transform (GCC-PHAT@thmod, generalized cross
correlation with maximume-likelihood estimation (MLEnethod, and average square
difference function (ASDF) method. In the followiray brief consideration about

these methods is presented.

3.1.1.1. CC method

Cross correlation method determines the degreéentohvihe signals are correlated
with other signal. Maximum value of evaluated fumctprovides the time delay
value of the cross correlation function. This meltlespecially is considered efficient
in a case where there is low reverberation or cgfla with high signal-to-noise ratio.

3.1.1.2. GCC-PHAT method

Generalized cross correlation with phase transforethod normalizes the cross

power spectrum of the signals to some constantevalilis method especially is
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efficient in a case where there is low reverberato reflection with high signal-to-
noise ratio. This method usually can provide védrgrp correlation peak. This method
works in frequency domain.

3.1.1.3. MLE method

Generalized cross correlation with maximum-likebdoestimation method (based
on expectation function) the time difference of\aris the value that maximizes the
likelihood function of the observed data. This neethworks in frequency domain
which is associated with the generalized crossetairon family with different
expectation function.

3.1.1.4. ASDF method

Average square difference function method justraabd two different signals. So
it can be derived from finding the position of sgpaf the minimum error received
from two signals. Similar other methods, it giveswgood estimation in the absence
of noise. ASDF method requires no multiplicationhieh probably is the most
considerable advantage of this method over the rothethods, but it took

considerable time for calculation.

3.2. Experimental setup

These investigations were carried out using botimarical simulation and
experimental methods. A pair of spatially separatécrophones and a single sound
source which was capable of generating diversestgbsound was used. The signals
received at the two microphones were processed) uswss correlation method to

estimate the time delay between them. The distaateeen the noise source and first
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microphone was 152 mm in a normal lab environmdifie microphones were
located in a straight line away from the sound sewnd were at a distance of 610
mm apart.

Broadband sound signals were used for the sounadesoData acquisition card
(equipped with anti-aliasing filters) was usethe samples were obtained at a
sampling rate of 50 KHz that allowed for simultane@cquisition of data from the 4
channels, using Lab View software. The signals ftbentwo microphones were then
processed in Matlab and time delay between thealgestimated using various

above defined algorithms.

3.3. Results and discussion

Acoustic noise source carry ambiguity in the TDQgireation. Beside noise, in
reverberation media multipath effects may arise pasperty of reflection on
surrounding walls. This may cause reflected soundes to reach the microphones
after the main direct signal. These reflectionsseadissimilarity between recorded
signals by microphones that increases with increasgistance. The dissimilarity
between signals causes TDOA estimation to becomeliable and imprecise [36,
39].

The distance between each pair of microphones tdmmonade large without
reducing the coherence between the signals thatdékay must be estimated. In our
case, performance of various TDE algorithms wemapared for different cases at
various levels of SNR and best method identifiede Thumerical simulation and

experimental results are presented below. In tlegand SNR mechanism is
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considered the undesirable noise in the form ofenssration, background,

mechanical, and any kind of the noise at the micooe output.

3.3.1. Simulation results

The four algorithms for time delay estimation hdeen simulated using Matlab
program. Firstly, the source signal is taken tavbée noise which is a random signal
with a flat power spectral density. In other wortleg white signal contains equal
power within a fixed bandwidth at any center frague White noise was recorded
with microphone from another white noise signale Ttumerical simulation carried
out by adding two simulated noise signaj$t) andn, (t) .

Secondly, the source signal taken from the combuisioise was recorded from
the premixed flame. The numerical simulation weseried out using the simulated

noisy signal, wherein the additive random signase® weren, (t) andn, (t) . Thirdly,
the combustion noise was used with two differenise® n,(t) andn,(t). These
noises were recorded with one microphone at twderdiht times from the
background noise in the lab environment. Fourtithe combustion noise was
superimposed on the previously recordadt)noise with one microphone (the
background noise in the lab). Finally, the comharstnoise was used with different
noises n,(t)andn,(t). These noises were recorded with two microphones
simultaneously from the background noise in the lab

The numerical simulations were carried out with @b@ata points in all cases.

The signal was then delayed by a time period ofn@s8to estimate the performance
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of all methods. The time delay estimation betwdmntivo signals was carried out by
the four methods described above.
3.3.1.1 TDE using various algorithms

Four methods have been simulated in Matlab. Thelude cross correlation,
generalized cross correlation with phase transfgengralized cross correlation with
maximume-likelihood estimation (MLE) and average agu difference function
methods. In order to simulate different signalshwibe noise signal, white and
combustor sound recorded. These signals are uskthtiab and have been used as
sound source signals. Two uncorrelated signal sowgke was used to evaluate the
performance of each method. One of the two sigwals delayed to show the time
that the signal needs to reach to the other miaophThe second signal delayed by
0.8 ms. The time delay estimated between the tgmmats by the four methods.

Figure 3.1 shows the cross correlation resultssésious TDE algorithms namely
CC, GCC-PHAT, MLE and ASDF methods. The x coorddndénotes the time delay
while y coordinate denotes the resultant crossetations. The y coordinate for
ASDF shows the error square of the two differerigaads. For evaluation, this test
was carried out using a combustor sound and tink@ydeas 0.8 ms. In order to
simulate the real situation, combustion sound feamturbulent premixed flame was
recorded by microphone and chosen as a sound ssigres.

All the four TDE methods gave the correct estidatene delay of 0.8
milliseconds for high SNR levels. Figure 3.1 shdts performance of the different

algorithms when noise was increased in the givgnasito noise ratio equal to -8.12.
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CC, GCC-PHAT and ASDF methods gave the correct takay while the MLE
method completely breaks down and were not abpeddict the time delay at all.
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Figure 3.1. Time delay estimation for combustion noise by masi algorithms
(SNR =-8.12)

The results show that the CC and GCC-PHAT and A&igfhods have a better
performance than MLE. CC, GCC-PHAT and ASDF workedy well in recorded

combustion noise.

3.3.1.2 Signal-to-noise ratio (SNR)
Figure 3.2 shows time delay estimation (TDE) foifedent SNR levels under
simulated white noise condition. The time delay watmated under various SNR

levels. Figures 3.3 and 3.4 show the results fat wmbustion noise case for
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different kind of noises. These figures show tath method gives correct answer
until some minimum value of SNR. When the time gedhowed 0.8 ms for the time
delay the method work good. While, any umber betowabove this correct time

delay show that the method failed.
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Figure 3.2. Time delay estimation accuracy for different SNRéls for white

noise (a). Zoomed view of the graphs (b).
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Figure 3.3. Time delay estimation accuracy for different SN&dls for real

combustion noise and simulates noises (a). Zooneyd of the graphs (b).
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(@)
(b)

Figure 3.4. Time delay estimation accuracy for different SN&dls for real
combustion noise and noises from two uncorrelatadenmicrophones (a). Zoomed

view of the graphs (b).

42



CC method has the smallest SNR for the white noése, while GCC-PHAT has
the smallest SNR in combustion noise case and tidedh simulated noise signal.
But, GCC-PATH has the smallest SNR in combustioisencondition and two added
signals recorded with two microphones. The phagarnmtion was used in GCC-
PHAT method. The results show that CC method pesvidetter performance for
white noise, while the GCC-PHAT method providestdreperformance for real
combustion noise.

Also figures 3.4 and 3.5 show the results of reahigustion noise for the case of
different kinds of noise signals. These figuresehbeen shown to demonstrate the
effect of noise signals on the SNR values. Eachhatkhas its own SNR value limit.
Above this value, the estimated time delay becoatesirate and it fails below the
SNR value limit. A comparison of the SNR valuesnirligure 3.2 to 3.4 with those
of figures 3.5 and 3.6 depicts higher SNR valuethenlater figures (see figures 3.5
and 3.6). This observation is due to the signatetation between the noise signals

which add up to the main signal source.
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Figure 3.5. Time delay estimation accuracy for different SN&dls for real

combustion noise and noise with addition of twoadpackground noises

Figure 3.6. Time delay estimation accuracy for different SN&dls for real
combustion noise with the additional of two backgrd noises recorded

simultaneously.
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Figures 3.5 and 3.6 show that GCC-PHAT has thelsestabNR in combustion
noise condition. This reveals that GCC-PHAT metlpodvides better performance

for real combustion noise.

Figures 3.2, 3.3 and 3.4 show that the values oR St¢re smaller than that

observed in practical values. The correlation betw#vo signals is:

R12 = Rsl,sz + Rsl,nl + Rsl,nz + RSZ,nl + R52,n2 + RnLnZ (32)

where, R, is the correlation between signal sourcdsasd 2. R, is a
correlation between signal sourceé and noise h R, ,is a correlation between
signal sourcelsand noise & R,,, is a correlation between signal soureeasd
noise n. R, is a correlation between signal sour@easd noise 2 R, is a

correlation between noisd and noise

Case 1: White source and two uncorrelated noisessufigure 3.2:

Ram » Ran2 » Reomn » Rz » Ry »0

So, only one term is not zero. Therefore the cati@h between signals is:

R, »Rye

Case 2: Combustion noise and two uncorrelated rsoiseces, figure 3.3:

Ram » Rane » Repmn » Rono » Ry » 0

So, only one term is not zero. Therefore the cati@h between signals is:

RlZ » Rslsz

Case 3: Combustion noise and two semi-correlatadensources (two noises

recorded at different time form background noifigyre 3.4:
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Ram » Ry » R » R, »0 and R, * O (but its value is close to zero).
so, only two terms is not zero. Therefore the dati@n between signals is:

R » Ry + Rype

It is interesting that in this case the differemgeSNR between CC and PHAT

method is more than other cases.

Case 4: Combustion noise and two same noise sotiga® 3.5:

Ram » Ryn2 » Reyg » Rigp » 0

so, only two terms is not zero. Therefore the dati@n between signals is:
R, »Ryo ¥ Riyne

Case 5: Combustion noise and two correlated nosesded background noise

with two microphones simultaneously, figure 3.6:

Ram » Rane » Ry » R » 0

so, only two terms are not zero. Therefore theetation between signals is:
R1,2 » RslsZ + Rnlnz
The difference between case 4 and 5 is that in Bad&, ,has less correlation

than case 4.

3.3.2. Experimental results

The experiments were carried out in an open roowr@mment. A single sound
source was used to generate different kinds oendike different kinds of noise used
in a given experiments included white noise, browise, grey noise, pink noise and

purple noise [53]. A single sound source speakes used as the sound source for
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generating different kinds of noises. The micro@®mere separated by a known
distance of 610 mm.

A single sound source speaker was used to gerteratands of noise sources and
the signals were recorded by the microphones plated given distances from the
source (speaker). The microphones were placed éi@part. The sound source was
excited using a broadband signal and the signal eadured by each of the
microphones. The time difference of arrival wasneated from the captured audio
signals. The TDOA for a pair of microphones and sbarce is defined as the time
difference between the signals received by theraophones.

The time delay between the two microphones for browise and gray noise was
calculated using CC algorithm owing to its simplicand effectiveness at low SNR.
Figures 3.7 and 3.8 show the cross correlationficoeit plot for the received signals

by two microphones for brown and gray noise soyneespectively.

(@) (b)

Figure 3.7. (a) Cross-correlation function versus time delay drown noise (b)

zoomed view of the graph in (a).
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The value off that maximizes this cross correlation functionegithe estimated
time delay. Experimentally the time delay was cltad to be 1.74 milliseconds. The
theoretical time delay between the 2 microphones walculated to be 1.76
milliseconds. The CC algorithm works efficiently mstimating the time delay
between the 2 microphones in real practical enwremts. The error associated with
the CC technique in estimating time delay was founide 1.1 %, which is due to the

room reverberation and additive noise effects.

(a) (b)

Figure 3.8. (a) Cross-correlation function versus time delay gray noise (b)
zoomed view of the graph in (a).

The time delay between the two microphones for piolse and white noise was
calculated using CC algorithm owing to its simplicand effectiveness at low SNR.
Figures 3.9 and 3.10 show the cross correlatioffficemt plot for pink and white

noise sources, respectively.
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The value off that maximizes this cross correlation functionegithe estimated
time delay. Experimentally the time delay was cltad to be 1.74 milliseconds. The
theoretical time delay between the 2 microphones walculated to be 1.76

milliseconds.

(a) (b)

Figure 3.9. (a) Cross-correlation function versus time delay pink noise (b)

zoomed view of the graph in (a)

(a) (b)
Figure 3.10.(a) Cross-correlation function versus time delaywWhite noise (b)

zoomed view of the graph in (a).
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3.4. Summary

In the simulation for white noise, CC and GCC-PH&dproved because of their
better results. In the different combustion noiases, GCC-PHAT seems to be more
favorable. The accuracy of all methods decreasestimating the time delay under
different combustion sound. When the signal to @oadio was below specified value,
the estimated time delay by all methods were deggtaBixperiments were carried out
in the real combustion and different cases usingaliforithm to estimate the time
delay. The results with different sound were foamdbe in good agreement with the
theoretical calculations. However, minimum errorldf % was found to estimate the
time delay using the CC algorithm which could be tlureflection and additive noise
effects. The results show that the time delay ntktten be used to locate a noise
source in a combustor or gasifier in addition @ t¢lverall sound pressure levels from
the noise source. Thus the incorporation of m@tis®rs in a test unit can help assist

in gaining more information in reactors and gastfie
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Chapter 4: Calibration

4.1. Thermocouple

Calibration of the thermocouple is necessary ftaloe experimental results. To
minimize the effect of radiation and the effect afidation on thermocouple
performance, new shiny thermocouples were used fbeeR-type thermocouple can
be used up to temperature of around 1800 °C. TheobB€&t adjustment of the
thermocouple signal was performed for calibrationppses. Two thermocouple with
the ends one centimeter apart were positionedhiegéb assure that they measure the
same temperature. The Lab view program acquiresatedog outputs of the
thermocouple and transforms the voltage into teatpegs using the given calibration
function in the program. Any time the temperatuaes equal one achieves the DC
offset. Therefore, it is possible to determineeifalibration is necessary or not (based
on the size of offset). When the offset reachesvlee with small divergence, it is

defined as a variable in the program.

4.2. Microphones

Panasonic WB-61A condenser microphones with diamgté&mm and 3.4mm
long having a nominal sensitivity of -35dB +/- 4dire used for noise and pressure
fluctuations measurements. Microphone sensors laear high sensitivity and they
can be used in large range from 20 Hz to 25,000 He sensitivity of each
microphone was established before experiment valifvrator- Bruel & Kjaer 4321 —

for calibration at 94 and 114dB SPL. The calibnajowessure of 94+0.2 dB re 20 pPa
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is equal to 1 Pa (1 N/m2). The +20 dB level stepegilld dB SPL which is
convenient for calibration in noisy cases. The gty of each microphone was
established before experiment at 94 dB re 20pFRa(at 1 kHz) and 114dB (10 Pa at
1 kHz). Signal was measured and recorded using-$pgled data acquisition cards.
The samples were acquired at a sampling rate ¢fHeD for a total duration of 300
seconds. The calibrator gives a constant soundgsymedevel during the tests. Data
acquisition and analysis was carried out using Liab\software. The sensitivity of
the each microphone can then be adjusted in theewrsoftware in LabView until it

indicates the correct sound pressure level.

() (b)

Figure 4.1. Calibrator toolbox was employed for calibrationmicrophones. (a)

Calibrator view. (b) Cross-section view.

4.3. Microphone probes

Measurement of fluctuating pressure is a commomireepent in combustion
diagnostic. This measurement is required to knoe #tructure of the flame

accurately [40]. This measurement is appropriatstudy the flame dynamics of the
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flame. For a microphone probe to be effective thsonant qualities of the
microphone probe must be characterized [40- 43§ @dlibrations done consisted of
measurement of the attenuation of pressure waweeketthe open end of the probe

and the microphone.

Figure 4.2 shows a sketch of the microphone prasé procedure used with
speaker and air jet. For the air jet test two ctowliwere considered; with and

without temperature gradient in the probe. The gues fluctuation to be

measuredd, excites a dynamic pressure fluctuation at theropitone probefm
The microphone probe was calibrated for frequenegponse characteristics;

frequencies spectrum, and pressure ratio.

Microphones
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Microphone b'\ | %
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Figure 4.2 Set-up for calibration of the microphone prola. Test with speaker.

(b) Test with an air jet.
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The data was recorded and analyzed. The analysss peaformed with a
resolution bandwidth of 1 Hz, and averaged over2%&=samples. The random error

apparent in the spectral estimation has been dstiin@ be about 10 % of the

measured value.

4.3.1. Performance characteristics via noise source

Several tests were carried out for the specificdd@mns encountered in our
experiment and measurement system. First, the drexyuof the microphone probe
was compared with another microphone, figure 4.3it8/and combustion noises
were used in these acoustic experiments with alutso bandwidth of 1 Hz.

Secondly, signal coherence between the signals iradquhrough condensed
microphone and the microphone probe was studied andestigated.

The spectral coherence is a statistic that can $® uo examine the relationship
between two signals or data sets. It is commongdus estimate the power transfer

between input and output of a linear system. Theemnce function between two

signals X(t) and y(t) is a real valued function that is defined as [43],

2 —
gxy( f)= Gxx(f )ny(f) 4.1)

where, Gy is the cross spectral density betweandy , and Gy, and Gy the auto

spectral density of Xandy respectively. Figure 4.3.a shows the response of

microphone and microphone probe. The differenciois the effects of the probe
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that was 120 mm long. This figure shows that tigaal from the microphone probe
closely resembles the microphone. The probe pedoom is plotted as ratio Ref.
Mic/ Probe Mic §&,/F;) versus frequency so as to compare the spectspbnse

from the two microphones, figure 4.3.

(@)

(b)

Figure 4.3. Output signal spectrum for white noise, Na=250(.Tlae reference and
probe microphones. (b) The probe performance sgewsponse plotted as ratio

Probe Mic / Ref. Mic versus frequency.

It was found that amplitude ratio between the twioraphones is almost unity in
the combustion noise frequency spectrum (f<150Q Hpwever, above 2 KHz, the

pressure amplitude ratio between the 2 microphdaéls below unity. Hence,
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microphone probe data must be compensated in wafiequency bands, by utilizing
the information of average pressure amplitude ratiorespective bands. In the
measurements with microphone probe, great cardakas to compensate the data in

various frequency bands.

The signal spectrum from the two microphones wasrexed from the similarity
between the two signals from the ratioRf/F; (input/output) using the coherence
function. Assuming linear propagation and no exiemoise, the signal from the
second microphone should be coherent with the fif&trophone, independent of
propagation path or reverberation between the tweoaphones. Figure 4.4 shows the

spectral measurements with the two microphoness Tésult shows the calculated

coherence and phage between the reference and probe microphones.

(@) (b)

Figure 4.4. Coherence function and phase angle between referand probe
microphones (for White noise) experiment (Na=250n@as). (a) Coherence

function spectrum. (b) Phase angle spectrum.
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The coherence function is near 0.8 at some fregegnexcept for some
frequencies. The destructive interference sometimiep the spectrum into in
coherence function at certain frequencies and aeetad the interference pattern and
background noise, causing a loss of coherence.typé&of (notching) of coherence
function is commonly observed and is not so impurfd3]. However, the phase data

are relatively clean, with a ramp function closelgorresponding to

f=23510°%@2p)f with a single propagation time delay of 0.35 msghich
almost corresponds to the time required for soungropagate a distance between

two microphones (120 mm).

Correlation was carried out in order to comparepdgormance. Figure 4.5 shows
the three different time delay estimation methodsned here. Three different time
delay estimation methods examined here includessecorrelation (CC), generalized
cross correlation with phase transform (GCC-PHAGJ@neralized cross correlation
with maximum-likelihood estimation (MLE). The colaéon peak occurs at time
delay of 0.35 ms and this supports general agreeofdahe actual probe geometry.

These methods are considered in more details ingsekions.
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(a)

(b)

(c)

Figure 4.5. Cross correlation function for acoustic experim@uiite noise) with

resolution bandwidth of 1 Hz. (a) CC. (b) GCC-PHAQ). MLE (Na=250).

4.3.2. Performance characteristics via air flow

The reference (without a probe) and probe microphowere examined with
uniform air stream flowing directly into the microgne probe in an isothermal
setting, figure 4.6.a. Pressure fluctuations weeasuared from the two microphone
arrangements. Figure 4.6.b shows the rati®,piP; versus frequency for the two
microphone arrangements. The results show that rdi® is around 0.9. The
microphone probe data was then compensated aghmstctual data by using the
amplitude ratio behavior determined earlier betwdsenprobe microphone and direct
microphone. It should be noted that average valuanaplitude ratio in various

frequency bands was chosen to compensate for ttrephione probe measurements.
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The microphone probe data was compensated in wafi@guency bands to give

actual realistic data.

(@)

(b)

Figure 4.6. Output signal spectrum for cold flow, Na=250. {&)e reference and
probe microphones. (b) The probe performance sgemsponse plotted as ratio

Probe Mic / Ref. Mic versus frequency.

The correlation between microphone probe and referemicrophone was
determined, (see figure 4.7). The resulting camegeand phase measurements were
calculated with a resolution of 1 Hz over the freey range from zero to 12000 Hz.
Figure 4.7 (c) shows time delay estimation methdte correlation peak occurs at
time delay of 0.35 ms and this supports generabeagent of the actual probe

geometry. Other methods failed to give the cortien¢ delay.
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(@) (b)

(c)

Figure 4.7.(a) Coherence function. (b) Phase angle spectoumicrophone probe
and reference microphone. (c) Cross correlatioh vasolution bandwidth, of 1 Hz

from Na=250 samples using air jet.

The tip of the probe was heated and the performenagmcteristics evaluated with
the temperature gradients presence in the probe.eflect of 240°C temperature
gradient over first 6 mm length of the microphomelyg was examined. Figure 4.8
shows the probe performance spectral responsesghlatt ratio for the microphone

probe and reference condenser microphone.

Figure 4.9 shows the correlation function and phasgle results for the

microphone probe and reference condenser micropfdreecoherence is almost the
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same with no major effect of temperature gradi¢nmnast frequencies. The dip in
coherence function at certain frequencies is dui@teference pattern in the probe.
The phases were more complicated ramp functioshdtws that the temperature
gradient to the very front of the microphone prat@es not change the signal

significantly. Comparing figures 4.7.b and 4.9.lowlthat phase angle curves below

f 2
3500 Hz were almost the same and corresponde? EW/Z)O and above 3500 Hz

they did not.

Figure 4.8.The probe performance spectral response plotteatiasProbe Mic / Ref.

Mic versus frequency for heated probe, Na=250.
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(@) (b)

Figure 4.9. (a) Coherence function and (b) phase angle forapfone probe and

reference microphone using air jet with Na=250 dasip
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Chapter 5: Results and discussion

The use of a combination of sensors gives moreuwsdednformation on what
exactly is going on in the process. With microphpnebe it is possible to measure
pressure fluctuations, which enables us to haveap of pressure fluctuations. This
shows the regions where pressure fluctuation id.hidowever, when we use
thermocouple, it is possible to measure mean anmgeeature fluctuations which
reveal that temperature fluctuations happened é rdgions of high temperature
gradient. Now when we use these sensors togetheradditional details information
can be obtained by using more sensors. Also, flsilmdowgraphy imaging technique

was used here to visualize the non-uniform charigtites in and around the flame.
5.1. Thermal field

Thermal field maps are presented to provide an nstaleding of the global
thermal behavior and local structure of the swiylitames. The raw temperature data
from thermocouple was compensated for thermalimeftects of the bead as well as
radiation losses of the thermocouple bead. Thetiadi losses can be significant, in
particular at high temperatures. Similarly, the elewf temperature fluctuations
obtained within a swirl stabilized premixed flamende significant. An evaluation of
the uncompensated and compensated thermocouplet oefported previously [44]
reveals that fluctuating temperatures were highmfash as 350°C) at some locations
in the flame without compensation. The mean tenipeza (without radiation effect)
can therefore be affected without any compensatidhe temperature corrections

were significant for the 45 degree swirl premix&rfes. An evaluation between the
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uncompensated and compensated data of temperat@agurements showed that the
calculated temperature difference (standard dewiatcan be up to 350°C at some
location in the flame. Thus, the compensation tephershould be considered when
examining the acoustics source localization withittame with the help of mean and

fluctuating temperature maps.

5.1.1. Mean temperature maps

The mean temperature at various locations in #radl for stoichiometric burning
is shown in the Figure 5.1. The high temperategans in the flame are due to

mixing and intense combustion of the fuel/air migtthus defining the flame surface.
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Figure 5.1.Mean temperature profile for a swirl stabilize@mpixed flame.

The large temperature magnitude and narrower bligtan suggests that this
region mainly consists of well mixed hot combustfmoducts. The close proximity
of the mean temperature contours at the outer Ipenypof the flame with the
surrounding ambient cold region results in largegderature gradients. The regions of

high temperature gradients give rise to large teatpee fluctuations.

5.1.2. Fluctuating temperature maps

The fluctuating temperature map is shown in theufdg 5.2. Comparing figures
5.1 and 5.2 shows that maximum temperature fluicmgatoccur just outside and at

the boundary of the region of maximum mean tempeeat
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Figure 5.2. Fluctuating temperature from a swirl stabilizedmixed flame.

Large temperature fluctuations can be seen iniitieity of the shear layer while
fluctuations are moderate (but still quite high,nasch as 5@C) in central region of
the flame. The large temperature fluctuations e racting flow field in the central
region are due to thermal stratification and inéehwsbulence.

The results show that the regions of high tempeeatare not necessarily the
regions of high temperature fluctuations. Largetilations in temperature within a
premixed flame can be due to increased levels dbutence or due to local
fluctuations in equivalence ratio. These region$igh temperature fluctuations can

cause local changes in pressure to give rise tosticosources within the flame.

5.1.3 Time constant data

Time constant of a thermocouple decreases withe@asa in flow velocity and
temperature. In order to obtain a correct tempegaguofile within the flame, it is
essential to compensate for thermal inertia effe€tthe bead as well as radiation
losses of the thermocouple bead for the temperah@@surements obtained from a
thermocouple. Figure 5.3 shows the thermocoupleal liwae constant obtained at
various radial locations at a given axial locatiothe flame.

The time constant of the thermocouple varies witle tproperties of the
surrounding flame gases and the forced convectiah heated or cools down the
thermocouple bead. Accordingly the time constanttld thermocouple for a

particular thermocouple bead varies at differerdtigp locations within the flame
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[45]. This figure shows that the measured time tamisdecreases with increase in

temperature and this is found to be consistent thighprevious studies [45].

Figure 5.3. Thermocouple time constant profiles at variousialatbcations for a

given axial location in a premixed swirl flame.

5.2. Pressure fluctuations data

5.2.1. Non-reacting case

The compensated root-mean square (RMS) valueseobtitput signal amplitude
from the microphone probe in the non-combustiveegasH, 6, and R direction are
shown in figure 5.4. The results show that the mmaxn pressure fluctuations occur
at exit of the burner due to high turbulence lewelthis region. Different values of
pressure fluctuations in different direction revébadt for measuring the total pressure
fluctuations three microphone probe are requiretgbse of the directionality of the

sound or pressure fluctuations).
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@) (b)

©) (d)
Figure 5.4.RMS values of the amplified output signal from thierophone probe for
the non-reacting case in (a) H, @)and (c) R directions, respectively, and (d) Total

pressure fluctuation.

The sources of the pressure fluctuation (sound feld waves) that vary with all
three space coordinates are the usual responseutoes that are smaller than the
characteristic dimension of the space in which teyconfined [46]. The RMS value
of the total pressure fluctuation was calculatedcbwysidering the three pressure

fluctuation simultaneously.
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5.2.2. Combustive case

The RMS values of output signal amplitude from thierophone probe for the
combustive case in H, and R directions are shown in figure 5.5. Différealues of
pressure fluctuations in different direction revért for measuring the total pressure
fluctuations three microphone probe are requiretdbse of the directionality of the
sound or pressure fluctuations). The sources opthesure fluctuation (sound field
and waves) that vary with all three space coordmate the usual response to sources
that are smaller than the characteristic dimensibthe space in which they are
confined. The results show that the pressure faimins start at the combustor exit
and extend downstream as radially outwards away the exit of the burner with the

maximum being around H/D=0.75.

The results also show that the magnitude of prestuctuations in H direction is
more than the other two directions. This may bebafted to initial momentum and
the buoyancy of the fluid in H direction. Figuré& %l shows the calculated aggregate
value of the total RMS value of pressure fluctuatilbat stem from the three pressure
fluctuation. Comparing the differences betweenttlaton in H,8, and R directions
for non-reaction case and combustive case shows$atheombustive case differences
between pressure fluctuation in B, and R directions were higher. It shows the
directivity of pressure fluctuation. It also showsat combustion noise is not a
monopole source of sound. The total pressure fatictn can be established by

simultaneous pressure fluctuation measurements.
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(@) (b)

(c) (d)
Figure 5.5.RMS value of the amplified output signal from tiherophone probe for

the combustive case in (a) H, () and (c) R direction, and (d) total pressure

fluctuation.

Figure 5.6 shows total pressure fluctuation as wasllthe pressure fluctuation
measured in H direction with the microphone prodioe,the combustive and non-
combustive cases. Visible flame is shown in thguifé to help identify regions of
fluctuations relative to the flame. A comparisorivieen the two cases reveals not

only the magnitude but also the area over whichptiessure fluctuations occur. The
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maximum pressure fluctuations occur outside andratdhe flame front. The flame
acts as a barrier against the outside fluctuatifbows and eddies diffusing inwards.
For the reacting case, increased fluctuations wbeerved as compared to the non-
reacting case. This is attributed to the fact thatsources of acoustic energy emanate

from gas pockets and small eddies.

A comparison of the pressure and temperature fidictos reveals that maximum
temperature fluctuations occur mostly near to tleinolary of the flame while
maximum pressure fluctuation occurs further awaynftthe flame. This may be due
to small size and low concentration of gas pockatttive to the size of thermocouple
bead. Also the maximum pressure fluctuation deedseyond H/D=1.5 while
temperature fluctuation do not increase any furtieyrond this distance. There was
no visible flame beyond H/D=2 and beyond this panty cold air mixed with the
burned gas to cause temperature fluctuations igaksdlow. Only a slight increase in
pressure fluctuation was observed in the flame zdies increase in pressure
fluctuations is due to the density fluctuations.

Based on temperature and pressure fluctuation,fltdve field of a turbulent
premixed flame can be divided into three regionside of the flame the effect of
pressure and temperature fluctuations are of srivlkimum pressure fluctuation
occurs outside of the flame. In between these tegions maximum temperature

fluctuation and fluctuation of density coexist.

71



(a) (b) (a) (b)

Pressure fluctuations In H direction Total pressure fluctuations

Figure 5.6. RMS values of the amplified output signal from théerophone probe
with the flame overlapped to reveal the local raegi@f pressure fluctuations. (a)

With flame, and (b) without flame (non-combusticake.

The acoustic sources in the vicinity of shear lagtowed that their localization
depends upon regions of high temperature fluctoatiand velocity gradients. The
temperature fluctuations were large in the vicindly shear layer. These large
temperature fluctuations in the regions of highbtience could rise to temporal
fluctuations of pressure which in turn determine tioise emission spectra of the

turbulent flame.

5.3. Shadowgraph
Self-sustained flame propagation of a localizegction zone occurs only in a
small portion of the combustible mixture, with tleeolution of a non-uniform

temperature profile. The flame shape is relatethe velocity distribution of the
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approach gas mixture amongst other parameters, agjgbressure, temperature, and
fuel type, all of which affect the flame velocit4lso, turbulent flows cause pressure
fluctuations to cause noise. The agents of entramrare turbulent eddies that form a
mixing layer between the turbulent jet and the @umding fluid. Flame
shadowgraphy imaging technique is used here toalWr and unravel the non-

uniform characteristics in the transparent media.

Shadowgraphy was used to examine the flow behaveamd the flame, see figure
5.7. Visible flame and mean temperature distributere superimposed to help
identify different regions of the flame. In thesfirregion, starting from close to the
nozzle exit to about one nozzle diameter downstr@anH/D=1) the flow can be
referred to as development region. The second megfrts at about H/D=1in which
the turbulent regime penetrate to the axis of thené and is termed as a fully
developed region. This figure shows that a cold/fasound the flame moves with the
flame propagation and that the initial growth afbulent jets is a direct consequence

of large-scale motions generated near to the boigxdaf the flame.

Pressure fluctuations measured with microphone gwolshowed that the
fluctuations at the beginning of the second reg@mbe very high. These fluctuations
reveal that the shear layer is unstable and graavg rapidly to form ring vortices
that carry turbulent pocket of unburned gas jatflato the irrotational ambient fluid,
and irrotational ambient fluid back into the jetixi@lire of unburned gas vortices
engulf ambient fluid about themselves to finallyxrthe flame jet and ambient fluids.

This unburned gas propagates downstream and asovteandownstream its
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temperature increases to bring the mixture condtior their burning from the direct
interaction between the fluid flow and vortices.u§hunburned gas pockets start to

burn which subsequently causes more pressure #tictu

| Visible flame (blow colov |

%od and lean flov

(@)

Visible flame (bright colour) | Burned gases

Second region in which
the turbulent eddies
penetrate to the axis starts

N U2 p
here (with higher

~
fluctuations)
Cold and lean flow

(black areas)

(b)

Figure 5.7.(a) Hybrid of flame shadowgraph image, visiblarftaand mean temperature. (b)

lllustration of vortex production and fusion in prixed flame.

In Large temperature gradients were found in clpseximity to the mean
temperature contours in the vicinity of the sheayel. Very high temperature
fluctuations outside the combustion zone are cafised mixing between the hot

combustion products and the surrounding air witle tresulting fluctuating
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temperatures responsible for high pressure fluicmgat Pressure and temperature
fluctuation cause other unburned pockets of fuel ain located near to these areas
that upon combustion results in more pressure daimn to cause noise. The
localization of high acoustic sources occurs iniaeg of high pressure and
temperature fluctuations. Acoustic sources occuthese regions of the flame to
significantly affect the noise spectra. Regiong@ibustion noise (combustion roar)
generation in a flame can thus be located by ilengj the regions of high pressure

and temperature fluctuations.

5.4. Power spectral density (PSD)

Figure 5.8 shows power spectral density (PSD) dmmbrby thermocouple and
microphone probe. Flame boundary is shown in bldated line to visualize the
flame front. Power spectral density was measureshel spatial location within the
flame. PSD plots at a particular frequency werentheapped on to the regions
surrounding the flame. Visualization of PSD plat@garticular frequency show the
formation of coherent structures in and aroundfilme. The results show that in
swirling flames low frequencies pressure and tewrdpee occur almost in the same
vicinity that lies mostly in the outer boundary tbe flame. Figures 5.8.a and 5.8.b
show power spectral map for temperature and pressulow frequencies of 50 and
100 Hz respectively. Regions of high pressure flatbn which are characterized by
formation of coherent structures in those regiseryve as the sources of noise
generation within the flame. The pressure in tltBatad sound wave is proportional
to the rate of change of volume increase of thegadsiring combustion. In turbulent

premixed flames the noise may be taken to arisa fitee sudden expansions due to
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the chemical reactions at the boundaries of thedlaln an unsteady flame the
fluctuating density acts as a volume source of do(the volume of the flame
fluctuates with the reciprocal of the density). Timain cause for the fluctuating
density is unsteady heat release. Presumably ndisant if not predominant reason
for the generation of pressure waves by unsteathbastion would be the unsteady
heat release produced by unsteady combustion. pheiomenon is primarily

responsible for the combustion generated noiserbutent flames.

Figures 5.8.c and 5.8.d show the power spectrasitemaps for thermal and
acoustic field at frequencies of 500 Hz and 100Q-é$pectively. Coherent structures
for thermal field seem to appear everywhere in @amadind the flame. Also, coherent
structures for thermal field were seen above thed tip. Coherent structures for the
acoustic field were seen near the burner exit ti@arvicinity of flame front. The
figures show that thermal field and acoustic fieftect each other and determine the
formation of coherent structures within a turbuldfame. However, coherent
structures formed by the thermal and acoustic figlchot occur at the same places. It
seems the pressure fluctuations embark from thadsoy of the flame and propagate
outward to generate pressure waves from the unsteadbustion, figures 5.8 ¢ and
d. The higher frequency pressure fluctuations caigiger frequency of sound waves

that are observed outside the boundary of theleigilme.

The pressure fluctuations showed that combustiéseris not a monopole source
of sound. The pressure in the radiated sound vieygoportional to the rate of

change of volume increase of the gases during cetiaou In turbulent premixed
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flames the noise may be taken to arise from thedeudexpansions due to the
exothermic reactions at the boundaries of fuel acll lean turbulent eddies, see
figure 5.9. In an unsteady flame the fluctuatingnsity acts as a volume source of

sound (the volume of the flame fluctuates withrdgprocal of the density).

PSD (f = 50 Hz) PSD (f = 100 Hz)

PSD (f = 500 Hz) PSD (f = 1000 Hz)

Figure 5.8.Power Spectral Density (PSD) for thermocouple minctophone probe at
selected discrete frequency range. The contouneoflame is shown in black dotted
line. (I) PSD recorded by thermocouple (left halfegach figure). (II) PSD recorded

by microphone probe (right half in each figure).
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The main cause for the fluctuating density is flations in the heat release.
Presumably, a significant if not predominant reafmmthe generation of pressure
waves by unsteady combustion would be the unstémdy release produced by
unsteady combustion. This unsteady heat releases gige to large temperature

fluctuations in the turbulent flame.

Figure 5.9. A sketch illustrating the movement of flame, gaskets and eddies in a

small volume of the flame.

5.5. Acoustic noise spectra

Acoustics signatures were examined using condemsemophones which were
placed at various axial locations above the buexdr plane to provide information
on the noise spectra associated with premixed kembdlame. The spectral analysis
of the sound pressure level was carried out abuaraxial locations. Figure 5.10

shows the overall sound pressure level in decibtdisained from multiple
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microphones placed at varying axial distance framlurner exit. Figure 5.11 shows
power spectral density of the acoustic signalsinbthfrom multiple microphones
placed at varying axial distance from the burneit.eXhe acoustic radiation
measurements were carried out simultaneously. @etidm noise contains lower
portion of the audible frequency spectrunf ¢1500 Hz) and has a characteristic
frequency of maximum sound output and depends thetlflow velocity and reaction
chemistry [47]. The acoustic radiation (SPL) froiffelent microphones at different
axial positions show that in its appropriate fregerange combustion noise has
more PSD than jet noise. The acoustic spectrum Y8R fills the audible frequency
range from 100-1500 Hz is called as combustionenoisfrequency domain. As it
was mentioned this portion of the frequency spectoalled combustion noise. The
figure shows that the spectrum peaks at 340 Hz t8ing@oral response from different
microphones located at varying axial locations atbthe turbulent flame suggest
that at locations further downstream of the bumet there is a subsequent decrease
in the overall sound pressure level. The overallinso power registered from
microphones located at H/D=0 to H/D=2.5 with thexmaum at H/D=1.25 was
found to be more as compared to the microphonegdddurther downstream. This
proposes the location of the acoustic sourcesestattthe burner exit where unsteady
heat release due to chemical reaction. Also, itvshihat overall sound power of PSD
for the microphones closer to the burner exit ighkr as compared to the
microphones located further downstream. The flaebdmixed fuel and air) coming

out of the burner exit expands and therefore iteciy decreases as it moves further
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downstream of the burner exit, so the combustioisen@ssociated with the jet

velocity, decreases.

Figure 5.10 shows that combustion noise was braatlfip to 20 kHz). It shows
that the spectra of combustion noise emissions eeceed background noise levels
for frequencies from 20 Hz to over 20 kHz. It shothat broadband spectrum of

combustion noise increases with increase in freqemrrives at a maximum

atf = f . and then decreases towards to almost jet noidebaokground noise

level. Experiment results revealed thigt,, occurred in the frequency range of 200-

1000 Hz at 232 Hz.

Figure 5.10. Sound pressure level for a premixed swirl flame.

80



The peak frequency for the stoichiometric fueltaitio was observed at 232 Hz.
Combustion noise is shown with different color. tig 5.11 implies that as one
moves further downstream of the burner exit thera isubsequent decrease in the

overall sound pressure level (SPL).

Figure 5.11. Power spectral density of the acoustic signals.

It was concluded that regions of maximum tempeeatfiuctuations do not
coincide with the regions of maximum pressure flatibns which act as the noise
sources in a premixed turbulent flame. The ovesallind power registered from

microphones located at H/D=0 to H/D=1.25 was fotmbde more as compared to the
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microphones located further downstream. This suppie location of the acoustic
sources within axial regime of H/D=0 to H/D=2.5,wdtstream of the burner exit.

Results with the microphone probe support simiands.
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Chapter 6: Multiple sensors for combustor monitoring

The current practice of using a single sensanéasure certain parameters at a
single location cannot provide enough spatial wggmh to properly convey the
overall performance of the combustor. With exteasknowledge of the local
conditions within the flow field, it is expectedatha high density sensor network and
incorporating advanced combustion diagnostic tepes would provide better
information to the combustor controller that canprove the overall system
performance. Such sensor networks and advancephabtics will have a wide
spectrum of applications including industrial furea and incinerators, chemical
reactors and distillation towers, high temperatuss cells, and gas turbine and piston

engine monitoring and preventative maintenance.

Currently little research has been conducted onategtion and number of sensors
that are needed within and/or around the combustarrder to create a full and
complete picture of the phenomena occurring indttemixed combustion, although
expected to be steady, is susceptible to inheremntdyeady high acoustic pressures. In
this chapter, acoustic pressure has been choseneasf the initial representative
signature parameter. Our initial efforts have bé&srused on the acoustic signals
emitted from a 6.12 KW premixed swirl combustor,ethare obtained by a multiple
channel acoustic sensor array arranged around dh#ustor. Each channel is
sampled simultaneously, allowing for the comparisbrboth magnitude and phase
differences between channels. The non-symmeth@f3D turbulence wake will

produce local variation in both circumferential amdial directions along the
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combustor. A numerical calculation by considergygnmetry condition has been

done that is presented on appendices C.

Swirl flows and flames tend to produce periodiomlmstabilities, which lead to
increased noise emission and flame stability. bikt@s in combustion have been
examined severely in the recent years [47]. Inlitials in combustor and flame have
been examined and reveal the importance of cohstamtures in the forward flow

surrounding the central recirculation zone [48].

The presence and the impact of coherent structurése noise emission from the
flame or combustion system need more physical mnébion to decrease flame and
combustion noise in all industrial uses is alreadffected during the design. A
disadvantage of swirl flames is high noise levelased by high reaction qualities or
conditions of being dense and amplified by the afspremixed flames in industrial

combustors.

Our first goal should be to choose zones most semsio change of input
parameters (fuel to air ratio). Tests were madmastant air and the amounts of fuel
flow varied. At any given operation point (stoictmetric) of the swirl combustor
changes to fuel flow rate were made while maintagrithe other parameters constant,
i.e. input air. These situations are usually nanfieel-lean mixture (Equivalent ratio
less than one), stoichiometric or normal operafeqguivalent ratio equal to one), or

fuel-rich mixture ((Equivalent ratio more than one)
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6.1. Test set-up
A microphone array that was able to accommodatdouf2 microphones for

sound acoustic measurements at varying locatiomsndrthe combustor was built,
figure 2.5.a. This system allowed us to measurk bpatial and temporal variation of
the local sound pressure level signal. The top \aéthe premixed swirl combustor is
shown in Figure 2.5.b. The array was compriseaof fowers, each 90 degrees apart
on the circumference of a 6 inch diameter cirédephotograph of the array is shown
in figure 2.1.b. Microphones were attached to ttheers with setscrews above the
combustor base plate. The array was free to béetbound the central axis of the
combustor, thus allowing for change in angular mtagon with regards to the air

inlet and swirl.

The microphones were 6mm in diameter and 3.4mneight, figure 2.5.a. They
had a nominal sensitivity of -35 dB +/- 4dB (wh@aB is 1 V/Pa). The sensitivity
for every microphone used was established befopererentation and periodically
rechecked. To pick up the signal from the microg® a data acquisition setup was
used, figure 2.2. Signals were measured and lodgpyetivo National Instruments

9233 4-channel high-speed sampling cards and sioithé computer.

The UMD Combustion Laboratory’'s 6.12 kW premixedrbwest combustor was
used for the experimental study, figure 2.5.asltchosen because of its similarity
with the practical combustors. The combustion ce@at atmospheric pressure under
semi-confined condition. The flame is stabilized @ center body with six swirl

vanes that can set the swirl angle to be 30, 46Qateg to the flow, figure 2.2.a. The
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experiments were done by fixing the swirl geométryi5 degree swirl. Methane was

used as the fuel for the given experiments.

The air and fuel mass flow rate were controlledlow controllers. The controller
had a time constant of 1.8 seconds. The controtbeitd maintain the flow to be

within +1.5/-0.5 percent of the full value.

The microphones were calibrated using a computeerg¢ed tone of 1000 Hz and
calibrator (chapter 2). The amplitude of the pmtilitone was quantified using a
second calibrated microphone placed closely toWH&61A microphones. Two
frequency responses were obtained: one from thpubwioltage of the WB-61A
microphones and the other from the calibrated mpicome output. The magnitude
associated with 1000 Hz was compared for both #rqu response and sensitivity
for each WB-61A. The process was repeated 5 tiiore$000 Hz and to obtain the

averaged sensitivity.

6.2. Data collection method
The air flow was set to 108 L/min, and the fuel Mete was adjusted to give
stoichiometric combustion. After every time thextare was ignited in the

combustor, the entire setup was allowed to warrfoupyo minutes.

In each test, one of the microphones was emploged eeference microphone.
Data was logged simultaneously from all microphof@sabout 150 seconds. For
circumferential measurements four of the micropsoaee positioned at the same

axial plane. For axial measurements the microphane all positioned onto the same
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tower. Measurement was repeated until all axiedfions in a single tower have been

covered.

The recorded signal was sampled at 25 kHz andghseed through a high order
filter that removed signals below 100 Hz and ab6évJeHz. The frequency responses

were averaged over 10 seconds.

Particular attention was paid to the frequenciesvéen 100 Hz and 1000 Hz;
these frequencies were widely thought of as thensgof combustion roar. Above
1000 Hz, significant jet noise appears. As a restithe highly transient nature of
turbulent jet noise, frequencies above 1000 Hz lyaeatly increased uncertainty and

large oscillations in the phase angle.

In the experiments, to examine magnitude variatoe to differences in axial
location and circumferential location, the data whtined with both circumferential
and inline measurements. Figure 2.5 shows eadumferential location. The
circumferential data was measured with the microgiscall in the same axial plane.
The only difference between the microphones wasimferential location around the
combustor. The inline measurements have the miomgdh all at the same

circumferential location and varying axial location

6.3. Results and discussions
Measurements of sound pressure level (SPL) magnitah help to give an
indication if the pressure fluctuations within tbembustor are of dangerous levels

(combustor resonance and noise pollution monityring is expected that

87



measurements of the acoustic signatures betweeorseautside of the combustor,
which is due to acoustic propagation, can helpetgcdbe the flow physics within the
combustor. Particular attention was paid to fregiembetween 100 Hz and 1000 Hz
as these frequencies are widely thought of asdabmms of combustion roar. In the
experiments, to examine the magnitude variation tdudifferences in axial location
and circumferential location, the data was obtaimedboth circumferential and inline

acoustic measurements.

Figure 6.1 shows the variation of sound pressuwrel IESPL) with frequency for
different axial locations of the microphones arotimel combustor. The axial location
was varied in the positive Z direction and was meas from the fuel inlet plane of
the swirl combustor. The peak frequency at whiah gbund pressure level was the
maximum was found to be at 170 Hz. The plots weogten for Z=2, 3, 4 and 5
inches in the axial direction above the fuel id&ne of the swirl combustor. It was
observed that SPL increases as we go near the sixiVahile it shows that at Z=2
inches, where the flame tip is located, the SHEss decreases as compared to that at
Z=3 inches. The flame tip area was characterizetebyculation zones and reaction
zones within the flame which serve as the acoustise sources from within the
combustor. The noise here was characterized bythetturbulent jet noise as well as

the combustion noise.

The peak frequency at which the sound pressuré l@ommes maximum was the
combustion roar frequency for the given premixedrlssombustor (at 170 Hz). If

one had a flame without combustor, the sound predswels were maximum at an
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axial location of Z=2 inches and decreased furth@wvnstream of the flame. But
because of the combustor wall, the flame pressluctugtion completely did not
transfer through the wall to the microphone. Itrseesound pressures that reached
microphone at Z=2 inches were a combination ofdfiemed pressure fluctuation
through the wall and pressure fluctuation from otblaces, especially exhaust. The

SPL increased near to the exhaust.
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Figure 6.1. Combustion noise spectra for microphones at vgrgxial distance

from the burner exit (for stoichiometric condition)

Figure 6.2 shows the circumferential distributionSIPL at a given axial location

above the fuel inlet plane. The microphones weaeqa around the combustor in the
same axial plane. The microphones were placed giesrof 0, 90, 180 and 270
degrees around the combustor for an axial planatitot of Z= 3 inches above the

fuel inlet plane. It was seen that acoustic sigreatuliffer very little circumferentially.

89



The change is much higher for difference in thealagbsitions of the microphones,
figure 6.1. The flame from the swirl burner was atnsymmetric around the burner
axis and therefore the circumferential variationha sound pressure level was found

to be less.
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Figure 6.2. Circumferential distribution of reacting and naacting noise spectra at

Z=3 inches location.

To comprehend combustion roar, the mixing procecappening between the
fuel and the oxidant on a very minute scale mustdmsidered. If the mixture is
within the flammability limits for a fuel well mixa@ with air, the mixture of fuel and
air will burn rapidly. Alternatively, fuel that mes on turbulence and momentum in

the ambient and create a flammable mixture, hdevees combustion time. In both
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cases, when the well mixed mixture of fuel and ragets a source of ignition,

combustion will occur.

Noise generated from region of rapidly combustinigtane creates combustion
roar. Consequently, combustion roar is a functibmaw rapidly the fuel is being
burned. The closer a mixture of fuel is to stoichéiry condition the more rapid will
be the combustion process so that more energylésmsed into roar noise. In
combustion equipment, such as burners and flanedatge fuel release causes more
turbulence in the combustion process. Since turtwgledirectly manipulates the

mixing rate of the mixture, turbulence flows produnore combustion noise.

Figure 6.2 also shows the effect of reacting and-reacting flow on SPL at a
given axial location of Z=3 inches above the furéi plane. The Acoustic signatures
for reacting and non reacting case were comparethé stoichiometric mixture of
fuel-oxidizer. The results show that SPL for thenmeacting case is much less as
compared to the reacting case. Direct noise usaabpciated with the generation of
pressure waves by unsteady combustion is primeggponsible for the difference in
the SPL distribution of reacting and non-reactimgec Presumably, a significant if
not predominant reason for the generation of pressaves by unsteady combustion

would be the unsteady heat release produced bgashstombustion [49].

Figures 6.3 and 6.4 show the effect of equivaleatie on SPL level for different
axial locations of the microphones. Fronx0.6 to =1 it is clearly seen that as the
equivalence ratio for the fuel/oxidizer mixture rieases it was accompanied by a

substantial increase in the SPL level. Since thdlav rate was kept constant and
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only the fuel flow rate was changed, the increaste local velocity field resulted in

increase in the turbulent jet noise considerablye fioise coming from each small
region of rapidly combusting mixture added up teate combustion noise. As the
fuel flow rate was increased the local flow velgdiuctuations increases which in

turn increases the turbulence intensity of the flderefore, larger the fuel release,
the more the turbulence in the combustion procé8k Because turbulence directly
influences the mixing rate, high turbulence proesssso produce more combustion
roar. Also comparing these figures show that focrophone at Z=2 inches, and
between 300 Hz to 1000 Hz changes in equivalentesra&aused completely

different noise spectra. Therefore microphone =2 ifiches was more sensitive to

the equivalence ratio at this fuel/oxidizer mixture

Figure 6.3 shows that SPL distribution for the dt@metric mixture was lower
than =1.2. This could be attributed to the fact that@asing burning process within
the combustor was due to higher fuel flow rate.ties fuel flow rate was increased
the local flow velocity fluctuations increased whim turn increased the turbulence
intensity of the flow. Here as the equivalenceardtir the fuel/oxidizer mixture was
increased, at Z=2 inches, where the flame tip waatéd, the SPL was increased.
Therefore, larger the fuel release, the more thigutance in the flame tip. Because
turbulence directly influences the mixing rate,thtgrbulence processes also produce

more combustion roar.

For =1to =1.3 it can be seen that as the equivalence ratiohe fuel/oxidizer

mixture was increased for microphone at Z=2 inchks, SPL first increased for
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=1.2 and then decreased somewhat SPL. While foridetges it was accompanied
by little decrease in the SPL. It shows that mibape installed at Z=2 inches zone

was more sensitive to the equivalence ratio forftle#oxidizer mixture.
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Figure 6.3. Reacting and non reacting acoustic radiation fritra flame at

different equivalence ratios at Z=2 inches fromhhener exit.

The spectral distribution of the sound pressurevshihiat as equivalence ratio for
the fuel/oxidizer mixture was increased from1l to =1.3, it accompanied a change
in dominating peaks at frequencies between f =HZ@o =200 Hz, figures 6.3 and
6.4. As the fuel flow rate was increased from thel local flow pressure fluctuations
distributed in the combustor changed which in tslhowed a decrease with multiple

peaks instead of one peak, figures 6.3 and 6.4refdre, in general larger the fuel
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release from the =1, the more damped the peak frequencies (freqeerztween

170 Hz to 200 Hz).
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Figure 6.4. Reacting and non reacting acoustic radiation fribra flame at

different equivalence ratios at Z=6 inches fromlbener exit.

Comparing these figures shows that microphone lledtat Z=2 inches zone is
most sensible to the equivalence ratio for the/éxedizer mixture, while signal from

microphone at Z=6 inches can be used as informatouot stability of the process.
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6.4. Summary

The combustion performance is dictated by varicaiapeters that include fuel
concentration, fuel to air ratio, temperature, poes, flow dynamics and residual gas
concentration. Each signal contained more inforomathat should be appropriately
analyzed. This contributes to achieve results fieourier transform analysis. A
detailed acoustic analysis was done for a premsxéd combustor. The results have

proven that a significant spatial variation in ttmenbustors.

The results showed that using a single sensor &sune fuel to air ratio at a single
location (Z=2 inches alone or signal at 6 inchema), one cannot provide enough
spatial resolution to properly convey the overalise emission from the combustor.
Therefore a single sensor is inadequate to prodetailed information from the

combustor.

The microphone installed at Z=2 inches zone was tnsensitive to the
equivalence ratio for the fuel/oxidizer mixture exaed. While, signal from
microphone at Z=6 inches can be used as informatiostability of the process and
prevent from any ambiguity response that can bsezhiby signal from microphone
at Z=2 inches zone. Multi-sensor network placeduado the combustor and
employing advanced diagnostics for seeking detdidormation can allow one to

seek better control to achieve higher efficiencg parformance.

Multiple sensors are required to measure certaiameters or to find any changes
in the combustor. More sensors are better to peoedough spatial resolution to

properly convey the overall performance or charajébe combustor. An example of
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the application would be detection of hot spotsaf(tbauses increase in pressure
fluctuation near the wall similar to what was pea on higher SPL near the flame

tip) in a gas turbine combustion that can causeadg@nto the combustor.
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Chapter 7: Conclusions

This dissertation has investigated the role ofeaased number of sensors in
the flame or a combustor to provide detailed infation using homogeneous and
heterogeneous sensors. The focus here is on how additional information can be

gathered from multiple sensors.

7.1. Correlation methods

Different cross correlation methods were used terd@ne their suitability in
flows and flames using two sensors placed arouadadlirce. The results showed that
phase transfer method (PHAT) offer better perforteans compared to the other
methods examined here. This has the potential terdee local noise generation
sources from within flows and flames with the aidil information on local noise

generation source (in addition to the overall sopressure levels).

7.2. Homogeneous, heterogeneous sensors in the #am

It has been demonstrated that the use of a siegkos, can be used to provide
valuable information in a flame. Here the main ieg¢ was to find what additional
information can be obtained by employing homogeseamd heterogeneous sensors;
thermocouple, microphones probes, and array of aplwnes. Experimental
investigations have been carried out on turbulemmixed swirling flames to
determine the flame characteristics such as digtob of mean and fluctuating
temperature, and pressure fluctuation in and ardbedlames with defined sensors.

The interdependence of fluctuating temperature niegiand acoustic source
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localization within the swirl stabilized turbulepremixed flame was investigated
experimentally.

Thermocouple and microphone probes

Pressure fluctuations (non combustive flow)

0 The simultaneous pressure fluctuation in differéinéctions showed
variation in different directions.
o0 Maximum total pressure fluctuations were found ¢ow at the burner

exit. This is attributed to high turbulence levielghis region.

Pressure and temperature fluctuations (combustivedw)

0 The minimum pressure fluctuation was observed engliek flame (in
regions with almost uniform temperature distribnjio

o0 Pressure fluctuation observed at the boundary efusible flame
showed also high temperature fluctuation.

0 The magnitude of pressure fluctuations along lamital direction of
the flame were more than the other two directiofisis may be
attributed to initial momentum and the buoyancytie fluid in that
direction.

o Pressure fluctuation in different directions showeaghificant variation
in different directions for the combustive caseampared to the non-
combustive flow. This is attributed to dynamic exp@an of the gases

as a direct result of combustion.
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0 A comparison of the pressure and temperature fatictas at the same
location revealed that maximum temperature fluebmatoccur near to
the boundary of the flame while maximum pressuetélation occurs
further away from the flame (at about L/D=0.15).

o Pressure fluctuation data showed flame to act dmrder against
outside perturbations (negligible effect of outctiwation, flow and

eddies that may diffuse inwards).

Microphone array

Acoustics noise localization was examined usingdeoser microphones
which were placed at various axial locations abitneburner exit plane. Location of
the acoustic sources were found to be near theebwxit in a well defined axial
regime varying from H/D = 0 to H/D = 2.5 with thearimum being at H/D=1.25. A
correlation between the locations of fluctuatingperatures and pressures, indicate
that major part of the noise generation occursegians of maximum pressure and

temperature fluctuations.

7.3. Microphone probe data

Microphone probe data, using sound source andrj@isgressure fluctuation
source, showed different pressure signals at tbbeptip as compared to end of the
probe due to the direct effect of probe. Differemthods (cross correlation, output
signal spectrum, amplitude ratio verses frequemoherence function and phase
spectrum) have been used to find out the correldigtween the output signal from

reference microphone and probe microphone.
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7.4. Microphone array placed outside the combustor

Measurements of acoustic signatures between sepkrsd outside of the
combustor, can help assist in understanding thed Boaoustic sources from within the
combustor. With change in the fuel to air ratio aaday of microphones,
investigation was carried out to identify which maighone (zone) is more sensible to
changes in fuel to air ratio relative to otherstdDlaas been obtained from a premixed
swirl combustor with the change in fuel to air oatiThe data showed that the
distribution of sound around the combustor, as oreasby different microphones,
changed with variation in fuel to air ratio so ththe microphone array showed
uneven sound distribution. Also, microphone at awhes placed near to the tip of
the flame showed higher sound levels with changeguivalence ratio from 1 to 1.2.
These show that a single sensor cannot provideginspatial resolution to show the

direct effect of change in equivalence ratio.
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Chapter 8: Future work recommendations

As it was mentioned before, combustion systems baveeet more air pollution
standard requirements, and it is necessary thatdélsegn of combustors becomes
more complex. Monitoring of the any change fromrafiag point of the combustion
has to be achieved with grate precision. Theresaveral diagnostic techniques that
are trying to diagnose and characterize the flarhese diagnostic techniques should
provide a good explanation of flame characterigtid combustion process in general.
A high density sensor network system would enhanteproviding detailed
information on the various continuing processegpkamg within the combustors. In
spite of the great efforts developed, the techradoe using multiple sensors are still

at the beginning.

This research has consider different sensors ea#ilor, and considered how
correlate different parameters. Experimental ingasbns have been carried out on
turbulent premixed swirling flames to determine th#uence of mean, fluctuating
temperature and pressure fluctuation distributiontloe flame characteristics with
defined heterogeneous sensors. Also this reseasltdnsidered different approach
in terms of information contain in different sers@nd showed the requirement of
multiple sensor for better monitoring that contt#aignificantly to the understanding
of the problem. Nevertheless, more details stduree further substantiation and are

thus recommended for future work, as summarizeovhel
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Use different fuel

The present study has established a link betwemimgut parameters (fuel to air
ratio) and sound pressure measured by differentopiones. Fourier transform was
used for signal analysis. This work can be donehlmyosing another parameters for
example change in fuel property. At any given openapoint of the swirl combustor
changes to fuel property can be made while maimgirthe other parameters
constant, i.e. input air. In the second step theenled function should be represented

by a mathematical fitting or calibration curves.

Noise localization in the flame

Acoustic source localization in flames have gainaath interest in the past few
decades as the acoustics of the flame is respen&blflame dynamics in a given
combustion system. Conventional methods that ameghesed to locate the sound
sources within a flame employ high frequency Chemihescence imaging, IR

imaging and planar laser induced Fluorescence (PLIF

High frequency Chemiluminescence imaging techrsgeguire hardware that is
costly and requires rigorous data processing ferldicalization of acoustic sources
within a flame. The need to locate the acousticreesi within such systems
inexpensively has thus pushed the efforts for laca acoustic sources within
flames and combustors by employing microphone ariayand around the system of

choice.
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Position location is a complex process that conegria hybrid of mathematical
methods for its implementation. Each of these nathaust be considered carefully
to ensure that the chosen method does not deghedeverall performance of a
locator. Methods based on time delay of arrival@mepleted in two steps. The first
step involves the time difference of arrival (TDO@gtimation of the signal for sets
of pairs of receivers. The second step involvesleyimy algorithms to create an

unambiguous solution to a set of non-linear equatio

Microphone arrays can be used to locate the aicosmtirces from within flames
and combustors both efficiently and inexpensivéigrious approaches have been
considered in the past for position location of rbusource with the help of
microphone arrays. The approaches of source lotatroblem are classified into
three classes: steered beam former based lochighsresolution spectral estimation
locators, and TDOA based locators. It is basedstimating the time delay of arrival

of the sound wave between a microphone pair.
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Appendix A: Cross correlation algorithms

Most practical acoustic source localization schearesbased on time difference
of arrival estimation due to their conceptual siitipl, reasonably effective in
moderately reverberant environments, and low coatfmrtal complexity. Time
delay estimation is used to localize the targetsedding on the sound and can be
used in active and passive sound localization sys{83].

The signal received at 2 microphones separated Hyeaified distance can be

modeled by:

r (1) = s(t) +ny (1),
() =a,s(t- £)+n,(t),

OLtET (AD
where, r,(t) and r,(t) are the outputs signals of two separated microphasit)is
the source signalp, (t) is the additive noise to the first microphone andt) is the

additive noises to the second microphore, represents the relative signal

attenuation,T denotes the observation interval, ahdyjields the time delay between
the two received signals. The signal and noiseassamed to be uncorrelated having

zero mean and Gaussian distribution.

A.l. Cross Correlation Algorithm
This algorithm tries to resolve the degree to whiahsignals are correlated using
cross correlation function. Upper limit provideg time delay of the cross correlation

function. Assuming a microphone array ioimicrophonem,,m,,......m, the signals

picked up by them will be [50]:
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r(t)=ast-¢,)+n(t) (A2)

where s(t) is the sound signaln, (t i9 the stationary additive noisé, is the
propagation time delay difference between two nphomes andais the signal

attenuation. The Fourier transform for the previegsation gives:

R(f)=aS(f)expt j207;) + N, (f) (A3)

R, (&) =E[n®r,(t- 7)] (A4)

where, E [.] is the expected value, the valué which maximizes this function is

the time delay estimation. Figure A.1 shows a s@tendiagram for this method.

Figure A.1. Schematic diagram of cross correlation method.

A.2. Generalized cross correlation with phase trarferm

This algorithm is another version of cross corielatlgorithm with main gains
of accuracy and low computational cost [34]. FigAr2 shows a schematic diagram
for this method. Two filtersH,,H,are added to ensure large sharp peak in the

obtained cross correlation, which improves the eaxpof time delay estimation and
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improves the SNR. After filtering the signaigt),r, (t), the consequential signals are

delayed, multiplied, and the consequential sigaaésthen integrated for a range of

delays until peak output is obtained.

The signals estimated by two microphones are pteden equation (A.1). It is

assumed sound signa](t)and the noises,(t),n,(t) are mutually independent zero
mean Gaussian processes. The cross spectrum betveesignalsr, (t),r,(t) is given

by [38]:
S, =ER(HR()} (AD)

where E {.} denotes the algebraic probability,*(denotes the complex conjugate
operator, R (f) andR,(f) represent the Fourier transform of(t)andr,(t),

respectively.

Figure A.2. Schematic diagram generalized cross correlaticthode

The time delay is obtained as [34, 38].
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t, =argmaxy . (¢), (A.6)
where,y . (¢ )s the generalized cross correlation function, iarefjual to [34]

¥ ¥

Vo, 0)= F(1)S,, (f)exp(j2oft)df =y, (f)exp(j2oft)df, (A7)

¥

where, f(f)is the weighting function (sometimes also calle& fbre filter

function) is given by [34]
F()=H,(f)H;(f) (A8)

The role of the weighting function is making sharpeak in the cross correlation
between the signals obtained from the microphoBes. can get the cross correlation
method by choosing the weighting filter equal t@ o®ther methods are derived from
generalized cross correlation method by choosirfierént weighting filters or
expectation functions, for instance the generalizeolss correlation with phase
transform (GCC-PHAT) and the generalized cross etation with maximum-

likelihood estimation (MLE).

A.3. Generalized cross correlation with maximume-likelihood estimation
Generalized cross correlation with maximume-likebdoestimation method is

another the same as generalized cross correlaitbndifferent expectation function.

The weighting function in generalized cross cotrefamethod is equal to [34, 36,

and 38]

107



Yw (f)= (Al2)
‘NGHrz ( f )‘ 1- \grlr2 (f)‘
where,
Ru (1) = ¥y w (DR (FR (f)exp(j2dt)df =y, (f)G,, (f)exp(j20ft)df, (A13

where, R (f )s the Fourier transform afit ,)y,, (f)is the MLE weighting
function, G, (f )is the cross spectrum of the received signal, wiiegemagnitude

coherency squared is [34]

(Al14)

2
(o - G,, (1)
Gt TG (e, ()

Then we get the value of the time difference ofvalras the value that maximizes

the likelihood function of the observed data [51]
fML = argmaxteD RML ([) (A15)

A.4. Average square difference function (ASDF) metbd
The ASDF method is based on difference between sigih@sa function of time
delay and with changing the time delay; it is miraethe error square between the

two microphone signals. The equation for this metisadefined by [52].

RIF= [(LM-1)- (m0-0)- L) (AL9)
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And since the minimum error square will consider #ttenuation function in the

signals, it is will be:

RIF= [(LM)- (M- O (A17)

D =argmin[R(#)] (A17)

This method gives very good estimation in the absesf noise. It requires no
multiplication, which is the most significant preetl advantage of this method over

the other methods. It was found that this methosl veaty time consuming method.
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Appendix B: Numerical calculations

The CFD numerical calculations were done for thenpxed swirl combustor to
compare the CFD results against the experimengaltee These results were different
in detail from the experimental result. But it wjlve us an inside view about the
complexity of real combustor. These support theaidleat multiple sensors are
required for combustor. The calculations were dfmre2D geometry of the swirl
combustor and acoustic analysis was performed. géemetry modeling and
geometry clean up was done in pre-processor Gatnhis. The processing and post-
processing of the results were done in Fluent 6.3Fbr this appendix several

sentences and consideration are used from thetFegmand descriptions.

B.1. Structured meshing

Structured grid with quadrilateral elements for doenbustor geometry was made
in Gambit. Structured meshing was adopted as oppasstructured meshing to
avoid numerical diffusion in the results. Refinensewere done at critical regions of
the flow field to capture the recirculation zonegs ddapting the mesh to the flow
field. The total grid size included 6750 quadritateelements. Figure B.1 shows the
structured grid for the 2D model of the swirl comstmr along with the boundary
conditions used for the acoustic analysis of thmesaThe 2D geometry of the
premixed swirl combustor was made exactly of thenesadimensions as the

combustor that was used for the experimental aisalys
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Figure B.1. Numerical meshing of the 2D premixed swirl combusand its

boundary conditions.

B.2. Boundary conditions and solvers used

The boundary conditions used for the given acouwstalysis are shown in figure
B.1. The air-fuel inlet boundary condition was givat the inlet of the combustor
where the premixed air/fuel mixture enters the costion chamber. The air/fuel inlet
velocity profiles were read from the experimentdV Rlata of the premixed swirl
combustor. Figures B.2 and B.3 represent the wddcity profiles for the given
combustor for swirl vane angles of 30 and 60 degvéethane gas was used as the

fuel in the CFD numerical computations.
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The bottom wall of the combustor was taken as rat transfer. No slip walls with
constant temperature have been used. Heat tracw##ficients and emissivity were
defined. The side walls were considered as a mitkednal boundary condition. The
walls of the combustor were assumed to lose radiidbirough. The DO model covers
the entire range of optical thicknesses. This aldwaving an answer of radiation at

wall. The outlet of the given premixed combustorsweonsidered atmospheric

pressure.

Figure B.2. Experimental velocity profiles for 30 degree svwgeometry.

Figure B.3. Experimental velocity profiles for 60 degree svgelometry.
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High resolution techniques for the description afbulent flows, offer the
possibility to determine the unsteady flow struetufhe Reynolds stress model
(RSM) is used. RSM considered for streamline cumegtswirl, rotation, and changes
in strain rate. The modeling for the dissipatioterand pressure strain was not easy

and other methods should be used.

In Fluent the Reynolds stress transport equati®mdiained. In this regard as it is
mentioned in the software, “several of the termshm exact equation are unknown
and modeling assumptions are required in ordetagecthe equations”. The pressure
solver was used for the given acoustic analysi©uatic analysis of the premixed
swirl combustor was done for both the steady amstaanly case. Green-gauss node
based gradient option was chosen for both the gtead unsteady case. For the
unsteady case, 2nd order formulation was chosea.splecies transport model was

used in Fluent.

The pressure discretization has been done in FIRRESTO scheme was used.
The pressure velocity coupling method option wagseh for calculations. A time
step for the calculation set 10us. To considentigteady acoustic analysis case, the
segregated sound propagation method (SSPM) seldetecdconsidering the steady
state, stochastic noise generation and radiatiothadeoption was chosen for the
acoustic analysis of the premixed swirl combusBnoadband noise source model

was used for considering the acoustic field.
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B.3. Acoustic modeling of the combustor

Sound propagation has essential characteristitiseofvave. It has a source which
can be any kind of oscillatory disturbance. Soumdpagates in a medium and
transports energy without transporting matter. dFlanovement always produces
pressure oscillations. This pressure oscillatioherently is a source of sound.
It is considerable that sound waves carry onlyng tiaction of the energy contained
in the mean flow. Figure B.4 shows the how the gomavels from a given acoustic

source to the receiver at a given distance.

Figure B.4. Pressure waves propagating.

Fluent uses two main methods for the acoustic ammlyfhese are segregated
source-propagation method (SSPM) and stochastisengeneration and radiation
(SNGR) method. For steady case the SNGR methoddws used. It is accurate for
steady state. It is the only model available fa& sheady state acoustic analysis. For

unsteady case the SSPM method along with Hawkiregaad have been used.
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B.3.1. Stochastic noise generation and radiation ried (SNGR)

The SNGR models in Fluent are time consuming progr&teady Reynolds
averaged Navier Stokes (RANS) results contain médron such as mean velocity,
mean pressure, and rate of dissipation. This mmédion can be used to get

information on broadband noise.

B.3.2. Segregated source propagation methods (SSPM)

In SSPM program, problem domain divided into twgels. The first one is the
flow field and the second layer can be regardedait®ustic field. SSPM follows
following steps. First, it resolved of the flowamd around the sound source regions.

Secondly, it saves required data (such as Lighthéhsor) on source regions.

After the above steps, saved data is read intosthend propagation solver
FLUENT's inbuilt FWH module. Sound computation ieeh done in FWH module.
FWH method stores time-varying pressure at all ggoam the source surfaces during
CFD simulation. Then, CFD simulation is completad,automatic routine provides

sound pressure signal at predefined receiver loesti

B.4. Numerical results and discussion

The numerical computations were done for the aasidiehavior inside the
premixed swirl combustor. The cases have been flmmeoth steady and unsteady
reacting flow. Steady case for the non-reactingvflwas also run to identify the

differences in the acoustic signatures acquireddacting and non-reacting flow.
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Figure B.5 shows the contours of velocity magnittatesteady state reacting flow
for different swirl intensities namely 30 degreel &0 degree swirl. It is seen that at
higher degrees of swirl (60 degree swirl) strordjaband axial pressure gradients are
set up near the inlet, resulting in axial recirtola in the form of a central

recirculation zone, CTRZ, which is not observedasker degrees of swirl.
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Figure B.5. Numerical velocity magnitudes. (a) For 30 degre#ls(b) For 60

degree swirl.

The flow was found to be high of shear and valueidulence intensity. Large
fluctuations and stagnation pressures observecherboundary of the combustor.
Flame inside the combustor was stabilized are shed significantly. It seems that
recirculation zones worked as the main turbulensengources within the premixed

swirl combustor.
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Figure B.6 shows the different contours of acoupbwver level for steady state
reacting flow for different swirl intensities narge30 degree and 60 degree swirl. The
acoustic power level in 60 degree was higher thaithe case of 30 degree swirl. For
the higher degree swirl (60 degree), the recirautatones were strong and the power
associated with recirculation flame flow increasétie acoustic power level was
maximum in the flame zone and it decreases sulsigntdownstream of the
combustor (the same as open flame) which was aogptd the experimental results

(the results of experiments is not presented here).
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Figure B.6. Numerical acoustic power level. (a) For 30 degweel. (b) For 60

degree swirl.
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Figure B.7 shows the figure of acoustic power valiange in axial position. The

maximum acoustic power was 70 dB at an axial pwsiof x= 0.0532 m for 30

degree swirl and it was 100.43 dB at an axial pmsibf x= 0.015 m for 60 degree

swirl.
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Figure B.7. Numerical power level. (a) For
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Figure B.8 shows the figure for acoustic power levith change in axial position

above the inlet plane for different swirl intensgtiand steady state reacting flow.

Figure B.9 shows the contours of velocity magnitidde reacting state non

reacting flow for different swirl 30 degree and d€gree. The velocity gradients were

more severe and distributed in the case of readtowg compared with the non

reacting flow.
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Figure B.8. Numerical surface acoustic power level. (a) Ford@@ree swirl. (b)

For 60 degree swirl.
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Figure B.9. Velocity magnitudes. (a) For 30 degree swirl.Kby 60 degree swirl.

Figure B.10 shows the contours of power level &acting flow for different swirl

intensities namely 30 degree and 60 degree swir. dcoustic power level for the
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steady non-reacting case was found to be loweompared to the non reacting case.
In the non-reacting case the combustion noise slaolvg/er noise level as compared
to the reacting case. When heat was added tod (fin and fuel) the density of the
fluid was a function of two parameters, the pressamd the heat supplied to unit
mass of fluid. The sound field was changed by #te of change in the heat addition
rate to the combustor. Steady heating method wss m@isy when compared to
unsteady heating method. Hence, though the acqusiier level for the non-reacting

case was less it was almost similar to the steaalgting flow in the combustor.
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Figure B.11 shows the acoustic power level withngjeain axial position above
the inlet plane for steady state non reacting flow different swirl intensities 30
degree and 60 degree swirl. The concentrated acqaster level for 30 degree swirl
geometry was 66 dB at an axial position of x= 06%% The concentrated acoustic

power level for 60 degree swirl geometry was 92 atBan axial position of x=
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Figure B.11. Numerical plot of power level. (a) For 30 degreérls(b) For 60

degree swirl combustor.

Figure B.12 shows acoustic power in axial posiabove the inlet plane for steady
state reacting flow for different swirl intensitiee. 30 degree and 60 degree swirl.
The trend observed in the variation of surface attoypower level was different in
the 2 30 degree and 60 degree swirl and it was teras swirl intensity increases
the surface acoustic power level for inside watlré@ases in level. The levels were

found to be smaller as compared to reacting case.
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Figure B.12.Numerical surface acoustic power level. (a) Fodagree swirl. (b)

For 60 degree swirl.

122



Appendix C: List of publications

Journal
Eshaghi A., Singh, A. V., Yu, M., Gupta, A. K., aBdyden K. M., “Heterogeneous
Sensors on Thermal and Acoustic Behavior of a BrethBwirl Flame,” 2012. (Will

be submitted to Applied Energy Journal).

Conferences

Singh, A. V., Eshaghi A., Yu, M., Gupta, A. K., ambyden, K. M., “Acoustic
Source Localization using Microphone Arrays by TDOMethod,” 48"
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & fikit 10" Annual

International Energy Conversion Engineering Confeeg 2012.

Discussion on Advances in Sensors and Monitoring

Singh, A. V., Eshaghi A., Yu, M., Gupta, A. K., afdbyden, K. M., “Effect of
Multisensors on Noise Source Estimation in 2D,” T3#h International Technical

Conference on Clean Coal & Fuel Systems, JuneGearwater, U.S.A, 2012.
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