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ABSTRACT

Study of combustion dynamics has gained significant research attention since lowemission systems are increasingly employed in the industry. In particular, combustion noise and
thermo-acoustic instabilities are of great importance in highly critical applications such as power
generation, jet propulsion engines, and rocket propulsion systems. Recently, porous inert media
(PIM), also referred to as foam insert, has shown promise in mitigating combustion noise and
thermo-acoustic instabilities in lean premixed (LPM), swirl-stabilized combustion at atmospheric
pressure and elevated pressures. In this study, the flow field without and with PIM is
investigated to understand the underlying mechanisms responsible for mitigating thermoacoustic instabilities. Experiments are conducted for LPM combustion and lean direct injection
(LDI) combustion.
First, time-resolved PIV technique is utilized to measure the non-reacting flow field
without and with PIM. Although the flow field inside the annulus of the foam insert was
optically inaccessible, measurements immediately downstream provide insight into the
instantaneous flow field and turbulence characteristics. The study highlights the role of the foam
insert on vorticity, velocity, shear layer spreading angle, recirculation zone dynamics, and
turbulent kinetic energy; which ultimately affects the acoustics behavior of the combustor in a
favorable manner. The effect of PIM on the dominant turbulent structures in the flow field is
quantified using proper orthogonal decomposition (POD) technique.
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Next, flow field measurements are acquired for LPM swirl-stabilized combustion without
and with PIM. The turbulent structures similar to the non-reacting flow field are also present in
the reacting flow field, with notable difference in size and shape. The instantaneous and average
flow fields provide insight into the effects of PIM on the velocity and turbulence fields. POD
analysis is used to quantify the effect of PIM on the dominant turbulent structures, and PIM is
shown to distribute the turbulent energy from the large scale structures to smaller scale
structures. By harmonically reconstructing the flow field at the frequency of thermo-acoustic
instability, the feedback mechanism is found to be the vortical structures in the corner
recirculation zones, and PIM is shown to eliminate the feedback mechanism.
The efficacy of PIM in mitigating combustion noise and thermo-acoustic instabilities is
demonstrated for liquid fuel combustion utilizing the LDI concept. In this system, the flame
stabilizes downstream of the dump plane due to a balance of flow velocity and flame speed of
the fuel-air mixture created upstream. The ring shaped PIM is placed at the dump plane of the
combustor to alter the flow field in an advantageous manner. Sound pressure levels (SPL) and
CO and NOx emissions are measured for combustion without and with PIM inserts. Effect of
atomizing air to liquid mass ratio on SPL suggests equivalence ratio oscillations are the driving
force for thermo-acoustic instabilities. Results show that the PIM insert reduces broad band
combustion noise, mitigates peak instabilities occurring at the first longitudinal mode of the
natural frequency of the combustor, and facilitates thermal feedback from the flame to the fuel
atomization process. Different insert geometries were examined and they all reduced SPLs, but
the converging foam geometry provided the best performance.
Finally, flow fields of LDI combustion are experimentally measured using time-resolved
PIV technique without and with PIM. The instantaneous flow field highlights the role of PIM on
iii

the fluctuating velocity field. The driving mechanism for thermo-acoustic instability is identified
by analyzing the fluctuating flow field, and PIM is found to decrease the driving force for
thermo-acoustic instability. The average flow field is used to show the effect of PIM on the
turbulence and POD analysis is used to quantify the effect of PIM on the turbulent structures.
The study identifies spatial and temporal non-homogeneities in equivalence ratio as the feedback
mechanisms for exciting thermo-acoustic instabilities in LDI swirl-stabilized combustion. In
general, PIM decreases the driving force while increasing the dampening force in both LPM and
LDI combustion systems.
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LIST OF ABBREVIATIONS AND SYMBOLS

AA

Atomizing air

AB

Air-blast

ALR

Air to liquid mass ratio through fuel injector

CO

Carbon Monoxide

HRR

Heat release rate

LDI

Lean direct injection

LPM Lean premixed
NOx

Nitric oxides

PIM

Porous inert media

PIV

Particle image velocimetry

POD Proper Orthogonal Decomposition
SLPM Standard liters per a minute
TKE

Turbulent Kinetic Energy
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1
1.1

INTRODUCTION

BACKGROUND
Driven by regulations, in recent years, the scientific community and turbo-machinery

industry have become highly interested in noise emissions associated with combustion. Noise
results from propagation of sound waves generated by pressure fluctuations in turbulent reacting
flow fields with unsteady heat release rates [1]. The sound waves can develop into thermoacoustic instabilities to cause structural vibrations, which can lead to catastrophic fatigue. Gas
turbines and jet propulsion engines are highly critical applications and component failure caused
by combustion is of paramount importance. Early research on combustion noise was reported by
Putnam [2] and Strahle [3]. They developed analytical models and empirical data to correlate
sound pressure levels (SPLs) with combustion parameters such as air-fuel ratio, fuel type,
reactants flow rate, and geometry in non-premixed combustion systems. More recently, lean
premixed (LPM) combustion and lean direct injection (LDI) have gained increased utility to
curtail pollutant emissions of nitric oxides (NOx). The LPM and LDI combustion allows control
of flame temperature to limit thermal NOx formation. Although LPM and LDI combustion has
proven to reduce NOx formation significantly, these systems are increasingly susceptible to
combustion noise and thermo-acoustic instabilities resulting from fluctuating heat release rates
coupled with fixed-frequency feedback oscillations [4].
Combustion noise and thermo-acoustic instability are distinctly different processes;
however they both relate to unsteady heat release rates in turbulent reactant flows. According to
1

the Rayleigh’s criterion [5], combustion instability develops if the heat release fluctuations are in
phase with the pressure fluctuations. Instabilities will occur when the magnitude of the acoustic
driver exceeds the magnitude of the damping process; therefore the energy of the thermoacoustic mode will increase with time. In this case, the oscillation amplitude will initially
increase exponentially with time until it saturates at some limit cycle due to non-linear effects
[6]. The interaction between energy losses and energy gain in thermo-acoustics is shown in
Figure 1-1 [7]. The energy increases in region one as a linearly unstable system, and then the
non-linear effects cause the system to saturate at the stable limit cycle. The mechanisms of
combustion instabilities are extremely complex because they involve interactions among several
physical phenomena, for example: unsteady flame propagation leading to unsteady flow
velocities, pressure fluctuations, acoustic wave propagation, and natural or forced hydrodynamic
instabilities [8]. Propagating flame front and vortex structures change the fuel consumption rate
which creates unsteady energy release rates that can be interpreted as a modulation of flame
speed. The time delay between the formation of coherent vortex structure and the instant that the
energy is released by combustion in the vortex can provide the proper phase relationship between
the oscillating pressure field and unsteady heat release to drive the instability [8]. As such,
fluctuating vortical flow structures tend to excite pre-existent pressure oscillations, thereby
increasing the likelihood of combustion instabilities [9]. In general, these instabilities occur at
frequencies associated with the combustor’s natural longitudinal, radial, azimuthal, or bulk
modes [10]. The natural frequencies can be determined by solving the wave equation with the
appropriate boundary conditions [11].
Active and passive control techniques are employed to mitigate combustion instabilities
in both liquid and gaseous fuel combustion [12-16]. Active methods usually consist of actuation
2

of the fuel or air delivery systems in response to the flame behavior [17]. Passive methods
consist of modifications to the combustor geometry, for example, by baffles, resonators, and
acoustic liners [17]. When an instability occurs at one dominant frequency, passive techniques
such as Helmholtz resonators, matching upstream and downstream lengths, gradual diameter
changes, and locating an orifice at the antinodes of the quarter wave are all methods that have
proven to be moderately effective at reducing the pressure amplitudes; however, their practical
implementation in actual combustor design is often difficult [13].
Agrawal and Vijaykant [18] developed a passive technique to mitigate combustion noise
and instability in swirl-stabilized, LPM combustion systems. The technique involves placing an
open-cell structure of porous inert material (PIM) at the dump plane of the combustor. The PIM
is a ceramic matrix alloyed with hafnium carbide/silicon carbide (HfC/SiC) layered coating to
resist high temperature oxidation in combustion environments. Refractory surface oxides can
withstand operating temperatures up to 1800°C [18]. The porous material itself is characterized
by porosity (percentage of void volume) and pore density (number of pores per unit length). The
pore density is generally expressed in units of pores per inch (ppi) or pores per cm (ppcm).
Agrawal and Sequera [4] used a simplified computational fluid dynamics (CFD) analysis to gain
preliminary understanding of the flow field with and without the foam insert. The combustor
was modeled as axisymmetric geometry with swirling flow using turbulent premixed combustion
model based on the work of Zimont [19].
PIM as a technique to mitigate combustion noise and thermo-acoustic instabilities has
been demonstrated over a wide range of operating conditions for gaseous fueled, swirl-stabilized
combustion in experimental studies by Sequera, Smith, Borsuk, and Williams [1,20-22]. The
remainder of this chapter will summarize and present the important findings of these studies. It
3

is important to note that although the efficacy of this concept is well documented, little is
understood about the complex mechanisms responsible for noise and instability mitigation by
PIM.
1.2

EFFICACY OF PIM IN LPM SWIRL-STABILIZED COMBUSTION
Initial studies utilizing PIM in combustion systems focused on the effect on the lean blow

off limit, the effect on CO and NOx emissions, preheating of incoming reactants, and mitigating
heat loss through combustor walls in a meso-scale gaseous fueled combustor [23]. In this study,
combustion with PIM was classified into two categories, surface combustion and interior
combustion. Surface combustion takes place immediately downstream and on the surface of the
PIM. Interior combustion takes place within the porous structure itself. A schematic
Representation of surface and interior combustion can be seen in Figure 1-2. The pressure drop
across PIM was determined for different flow conditions, see Figure 1-3. Conclusions from this
study are as follows [23]:
1. Surface combustion affected pressure drop slightly compared to that of cold flow,
while interior combustion increases the pressure drop by a significant factor
depending on the flow velocity.
2. CO and NOx concentrations were dominated by changes in equivalence ratio, while
NOx concentration was only slightly affected by pore size and CO concentration
decreased with increasing PIM pore size.
3. Interior combustion extended the lean blow-off limit over surface combustion.
4. Increasing pore size extended the lean blow-off limit in both combustion modes.
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The application of PIM as a passive technique to mitigate combustion noise and thermoacoustic instabilities for gaseous fueled, swirl-stabilized combustion was demonstrated by
Sequera and Agrawal [1]. An experimental study was conducted and once again interior
combustion and surface combustion was observed, see Figure 1-4. Figure 1-4(a) illustrates
interior combustion which occurs when the reactants combust within the porous insert, while
Figure 1-4(b) illustrates surface combustion which occurs when the reactants flow through the
porous insert and part of the flame stabilizes on the surface of the porous insert. In the
experimental study, it was observed that LPM combustion can be manipulated such that the
noise and/or instability are mitigated without adversely affecting CO and NOx emissions. Porous
insert of large pore density and diverging flow cross-sectional annular area provides the best
performance in noise and/or instability mitigation [1]. A numerical study was also conducted by
Sequera and Agrawal to gain qualitative insight into the flow field with PIM [4]. The corner
recirculation zones were eliminated and the central recirculation zone was strengthened with the
addition of PIM.
The efficacy of PIM to mitigate thermo-acoustic instabilities have been demonstrated
over a wide range of flow conditions, which include equivalence ratio, swirler location, operating
pressure, and reactant inlet temperature [20-22]. Figure 1-5 shows the effect of PIM on thermoacoustic instability for gaseous fueled, swirl-stabilized combustion at atmospheric pressure. It is
apparent in Figure 1-5, that PIM reduces the SPL at the peak center frequency by a magnitude
greater than 30 dB. The 30 dB reduction in SPL at the peak center frequency represents
mitigation of instability, while broadband reduction corresponds to combustion noise reduction.
Figure 1-6 shows the effect of PIM on mitigating combustion noise and instability at an elevated
pressure of P = 0.405 MPa and different equivalence ratios, Φ=0.55, 0.65, and 0.75. The results
5

in Figure 1-6 clearly demonstrate PIM is effective at reducing thermo-acoustic instabilities at the
peak frequencies and broadband combustion noise at an elevated pressure and varying
equivalence ratios.
1.3

OBJECTIVES AND OVERVIEW
The technique presented and discussed above show a promising passive technique for

mitigating combustion noise and thermo-acoustic instabilities in practical swirl-stabilized
combustion systems such as gas turbine engines. The efficacy of PIM to mitigate noise and/or
instability has been shown for gaseous fueled swirl-stabilized combustion; however, the
fundamental understanding of the mechanisms responsible is presently unknown. Qualitative
insight has been gained through numerical studies, but experimental data are needed to
understand the underlying mechanisms responsible for mitigating thermo-acoustic instabilities.
The objective of the present study is to experimentally investigate the flow fields without and
with PIM using time-resolved particle image velocimetry (PIV) technique and thus gain an
understanding of the mechanisms responsible. A second objective is to demonstrate the efficacy
of PIM for LDI combustion systems and to delineate the underlying mechanisms responsible.
Research presented in the following chapters is organized as follows:


Chapter 2 investigates the non-reacting flow field for LPM swirl-stabilized combustion.
The non-reacting experiments delineate the role of PIM on the flow and turbulent
structures in the combustor.



Chapter 3 investigates the flow field of LPM swirl-stabilized combustion without and
with PIM, and provides quantitative data which explains the underlying mechanisms
responsible for mitigating thermo-acoustic instabilities in LPM combustion.
6



Chapter 4 is presented to demonstrate the efficacy of PIM in mitigating thermo-acoustic
instabilities in LDI combustion systems.



Chapter 5, the flow field without and with PIM in a LDI combustion system is
experimentally measured to explain the underlying mechanisms responsible for
mitigating thermo-acoustic instabilities.



Conclusions and recommendations of the study are summarized in chapter 6.

7

Figure 1-1: Interaction between energy losses and energy gain in thermo-acoustics [7].
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(a)

(b)
Figure 1-2: Schematic representation of (a) surface combustion and (b) interior combustion
[23].
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(a)

(b)
Figure 1-3: Effect of pore size (a) and the effect of combustion (b) on pressure drop [23]
10

(a)

(b)

Figure 1-4: Schematic diagram illustrating stabilization mechanism: (a) interior combustion
(b) surface combustion [1].
11

Figure 1-5: SPL per 1/3 octave band for a case which and thermo-acoustic instability is
observed, Tinlet = 21°C, Q = 600 SLPM, Φ = 0.70 [20].

12

Figure 1-6: Acoustic pressure spectra and SPL per 1/3rd octave band for P = 0.405 MPa, Q =
400 LPM, (a) Φ = 0.55, (b) Φ = 0.65, and (c) Φ = 0.75 [22].

13

2

2.1

TIME-RESOLVED PIV MEASUREMENTS OF NON-REACTING FLOW FIELD IN A
SWIRL-STABILIZED COMBUSTOR WITHOUT AND WITH POROUS INSERTS FOR
ACOUSTIC CONTROL*
ABSTRACT
Combustion noise and thermo-acoustic instabilities are of primary importance in
highly critical applications such as rocket propulsion systems, power generation, and jet
propulsion engines. Mechanisms for combustion instabilities are extremely complex because
they often involve interactions among several different physical phenomena such as unsteady
flame propagation leading to unsteady flow field, acoustic wave propagation, natural and
forced hydrodynamic instabilities, etc. In the past, we have utilized porous inert media
(PIM) to mitigate combustion noise and thermo-acoustic instabilities in both lean premixed
(LPM) and lean direct injection (LDI) combustion systems. While these studies
demonstrated the efficacy of the PIM concept to mitigate noise and thermo-acoustic
instabilities, the actual mechanisms involved have not been understood. The present study
utilizes time-resolved particle image velocimetry to measure the turbulent flow field in a
non-reacting swirl-stabilized combustor without and with PIM. Although the flow field
inside the annulus of the PIM cannot be observed, measurements immediately downstream of
the PIM provide insight into the turbulent structures. Results are analyzed using the Proper

* Paper accepted for publication in ASME Journal of Engineering for Gas Turbine and Power in
April 2014.
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Orthogonal Decomposition (POD) method and show that the PIM alters the flow field in an
advantageous manner by modifying the turbulence structures and eliminating the corner
recirculation zones and precessing vortex core, which would ultimately affect the acoustic
behavior in a favorable manner.
2.2

INTRODUCTION
An important aspect in gas turbine combustor design is the consideration of
combustion noise and thermo-acoustic instabilities. Combustion noise results from the
propagation of broadband sound waves generated by heat release rate fluctuations in a
turbulent flow field [1]. Putnam [2] and Strahle [24] developed analytical models and
empirical data to correlate sound pressure level (SPL) with combustion parameters such as
air-fuel ratio, fuel type, reactants flow rate, and geometry in non-premixed combustion
systems. In some cases, the unsteady heat release rates can excite natural acoustic modes of
the combustion chamber, causing severe vibrations that constrain the operating limits of the
system or even cause component failure [25]. According to the Rayleigh’s criterion, thermoacoustic instabilities develop if the heat release rate fluctuations are in phase with the
pressure fluctuations [5]. In recent years, lean premixed (LPM) combustion systems have
gained increased utility because of the stringent emission regulations. LPM combustion
reduces thermal NOx formation by controlling the flame temperature. However, LPM
combustion is more susceptible to thermo-acoustic instabilities [4].
When the heat release rate fluctuations are in phase with the pressure fluctuations, the
acoustic energy generated is added to the system faster than the energy dampened. In this
case, the oscillation amplitude will initially increase exponentially until it saturates at some
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limit cycle [6]. The mechanisms of thermo-acoustic instabilities often involve interactions
between several physical phenomena such as unsteady flame propagation leading to unsteady
flow velocities, acoustic wave propagation, and hydrodynamic instabilities [8]. Propagating
flame front and vortex structures change the reaction rates which in turn create unsteady heat
release rates in modulation with the flame speed. The time delay between vortex formation
and the instant of heat released by combustion in the vortex can provide the phase
relationship between the oscillating pressure field and unsteady heat release rate to drive the
instability [8]. As such, fluctuating vortical flow structures tend to excite pre-existent
pressure oscillations, thereby increasing the likelihood of combustion instabilities [9]. In
general, these instabilities occur at frequencies associated with the combustor’s natural
longitudinal, radial, azimuthal, or bulk modes [10]. Vortices naturally occur in non-reacting
and reacting swirl stabilized flow systems, however the interactions of the vortices with the
flame front and acoustic field allows for a coupling of the pressure fluctuations and heat
release rate fluctuations. The acoustic field can also excite hydrodynamic flow instabilities,
which lead to large, organized vortical structures near the flame front to further introduce
disturbances in the heat release rate [26].
Figure 2-1 shows the typical flow structures in a swirl-stabilized gas turbine
combustor including vortex breakdown-induced center recirculation zone downstream of the
dump plane, precessing vortex core (PVC), small scale structures in the shear layers
originating from the annulus boundaries, and the corner recirculation zone at the intersection
of the dump plane and combustor wall [27]. The recirculation zones contain hot products
that serve to ignite the incoming reactants. Recirculation zones are also the source of
combustion instabilities arising from vortex interactions with the flame front [28]. The PVC
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develops when a central vortex core begins to precess around the axis of symmetry at a welldefined frequency, and it usually contributes to vortex breakdown and the associated
recirculation zone in a high Reynolds number flow [27]. A review of the role of the PVC in
swirl-stabilized combustion systems is given by Syred [29]. Another important feature of
swirl stabilized flow is the formation of shear layers at the interaction of fluid streams with
different velocities [25].
Swirl-stabilized combustor flow consists of several complex phenomena which all
can contribute to system bifurcating to an unstable operating regime. Experimental
techniques such as Particle Image Velocimetry (PIV) have been utilized to better understand
these interactions. Wicksall [30-33] investigated the effect of flow field on the flame for
different fuels using PIV and OH planar laser induced fluorescent (PLIF) techniques and
observed differences in the susceptibility of the flow disturbances to different fuels.
Experimental investigation of detailed turbulence characteristics has been difficult in the
past, because of the limited temporal resolution of non-intrusive optical diagnostic
capabilities. However, recent advancements in high-speed lasers and digital imaging systems
make it possible to simultaneously resolve turbulent flow structures with a wide range of
length and time scales. O’Conner and Lieuwen analyzed the multidimensional disturbance
field caused by transverse acoustic excitation of a swirling annular nozzle flow and a
premixed-swirl stabilized flame using time-resolved PIV at a framing rate of 10 kHz [34].
They showed that the flow field near the nozzle is a superposition of acoustic and vortical
disturbances, and that different disturbances were observed in different portions of the flow.
O’Conner and Lieuwen also investigated the vortex breakdown bubble in a transversely
excited swirl flow [26]. In both of these studies [11, 19], the non-reacting and reacting flow
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fields were compared to delineate the effects of combustion. The dominant coherent
structures were observed in the non-reacting and reacting flow fields, in particular the vortex
breakdown center recirculation zone and the inner and outer shear layers. The flame mainly
affected the size and aspect ratio of the center recirculation zone, the shear layer spreading
angle, and the magnitude of the velocity perturbations and vortical disturbances. Recently,
Steinberg et al. [35] utilized stereoscopic PIV, OH PLIF, and OH* chemiluminescence to
investigate the vortex structure and their interaction with the flame region. The flow field
was found to contain either periodically shed toroidal vortices or helical precessing vortex
cores that excited the thermo-acoustic instabilities. Caux-Brisebois et al. [36] used proper
orthogonal decomposition (POD) analysis to identify helical precessing vortex cores in a
swirl-stabilized combustor experiencing thermo-acoustic instability. These advanced laser
diagnostic techniques have proven ideal for investigating combustion dynamics and thermoacoustic instabilities.
A number of active and passive control techniques have been utilized to mitigate
thermo-acoustic instabilities [13-17]. Active methods usually consist of actuation of the fuel
or air delivery system in response to the flame behavior while passive methods seek to
modify the combustor geometry, for example, by baffles, resonators, and acoustic liners [17].
When instability occurs at one dominant frequency, passive techniques such as Helmholtz
resonators, matching upstream and downstream lengths, gradual diameter changes, and
locating an orifice at the antinodes of the quarter wave have all proven to be moderately
effective at reducing the pressure amplitudes, however, their practical implementation in
actual combustor design is often difficult [13].
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Agrawal and Vijaykant [18] developed a passive technique to mitigate combustion
noise and instability in swirl-stabilized, LPM combustion systems. The technique involves
placing an open-cell structure of porous inert material (PIM) at the dump plane of the
combustor. Figure 2-2 illustrates the flame stabilization process with PIM [1]. Besides the
core region flame, a fraction of the reactants flows through the porous structure, and
flamelets stabilize on the surface of the PIM as shown by the flame photograph in figure
2(b).

The PIM is a ceramic matrix alloyed with hafnium carbide/silicon carbide (HfC/SiC)

layered coating to resist high temperature oxidation in combustion environments, and can
withstand operating temperatures up to 1800°C [18]. PIM can be easily designed to fit a
wide range of dimensions for conventional combustors with state of the art 3D
manufacturing techniques. The porous material itself is characterized by porosity
(percentage of void volume) and pore density (number of pores per unit length). The pore
density is generally expressed in units of pores per inch (ppi) or pores per cm (ppcm). Both
porosity and pore density of the insert affect the flow structure and pressure drop across the
PIM [23]. Marbach and Agrawal [23] have also demonstrated that PIM can be used to
extend the lean blow-off limit. Since, high porosity PIM is desired to minimize the pressure
drop, this and subsequent studies utilized PIM inserts with 85% porosity, i.e., only 15% of
the flow area is blocked by the insert.
Sequera and Agrawal [4] used simplified computational fluid dynamics (CFD)
analysis to gain preliminary understanding of the flow field without and with porous inserts.
The combustor was modeled using axisymmetric geometry with swirling flow in conjunction
with a turbulent premixed combustion model based on the work of Zimont [37].
Computations revealed that the porous insert eliminates the corner recirculation zone,
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strengthens the swirling flow and central recirculation zone, and directs some combustion
products through the porous insert. Sequera and Agrawal [4] conducted a series of
experiments to assess the ability of PIM to mitigate instabilities and noise in a gaseous
fueled, swirl-stabilized combustor. In these experiments, at fixed airflow rate of 6.24 g/s
(300 SLPM), a divergent PIM ring with pore density of 18 ppcm (45 ppi) provided the
greatest reduction in the total SPLs. The study also investigated the characteristics of the
PIM geometry and pore density. A diffuser shape annular ring was optimal for LPM
combustion. Pore density of less than 18 ppcm resulted in the flame to stabilize within the
porous structure, which decreased the ability of the PIM to mitigate combustion noise and
instabilities. Sequera and Agrawal [1] and Williams and Agrawal [22] demonstrated the
effectiveness of porous insert to reduce combustion noise and/or instabilities for a wide range
of operating conditions. Smith [20] and Borsuk et al [21] conducted experiments using a
diffuser shape porous ring insert with pore density of 18 ppcm. Experiments were conducted
by varying the flow operating conditions as well as the axial location of the swirler. In these
studies, significant self-excited thermo-acoustic instabilities were observed in the combustor
without PIM. In all cases, the thermo-acoustic instabilities were mitigated in the presence of
PIM inserts with peak SPL reduction of up to 30 dB.
Meadows and Agrawal [38] determined the absorption coefficient of PIM as a
function of frequency and temperature, and for lean direct injection (LDI) combustion found
that only a small fraction of the energy mitigated by porous media could be contributed to the
acoustic absorption of the material. The study showed that other mechanisms such as,
alteration of the turbulent flow field, redistribution of the heat release rates and changes in
fuel atomization and evaporation processes in the presence of PIM inserts favorably affect
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combustion instabilities. The study also compared the differences between a solid structure
replicating the PIM geometry and the PIM. It was found that a solid insert changes the flame
stabilization method and essentially shifts the dump plane downstream causing a recessed
swirler effect. The flame can sometimes stabilize within the solid annulus shifting the
frequency of the instability. Static flame stability was extremely poor if the flame stabilized
downstream of the insert. Thus, the ability of the reactants and/or products to flow through
the insert is the fundamental advantage of using porous inserts.
While the PIM inserts are effective in mitigating combustion noise and thermoacoustic instabilities, and the responsible mechanisms have been hypothesized and discussed
in previous literature, detailed understanding of the underlying physical mechanisms remain
unknown. Analyzing the instantaneous flow field offers insight into the turbulent structures
present; however a method to quantify the energy contributions of different coherent
structures to the flow field will provide a systematic approach to compare different flow
conditions. Proper orthogonal decomposition (POD) is an efficient analysis technique to
capture the dominant components of an infinite-dimension process with only finitely many,
and often surprisingly few, “modes” [39]. POD analysis provides a mathematical definition
of coherent structures in turbulence by decomposing a series of velocity fields into a set of
deterministic functions and random coefficients.
The present study seeks to quantify the effects of PIM on the turbulent structures in a
non-reacting swirl-stabilized system. Understanding of the non-reacting flow field is an
important first step towards analyzing reacting flows at practical gas turbine operating
conditions. O’Conner and Lieuwen [26,34] have demonstrated that similar coherent
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turbulent structures are present in non-reacting and reacting flows of swirl-stabilized systems,
and significant insight can be gained by analyzing the non-reacting flow field. Thus, in this
study, the turbulent structures without and with PIM are investigated in non-reacting swirlstabilized geometry, with the goal of systematically formulating strategies to understand and
mitigate thermo-acoustic instabilities in practical reacting flow systems in future research.
Time-resolved PIV technique is used to measure the flow field, and the POD analysis is
employed to analyze the measurements.
2.3

EXPERIMENTAL SETUP
Figure 2-3 shows the swirl-stabilized combustor setup oriented vertically. The
experiment is operated at atmospheric conditions. After passing through a pressure regulator,
dehumidifier, and water trap, the air flow is split into primary air and seeded air flow lines.
The air flow is seeded with approximately 1 µm diameter olive oil particles produced by a
TSI six-jet atomizer located 2.0 meters upstream of the test setup to allow for proper mixing.
The seeded air flows through a plenum filled with marbles to breakdown the large vortical
structures and to further homogenize the seed particles in the air flow. Then, the air flows
through the mixing chamber and enters the cylindrical combustor via a swirler in an annulus
with an outer diameter of 4 cm and inner diameter of 2 cm. The swirler consists of six vanes
at 28˚ to the horizontal plane to produce a swirl number of 1.5. The cylindrical enclosure is
45.7 cm in length and 8.0 cm in diameter. The air flow rate entering the combustor was set
to 3.12 g/s (150 SLPM).
The PIM consists of two porous rings stacked on top of each other, with inner and
outer diameters of 48 mm and 78 mm respectively. Each PIM ring has height of 25.4 mm
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and the pore density of 18 pores per cm. The PIM is wrapped in graphite foil to firmly seal
the openings between the outer diameter of the PIM and the inner diameter of the combustor.
The primary air flow rate is controlled by a manual valve and measured using a
laminar flow element (LFE) with a reported calibration error of +/- 5 liters per a minute
(lpm). The total pressure and pressure drop in the LFE are measured with an absolute
pressure transducer and a differential pressure transducer respectively. The measured flow
rate is corrected for temperature as specified by the LFE manufacturer. The seeded air flow
rate is controlled by the upstream pressure and measured using a sonic nozzle (FlowMaxx
SN16-SA-044).
Velocity measurements in the flow field were obtained using the time-resolved PIV
technique. Quantronix Hawk-Duo 532-120-M Nd:YAG laser with a wavelength of 532 nm
and a 18 mJ/pulse at the 7.5 kHz repetition rate is used for the experiments. The time
between the two laser pulses was 50 µs. A Photron SA5 Fastcam camera with a Sigma 105
mm focal length lens and a 1024 x 1024 pixel sensor was used at a framing rate of 7.5 kHz.
The spatial resolution for the experiment is 89.48 µm per pixel, which corresponds to
velocity resolution of 1.79 m/s. A TSI divergent sheet optic, with f = -25 mm cylindrical
lens, combined with a 500 mm spherical lens, was used to create 1 mm thick laser sheet of 85
mm x85 mm. The laser sheet entered the cylindrical combustor through the center plane that
will be referred as the x-y plane.
Velocity field calculations were performed using Insight 4G Data Acquisition,
Analysis, and Display Software from TSI. The velocity was computed using a three pass
Recursive Nyquist Grid. The initial interrogation window size of 64 x 64 pixels with 50%
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overlap grid spacing was used. The computed velocity vectors then proceed through local
median vector validation with a reference vector used as the median value of all vectors in
the neighborhood. The maximum allowed difference between the current vector and the
reference vector is two times the reference vector. The results from the previous pass are
used to optimize the spot offset for the next pass and the interrogation window is reduced by
one half the size of the previous pass. Fast Fourier Transform (FFT) is used to compute the
correlation function, and the location of the correlation peak is determined by fitting a
Gaussian curve to the highest pixel and its four nearest neighbors. The measured data were
rejected based on three criterions: passing the median test as mentioned above, a peak to
noise ratio of 1.5, and an absolute velocity magnitude greater than 15 m/s because it would
not be a physical representation of the actual flow. A recursive filling using the local mean
was used to fill the holes in the vector field. The filling procedure sorts the holes by the
number of valid neighbors found initially. It first fills the holes with the most valid
neighbors since they have the best chance to be filled; it then fills the holes with the second
most valid neighbors, in which the holes filled in the previous pass are also treated as valid
neighbors.
2.4

POD ANALYSIS
Proper orthogonal decomposition (POD) is a mathematical procedure to decompose
an ensemble of signals into a set of deterministic basis functions and random coefficients.
POD method is the optimal basis to use in many circumstances, hence the attractiveness of
this analytic tool. The POD was introduced in the context of turbulence by Lumley [40].
The decomposition can be achieved using two methods: the direct method [41] or the
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snapshot method [42]. Both methods lead to the same solution; however, the direct method
requires more computational time and memory. The snapshot method is used in this study.
POD analysis is performed on the fluctuating velocity field obtained by subtracting the
average field from the instantaneous field. Given a set of M instantaneous snapshots (vector
fields), a correlation matrix Ri,j is defined as:
()

∫

( )

( )

( )

(1)

Diagonalizing this matrix gives M real positive eigenvalues λi, and the respective
eigenvectors ψi, i = 1, … , M, form a complete orthogonal basis [43]. The orthogonal
eigenfunctions or proper orthogonal modes are defined as:
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∑
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is the i-th component of the n-th eigenvector. The original velocity field can be

represented by using the eigenfunctions ϕ(n) and the coefficients an as follows:
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∑
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The coefficients are random and uncorrelated square roots of the eigenvalues. The
coefficients can be computed from the projection of the velocity field onto the eigenfunctions
as follows:
(
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The “energy” of the flow field defined as 〈

〉 can be calculated using the sum of the

eigenvalues as shown:
∑

(6)

and the “energy contribution” of the n-th POD mode is defined as the percentage of the
energy, see equation 7.
⁄

(7)

The velocity field can be reconstructed by using a linear combination of all orthogonal
modes:
̂

〈 〉
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∑
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And a low order approximation of the data is achieved through the reconstruction of a finite,
small number of modes (K<M):
̂

2.5

〈 〉
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∑

(9)

RESULTS
This section presents the velocity field and the associated POD analysis in a nonreacting swirl-stabilized system without and with PIM. The instantaneous and average flow
field, and the POD results will be discussed and the effects of PIM on the coherent turbulent
structures will be determined. Similar coherent structures are present in non-reacting and
reacting flow fields [26,34], and hence, the non-reacting flow field is investigated in this
study to gain insight into the role of PIM on turbulence structures, which would also be
expected to occur in reacting flow systems. Thus, this study represents a first step towards
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systematically analyzing the effects of PIM on thermo-acoustics instabilities in practical
reacting flow system.
For the case without PIM, the flow field is analyzed from the dump plane to a length
of one combustor diameter downstream of the dump plane. For the case with PIM, the flow
field is analyzed from the exit plane of the PIM to a length of one combustor diameter
downstream of the exit plane of PIM. Although the field of view for comparison is not the
same, the turbulent flow in the region near flame stabilization zone is considered in both
cases. Note that in a reacting flow system the flame stabilizes at the dump plane for the case
without PIM and stabilizes at the exit plane of PIM and partially within the annulus for the
case with PIM. The velocity perturbations and the turbulent structures analyzed in both cases
are located near the flame, and will interact with the flame which can provide the necessary
phase relationship for combustion instability to occur. Slight asymmetry is observed in
measurements, however reflections were subtracted from the original images as background
images, and the inner shear layer region on the left side of the image was most affected. The
holes in the vector field from the reflections were interpolated as explained in the
experimental setup section.
2.5.1 Average Flow Field
Figure 2-4 shows the average velocity vector field superimposed over the normalized
average vorticity contours without and with PIM. Without PIM, in figure 4a, the corner
recirculation zone shedding vortices from the outer shear layer is clearly present. The center
recirculation zone resulting from the vortex-breakdown is rather large. Another turbulent
structure present is the precessing vortex core near the center, and is found rotating around
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the y axis. Figure 4b shows the average flow field with PIM, whereby the PVC and the
corner recirculation zones are no longer present. PIM is placed at the dump plane of the
combustor and some of the air flows through the porous structure. PIM disintegrates the
vortical structures shed by the outer shear layer. Some of air flows through the PIM and exits
at the top where it also convects any vortices shed by the outer shear layer. Thus, no corner
recirculation zones are formed with PIM, see Figure 2-4(b). Figure 2-5 presents the radial
profiles of the axial velocity at different axial locations without and with PIM. Figure 2-5(a)
shows an increase in axial velocity near the center of the combustor, which is characteristic
of the PVC. The negative axial velocity in the central region of Figure 2-5(a) represents the
central recirculation zone. The PVC is not present in the case with PIM and the central
region is mainly a recirculation zone, see Figure 2-5(b). PVC depends upon the swirl
number and the geometry. The air entering the dump plane immediately impinges on the
porous insert changing the effective swirl number, and the combustor geometry has been
slightly modified by the PIM. These factors tend to eliminate the PVC in the presence of the
PIM.
The vorticity contour plots in Figure 2-4 provide qualitative insight into the dynamics
of the system, but the perturbations of the velocity field in a reacting flow system will cause
modulation of the heat release rates. The average perturbations of the velocity field can be
shown quantitatively in terms of the turbulent intensity. The turbulent intensity of the flow
was determined by calculating the root-mean-squared velocity components normalized by the
average axial velocity at the dump plane. The total turbulent intensity was computed from
the magnitude of the turbulent intensity of each velocity component. Figure 2-6 shows the
total turbulence intensity without and with PIM. Without PIM, the total turbulent intensity is
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highest within the PVC region as shown in Figure 2-6(a). In contrast, Figure 2-6(b) shows
that the total turbulent intensity with PIM is highest in regions around the inner and outer
shear layers.
The average vorticity and turbulent intensity contours clearly show turbulent
structures commonly found in swirl-stabilized gas turbine combustion system. However, the
contribution of the different turbulent structures to the instantaneous flow field cannot be
inferred from the average quantities presented in Figure 2-4 to Figure 2-6. Thus, the
remainder of this study focuses on identification of turbulent structures using the POD
analysis.
2.5.2 POD Analysis
POD analysis was performed using an add-on module in TSI Insight 4G software.
POD analysis decomposes the data into a set of deterministic eigenfunctions (spatial) with
associated eigenvalues (energy contribution) and random coefficients (temporal). Any
instantaneous flow field can be reconstructed with a linear combination of the eigenfunctions
with a specific number of temporal coefficients. The eigenfunctions or modes represent
coherent structures in the flow field and the respective eigenvalues represents the energy
contribution of the coherent structures. POD capabilities are demonstrated by reconstructing
an instantaneous flow field with the first 5 modes.
The cumulative energy contribution of the POD modes is shown in Figure 2-7. A
total of 500 snapshots were analyzed, and the first five modes are used to reconstruct the
velocity field corresponding to a cumulative energy contribution of 40.7 % with PIM and
46.4 % without PIM. Figure 2-7 demonstrates that the energy contributions from the first 5
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modes is greater without PIM compared to with PIM, which suggest that the energy from the
coherent structures associated with large scale fluctuations is more evenly distributed in the
presence of PIM. Figure 2-8 shows the instantaneous flow field (in terms of velocity vectors
and normalized velocity magnitude) and reconstructed flow field without PIM. Similarly,
Figure 2-9 shows the instantaneous and reconstructed flow fields with PIM. Figure 2-8(b)
and Figure 2-9(b) both capture the dominant flow features of the instantaneous flow fields in
Figure 2-8(a) and Figure 2-9(a) using only the first 5 modes. However, the reconstructed
velocity field without PIM captures more of the features than the reconstructed flow field
with PIM because modes 1-5 without PIM contain more energy than modes 1-5 with PIM.
The individual modes can be used to identify coherent structures responsible for the
large scale fluctuations. Figure 2-10 and Figure 2-11 show POD modes 0-5 without PIM and
with PIM respectively. Mode 0 represents the average flow field, and the contour scale for
this mode is the normalized vorticity field. POD modes 1-5 represent the fluctuating
component of the flow field, and the contour scale for modes 1-5 is the vorticity field derived
from the spatial modes. POD modes 1-3 in Figure 2-10 clearly show that the most dominant
coherent structure in the flow field without PIM is the PVC. POD modes 1-2 in Figure 2-11
show that the most dominant coherent structures with PIM pertain to the vortices generated
by the inner shear layer. The case with PIM does not have a single dominant structure unlike
the case without PIM. Evidently, the turbulent energy is more uniformly distributed by the
PIM. The relative energy contribution of mode 1 without and with PIM is 24.2 % and 10.5
% respectively. Without PIM, fluctuations take place near the PVC where the turbulent
kinetic energy is the highest. In previous studies, PVC have been observed when thermoacoustic instabilities are present and were not observed when thermo-acoustic instabilities
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were not present [36]. Current study shows that PIM effectively eliminates the corner
recirculation zones and the PVC in a non-reacting swirl-stabilized system. Similar effects are
expected in reacting flow systems, which would ultimately lead to mitigation or elimination
of thermo-acoustic instabilities in a combustor with PIM.
2.6

CONCLUSIONS
Non-reacting swirl-stabilized flow field without and with porous inserts for acoustic
control is measured using time-resolved particle image velocimetry (PIV). The instantaneous
and time-averaged flow field without PIM exhibit typical features of swirl-stabilized flows
including center and corner recirculation zones, and precessing vortex core. The corner
recirculation zones and the precessing vortex core (PVC) are eliminated in the presence of
the PIM. The proper orthogonal decomposition (POD) analysis revealed a more uniform
distribution of turbulent energy in the first few modes when PIM was present. For example,
the relative energy contribution of the first mode without and with PIM is 24.2% and 10.5%
respectively. An instantaneous snapshot of the flow field without and with PIM was
reconstructed using the first five POD modes, and the reconstruction captured the large scale
structures of the flow field. Without PIM, the PVC is the dominant source for turbulent
energy while with PIM the turbulent energy was mainly confined to the shear layer regions.
The decomposition of the spatial modes quantitatively shows that the turbulence energy is
distributed throughout the spatial domain with PIM.
The coherent structures observed in the non-reacting flow field are typically present
in the reacting flow field, with flame interactions affecting mainly the size and aspect ratio of
the central recirculation zone, the shear layer spreading angle, and magnitude of velocity and
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vortical disturbances [26,34]. In reacting swirl-stabilized combustion, the corner
recirculation zones and the PVC can act as a feedback mechanism for thermo-acoustic
instabilities. Elimination of these coherent structures with PIM found in the present study
can explain the lack of bifurcation from stable to unstable combustion observed by Sequera
and Agrawal [1]. Although combustion causes quantitative differences in the flow field,
analyzing the non-reacting flow field offers insight into the role of PIM to help develop the
fundamental understanding to analyze practical reacting flow systems.
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Figure 2-1: Typical Flow Structures Present in a Gas Turbine Combustor with a Coaxial
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Figure 2-3: Schematic of Combustor Setup
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Figure 2-4: Normalized Vorticity Contour Plots a.) Without PIM b.) With PIM
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Figure 2-8: Flow Field and Normalized Velocity Magnitudes without PIM for a.)
Instantaneous Velocity Field, and b.) Reconstructed Velocity Field
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3
3.1

TIME-RESOLVEDD PIV OF LEAN PREMIXED COMBUSTION WITHOUT AND
WITH POROUS INERT MEDIA FOR ACOUSTIC CONTROL*
ABSTRACT
In the past, we have documented the efficacy of the annular porous inert media (PIM) to

passively mitigate combustion noise and thermo-acoustic instabilities in lean premixed (LPM)
swirl-stabilized combustion systems, although the underlying mechanisms involved have not
been understood. The present study utilizes time-resolved particle image velocimetry (PIV) to
measure the turbulent flow field in a LPM combustion system without and with PIM placed on
the dump plane. Measurements of instantaneous and average flow fields, vorticity, and turbulent
kinetic energy are presented to gain insight into the turbulent flow structures. Results are
analyzed using the Proper Orthogonal Decomposition (POD) method to identify the effect of
PIM on the coherent turbulent structures in the flow field. The addition of PIM removes the
recirculation zones and convects the dominant coherent turbulent structures formed in the shear
layers downstream of the reaction zone. Harmonic reconstruction of the flow field is performed
at the frequency of thermo-acoustic instability to identify the relationship between the flow and
acoustic fields of the system. Without PIM, the vortical modes in the corner recirculation zone
are the driving source for thermo-acoustic instability. PIM alters the flow field in an
advantageous manner and thereby, effectively eliminates the feedback mechanism for thermoacoustic instabilities in LPM swirl-stabilized combustion systems.

* Paper under review by Combustion and Flame – submitted May 2014
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3.2

INTRODUCTION
Due to stringent emission regulations, lean premixed (LPM) combustion has gained

increased utility for power generating gas turbines and related applications. LPM combustion
strategies reduce the flame temperature to decrease the thermal NOx formation. However, LPM
combustion is more susceptible to thermo-acoustic instabilities [1]. Recirculation zones are
commonly found in LPM swirl-stabilized combustion, and are known as sources of combustion
instabilities arising from vortex interactions with the flame front [28]. For example, the
precessing vortex core (PVC) develops when a central vortex core precesses around the axis of
symmetry at a well-defined frequency, and it usually contributes to vortex breakdown and the
associated recirculation zone in a high Reynolds number flow [27]-[29]. Another important
feature of swirl stabilized flows is the formation of shear layers at the interface of fluid streams
with different velocities [25]. The hydrodynamic instability of shear layers is known as the
Kelvin-Helmholtz instability, and it is usually convectively unstable [25].
One of the most challenging aspects of LPM combustor design is the consideration of
combustion noise and thermo-acoustic instabilities. Combustion noise is generated by heat
release rate fluctuations in a turbulent flow field [1]. Putnam [2] and Strahle [24] developed
analytical models and empirical data to correlate sound pressure level (SPL) with operating
parameters such as air-fuel ratio, fuel type, reactants flow rate, and geometry in non-premixed
combustion systems. Under certain conditions, sound waves can couple with the natural acoustic
modes of the combustor and constrain the operational limits or cause catastrophic fatigue failure
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[25]. According to the Rayleigh’s criterion, thermo-acoustic instabilities develop if the heat
release rate fluctuations are in phase with the pressure fluctuations [5] since the acoustic energy
is added to the system faster than it is dampened. In this case, the oscillation amplitude will
initially increase exponentially until it saturates at some limit cycle [6].
The mechanisms responsible for exciting thermo-acoustic instabilities are numerous and
many are still unknown. Thermo-acoustic instabilities often involve interactions between several
physical phenomena such as unsteady flame propagation leading to unsteady flow velocities,
acoustic wave propagation, and hydrodynamic instabilities [8]. Vortex formation in combustion
chambers is also one of the main sources of flame/acoustic coupling [44]. The time delay
between vortex formation and the instant of heat released by combustion in the vortex can
provide the phase relationship between the oscillating pressure field and unsteady heat release
rate to drive the instability [8]. As such, fluctuating vortical flow structures tend to excite preexistent pressure oscillations, thereby increasing the likelihood of combustion instabilities [9]. In
general, these instabilities occur at frequencies associated with the combustor’s natural
longitudinal, radial, azimuthal, or bulk modes [10]. The acoustic field can also excite
hydrodynamic flow instabilities, which leads to large, organized vortical structures near the
flame front to further introduce fluctuations in the heat release rate [26,45]. The coupling
between acoustic and hydrodynamic modes can occur through non-linear mechanisms, and the
acoustic and hydrodynamic frequencies do not have to match to create thermo-acoustic
instabilities [46].
A number of active and passive control techniques have been utilized to mitigate thermoacoustic instabilities [13-17]. Active methods usually consist of actuation of the fuel or air
delivery system in response to the flame behavior while passive methods seek to modify the
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combustor geometry, for example, by baffles, resonators, and acoustic liners [17]. When
instability occurs at one dominant frequency, passive techniques such as Helmholtz resonators,
matching upstream and downstream lengths, gradual diameter changes, and locating an orifice at
the antinodes of the quarter wave have all proven to be moderately effective at reducing thermoacoustic instabilities, however, their practical implementation in actual combustor design is often
difficult [13].
Agrawal and Vijaykant [18] developed a passive technique to mitigate combustion noise
and thermo-acoustic instabilities in swirl-stabilized, LPM combustion systems. This passive
technique involves placing an open-cell structure of porous inert material (PIM) at the dump
plane of the combustor. PIM is a ceramic annular ring alloyed with hafnium carbide/silicon
carbide (HfC/SiC) layered coating to resist high temperature oxidation in combustion
environments, and can withstand operating temperatures up to 1800°C [18]. PIM could be
designed to fit a wide range of dimensions for conventional combustors using advanced additive
manufacturing techniques, and as such can potentially extend the operational limits of current
gas turbine engines without costly design modifications. The porous material itself is
characterized by porosity (percentage of void volume) and pore density expressed in terms of
pores per cm (ppcm). Both porosity and pore density of the insert affect the flow structure and
pressure drop across the PIM [23]. Marbach and Agrawal [23] have shown that PIM can be used
to extend the lean blow-off limit of LPM combustion. Since, high porosity PIM is desired to
minimize the pressure drop, this and subsequent studies utilized PIM inserts with 85% porosity,
i.e., only 15% of the flow area of the insert is blocked to the flow.
Sequera and Agrawal [1] used simplified computational fluid dynamics analysis to gain
preliminary understanding of the flow field without and with porous inserts. The combustor was
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modeled using axisymmetric geometry with swirling flow in conjunction with a turbulent
premixed combustion model based on the work of Zimont [37]. The 2D axisymmetric model
revealed that the porous insert eliminates the corner recirculation zone, strengthens the swirling
flow and central recirculation zone, and directs some combustion products through the porous
insert. A series of experiments were performed to assess the efficacy of PIM at mitigating
combustion dynamics in swirl-stabilized LPM combustion [1]. It was shown that a divergent
PIM annulus with pore density of 18 ppcm (45 ppi) provides the greatest reduction in the total
SPLs. Pore density of less than 18 ppcm caused the flame to stabilize within the porous
structure, which decreased the ability of the PIM to mitigate combustion noise and instabilities.
Sequera and Agrawal [1] and Williams and Agrawal [22] demonstrated the effectiveness of
porous insert to reduce combustion noise and/or instabilities for a wide range of operating
conditions. Smith [20] and Borsuk et al [21] conducted experiments using a diffuser shape
porous annular ring insert with pore density of 18 ppcm. Experiments were conducted by
varying the flow operating conditions as well as the axial location of the swirler upstream of the
combustor dump plane. In these studies, thermo-acoustic instabilities were observed without
PIM in the combustor. In all cases, the thermo-acoustic instabilities were mitigated in the
presence of PIM inserts with peak SPL reduction of up to 30 dB.
Swirl-stabilized combustor flow consists of several complex phenomena which all can
contribute to the system bifurcating to an unstable operating regime. Experimental techniques
such as Particle Image Velocimetry (PIV) have been utilized to improve the understanding of
these interactions. Wicksall [30-33] investigated the effects of fuel composition on the flow field
of flames using PIV and OH Planar Laser Induced Fluorescence (OH PLIF) techniques and
observed differences in the flow field of different fuels. Experimental investigation of detailed
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turbulence characteristics has been difficult in the past, because of the limited temporal
resolution of non-intrusive optical diagnostic capabilities. However, recent advancements in
high-speed lasers and digital imaging systems make it possible to simultaneously resolve
turbulent flow structures with a wide range of length and time scales. Computational and
numerical simulations/models such as Large Eddy Simulations (LES) and thermo-acoustic
modeling are active research areas [47-49], and time resolved PIV has proven as an effective
technique to provide extensive experimental validation data leading to increased fundamental
understanding of the complex physical processes.
O’Connor and Lieuwen analyzed the multidimensional disturbance field caused by
transverse acoustic excitation of a swirling annular nozzle flow and a premixed-swirl stabilized
flame using time-resolved PIV at framing rate of 10 kHz [34]. They showed that the flow field
near the nozzle is superposition of acoustic and vortical disturbances, and that different
disturbances are observed in different portions of the flow field. O’Connor and Lieuwen also
investigated the vortex breakdown bubble in a transversely excited swirl flow [26]. In both of
these studies [26,34], the non-reacting and reacting flow fields were compared to delineate the
effects of combustion. The dominant coherent structures, in particular the center recirculation
zone and inner and outer shear layers, were observed in both non-reacting and reacting flow
fields. The flame mainly affected the size and aspect ratio of the center recirculation zone, the
shear layer spreading angle, and the magnitude of the velocity perturbations and vortical
disturbances. More recently, Steinberg et al. [35] utilized stereoscopic PIV, OH PLIF, and OH*
chemiluminescence to investigate the vortex structure and their interactions with the flame
region. The flow field was found to contain either periodically shed toroidal vortices or helical
precessing vortex cores that excited the thermo-acoustic instabilities. Caux-Brisebois et al. [36]
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used proper orthogonal decomposition (POD) analysis to identify helical precessing vortex cores
in a swirl-stabilized combustor experiencing thermo-acoustic instability. Stopper et al.
quantified the effect of pressure on the flow field using time-resolved PIV [50]. Temme et al.
used pressure-spatial correlations and phase averaged PIV measurements to identify an
equivalence-ratio oscillation instability mechanism [51]. These advanced laser diagnostic
techniques have proven ideal for investigating combustion dynamics and thermo-acoustic
instabilities.
While the PIM inserts are effective in mitigating combustion dynamics, and the
responsible mechanisms have been hypothesized and discussed in the previous literature, a
detailed understanding of the underlying mechanisms remains unknown. Meadows and Agrawal
[38] determined the absorption coefficient of PIM as a function of temperature and frequency,
and for lean direct injection (LDI) combustion found that only a small fraction of the acoustic
energy mitigated by porous media could be contributed to the acoustic absorption of the material.
The study hypothesized that other mechanisms such as, alteration of the turbulent flow field,
redistribution of the heat release rates and changes in fuel atomization and evaporation processes
in the presence of PIM inserts help to mitigate combustion instabilities. Meadows and Agrawal
[52] utilized time-resolved PIV to investigate the non-reacting swirl-stabilized flow field without
and with PIM for acoustic control. POD analysis of data showed that PIM provides a more
uniform distribution of turbulent energy in the flow field. The precessing vortex core and corner
recirculation zone were also eliminated with PIM.
The present study seeks to quantify the effects of PIM on the turbulent structures in a
LPM swirl-stabilized combustion system, and to identify the coherent fluctuations in the flow
field at the frequency at which thermo-acoustic instabilities are observed. The overall goal is to
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identify and explain the mechanisms responsible for mitigating combustion noise and thermoacoustic instabilities in LPM swirl-stabilized combustion with PIM. First, the static and dynamic
stability of the flame are discussed by analyzing flame photographs and dynamic pressure data.
Next, time-resolved PIV technique is used to provide insight into instantaneous and timeaveraged flow fields. POD analysis is used to quantify the effect of PIM on the dominant
coherent turbulent structures, and harmonic reconstruction of the flow field is performed at the
instability frequency to explore the coupling between the flow field and thermo-acoustics of the
system.
3.3

EXPERIMENTAL SETUP
Figure 3-1 shows the swirl-stabilized combustor setup oriented vertically. The

experiment is operated at atmospheric conditions. After passing through a pressure regulator,
dehumidifier, and water trap, the air flow is split into primary air and seeded air flow lines. The
air flow is seeded with approximately 2 µm diameter titanium dioxide particles produced by a
custom designed solid particle seeder located 2.0 meters upstream of the test setup to allow for
proper mixing. The seeded air flows through a plenum filled with marbles to breakdown the
large vortical structures and to further homogenize the seed particles in the air flow. Then, the
air flows through the mixing tube and enters the cylindrical combustor via a swirler in an annulus
with outer diameter of 4 cm and inner diameter of 2 cm. The swirler consists of six vanes at 28˚
to the horizontal plane to produce a swirl number of 1.5. The quartz cylindrical enclosure is 30.5
cm long with 8.0 cm inner diameter. PIM consists of two porous rings stacked on top of each
other, with inner and outer diameters of 48 mm and 78 mm, respectively. Each PIM ring has
height of 25.4 mm and the pore density of 18 pores per cm.
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The primary air flow rate is controlled by a manual valve and measured using a laminar
flow element (LFE) with reported calibration error of +/- 5 liters per a minute (lpm). The total
pressure and pressure drop in the LFE are measured with an absolute pressure transducer and a
differential pressure transducer respectively. The measured air flow rate is corrected for
temperature as specified by the LFE manufacturer. The seeded air flow rate is controlled by the
supply pressure and measured using a sonic nozzle (FlowMaxx SN08-SA-062), with a 60/40
percent split between primary air and seeded air. Methane fuel flow rate is measured and
controlled by mass flow controller with measurement uncertainty of +/- 1.5 liters per a minute.
The total air flow rate entering the combustor was set to 3.12 g/s (150 SLPM). Methane enters
the mixing tube approximately 61.0 cm upstream of the dump plane at a flow rate set to obtain
equivalence ratio of 0.79.
Sound measurements are acquired by Bruel & Kjaer Model 8149 condenser microphone.
The condenser microphone was placed at the exit plane of the combustor, and 30.5 cm away
from the combustor outer wall. Microphone output is converted to pressure fluctuations using
the sensitivity (45.8 mV/Pa) of the condenser microphone. The condenser microphone is
calibrated by a piston-phone generating pure tone of 114 dB at 251.2 Hz. The sound pressure
measurements are sampled at 40 kHz. Sampled data are processed using LabView embedded
fast Fourier transform (FFT) function to obtain the sound pressure spectra.
Velocity measurements in the flow field were obtained using the time-resolved PIV
technique. Quantronix Hawk-Duo 532-120-M Nd:YAG laser with wavelength of 532 nm and 18
mJ/pulse at the 4.2 kHz repetition rate is used for the experiments. The time between the two
laser pulses was set to 50 µs. Photograph of the PIV experimental setup and laser/camera timing
diagram are shown in Figure 3-2. TSI divergent sheet optic, with f = -25 mm cylindrical lens,
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combined with a 500 mm spherical lens, was used to create 1 mm thick laser sheet. Photron SA5
Fastcam camera with Sigma 105 mm focal length lens and 1024 x 1024 pixel sensor was used at
framing rate of 8.4 kHz to image field of view of 65 mm by 70 mm. A 532 nm bandpass optical
filter is used to filter the undesirable light. The spatial resolution for the experiment is 98 µm per
pixel, which corresponds to minimum velocity resolution of 1.96 m/s.
Velocity field calculations were performed using Insight 4G Data Acquisition, Analysis,
and Display Software from TSI. The velocity was computed using a two pass Recursive Nyquist
Grid. The initial interrogation window size of 64 x 64 pixels with 50% overlap grid spacing was
used. The computed velocity vectors then proceed through local median vector validation with a
reference vector used as the median value of all vectors in the neighborhood. The results from
the previous pass are used to optimize the spot offset for the next pass and the interrogation
window is reduced by one half the size of the previous pass. FFT is used to compute the
correlation function, and the location of the correlation peak is determined by fitting a Gaussian
curve to the highest pixel and its four nearest neighbors. The measured data were rejected based
on three criterions: passing the median test as mentioned above, peak to noise ratio of 1.75, and
six-sigma validation. A recursive filling using the local mean was used to fill the holes in the
vector field. The filling procedure sorts the holes by the number of valid neighbors found
initially. It first fills the holes with the most valid neighbors since they have the best chance to
be filled; it then fills the holes with the second most valid neighbors, in which the holes filled in
the previous pass are also treated as valid neighbors.
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3.4

RESULTS AND DISCUSSION

3.4.1 Flame Stability
This section discusses the static flame stability and acoustic behavior of the system.
Figure 3-3(a) and Figure 3-3(b) show photograph and schematic of LPM swirl-stabilized
combustion. The flame stabilizes immediately downstream of the dump plane, see Figure 3-3(a).
The corner recirculation zone is formed between the combustor wall and the outer shear layer,
and it recirculates hot gas products to ignite the incoming reactants. The flame in Figure 3-3(a)
has a light blue appearance, which is characteristic of a lean low NOx and CO emissions flame.
The swirl effect is seen visually in the photograph as the flame inclines from the dump
plane/swirler exit towards the combustor wall. The schematic in Figure 3-3(b) highlights the
typical flow structures in a swirl-stabilized LPM combustor [27]. Reactants entering the
combustor from the annular swirler produce inner and outer shear layers. The vortices shed from
the outer shear layer are located in the corner recirculation zone, and the vortices shed from the
inner shear layer reside in the central recirculation zone. The flow structures formed from inner
and outer shear layers have been observed experimentally using time-resolved PIV [26] and
computationally using LES [53]. The swirl effect can also produce a precessing vortex core,
which rotates at some well-defined frequency.
A photograph and schematic of LPM combustion with PIM are shown in Figure 3-3(c)
and Figure 3-3(d) respectively. The photograph in Figure 3-3(d) depicts the laminar flamelets
stabilizing on the downstream surface of the PIM. The bulk of the reactant flow passes through
the opening in the center, and the downstream portion of the flame in the core region is observed
in the photograph. The core flame stabilizes partially upstream and partially downstream of the
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PIM surface as illustrated in the schematic in Figure 3-3(d). The flamelets on the surface of the
PIM help stabilize the core flame. The static flame stability is favorably affected by the laminar
flamelets since any large scale turbulent fluctuations would be eliminated by the upstream
reactant flow through the PIM. A non-porous structure of same geometry was also tested;
however the static stability of the flame was rather poor. With a non-porous structure, the flame
would either shift back and forth within the core region and downstream of the solid structure
indicating an imbalance of flow velocity and turbulent flame speed, or it would stabilize
downstream of the solid structure. Thus, the ability of the reactants to flow through the porous
insert and formation of flamelets on the downstream surface of the PIM are the essential features
of the present concept.
Acoustic measurements are acquired as described in the experimental setup, and the
sound pressure levels (SPL) as function of frequency are determined using equation 1, and the
total SPL is determined from equation 2.

( )

(

( )

)

(1)

Where Pref = 20 µPa

(∑

)

(2)

Figure 3-4 shows the sound pressure spectra with a distinct peak at 531 Hz. The
longitudinal natural frequency of a similar experimental setup has been determined by Meadows
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and Agrawal [38] using acoustic wave equation with pressure node and antinode boundary
conditions at the inlet and outlet of the combustor respectively. The longitudinal mode of the
combustor is a function of the combustor length (L), gas constant (R), ratio of specific heats (γ),
and the temperature (T);

√

where n is the mode number. Assuming air as the

working fluid and temperature range of 1000 K to 1400 K yields natural frequency range of the
first longitudinal mode between 520 Hz and 615 Hz. Thus, the observed peak SPL at frequency
of 531 Hz is most likely an excitation of the first longitudinal mode. Without PIM, the
value at 531 Hz is approximately 0.023 Pa2. With PIM, SPL peak occurs essentially at the same
frequency, but the

value decreases by 74 percent compared to the case without PIM. Note

that the SPL peak without and with PIM occurs at the same frequency which indicates that the
PIM has a negligible effect on the natural frequency of the first longitudinal mode of the
combustor. The total SPL without and with PIM is 92.0 dB and 87.6 dB, which corresponds to
reduction in SPL of 4.4 dB by the PIM.
The addition of PIM in LPM combustion alters the fundamental static flame stability
mechanism and significantly decreases the SPL at the frequency of the thermo-acoustic
instability. Without PIM, the corner and center recirculation zones ignite the incoming reactants,
and with PIM, the laminar flamelets on the downstream annular surface of the PIM ignite the
reactants flowing through the core region. The corner recirculation zone is the known source of
flame-acoustic coupling and PIM effectively eliminates this region of the flow field.
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3.4.2 Flow Field
According to the Rayleigh criterion [5], if the pressure fluctuations are in phase with the
heat release rate fluctuations, thermo-acoustic instability will occur. Thus, the region where heat
release rate fluctuations occur is the dominant source of thermo-acoustic instabilities, and this
region is analyzed without and with PIM in this study. Without PIM, the flow field is measured
immediately downstream of the dump plane, and the flame stabilizes in this region. With PIM,
the flow field is measured immediately downstream of the PIM where the flame stabilizes. The
field of view is approximately 65 mm (transverse) by 70 mm (axial). Axial location, z = 0 mm
corresponds to the combustor dump plane, and z = 50 mm corresponds to the exit plane of the
PIM. The transverse location, r = +/- 40 mm corresponds to the combustor wall; however,
velocity measurements were not acquired within 5 mm of the combustion wall because of the
distortion of the PIV image caused by the curvature of the quartz cylinder. A total of 1000
instantaneous vector fields are obtained at a frequency of 4.2 kHz. The data are processed using
an ensemble average, and all data analyses are performed using MATLAB. The out of plane
vorticity is approximated using forward differencing. The turbulent kinetic energy (TKE) is
determined by multiplying 0.5 by the sum of the variance of the velocity components.
Figure 3-5(a)-(c) show the instantaneous velocity vector field superimposed on the axial
velocity contour plots without PIM. The succession of images from top to bottom corresponds to
time step of 6.0 ms. The inner and outer diameter of the swirler is 20 mm and 40 mm
respectively. Thus, no axial flow is observed in the central region between r = -/+ 10 mm at z =
0 mm. Also, there is no axial flow at the dump plane in the corner region beyond the swirler’s
outer diameter. The reactant flow entering the combustor accelerates as it tilts towards the
combustor wall. A large recirculation zone is present in the central region, which effectively
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decreases the flow area downstream of the dump plane. In Figure 3-5(a)-(c), the central
recirculation zone and the shear layers appear wrinkled because of the turbulent nature of the
flow field.
Figure 3-5(d)-(f) show instantaneous flow field of LPM swirl-stabilized combustion with
PIM. Similar to the case without PIM, the time step between the flow fields is 6 ms. The flow
field shows higher axial velocity in the center of the combustor indicating that the majority of the
flow passes through the center core, and only a small portion of the flow enters the annular PIM.
Combustion takes place in the core region both upstream and downstream of the PIM surface.
Confinement of the flow area by the PIM and heat release in the core region cause significant
increase in the axial velocity. The thermo-acoustic oscillations of the first longitudinal mode
will generate pressure waves traveling in the positive and negative axial direction. The pressure
waves cause velocity oscillations, evident in Figure 3-5 where shear layers downstream of the
PIM appear wrinkled, and the axial velocity contours reveal regions of both high and low axial
velocities.
The time-averaged axial velocity contour without PIM is shown in Figure 3-6(a) showing
the jet flow entering the combustor. The regions of high velocity gradients on either side of the
jet flow are the inner and outer shear layers. Figure 3-6(a) reveals a large central recirculation
zone and a relatively small corner recirculation zone. The flow field appears symmetric with
well-defined shear layers. Without PIM, the maximum average axial velocity in the field of
view is approximately 6.5 m/s. With PIM, Figure 3-6(b), the core flow at much higher velocity
is observed at the exit of the PIM (z = 50 mm). The maximum average axial velocity is about
11.5 m/s, which represents an increase of over 75% compared to the case without PIM. The
outer shear layer between the core flow and PIM inside diameter is observed at the PIM exit,
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while the inner shear layer is formed further downstream. Figure 3-6(b) clearly demonstrates a
decrease in the shear layer spreading angle with the addition of PIM.
Vorticity represents the local spinning of the fluid at a particular location. Average
vorticity contours without and with PIM are shown in Figure 3-6(c) and (d) respectively. Figure
3-6(c) shows that without PIM, the vorticity is generated in the outer shear layer adjacent to the
corner recirculation zone, which is a known source of thermo-acoustic instabilities [28]. The
inner shear layer adjacent to the central recirculation zone also generates the vorticity. With
PIM, Figure 3-6(d), a significant increase in vorticity is observed in both inner and outer shear
layers. However, the vorticity generated in these shear layers is convected downstream because
of the high axial velocity of the core flow. Figure 3-6s(e) and (f) show the Turbulent Kinetic
Energy (TKE) contours without and with PIM respectively. Without PIM, Figure 3-6(e) shows
that the TKE is highest in the central recirculation zone and the inner shear layer. With PIM,
Figure 3-6(f), TKE in the core region is much higher where it results from interactions between
inner and outer shear layers downstream of the PIM. In the corner region downstream of the
PIM, the TKE is relatively negligible indicating that the surface stabilized flamelets are indeed
laminar.
Figure 3-7 shows transverse profiles of average axial velocity (left) and TKE (right) at
several axial locations, y = 1 mm, 20 mm, and 40 mm, where y represent the axial distance from
the reference plane, z = 0 without PIM and z = 60 mm with PIM. At y = 1 mm, where the shear
layers are initially formed, the average axial velocity profiles for the two cases are fundamentally
different. Without PIM, Figure 3-7(a), the axial velocity profile shows peaks on either side of
the centerline representing inner and outer shear layers on either side of the swirling jet flow.
The corner recirculation zone is indicated by the negative axial velocities for | | > 30 mm. With
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PIM, Figure 3-7 (a) reveals a nearly top-hat profile of high axial velocity in the core region, and
an outer shear layer at the intersection of the core flow and inside diameter of the PIM. Further
downstream at y = 20 mm, negative axial velocity is observed in the center region without PIM,
Figure 3-7 (b). With PIM, the axial velocity is positive at all transverse locations, which
indicates that the bulk flow in this region is flowing downstream. The steep velocity gradient in
the center signifies the formation of an inner shear layer in this region. For y = 40 mm, without
PIM, Figure 3-7(c), the average axial velocity is slightly negative at | | = 10 mm signifying the
end of the center recirculation zone located upstream. TKE represents the velocity fluctuations,
and the highest velocity perturbations are observed in the shear layer for all transverse profiles,
except immediately downstream of the PIM in Figure 3-7(d). In general TKE in the center
region is much greater with PIM than that without PIM.
Typical flow features in swirl-stabilized combustion systems including the inner and
outer shear layers, and the central and corner recirculation zones have been reported in several
experimental [26,34,35,50,54] and computational [27,48] studies. The axial velocity profiles in
this study clearly demonstrate that the PIM eliminates the corner recirculation zone and the
central recirculation zone is moved farther downstream and away from the flame. The central
recirculation zone present without PIM is replaced by a core flow of high axial velocity with
PIM. The axial velocity fluctuations in the shear layers are higher with PIM. However, these
velocity perturbations are convected downstream because of the high, and positive, axial velocity
of the bulk flow. Thus, the perturbations do not interact with the incoming flow, and the
possibility for velocity perturbation feedback to the upstream is eliminated. Furthermore, the
corner recirculation zone present without PIM is changed to an annular region of laminar
flamelets with PIM. These flamelets help stabilize the flame in the core region, and convect, in
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the downstream direction, any disturbances generated at the outer shear layer between the core
flow and inside diameter of the PIM to further prevent upstream feedback of the flow
disturbances.

3.4.3 POD Analysis
Instantaneous and average flow fields offer insight into the turbulent structures present;
however a method to quantify the energy contributions of different coherent structures to the
flow field will provide a systematic approach to compare these structures. Proper orthogonal
decomposition (POD) is an efficient analysis technique to capture the dominant components of
an infinite-dimension process with only finitely many, and often surprisingly few, “modes” [39].
POD analysis was introduced in the context of turbulence by Lumley [40]. POD analysis
provides a mathematical definition of coherent structures in turbulence by decomposing a series
of velocity fields into a set of deterministic functions and time coefficients. The time-resolved
data can also be used to determine the frequency of modes. POD analysis can be performed
using two methods: the direct method [41] or the snapshot method [42]. Both methods lead to
the same solution; however, the direct method requires more computational time and memory.
In this study, the snapshot method based on Chen et. al. [55] is used to compute the POD modes,
and for each POD mode, fast Fourier transform (FFT) on the time coefficients is performed.
POD analysis is performed on the fluctuating velocity field obtained by subtracting the average
field from the instantaneous field. The velocity field can be reconstructed by summing the
average flow field,〈 〉, and a linear combination of all orthogonal modes (Eigen functions),
weighted by the time coefficient,

, as shown in equation 3.
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( )

̂

〈 〉

∑
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where M is the number of instantaneous snapshots.
In this study, 1000 instantaneous snapshots are used to decompose the flow field into
spatially-dependent POD modes and time-dependent coefficients. The modes represent the
turbulent structures in the flow field, and each mode has an associated Eigen value that quantifies
the energy contribution of the mode. The energy contribution of each mode and the cumulative
energy contribution of modes 1-20 are shown in Figure 3-8. Without PIM, mode 1 accounts for
22 percent of the turbulent energy, and 72.4 percent of the total turbulent energy is present in
modes 1-20. With PIM, mode 1 accounts for 12.5 percent of the total turbulent energy, and 71.5
percent of the turbulent energy is present in modes 1-20. A significant reduction in cumulative
contribution is observed in the first two modes which contribute to 32.8 and 22.8 percent of total
turbulent energy without and with PIM respectively. Thus, PIM helps to distribute the turbulent
energy across a larger number of different coherent turbulent structures.
Equation 3 shows that every mode is present at each instance in time, and is weighted by
a time coefficient. Thus, the FFT on the time coefficients for a particular mode can yield the
frequency content of the mode. Figure 3-9 and Figure 3-10 show POD modes 1-3 and the
associated spectra without and with PIM respectively. Without PIM, mode 1 in Figure 3-9
clearly shows a large turbulent structure in the central recirculation zone rotating about the axis
of symmetry, which is characteristic of the precessing vortex core (PVC). The frequency spectra
of mode 1 reveal a well-defined frequency of rotation of 78 Hz. The PVC represented by mode
1 contributes to 22 percent of the turbulent energy in the flow field as shown in Figure 3-8. The
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PVC is commonly observed in swirl stabilized flow and has been verified both experimentally
and computationally [27,29,35,36,50]. In Figure 3-9, modes 2 and 3 represent turbulent
structures mainly in the central recirculation zone, but unlike mode 1, the frequency of
occurrence is not well defined. Note that modes 2 and 3 only contribute to respectively 10.0 and
7.5 percent of total turbulent energy.
With PIM, modes 1-3 in Figure 3-10 show that the coherent turbulent structures are
confined to the inner shear layer formed downstream of the PIM, and a well-defined frequency
of occurrence is not observed. Figure 3-8 shows, with PIM, 12.0, 10.0, and 5.0 percent of the
total turbulent energy is contributed by modes 1, 2, and 3 respectively. The PIM changes the
flow field such that the PVC is no longer present. When compared to the case without PIM, PIM
breaks up the turbulent structures such that the highest energy modes (i.e., modes 1-3) contain
less of the total turbulent energy.
Recall from the flow field data in Figure 3-5 to Figure 3-7, PIM alters the flow field such
that the corner recirculation zone is eliminated. Moreover, with PIM, the vortical structures
formed in the shear layers are convected out of the flow. Accordingly, the turbulent structures
represented by modes 1-3 in Figure 3-10 will be convected out of the flow domain; thus
preventing the possible feedback mechanism for thermo-acoustic instability. The POD analysis
provides a method to quantify the energy contribution of turbulent structures; however, it does
not reveal the relationship between the velocity field and acoustic characteristics of the system.
Time-resolved data allow for spectral analysis of the velocity field, which is utilized in the next
section to quantitatively show the feedback mechanisms responsible for thermo-acoustic
instabilities.

63

3.4.4 Harmonic Reconstruction
Time-resolved data can be used to identify the coherent fluctuations at a particular
frequency using the harmonic reconstruction technique outlined by O’Connor and Lieuwen
[26,34]. Harmonic reconstruction of the velocity field is performed at the frequency of
instability. A FFT at every point in the flow field is performed on both components of the
velocity field. The magnitude, ̂ ( ⃗), and the phase, ( ⃗), of the FFT are used to harmonically
reconstruct the flow field at the frequency of thermo-acoustic instability, see equation 4. The
term, ωt, represents different phases in the harmonic wave. The analysis is a quantitative tool to
identify the fluctuating component of the velocity field in the entire domain at a particular
frequency.

̂( ⃗ )

[ ̂ ( ⃗)

(

( ⃗))

]

(4)

The harmonically reconstructed velocity and vorticity fluctuations for
without and with PIM are shown in Figure 3-11 and Figure 3-12, respectively. The vorticity
quantities are derived from the velocity field reconstructions in equation 4. Without PIM, Figure
3-11, the majority of the velocity vectors with large magnitude and associated vorticity are
located in the corner recirculation zone. The flow field is oscillating at 531 Hz, and the different
phases correspond to different times during one oscillation period. The excitation of the first
longitudinal mode is observed, and forward and backward waves travel in the longitudinal (axial)
direction [11]. The plane wave incident on the dump plane boundary can excite vorticity
because of the transfer of energy from the acoustic to vortical modes [25], which can further
excite vorticity in the corner recirculation zone. The coupling of the corner recirculation zone
64

with the natural frequency associated with the first longitudinal mode creates global flow
instability, which is the primary driving mechanism for thermo-acoustic instability without PIM.
With PIM, Figure 3-12, the oscillating velocity field is confined to the inner shear layer
downstream of the PIM. The vorticity generated in this region is convected downstream by the
high velocity core flow, which can be visualized by examining the contours in Figure 3-12 in
sequential order relative to phase angle. The high region of vorticity at z = 75 mm and r = -5
mm moves approximately 2.5 mm downstream as phase angle changes from 60 to 120 degrees.
The time between the two phase angles is 0.3 ms; thus the vortical structure is convected
downstream at 8.33 m/s. The average flow field in the same region in Figure 3-6(b) is
approximately 8 m/s; which matches with the vortex convection velocity determined from Figure
3-12.
The harmonic reconstruction of the flow field with PIM demonstrates coupling of
thermo-acoustic instability with the vortices shed in the inner shear layer downstream of the
PIM, but these vortices are convected downstream by the core flow. PIM decreases the driving
force for the instability since the system changes from a global instability without PIM to a
convective instability with PIM. Lieuwen [25] discusses the difference between convectively
and globally unstable systems. A convective instability propagates only in the flow direction
while a global instability can initiate at one location and then propagate in all directions of the
flow field. Previous work by Meadows and Agrawal has shown that at

the PIM would

absorb approximately 30 percent of the acoustic energy [38]. Thus, in terms of the Rayleigh
criterion, with PIM, thermo-acoustic instability is mitigated by simultaneously increasing the
dampening force and decreasing the driving force in the system.
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3.5

CONCLUSIONS
The flow field for a LPM swirl-stabilized combustor without and with porous inert media

is analyzed. Thermo-acoustic instability is observed at the frequency of the first longitudinal
mode of the combustor,

, and a significant decrease in pressure variance at this

frequency and in total SPL is observed with the addition of PIM to the system. PIM has
negligible effect on the first longitudinal acoustic mode of the combustor. The combustor flow
field is analyzed using time-resolved PIV, and the following conclusions explain the mechanisms
responsible for mitigating thermo-acoustic instabilities with PIM:
1. The static flame stability method without PIM is the recirculation of hot gas products to
ignite the incoming reactants. With PIM, the static flame stability mechanism is altered,
and small flamelets with low velocity perturbations stabilize on the downstream surface
of the annular PIM. The flamelets ignite the reactants passing through the central core
region and the flame stabilizes partially within the core and partially downstream of the
PIM.

2. Without PIM the vorticity is generated in the inner and outer shear layers and corner
recirculation zone. Without PIM, the velocity perturbations occur mainly in the center
and corner recirculation zones. With PIM the vorticity is generated mainly in the inner
shear layer, and the shear layer spreading angle is significantly reduced. With PIM, the
TKE in the central zone of the combustor is much higher, the corner recirculation zone is
eliminated, and velocity perturbations are greatest in the inner shear layer.
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3. Without PIM, the first POD mode of turbulent structures has an energy contribution of 22
percent. A PVC rotating at a frequency of 78 Hz is associated with mode one, and modes
2 and 3 represent turbulent structures in the central recirculation zone. With PIM, the
first mode has much smaller energy contribution of only 12.5 percent, and the PVC is
eliminated. Without PIM, energy-containing turbulent structures are located mainly in
the recirculation zones. With PIM, the turbulent structures are formed in the inner shear
layer, which is also the region of high axial velocity.

4. The flow field is harmonically reconstructed at

, and without PIM the

velocity perturbations in the corner recirculation zone couple with the thermo-acoustic
instability, and a global flow instability is observed. With PIM, the coupling of the
velocity field with thermo-acoustics is observed in the inner shear layer, but the vorticity
generated in this region is convected downstream by the high velocity of the core flow.

Without PIM, the corner recirculation zone is the primary source for driving the thermoacoustic instability in this study. Elimination of the corner recirculation zone by PIM
effectively removes the feedback mechanism for the instability. PIM also absorbs a fraction
(about 30%) of the acoustic energy. In terms of the Rayleigh criterion, thermo-acoustic
instability is mitigated because PIM decreases the driving force and increases the acoustic
dampening of the system. Overall, with PIM, the combustor changes from a globally
unstable system to a convectively unstable system.
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Figure 3-1: Schematic of Combustor Setup
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Figure 3-3: Schematic and photographs of swirl-stabilized LPM combustion without and
with PIM
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Figure 3-4: Pressure variance spectrum.
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Figure 3-5: Instantaneous axial velocity contours without (left) and with (right) PIM.
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Figure 3-7: Radial profiles at different axial locations without (left) and with (right) PIM.
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Figure 3-9: POD modes 1-3 (top) without PIM and the associated frequency spectrum (bottom).
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Figure 3-10: POD modes 1-3 (top) with PIM and the associated frequency spectrum (bottom).
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Figure 3-11: Harmonically reconstructed velocity and vorticity fluctuations for
without PIM
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4.1

POROUS INSERTS FOR PASSIVE CONTROL OF NOISE AND THERMO-ACOUSTIC
INSTABILITIES IN LDI COMBUSTION*
ABSTRACT
In this study, ring-shaped porous inserts made from high-strength, temperature resistant

ceramic materials are utilized within the combustor to passively reduce noise and thermoacoustic instabilities in Lean Direct Injection (LDI) combustion. Inserts of 85% porosity, pore
density of 18 pores per cm, and converging, diverging, and hyperbolic configurations are
considered. Kerosene fuel atomized by an air-blast fuel injector is introduced in the swirlstabilized combustor operated at atmospheric pressure. Emissions and acoustics measurements
are obtained for different heat release rates and atomizing air to liquid mass ratios. Results show
negligible effects of porous inserts on NOx and CO emissions at the combustor exit. Porous
inserts are however very effective in suppressing both noise and thermo-acoustic instabilities for
a range operating conditions. The measured trends in acoustic absorption are predicted using a
simplified thin-layer model of porous materials, and an important flow mechanism to explain the
observed trends is discussed.

* Paper under review by Combustion Science and Technology – submitted May 2014
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4.2

INTRODUCTION
Nitric oxides (NOx) emissions remain a major concern for air traffic systems owing to

the harmful ozone and smog at ground levels and to the formation of ozone, acid rain, and
contrails in the troposphere [56]. In addition to reducing emissions, higher fuel efficiency will
require future aviation gas turbines with higher pressure ratios. While higher pressure ratios
reduce emissions of soot and greenhouse gas, NOx emissions tend to increase. Since NOx
production is sensitive to reaction-zone temperature, it is necessary to avoid “hot spots” by
burning fuel premixed with air at relatively lean conditions. Combustion noise is also an
important issue to meet future air transportation needs.
For aviation gas turbines, lean direct injection (LDI) combustion has been developed as a
low-NOx alternative to lean premixed pre-vaporized (LPP) combustion [57,58]. The liquid fuel
is injected directly into the strongly swirling flow at the combustor inlet. The fuel and air flow
rates are controlled to produce reactant mixture near the lean blow-off (LBO) limit. LDI
combustion is free from the safety concerns of flashback and autoignition since fuel and air mix
within the combustor. LDI combustion performance depends upon fuel-air mixture preparation,
which is inherently complicated because of the multiple steps of liquid-fuel injection, fuel
atomization and droplet breakup, droplet dynamics, fuel pre-vaporization, and fuel-air mixing,
all within the short residence time prior to combustion.
Figure 4-1 illustrates the LDI combustion system of the present study employing a twinfluid atomizer to inject and atomize the fuel. The spray is surrounded by the swirling flow of
primary air to facilitate secondary fuel breakup and to promote the fuel-air mixing. Inner and
outer shear layers demarcate the swirling flow from the central fuel jet/spray and outer
recirculation zone that can shed vortical structures with different length and times scales. The
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flame stabilizes at some distance downstream of the dump plane with the intervening mixture
preparation region denoted as the dark zone.
LDI combustion offers low emissions, but it can be vulnerable to thermo-acoustic
instabilities for several reasons: (a) it is designed to operate at lean conditions near LBO, where
chemical kinetics are increasingly more sensitive to internal and external disturbances [15], (b)
acoustic damping is low because of the reduced cooling air flow across the liner; acoustic
dissipation across the cooling orifice is an important damping mechanism, which is effective
over a wide range of frequencies [59], and (c) flame surface is subject to fluctuations in both the
velocity upstream of the flame front and the flame speed [58]. These fluctuations are linked to
pressure fluctuations and associated variations in inlet fuel and air flow rates, and hence, fuel
atomization, fuel vaporization, and fuel-air mixing processes, which can generate heat release
oscillations because of spatial and/or temporal variations in equivalence ratio [60]. Swirlstabilized flow adds additional complexities due to the interaction of vortex shedding with
unsteady heat release rates [61]. Recently, Gejji et. al. [62] performed a parametric study of
combustion dynamics in a LDI gas turbine combustor to generate a large data set for a
concurrent computational study by Huang et. al. [63]. Combustor geometry, fuel injector
location, and global equivalence ratio significantly impacted the stability of the combustor. The
above literature review indicates that only a few studies have been conducted to understand the
detailed thermo-acoustic behavior of LDI combustion.
Active and passive control techniques are employed to mitigate combustion noise and
instabilities in both liquid and gaseous fuel combustion [25]. Active methods usually actuate fuel
or air delivery system in response to the flame behavior [8,17,64,65]. Passive methods seek to
modify the combustor geometry, for example, by baffles, resonators, and acoustic liners [66,67].
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Recently, Agrawal and Vijaykant [18] developed a passive technique to mitigate combustion
noise and instability in lean premixed (LPM) combustion systems. An open-cell porous structure
is placed at the dump plane of the swirl-stabilized LPM combustor as shown in Figure 4-2.
Porous insert modifies the combustor flow field, for example, by eliminating the corner
recirculation zone, strengthening the swirling effect and central recirculation zone, and redirecting some of reactants (and combustion products) through the porous insert that burn as
flamelets stabilized on the downstream surface of the insert. PIM can also be optimized to
favorable affect CO and NOx emissions [68]. The insert itself is a ceramic matrix alloyed with
hafnium carbide/silicon carbide (HfC/SiC) layered coating to resist high temperature oxidation in
combustion environments, and can withstand operating temperatures up to 1800°C [1]. A series
of experiments have demonstrated the ability of these porous inserts to attenuate noise and
instabilities in LPM swirl-stabilized combustion for different operating conditions [1,20,21,69].
In these studies, significant self-excited thermo-acoustic instabilities were observed in the
combustor without the porous insert. In all cases, the thermo-acoustic instabilities were mitigated
with porous inserts yielding sound pressure level (SPL) reductions of up to 30 dB.
The concept of using PIM with swirl-stabilized LPM combustion is still in the early
stages of development. The main focus of research has been on characterizing performance for
different combustion parameters and PIM geometries. In spite of the positive results with LPM
combustion, porous insert have not been utilized with LDI combustion. The porous insert could
offer several benefits for LDI combustion: improved fuel-air mixing near the fuel injector,
increased thermal feedback from the flame to improve fuel pre-vaporization, vaporization
(within the porous insert) of larger fuel droplets escaping from the spray, and improved static
stability of the core flame by flamelets on the downstream surface of the PIM. Porous inserts
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could also attenuate the unwanted acoustic field generated by the complex spray flame in the
central region. Fundamentally, when a porous material is exposed to incident sound waves, the
air molecules in contact with the material vibrate and in doing so, loose some of the energy to
heat because of thermal and viscous losses at the walls of the interior pores and passageways
[70].
The objective of this study is to investigate LDI combustion without and with porous
inserts with the goal to delineate the flame characteristics, NOx and CO emissions, and acoustics
behavior for a range of heat release rates (HRRs) and atomizing air to liquid mass ratios (ALRs).
Kerosene is used to closely simulate the fuel used in aviation gas turbines. However, several
geometric configurations of porous inserts are investigated by stacking different ID porous rings
at the dump plane of the combustor. Results are analyzed to identify possible mechanisms to
explain the observed phenomena. Since the concept has not been used previously, the primary
goal is to characterize the performance for different combustion parameters and PIM geometries.
Thus, this study is intended as a prerequisite to future investigations focused on detailed
measurements to understand the complex interactions among flow, flame, and acoustic fields.
4.3

EXPERIMENTAL APPROACH
The experimental setup shown schematically in Figure 4-1 consists of a swirl-stabilized

combustor oriented vertically and operated at atmospheric pressure. The fuel injector is a twinfluid commercial air blast (AB) injector (Delavan Siphon type SNA nozzle). Compressed air
passes through a pressure regulator, dehumidifier, and a water trap, and then the air flow is split
into combustion air and atomizing air lines. The combustion air enters the system through a
plenum filled with marbles to breakdown the large vortical structures if any. Combustion air and
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methane gas supplied during the start-up flows through a mixing chamber and enter the
combustor through an axial swirler with OD of 4 cm and ID of 2 cm. The swirler consists of six
vanes at 28° to the horizontal plane to produce swirl number of 1.5. Fuel injector is attached to
an injector holder connected to the fuel supply and atomizing air supply lines. Fuel is supplied
directly below the fuel injector by a side-tube entering through the wall of the mixing chamber.
The combustion air flow rate is controlled by a manual valve and measured using a laminar flow
element with a reported calibration error of +/- 5 liters per a minute (lpm). The atomizing air
flow rate is measured and controlled by a mass flow controller with measurement uncertainty of
+/- 1.5 lpm. The kerosene fuel is supplied by peristaltic pump with reported calibration error of
+/- 0.25% of the flow rate reading.
The product gas is sampled continuously by a quartz probe (OD = 7.0 mm) with its tip
tapered to 1 mm ID to quench reactions inside the probe. The probe was traversed in the radial
direction at approximately 5 cm upstream of the combustor exit plane. The gas sample passed
through an ice bath and water traps to remove moisture before reaching gas analyzers to detect
concentrations of oxygen (O2) within ± 0.1%, CO within ± 2 ppm, and NOx within ± 2 ppm. The
gas analyzer was calibrated prior to each usage. Sound pressure measurements are acquired by a
Bruel & Kjaer Model 8149 condenser microphone placed at the exit plane of the combustor, and
45 cm away from the combustor outer wall. The sound pressure measurements are sampled for 5
seconds at 20 kHz. Sampled data are processed using fast Fourier transform (FFT) to obtain plots
of sound pressure level (SPL) versus frequency.
Five porous ring inserts each with porosity of 0.85 and pore density of 18 pores per cm
are used in this study. The porosity and pore density are optimum values determined from
previous studies with LPM combustion. All inserts have OD of 77.0 mm and height of 25.4 mm.
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Two inserts have ID of 38 mm, two inserts have ID of 51 mm, and one insert has ID of 45 mm.
Every possible combination has been tested; however, results from only the best configurations
are presented. Figure 4-3 shows the best converging, diverging, and hyperbolic configurations of
this study. For each configuration, a parametric study was conducted to determine the effects of
HRR and ALR while the overall equivalence ratio () was kept constant at 0.79. For fixed HRR,
the ALR was varied by varying the atomizing air flow rate, and adjusting the primary air flow
rate to maintain constant total air flow rate. For fixed ALR, the HRR was varied by changing
both the fuel flow rate and the total air flow rate.

4.4

RESULTS
First, efficacy of a non-porous insert instead of a porous insert was explored with the

spray flame. The non-porous insert was created by tightly wrapping oxidation resistant graphite
foil around the convergent porous insert. Covering pores in this manner blocked the flow
through the insert without affecting the overall geometry or thermal properties of the system.
The confinement however increased the core flow velocity and consequently, the flame
stabilized farther downstream. It was accompanied with poor thermal feedback from the flame
to the incoming fuel near the injector, which resulted in accumulation of the liquid fuel on the
graphite foil, and subsequently, flame would blow-off. In contrast, stable combustion was
achieved with all porous insert configurations. This experiment demonstrates that an insert of
high porosity is necessary for static flame stability, which could not be achieved with a nonporous or solid insert of the same geometry.
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4.4.1

Flame Emissions
Figure 4-4 shows visual flame images without and with porous inserts for ALR = 3.14

and the highest HRR = 13.4 kW. Without the insert, the flame stabilizes at approximately 5.0 cm
downstream of the injector exit (i.e., z = 5 cm), see Figure 4-4(a). Liquid fuel atomizes, prevaporizes, and premixes with air in the dark region near the injector exit, i.e., z < 5.0 cm. These
near field processes produce relatively clean blue flame reacting mainly in the premixed mode.
The flame extends up to z = 40.0 cm or nearly the entire length of the combustor and the flame
luminosity is fairly uniform across the combustor. For convergent configuration, the flame
stabilizes farther downstream or near the downstream surface of the porous inert as shown in
Figure 4-4(b) and thus, the post-oxidation reactions would extend beyond the combustor exit
plane. Except for an axial shift in the location, the flame with the convergent porous insert is
visually similar to that without the insert. For diverging and hyperbolic inserts, the orange glow
of the insert indicates that the flame stabilizes slightly within the downstream surface of the
insert. Such interior combustion can degrade the porous material and thus, it is considered
undesirable even though the downstream blue flames are slightly shorter. Although the flow
structure details within the porous insert are inaccessible, visually similar photographs in Figure
4-4 suggest minor differences in the flame structure without and with porous inserts.
Next, Figure 4-5 shows radial profiles of NOx and CO emissions near the combustor exit
plane or z = 41.0 cm. Minor variations in the radial direction signify excellent uniformity across
the combustor also inferred qualitatively from the visual flame images. Figure 4-5(a) shows
single digit NOx emissions that are within the measurement uncertainties for all cases. These
results indicate excellent fuel-air premixing without hot spots that can arise from droplets
burning in the diffusion mode, and support the previous finding of no fundamental differences in
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the flame structure without and with porous inserts. Radial profiles of CO emissions in Figure
4-5(b) are also within the measurement uncertainties except for the slightly higher values for the
converging insert. Higher CO emissions for the converging insert are attributed to the sampling
probe location within the post-oxidation region. NOx and CO emissions for all other test
conditions investigated in this study were within the measurement uncertainties. In summary, no
significant changes in NOx and CO emissions occur with porous inserts used in this study.
4.4.2 Flame Acoustics
An overall assessment of the acoustic behavior of LDI combustion without and with
porous inserts is provided in Figure 4-6 showing total SPL as functions of ALR and HRR. The
effect of HRR on total SPL is presented in Figure 4-6(a) for ALR = 3.14. Increasing the HRR
requires higher fuel and air flow rates, which increases the total SPL. Without the insert, the total
SPL of about 85 dB at HRR = 4.2 kW increases to nearly 102 dB at HRR = 13.4 kW. The total
SPL increases linearly with the HRR which can be related to the higher turbulence at the higher
fuel and air flow rates. Linear variation of the total SPL with HRR is also observed for each
porous insert configuration. However, the slope for each insert is smaller than that without the
insert. For all HRRs, the total SPL is most reduced by the converging porous insert
configuration. Figure 4-6(a) demonstrates that porous inserts are increasingly effective in
reducing the total SPL as the HRR increases. For example, for HRR = 13.4 kW, the converging
insert provides total SPL reduction of 16 dB compared to the case without insert. Such reduction
in the total SPL with porous insert is significant, and can be easily detected by the human ear.
For HRR = 6.7 kW, Figure 4-6(b) shows that without the insert, the total SPL decreases
slightly, from 92 dB to 90 dB, as the ALR increases from 2.9 to 3.9. Higher ALR results in finer
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droplets that vaporize quickly to produce a more uniform fuel-air mixture in the dark zone
upstream of the flame. Thus, reduction in total SPL can be related to improved equivalence ratio
homogeneity near the injector with increasing ALR. For each ALR, the total SPL with each
insert is less than that without the insert. The converging insert is the most effective, providing
nearly 10 dB reduction in total SPL compared to the baseline case with no insert. In comparison,
the diverging and hyperbolic inserts result in total SPL reduction of 2 dB to 8 dB, depending
upon the ALR. These results clearly demonstrate significant benefits of porous inserts and
suggest that the equivalence ratio homogeneity near the injector exit is favorably affected by the
porous insert. While the total SPL is an overall measure of the acoustic behavior, data presented
next provide spectral details to quantify the performance in terms of broadband combustion noise
and thermo-acoustic instabilities.
Figure 4-7(a) shows spectra of SPL for HRR = 13.4 kW and ALR = 3.1. Frequency range
of 0 to 2000 Hz is used in the plot because of the negligible power at higher frequencies even
though measurements were acquired at 20 kHz. With porous inserts, Figure 4-7(a) shows
significant reduction in SPL at any frequency over the entire range. The converging insert offers
superior performance although diverging and hyperbolic inserts perform similarly. Results
demonstrate that porous inserts are effective in attenuating the broadband combustion noise.
Results in Figure 4-7(a) are redrawn in Figure 4-7(b) using the 1/3rd octave frequency bands.
Figure 4-7(b) shows SPL peak representing combustion instability at center frequency of about
400 Hz pertaining to the natural frequency of the combustor. All of the inserts show the peak
SPL at this frequency, but the peak SPL is lower and the converging insert provides the greatest
reduction of about 30 dB. Interestingly and most importantly, results show that the porous insert
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does not affect the frequency at the peak SPL. Thus, the porous inserts have a negligible effect
on the natural frequency of the combustor.
4.4.3 Acoustics Analysis
The natural frequencies of the classical acoustic modes can be determined by analyzing
the acoustic wave equation. Figure 4-7(c) shows the natural frequency associated with the first
longitudinal acoustic mode and first radial acoustic mode as a function of temperature assuming
air as the medium. The analysis assumed azimuthal symmetry, pressure nodes at z = 0.0 and r =
R, and pressure antinodes at z = L and r = 0. For estimated flame zone temperature of 1200 K to
1700 K, the natural frequency of the first longitudinal mode varies between 380 Hz and 450 Hz
as shown in Figure 4-7(c), and it matches with the experimentally observed frequency of about
400 Hz at the SPL peak in Figure 4-7(b). This simple analysis shows that the combustion process
is indeed coupled with the first longitudinal acoustic mode of the combustor. Significant
reductions in peak SPL clearly demonstrates that porous inserts are very effective in mitigating
thermo-acoustic instabilities encountered in LDI combustion systems.
The porous insert can be considered as an acoustic absorber in the LDI combustion
system. To quantify this behavior, the SPL at 1/3rd octave bands without and with porous inserts
are used to compute the percent reduction in acoustic intensity (analogous to the absorption
coefficient of the porous insert) as function of frequency for different insert configurations.
Figure 4-8 presents these results for different test conditions in this study; HRR = 6.7 kW and
13.4 kW and ALR = 3.14 and 3.9. In general, for all porous configurations, the percent reduction
in acoustic intensity increases with increasing frequency indicating that the porous inserts are
more effective absorbers of acoustic energy at higher frequencies. Figure 4-8(a) and Figure
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4-8(b) illustrate that insert configuration and HRR have greater influence on acoustic intensity
while ALR is less important within the operating range of the study.
Acoustic measurements shown above clearly demonstrate that porous inserts are effective
at mitigating both combustion noise and thermo-acoustic instabilities. In this section, acoustic
properties of porous inserts are analyzed to gain insight into the mechanisms responsible. Porous
materials are often used as an acoustic absorber, and it is the porous nature which determines
their sound absorbing/reflecting properties [71]. An important acoustic property of porous
materials is the normal-incidence energy absorption coefficient,

defined as the ratio of

absorbed and total acoustic energies. The absorption coefficient for a relatively thin layer of
rigidly-backed porous material is given by equation (1) and (2) [72]:
|

|
(

where

is the characteristic impedance of air,

(1)
),

(2)

is the characteristic impendence and

is

the complex propagation constant of the porous material. These acoustic properties of the
porous material can be calculated using the procedure outlined by Bies [73] to yield results
within 4 percent of the mean published data by Delaney and Bazley [72]. Thus, the absorption
coefficient can be determined as a function of frequency with a simple flow experiment
measuring pressure drop across the porous material as function of flow velocity. Using
experimental data on pressure drop versus flow velocity for different porous inserts [74], the
above procedure was used to compute the absorption coefficient as function of frequency at
different temperatures.
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Results plotted in Figure 4-9 show that the absorption coefficient increases as the
frequency increases, i.e., a greater fraction of acoustic energy is absorbed at higher frequencies, a
finding that agrees with the experimental results in Figure 4-8. This relationship offers evidence
that porous inserts acts as an acoustic absorber in the combustor to reduce the noise and
instability. Figure 4-9 shows that approximately 30 percent of the acoustic energy at around the
natural frequency associated with the first longitudinal mode is absorbed by the porous material.
For the same frequency, experimentally measured percent reduction in SPL varies from 75 to
100 percent depending upon the porous insert configuration, HRR, and ALR (see Figure 4-8).
Thus, although the thin-layer analysis of porous insert provides qualitative trends, it does not
fully describe the sound absorption characteristics of porous inserts in the present study. In
particular, the analysis does not distinguish among different porous insert configurations and the
associated differences in the flow field.
4.4.4 Discussion
Absorption of acoustic energy is an important function of the PIM, but it does not fully
explain the 75 to 100 percent reduction in acoustic intensity observed experimentally. PIM is
known to alter the combustor flow field and thus, it is expected to affect fuel atomization, droplet
heating and vaporization, and fuel-air mixing processes in the near field of the injector. Figure
4-6(a) revealed that the total SPL decreases when these fuel preparation processes are influenced
directly by increasing the ALR. In a twin-fluid atomizer, an increase in ALR results in smaller
droplets that evaporate faster and thus, a more homogenized fuel-air mixture is formed in the
dark zone. Fuel-air mixture with homogeneous equivalence ratio therefore tends to reduce the
total SPL, an observation that has also been reported in previous studies [60,75]. With PIM, the
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observed decrease in noise and thermo-acoustic instability is attributed to improved homogeneity
of equivalence ratio in the flow field as explained next.
Recently, Meadows and Agrawal [52,76] acquired time-resolved particle image
velocimetry (PIV) measurements in LPM swirl-stabilized combustion systems without and with
annular ring-shaped porous inserts. Without PIM, similar flow structures were observed in the
non-reacting and reacting flow fields including the inner and outer shear layers, precessing
vortex core (PVC), and corner recirculation zone. With PIM, the PVC and the corner
recirculation zones were eliminated. Thus, a large portion of the flow was confined to the central
void of the PIM, and the spreading of this flow was reduced significantly at locations
downstream of the PIM. Some of the key features of LPM combustion are shared by the present
LDI combustor as shown schematically in Figure 4-1. The primary air flow is introduced through
the annular swirler and inner and outer shear layers are formed on either side of the swirling jet.
The jet itself tilts towards the combustor wall depending upon the angle of the swirler (28
degrees). The addition of the PIM at the dump plane of the combustor decreases the spreading
angle of the swirling jet, thereby allowing the primary air to more closely interact with the spray
in the center produced by the fuel injector.
Figure 4-10 shows schematics of LDI combustion with diverging (a) and converging (b)
PIM configurations. With diverging configuration in Figure 4-10(a), the spreading angle of the
swirling jet is expected to decrease slightly. Thus, the primary air flow is directed towards the
spray which will improve secondary atomization, fuel vaporization, and fuel-air mixing
processes. Consequently, equivalence ratio oscillations and associated heat release rate
oscillations will decrease to also decrease the noise and/or feedback mechanism for thermoacoustic instability as discussed previously. With the converging configuration in Figure 4-10(b),
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the spreading angle of the swirling jet is decreased even further. Thus, interactions between the
primary air and spray intensify to render an even more homogeneous fuel-air mixture. The
converging PIM configuration alters the flow field to provide greater equivalence ratio
homogeneity compared to other PIM configurations. Increased thermal feedback from the flame
to the upstream by heat conduction through the solid matrix is an additional benefit of the PIM,
which would improve fuel vaporization as documented in studies of liquid fuel combustion with
PIM [68]. In summary, two mechanisms explain the reduction in noise and thermo-acoustic
instability with PIM: (1) decrease in the driving force of equivalence ratio oscillations, and (2)
increase in the dampening force by acoustic absorption.

4.5

CONCLUSIONS
LDI combustion offers low emissions for aviation gas turbines, but it can be susceptible

to noise and thermo-acoustic instabilities. Ring-shaped porous inserts placed around the flame
have shown promise to passively reduce acoustics in swirl-stabilized LPM combustion systems.
In this study, porous inserts were used for the first time to passively reduce noise and thermoacoustic instabilities in LDI combustion. The conclusions of this study are summarized in the
following:
1. Porosity of the insert is important for static flame stability since a non-porous structure of
a similar geometry resulted in flame blow-off.
2. Porous inserts had minor effect on the visual flame images and NOx and CO emissions at
the combustor exit.
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3. All porous inserts reduced broadband combustion noise and the insert with converging
configuration provided the greatest reduction.
4. All porous inserts reduced peak SPL at the frequency of combustion instability and again,
the insert with converging configuration provided the greatest reduction. Interestingly,
porous inserts did not affect the natural acoustic mode of the combustor.
5. A simple thin layer model of the porous material was used to successfully predict the
observed trends, i.e., greater absorption of acoustic energy at higher frequencies.
However, the model under-predicted sound absorption at lower frequencies.
6. The primary mechanism for improved acoustics performance is the change in the
combustor flow field by the PIM. In particular, PIM eliminates the recirculation zones
and increases interaction between primary air and spray, which decreases equivalence
ratio non-homogeneity and reduces the heat release rate fluctuations.
7. PIM of convergent configuration maximizes interaction between primary air and spray
and produces a more homogeneous fuel-air mixture that burns without significant heat
release rate fluctuations and thus, reduced noise and thermo-acoustic instability.
8. Two distinct mechanisms explain the reduction in noise and thermo-acoustic instability
with PIM: (1) decrease in the driving force associated with equivalence ratio oscillations,
and (2) increase in the dampening by acoustic absorption.

This study shows that porous inserts offer a passive strategy to effectively mitigate
combustion noise and thermo-acoustic instability in LDI combustion. Recent advancements in
3D additive manufacturing techniques offer the opportunity to custom design porous inserts with
continually varying cross-section, porosity and pore size, and using high-strength aviation grade
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materials to ensure long-term durability in harsh gas turbine environments. By documenting the
performance for different PIM geometries and operating conditions, the present study has
identified the need for detailed measurements in the future to gain definitive understanding of the
turbulent flow field and flame structure without and with PIM, with the goal to simultaneously
decrease emissions and acoustic power in LDI combustion.
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Figure 4-1: Schematic of liquid fuel, swirl-stabilized combustion.
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Figure 4-2: (a) Schematic of PIM located at the dump plane and (b) a photograph of PIM.

98

Converging PIM

38.1

Diverging PIM

Hyperbolic PIM

50.8

50.8
38.1

44.5
44.5

44.5

50.8

50.8

38.1
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Figure 4-4: Photographs of flames for HRR = 13.4 kW with (a) no PIM, (b) converging PIM,
(c) diverging PIM, and (d) hyperbolic PIM.
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Figure 4-5: NOx emissions (a) and CO emissions (b) for ALR = 3.1, HRR = 13.4 kW.
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Figure 4-7: SPL for full spectrum (a), 1/3rd octave band (b) for ALR = 3.1, HRR = 13.4 kW and first longitudinal and first radial
acoustic mode (c).
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5
5.1

TIME-RESOLVED PIV OF LDI COMBUSTION WITHOUT AND WITH POROUS
INERT MEDIA FOR PASSIVE CONTROL OF THERMO-ACOUSTIC INSTABILITIES*
ABSTRACT
In this study, mechanisms responsible for mitigation of thermo-acoustic instabilities in

lean direct injection combustion without and with porous inert media (PIM) for passive control
are investigated using time-resolved particle image velocimetry (PIV). PIM is a ring-shaped
ceramic matrix alloy, and the structure is placed within the combustor to passively mitigate
thermo-acoustic instabilities. The kerosene fuel is introduced by an airblast injector and the
combustor is operated at a global equivalence ratio of 0.8. The instantaneous and time-averaged
flow fields are analyzed to quantify the effects of PIM. Proper orthogonal decomposition is
employed to show that the PIM distributes the turbulence and dampens the thermo-acoustic
feedback mechanism. PIM absorbs a portion of the acoustic energy; however reduction of
equivalence ratio non-homogeneities by alteration of the flow field is the primary mechanism
responsible for mitigating combustion instabilities in the system.

*Paper under review by Journal of Propulsion and Power – submitted May 2014
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5.2

INTRODUCTION
Thermo-acoustic instabilities are of extreme importance in highly critical applications

such as aviation and power generating gas turbine engines [6]. Combustion instabilities are
undesirable and can limit operational flexibility, produce unacceptable noise emissions, and/or
cause catastrophic fatigue failure. Thermo-acoustic instabilities are characterized by an energy
feedback loop between acoustic oscillations and combustion responses [77], and according to the
Rayleigh criterion, they are likely to occur if the pressure fluctuations are in phase with the heat
release rate fluctuations [5]. In general, thermo-acoustic instabilities occur at frequencies
associated with the combustor’s natural longitudinal, radial, azimuthal, or bulk modes [10].
Thermo-acoustic instabilities are complex phenomenon, and the mechanisms responsible are
many and some are still unknown. They often involve interactions between multiple physical
phenomena such as unsteady flame propagation, acoustic wave propagation, and hydrodynamic
instabilities [8]. Vortex/flame interaction in combustion chambers has also been known as a
primary source of flame/acoustic coupling [44]. Strategies employing Lean Premixed (LPM)
combustion to curtail thermal NOx formation are especially susceptible to thermo-acoustic
instabilities [1].
A number of active and passive control techniques have been employed to mitigate
combustion instabilities [13-17]. Active methods usually consist of actuation of the fuel or air
delivery system in response to flame behavior, and they tend to be more effective for low
frequency oscillations. Passive methods seek to modify the combustion geometry and/or
acoustic boundary conditions and are generally more effective for high frequency oscillations
[17]. Examples of passive techniques are baffles, resonators, and acoustic liners, but their
practical implementation in actual combustor design is often difficult [13]. Agrawal and
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Vijaykant [18] developed a passive technique to mitigate noise and instabilities in swirlstabilized LPM combustion systems. The technique utilizes porous inert media (PIM), which is
placed at the dump plane of the combustor to alter the flow field, stabilize the flame, and act as
an acoustic absorber. PIM is a ceramic matrix alloy coated with hafnium carbide/silicon carbide
to resist thermal oxidation in combustion environment [18]. PIM is characterized by the porosity
(percentage of void volume) and pore density (number of pores per unit length). The porosity
and pore density of the insert affect the flow field and pressure drop, and studies have been
conducted in the past to optimize the porosity and pore density [1,23]. A number of
experimental studies have been conducted to assess the efficacy of PIM in mitigating combustion
instabilities for LPM swirl-stabilized combustion [1,20-22], and in some instances, a 30 dB
reduction in peak frequency sound pressure levels has been observed.
LPM swirl-stabilized combustion is extensively used in power generating gas turbine
engines, and the introduction of swirl leads to a highly turbulent flow field. Vortex formation in
a turbulent flow field is an inherently unsteady process, and time-resolved techniques such as
particle image velocimetry (PIV) are ideal to investigate the turbulent flow field. O’Connor and
Lieuwen used time-resolved PIV at laser repetition rate of 10 kHz to analyze a transversely
excited LPM swirl-stabilized flow field, and harmonically reconstructed the flow field to identify
the coherent fluctuation at the forcing frequency [34]. Recently, Steinberg et al. [35] utilized
stereoscopic PIV, OH PLIF, and OH* chemiluminescence to study vortex/flame interaction. The
flow field was found to contain either periodically shed toroidal vortices or helical precessing
vortex cores that excited the thermo-acoustic instabilities. Meadows and Agrawal analyzed the
flow field using time-resolved PIV without and with PIM for a non-reacting [52] and reacting
[76] LPM combustion flow field. In both cases, PIM eliminated the corner recirculation zone
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and the precessing vortex core. PIM alters the static flame stability mechanism, and small
flamelets stabilize on the downstream surface of the PIM, which ignite the reactants passing
through the central core region. These studies highlighted the role of PIM on the turbulent
structures and showed that the thermo-acoustic instability occurs because of shedding of vortices
in the corner recirculation zone, and the feedback mechanism is eliminated with the addition of
PIM.
Thermo-acoustic instabilities commonly investigated for LPM combustion are also of
concern for lean direct injection (LDI) combustion gaining increased attention to reduce
emissions in aviation gas turbines. LDI utilizes liquid fuel atomization followed by rapid fuel-air
mixing to produce globally lean reactants near the combustor dump plane to replicate conditions
similar to LPM combustion. However, mixture preparation processes including fuel atomization,
droplet dynamics, fuel vaporization, and fuel-air mixing introduce additional complexities to the
systems [78]. For example, local equivalence ratio oscillations (i.e., unmixedness) can produce
very large heat release rate oscillations that drive thermo-acoustic instabilities [79]. Kim et. al.
demonstrated that the phase relationship between velocity perturbations and equivalence ratio
oscillations can suppress or amplify the intensity of self-excited thermo-acoustic instabilities
[80]. Other studies have also been conducted to demonstrate the dependence of thermo-acoustic
instabilities to equivalence ratio oscillations [29,81,82]. Thus the velocity perturbations in the
near field of the injector have a significant impact on the local equivalence ratio fluctuations and
the overall stability of the combustor.
Airblast atomizers are commonly used in aircraft, marine, and industrial gas turbines due
to the lower fuel pump pressure required, fine sprays, thorough mixing of air and fuel, and low
soot formation [83]. Fine sprays and thorough mixing of air and fuel are ideal for LDI
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combustion. Liquid fuel atomization is also highly dependent on the local flow conditions.
Banhawy and Whitelaw showed that heat release rate decreased with increasing droplet diameter
and decreasing swirl intensity [84]. Sornek et al. investigated the effect of turbulence on
vaporization, mixing, and combustion of liquid fuel sprays and determined that the increase of
turbulence improves fuel evaporation and fuel-air mixing, but does not necessarily mean faster
combustion [85]. Garcia et al indicated that the spray fluid dynamics is important for the onset
of self-excited combustion instabilities [86].
Recently, Meadows and Agrawal [38] demonstrated the efficacy of PIM in mitigating
combustion instabilities for LDI combustion. They found that acoustic absorption by PIM could
account for only 30 percent of the measured reduction in acoustic energy, and suggested that
PIM altered the flow field to advantageously affect the dynamic stability of the combustor. The
present study seeks to explain the mechanisms responsible for mitigating thermo-acoustic
instabilities with PIM in LDI combustion systems. Investigation of LDI combustion with PIV
technique have been performed on stable combustion systems [87,88], and studies of combustion
instabilities on LDI systems have mainly been performed using pressure and chemiluminescence
measurements [15,62,89,90]. However, the focus of this study is to analyze the combustor flow
field without and with PIM using time-resolved PIV. The static flame stability mechanism is
discussed by examining flame photographs, and the dynamic stability of the combustor is
assessed using sound pressure measurements. The instantaneous and average flow fields are
presented to determine the effect of PIM on the velocity field, vorticity field, and turbulent
kinetic energy. The effect of PIM on the turbulent structures is quantified using proper
orthogonal decomposition (POD) analysis.
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5.3

EXPERIMENTAL APPROACH
The LDI combustor is oriented vertically, and it is operated at atmospheric pressure. A

schematic of the experimental setup is shown in Figure 5-1. After passing through a pressure
regulator, dehumidifier, and water trap, the air flow is split into primary air, atomizing air, and
seeded air flow lines. Titanium dioxide particles with mean diameter of 2 μm are introduced in
the primary air flow using a custom designed solid particle seeder located approximately 2
meters upstream of the combustor. The seeded/primary air flows through a plenum filled with
marbles to further homogenize the seed particles in the air flow. The seeded/primary air and
gaseous fuel supplied during startup flow through the mixing chamber and enter the cylindrical
combustor via a swirler in an annulus with OD of 4 cm and ID of 2 cm. The swirler consists of
six vanes at 28˚ to the horizontal plane to produce a swirl number of 1.5. The quartz cylindrical
enclosure is 30.5 cm in length and 8.0 cm ID. Atomizing air is introduced at the bottom of the
combustor, see Figure 5-1. The atomizing air then flows into a commercial plain-jet airblast
injector (Delavan Siphon type SNA nozzle). The total air flow rate entering the combustor is
3.12 g/s (150 SLPM) with 44/40/16 percent split among primary/seeded/atomizing air flows.
Methane is supplied during startup, and enters the mixing tube approximately 61.0 cm upstream
of the dump plane. Kerosene is supplied through the fuel inlet in Figure 5-1, at a flow rate set to
obtain an overall equivalence ratio of 0.80. PIM consists of two porous rings stacked on top of
each other, with 48 mm ID and 78 mm OD. Each PIM ring has height of 25 mm and the pore
density of 18 pores per cm. PIM is wrapped in graphite foil to firmly seal the openings between
the OD of the PIM and the ID of the combustor.
The primary air flow rate is controlled by a manual valve and measured using a laminar
flow element (LFE) with reported calibration error of +/- 5 liters per minute (lpm). The total
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pressure and pressure drop in the LFE are measured with an absolute pressure transducer and a
differential pressure transducer respectively. The seeded air flow rate is controlled by the supply
pressure and measured using a sonic nozzle (FlowMaxx SN08-SA-062). Atomizing air flow and
methane flow rates during startup are measured and controlled by separate mass flow controllers
with measurement uncertainty of +/- 1.5 liters per a minute. The kerosene fuel is supplied by a
peristaltic pump with reported calibration error of +/- 0.25% of the flow rate reading.
Degradation of the fuel lines is prevented by using Viton tubes and, a 25 micron filter is placed
in the fuel line upstream of the injector to prevent foreign particles from reaching the injector.
The fuel is supplied directly below the fuel injector through the wall of the mixing chamber. The
fuel injector is attached to an injector holder designed to connect the fuel supply and atomizing
air supply lines.
Sound measurements are acquired by a Bruel & Kjaer Model 8149 condenser
microphone placed at the exit plane of the combustor, and 30.5 cm away from the combustor
outer wall. Microphone output is converted to pressure fluctuations using the sensitivity (45.8
mV/Pa) of the condenser microphone. The condenser microphone is calibrated periodically by a
piston-phone generating pure tone of 114 dB at 251.2 Hz. The sound pressure measurements are
sampled at 40 kHz for one second. Sampled data are processed using LabView’s embedded fast
Fourier transform (FFT) function to obtain pressure variance verses frequency. Velocity
measurements in the flow field are obtained using a time-resolved PIV system with Quantronix
Hawk-Duo 532-120-M Nd:YAG laser. The lasers have wavelengths of 532 nm, energy of 18
mJ/pulse, and 4.2 kHz repetition rate. A TSI divergent sheet optic, with f = -25 mm cylindrical
lens, combined with a 500 mm spherical lens, is used to create 1 mm thick laser sheet, which
entered the quartz combustor through the center plane of the cylinder, see Figure 5-2. The
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timing diagram for the PIV setup is shown in Figure 5-2; laser pulse delay is 106.55 µs and time
between laser pulses is 25 µs. A Photron SA5 Fastcam camera with a Sigma 105 mm focal
length lens and a 1024 x 1024 pixel sensor is used to acquire PIV images at a framing rate of 8.4
kHz. The timing between laser pulses and camera shutter speed is controlled with the
synchronizer (Laserpulse synchronizer 610036) shown in Figure 5-2. A 532 nm bandpass
optical filter is used to prevent undesirable light from reaching the camera. The camera field of
view is 70 mm by 70 mm and the spatial resolution for the experiment is 98.5 µm per pixel,
which corresponds to minimum velocity resolution of 3.94 m/s.

Velocity field calculations are

performed using Insight 4G Data Acquisition, Analysis, and Display Software from TSI, and
computation details are explained by Meadows and Agrawal [76].

5.4

RESULTS AND DISCUSSION
This section is divided into three parts. First, static and dynamic flame stability without

and with PIM are analyzed. Then, the effect of PIM on instantaneous and time-average flow
fields determined from time-resolved PIV is discussed. Finally, POD analysis is used to quantify
the role of turbulent structures in the flow field without and with PIM.
5.4.1 Flame Stability
The static flame stability is inferred by examining the photographs of the flame without
and with PIM. Photograph of LDI combustion without PIM in Figure 5-3(a) indicates that the
atomized fuel and air are mixed in the dark region near the dump plane or upstream of the flame.
The flame photograph in Figure 5-3(a) is light blue in color, which signifies a premixed flame
similar to LPM combustion. The flame is stabilized by a balance of flow velocity and flame
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speed. Flow velocity is primarily based on the flow conditions of the fuel injector, and the flame
speed is dependent on the equivalence ratio and turbulent nature of the flow. As such, slight
changes in fuel atomization, equivalence ratio, and/or velocity can affect the static stability of the
flame.
In the twin-fluid atomizer of the present study, fuel is atomized by the atomizing air in a
process denoted as primary atomization. In addition, secondary atomization occurs from the
interaction between the primary air and the spray produced by the fuel injector. In the present
system, the primary airflow is introduced in the combustor by an annular swirler located at the
dump plane and surrounding the fuel injector. Based on previous flow field measurements
[52,76], primary airflow diverges towards the combustor wall, which results in inner and outer
shear layers on either side of the annular jet. Vortices shed by the inner shear layer interact with
the fuel spray and will be mainly responsible for secondary atomization, and the vortices shed by
the outer shear layer create the corner recirculation zone. The angle between the inner and outer
shear layers will be referred to as the shear layer spreading angle. Meadows and Agrawal [38]
hypothesized that the smaller the shear layer spreading angle, the greater the interactions
between primary air and fuel spray, which will improve the secondary atomization. The
schematic in Figure 5-3(b) represents a basic view of the static flame stability for LDI
combustion without PIM. The dominant factors in determining the stability of the combustor are
fuel breakup, fuel evaporation, fuel-air mixing, and shear layer spreading angle, which require
detailed measurements of the combustor flow field.
Figure 5-4(a) shows a visual photograph of LDI combustion with PIM. The flame
stabilizes immediately downstream of the PIM. The primary air flow is directed mainly towards
the central core region of the PIM while a fraction of the air/fuel flows through the PIM. The
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confinement of the swirling primary air decreases the shear layer spreading angle, which changes
the fuel-air mixing in the near fuel injector region. The flow passing through the PIM leaves the
downstream surface with low momentum, which allows the flame to spread out on the
downstream surface of the PIM. The solid matrix of the PIM is expected to transfer thermal
energy from the flame to preheat the primary air in the upstream central core region. The preheated primary air has the potential to improve fuel evaporation, fuel-air mixing, and related
processes. Figure 5-4(b) presents a schematic of the flame stabilization in LDI combustion with
PIM. The majority of the primary air is directed through the central core region where it
interacts with the spray to improve fuel-air mixing, and a thermal feedback mechanism is present
in the region of the PIM. With PIM, the shear layer spreading angle decreases which improves
secondary atomization and the static flame stability.
Dynamic pressure data are used to determine sound pressure levels (SPL) as a function
of frequency and the total SPL, see equation 1 and 2.
( )

(

( )

)

(1)

Where Pref = 20 µPa
(∑

)

(2)

Figure 5-5 shows the variance of sound pressure as a function of frequency without and with
PIM. Two primary peaks are observed without and with PIM. In particular, without PIM, peak
frequencies of 517 Hz and 589 Hz are observed. The natural frequency of the combustor can be
determined by solving the acoustic wave equation and applying the appropriate boundary
conditions. Assuming pressure node and antinode at the inlet and outlet of the combustor
respectively, the analysis yields longitudinal natural frequency,
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√

, where n is the mode

number and L is the length of the combustor. The natural frequency of the first longitudinal
mode is a function of temperature, and the double peaks of 517 Hz and 589 Hz in Figure 5-5
correspond to average combustor temperature of 990 K and 1280 K, respectively. With PIM, the
two peaks in Figure 5-5 are slightly shifted toward each other compared to the case without PIM.
The peaks occur at 540 Hz and 582 Hz which correspond to average combustor temperature of
1080 K and 1250 K. In LDI combustion, temperature fluctuations occur because of equivalence
ratio oscillations. Thus, a reduction of equivalence ratio oscillations with PIM can be inferred
from the data in Figure 5-5. Change in the geometry with PIM could also change the natural
frequency of the combustor. However, this is not the case since geometric change would shift
the entire spectra in one direction unlike the individual peaks shifting towards each other in
Figure 5-5. With PIM, the peak sound pressure variances at the instability frequencies are
reduced by approximately 50 percent and a 2.4 dB reduction of the total SPL is observed. With
PIM, the primary air flow more closely interacts with the spray, which is expected to improve
secondary atomization, enhance fuel-air mixing, and decrease equivalence ratio nonhomogeneities. These hypotheses are supported by the instantaneous and average flow field data
presented next.
5.4.2 Instantaneous Flow Field
According to the Rayleigh criterion [5], if the pressure fluctuations are in phase with the
heat release rate fluctuations, thermo-acoustic instability will occur. Thus, the region where heat
release rate fluctuations occur is the dominant source of thermo-acoustic instabilities, and this
region is analyzed without and with PIM. Without PIM, the flame stabilizes approximately 35
mm downstream of the dump plane, and the axial location, y = 35 mm is taken as the reference
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plane. With PIM, the flame stabilizes immediately downstream of the PIM (approximately 50
mm downstream of the dump plane), and the axial location, y = 50 mm is taken as the reference
plane. The field of view of 70 mm by 70 mm without and with PIM is shown in Figure 5-3(a)
and Figure 5-4(a) respectively.
Figure 5-6 shows instantaneous contours of the axial velocity without (left) and with
(right) PIM. The time interval of 0.48 ms between images corresponds to a phase angle of 88.6
degrees for the instability frequency of 517 Hz. The shear layers are visualized in Figure 5-6 by
the change in axial velocity on either side of the central jet flow. The inner shear layer between
the primary air flow and the atomizing air/fuel flow (or spray) from the fuel injector appears
wrinkled and changes with time, which is characteristic of a turbulent flow field. The wrinkled
shear layer is accompanied with turbulent eddies formed in the flow field. Figure 5-6(a-c) shows
regions of high and low velocity at the different axial locations in the center region. The axial
location of the high and low axial velocities also changes with time. Thus, Figure 5-6(a-c)
demonstrates temporal and spatial fluctuations of axial velocity in the center jet flow region. The
region of highest axial velocity fluctuations without PIM occurs at |x|< 5 mm. The axial velocity
fluctuations in the center jet flow region are most likely induced by the variations of the local
equivalence ratio. Note that any increase in the local equivalence ratio would generate local hot
spot, and thus, an increase in velocity and vice versa
With PIM, the instantaneous flow field is shown in Figure 5-6(d-f), and it has the same
time step of 0.48 ms between consecutive images. The instantaneous flow field shows relatively
small spatial and temporal variations in axial velocity in the center jet flow region, when
compared to the case without PIM. In this case, the confinement of the primary air by the PIM is
expected to improve secondary atomization and fuel-air mixing in the jet center region (|x|< 5
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mm), which decreases the local equivalence ratio variations and hence, the velocity fluctuations.
The decrease in axial velocity fluctuations with PIM is also consistent with dynamic pressure
data suggesting that the PIM decreases equivalence ratio oscillation and associated temperature
fluctuations. Results in Figure 5-6 demonstrate that the axial velocity field is varying with time,
but a detailed temporal analysis will provide quantitative information about the oscillatory
behavior of the system.
Figure 5-7 shows space-time plots of axial velocity at three different axial locations with
respect to the reference planes previously mentioned. These plots were obtained by stacking 16
ms of data on the time axis although 238 ms of data were acquired in the experiment. Time
duration of 16 ms represents about 8 cycles of the first longitudinal mode of 517 Hz, but it does
not reveal low frequency oscillations below 62.5 Hz. A 4 Hz low frequency side to side
oscillation of the center jet flow region was observed in the full 238 ms space time plot, but is
not shown in Figure 5-7. Without PIM, Figure 5-7(a) shows how the axial velocity changes with
time at axial location 1 mm downstream of the reference plane, i.e., z = 1 mm. At the center
point, (i.e., x=0 mm), the axial velocity oscillates between 26 m/s and 18 m/s with time. The
oscillations repeat between approximately every 1 ms to 2 ms, which pertains to a frequency
between 1000 Hz and 500 Hz. An attempt to spectrally characterize the axial velocity data at
several points in the flow field was made; however due to the limited spectral resolution of the
velocity field measurements, the spectral analysis provided little insight. Figure 5-7(b-c)
represents the space-time plot of axial velocity at z = 20 mm and 40 mm, respectively. These
plots show that the axial velocity fluctuations decrease significantly in the downstream direction.
The greatest oscillations of the velocity field are observed at the reference plane where the fuelair mixing occurs and the flame stabilizes. Fuel-air mixing oscillations in turn are caused by
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perturbations of the atomizing air flow rate resulting from time varying pressure drop across the
fuel injector associated with the coupling of the thermo-acoustic mode [91]. In summary, fuelair mixing or equivalence ratio oscillations producing the heat release rate oscillations are
driving the velocity fluctuations, which couple to the first longitudinal thermo-acoustic mode of
the combustor.
Figure 5-7(d-f) respectively shows the space time plots of axial velocity with PIM at axial
location of z = 1 mm, 20 mm, and 40 mm. The axial velocity fluctuations are significantly lower
with PIM at z = 1 mm and are comparable to the case without PIM at z = 20 mm and 40 mm.
The PIM improves secondary atomization and fuel-air mixing in the jet center region by
decreasing the shear layer spreading angle and possibly by thermal feedback from the flame to
the upstream fuel-air mixing region. With PIM, improved fuel atomization, fuel vaporization,
and fuel-air mixing processes result in decreased equivalence ratio oscillations thereby
decreasing the axial velocity fluctuations near flame anchoring location. In summary,
equivalence ratio oscillations are the driving mechanisms for thermo-acoustic instabilities, and
PIM mitigates the driving force by creating a more homogenized fuel-air mixture near the dump
plane, which agrees with the pressure variance data and instantaneous flow field data in Figure
5-5 and Figure 5-6 respectively.
5.4.3 Average Flow Field
Figure 5-8 presents the average axial velocity (top) and turbulent kinetic energy (bottom)
contour plots without (left) and with (right) PIM. The high velocity fuel and atomizing air
leaving the fuel injector result in peak axial velocity at x = 0 mm in both cases. In the average
flow field, the shear layers on either side of the jet center are well defined as shown by the
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gradual change in the axial velocity. Without PIM, the axial velocity at the center of the
combustor of 22 m/s at y = 55 mm decreases to 10 m/s at y = 90 mm. With PIM, Figure 5-8(b),
the peak axial velocity immediately downstream of the PIM (y = 50 mm) is approximately 18
m/s, and it decreases to 10 m/s at the end of the field of view. Without PIM, the spatial
variations in average axial velocity are much greater than those with PIM. Comparing the axial
velocity contours, Figure 5-8(a) and (b) show a significant decrease in axial velocity with PIM
at x=0 mm at the furthest upstream location. Evidently, PIM improves the fuel/air mixing, and
without PIM, the average axial velocity is greater in the center of the jet flow region.
Equivalence ratio oscillations occur without and with PIM; however inadequate fuel-air mixing
without PIM results in locally higher equivalence ratios compared to the case with PIM. A
higher local equivalence ratio will result in a higher local axial velocity which is evident in
Figure 5-8(a).
Turbulent combustion is inherently an unsteady process; however the turbulent kinetic
energy (TKE) can quantify the fluctuations in the flow field. TKE is determined by summing the
variance of the velocity components and taking the square root. TKE contour plots without and
with PIM are shown in Figure 5-8(c) and (d) respectively. Without PIM, Figure 5-8(c), shows a
broad region, 5<|x|<20, of high TKE resulting from spatial variations in equivalence ratio. TKE
peaks to value of about 3.6 m/s at a radial location away from the center, indicating that the jet
center region is not well mixed. With PIM, Figure 5-8(d), TKE in the jet center region is more
uniform, and a decrease in its magnitude is observed. With PIM, the fuel-air mixing is improved
which decrease the spatial variations of local equivalence ratio, especially in the jet center
region. Thus, the TKE is significantly decreased and its radial spread is narrower compared to
the case without PIM.
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To further quantify the effect of PIM on the average flow field, radial profiles of the axial
velocity and the TKE are compared at axial locations relative to the reference planes. Recall,
reference planes without and with PIM were defined as y = 35 mm and y = 50 mm respectively.
Radial profiles of the axial velocity (left) and the TKE (right) without and with PIM are shown in
Figure 5-9. Figure 5-9(a) and (b) are respectively radial profiles of axial velocity and TKE at z =
1 mm. Without PIM, the peak average velocity of 24 m/s occurs at the center of the combustor,
and with PIM the peak average velocity at the combustor center is 18 m/s. The velocity profiles
without and with PIM have similar slopes on either side of the peak. These results again reflect a
more homogeneous flow field with PIM compared to that without PIM.
Without PIM, the TKE profile peaks in the shear layer, while with PIM the TKE peaks at
the center of the combustor. For axial location z = 1 mm, the TKE with PIM is relatively
constant for |x|<10 mm, while without PIM, the TKE increases as the |x| increases within |x|<10,
and it is indicative of a better mixed jet flow region with PIM. Figure 5-9(c) and (d) compare the
radial profiles of axial velocity and TKE at z = 20 mm. Without PIM, the axial velocity peak
occurs at the center of the combustor and TKE peaks in the shear layers. With PIM, the TKE is
relatively constant in the center region. Figure 5-9(e) and (f) compare the radial profiles of axial
velocity and TKE at z = 40 mm. At this location, the flow field is well developed and hence,
only minor difference in axial velocity is observed for the two cases. The TKE profiles show
similar trends, i.e., relatively constant profile in the center region with PIM, and increasing TKE
with peak in the shear layer without PIM. Thus, the radial profiles in Figure 5-9 show that the
PIM homogenizes the turbulent flow in the center jet flow region. The following section will
quantify the nature of turbulent structures using proper orthogonal decomposition (POD)
analysis.
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5.4.4 POD Analysis
A method to quantify the energy contributions of different turbulent coherent structures
to the flow field will provide additional insight into the effect of PIM on fuel-air mixing. Proper
orthogonal decomposition (POD) is an efficient analysis technique to capture the dominant
components of an infinite-dimension process with only finitely many, and often surprisingly few,
“modes” [39]. POD was introduced in the context of turbulence by Lumley [40]. The
decomposition can be achieved using two methods: the direct method [41] or the snapshot
method [42]. Both methods lead to the same solution; however, the direct method requires more
computational time and memory. The snapshot method is used in the present study and the
MATLAB code used to compute the POD modes is based on Chen et. al. [55]. POD analysis is
performed on the fluctuating velocity field by subtracting the average field from the
instantaneous field. The velocity field can be reconstructed by using a linear combination of all
orthogonal modes (Eigen functions),

( )

, weighted by a random time coefficient,

, and the

average flow field, 〈 〉, where M is the number of instantaneous snapshots, see equation 3. Each
POD mode (Eigen function) has an associated Eigen value. The “energy content” of each mode
can be determined by dividing the associated Eigen value by the sum of all Eigen values. The
modes are arranged by energy content in decreasing order; thus, mode 1 contributes the most
energy to the turbulent flow field.
̂

〈 〉

∑

( )

(3)

The POD analysis is performed using 1000 instantaneous flow field data. The
cumulative energy contribution is determined as function of mode by summing up the energy
contribution of each mode up to the specific mode number. The cumulative energy contributions
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of turbulent structures with Modes 1-50 are shown in Figure 5-10(a). Evidently, more than 80
percent of the total turbulent energy of the flow field is contained in these modes, and
approximately 50 percent of the total turbulent energy is found in modes 1-10. The energy
contributions of mode 1-10 are plotted in Figure 5-10(b). The turbulent structures without PIM
in modes 1-3 account for 38.6, 7.2, and 4.6 percent of the total energy, respectively. The
turbulent structures with PIM in modes 1-3 account for 16.6, 12.1, and 5.4 percent of the total
energy, respectively. With PIM, the greatest change to the turbulent structures occurs in mode 1.
Mode 1 without and with PIM is shown in Figure 5-11. Without PIM, Figure 5-11(a),
mode 1 primarily pertains to the region surrounding the central jet flow (i.e, |x|>5). This result
agrees with the TKE contour shown in Figure 5-8(c) and substantiates the hypothesis that the
equivalence ratio oscillations drive the turbulent behavior of the flow field without PIM. With
PIM, Figure 5-11(b), mode 1 primarily represents the turbulent structures contained near the
center of the combustor. The confinement of the swirling jet flow by the PIM generates
sufficient turbulence to break up the center jet flow region, which promotes fuel-air mixing and
thus, reduces equivalence ratio non-homogeneities. Figure 5-11 agrees with the TKE profiles in
Figure 5-9, which demonstrates an improvement in turbulent mixing in the center jet flow region
with PIM. Figure 5-10 quantitatively shows that the energy contribution of the turbulent
structures in the flow field is distributed to smaller scale structures with the addition of PIM,
which could also be associated with improvements in secondary atomization.
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5.5

CONCLUSIONS
The flow field for LDI combustion without and with PIM for passive mitigation of

thermo-acoustic instability was analyzed using time-resolved PIV. The following conclusions
can be drawn from the present study:
1. PIM alters the static flame stability. A portion of the primary air flows through the PIM,
and the majority of the flow is confined to the central void of the PIM.
2. A thermo-acoustic coupling of the first longitudinal mode is observed, and the addition of
PIM resulted in significant reductions in both total and peak sound pressure levels. PIM
had negligible effect on the natural frequency of the combustor.
3. Thermo-acoustic instabilities could be linked to oscillations in the combustor flow field,
especially in the jet center region.
4. PIM results in significant reductions in axial velocity fluctuations near the flame
anchoring location. PIM improves fuel-air mixing and equivalence ratio homogeneity in
the mixture preparation region upstream of the flame, which also results in uniformly
distributed heat release rates.
5. PIM alters the turbulence characteristics in the center jet flow region in an advantageous
manner. Without PIM, the turbulence mixing occurs mainly in the shear layer away from
the jet center while equivalence ratio non-homogeneities and associated heat release rate
fluctuations in the jet center region result in large variations in axial velocity. With PIM,
turbulent mixing occurs at the jet center which produces a more homogeneous fuel-air
mixture with smaller axial velocity fluctuations and hence, reduced sound pressure levels.
6. The POD analysis revealed that PIM shifts the distribution of turbulence energy from
large scale structures to smaller scale structures.
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In summary, the thermo-acoustic instability in the present system is caused by spatial and
temporal non-homogeneities in the equivalence ratio. PIM improves fuel-air mixing, which
improves equivalence ratio homogeneity and reduces flow field oscillations in the center region
of the combustor. PIM also increases the dampening mechanism by absorption of pressure
waves because of the porous nature of the material. In terms of the Rayleigh criterion, PIM
decreases the driving force while increasing the dampening force; thus mitigation of thermoacoustic instability is observed. Although a simple annular porous ring insert is utilized in the
present study, advanced 3D additive manufacturing techniques could offer the opportunity in the
future to create porous inserts with variable geometry and pore sizes using aviation grade
materials which will broaden the operating range and simultaneously improve emissions, noise,
static stability, and thermo-acoustic instabilities.
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Figure 5-1: Schematic of the LDI combustor.
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Figure 5-3: Visual photograph (a) and schematic of LDI combustion without PIM.
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Figure 5-4: Visual photograph (a) and schematic (b) of LDI combustion with PIM.

130

0.14
Without PIM (Total SPL = 100.0 dB)
With PIM(Total SPL = 97.6 dB)
0.12

589 Hz

Pressure Variance

517 Hz
0.1

0.08

540 Hz

0.06

582 Hz
0.04

0.02

0

0

200

400

600

800

1000

Frequency

Figure 5-5: Sound power spectrum as a function of frequency without and with PIM.
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Figure 5-6: Instantaneous snapshots of axial velocity contours without (left) and with (right)
PIM.
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Figure 5-8: Average axial velocity (top) and turbulent kinetic energy (bottom) without (left)
and with (right) PIM.
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Figure 5-9: Axial velocity and turbulent kinetic energy (TKE) profiles at different axial
locations without and with PIM.
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6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

The following chapter discusses the conclusions of this dissertation, and describes
recommendations for future research. The first chapter provided a literature review on
combustion noise and thermo-acoustic instabilities, which originate from unsteady heat release
rates in a turbulent reacting flow field. Thermo-acoustic instabilities tend to occur at a dominant
frequency, and it is initiated if energy is being added to the system faster than energy is being
removed by dampening processes; while combustion noise is broad band in nature. The efficacy
of porous inert media (PIM) in lean premixed swirl-stabilized flow is discussed and previous
research findings are presented. In general, PIM is very effective at mitigating combustion noise
and thermo-acoustic instabilities; however, the mechanisms responsible were not well
understood.
Chapter 2 investigated the non-reacting flow field of a lean premixed swirl-stabilized
combustion system without and with PIM to delineate the effect of combustion on the flow field.
The instantaneous and time-averaged flow field without PIM exhibited typical features of swirlstabilized flows including center and corner recirculation zones, and precessing vortex core
(PVC). The corner recirculation zones and the PVC were eliminated in the presence of PIM.
The proper orthogonal decomposition analysis (POD) revealed a more uniform distribution of
turbulent energy in the first few modes when PIM was present. In a reacting swirl stabilized
combustion system, the corner recirculation zones and the PVC can excite thermo-acoustic
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instabilities, and the elimination of these coherent structures explain the role of PIM for
mitigation of thermo-acoustic instabilities.
Chapter 3 discussed the effect of PIM on the reacting flow field for LPM swirl-stabilized
combustion. Similar to the non-reacting case, the corner and central recirculation zones and the
PVC were present without PIM; however, notable changes in size and aspect ratio of the
recirculation zones were observed. With PIM, the corner recirculation zones and the PVC were
eliminated and the central recirculation zone was shifted downstream away from the reaction
zone. Instability of the first longitudinal mode was significantly mitigated and the turbulent
structures were formed primarily in the inner shear layer in the presence of PIM. A harmonic
reconstruction of the velocity field at the frequency of the first longitudinal mode revealed a
coupling of the corner recirculation zones with the acoustics of the system. Thus, PIM interrupts
the feedback mechanism therefore mitigating thermo-acoustic instabilities.
Chapter 4 demonstrated the effectiveness of PIM in mitigating combustion noise and
thermo-acoustic instabilities for lean direct injection (LDI) swirl-stabilized combustion. LDI
combustion offers low emissions for aviation gas turbine engines; however very few studies on
combustion instabilities of LDI systems have been conducted. PIM is shown to mitigate
combustion noise and thermo-acoustic instabilities while maintaining low NOx and CO
emissions. Different PIM geometries were investigated and a converging annular PIM structure
was most effective in reducing sound pressure levels (SPL). A simple thin layer model of porous
material was used to approximate the acoustic absorption characteristics of the PIM, and the
model matched the observed trends but under predicted the absorption at low frequencies. The
primary mechanism responsible for improved acoustic performance is the alteration of the
combustor flow field. The corner recirculation zones were eliminated, thermal feedback from
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the flame to PIM increased fuel evaporation, and the secondary atomization between the primary
air and the fuel was improved, which decreased equivalence ratio non-homogeneity. Two distinct
mechanisms explain the reduction in noise and thermo-acoustic instability with PIM: (1)
decrease in the driving force associated with equivalence ratio oscillations, and (2) increase in
the dampening by acoustic absorption.
Chapter 5 investigated the changes in flow field without and with PIM in LDI
combustion. The instantaneous flow field clearly showed an oscillation of the axial velocity in
the center jet region, and the oscillations occurred near the frequency of combustion instability
without PIM. With PIM, the oscillations in the center jet region were significantly mitigated.
PIM improved fuel-air mixing, which decreased the spatial and temporal inhomogeneity of
equivalence ratio. Equivalence ratio inhomogeneity drove velocity oscillations; thus, PIM
mitigated the velocity oscillations. Thermo-acoustic instabilities were driven by the coupling of
the heat release oscillations due to equivalence ratio inhomogeneity and the fluctuating velocity
field. Also the POD analysis quantified the dominant turbulent structures in the flow field, and
demonstrated the distribution of energy from large scale structures to smaller scale structures.
Thus, PIM is shown to enhance the mixing and atomization process.
In general, PIM is effective at mitigating combustion noise and thermo-acoustic
instabilities in LPM and LDI swirl-stabilized flow. Although the mechanisms responsible for
exciting the instabilities are fundamentally different for LPM and LDI systems, PIM interrupts
the feedback mechanism by favorably modifying the flow field. PIM also acts as an acoustic
absorber and increases the dampening of the system. Thus, in terms of Rayleigh criterion, PIM
decreases the driving force for instability while increasing the dampening force, which leads to
mitigation of thermo-acoustic instability. The present work provided significant advancement on
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the current knowledge of PIM for use in passive mitigation of combustion instabilities; however
future research is needed to develop more detailed understanding of the complex phenomenon.
PIM has been shown to be effective in a laboratory environment; however its reliability
for practical use in power generating and aviation gas turbine engines must be demonstrated.
Recent improvements in 3D manufacturing could lead to the creation of PIM made from hightemperature metal alloys, and such structures must be explored in future studies. Heat release
rate oscillations drive disturbances in the flow field, which lead to thermo-acoustic instabilities.
Thermo-acoustic instabilities couple with the velocity, pressure, heat release rates, and acoustics
of the system. Therefore, future work should investigate the following:


Instantaneous heat release rate of LPM and LDI without and with PIM.



The synchronization of simultaneous pressure, velocity, and heat release rates data is
recommended for future studies.



Investigations of the velocity field and the heat release oscillations at elevated pressures
and high inlet temperature operating conditions are necessary to demonstrate and explain
the effectiveness of PIM in practical power generating and aviation gas turbine engines.
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APPENDIX A
A. PARTICLE IMAGE VELOCIMETRY MATLAB CODES
A.1 DESCRIPTION OF MATLAB CODE USAGE
The following appendix describes and presents the Matlab codes used on the PIV vector
files. The .vec files are created using TSI’s Insight 4g software and must be copied into the
Matlab working directory prior to use. The function vector file reader reads in all vector files
with a particular base name and saves the data in Matlab format .mat file. Once the data is read
into Matlab, the functions vorticity calculator and turbulent kinetic energy calculator can be used
to respectively calculate the vorticity field and the turbulent kinetic energy. Also, the proper
orthogonal decomposition script is used to perform the proper orthogonal decomposition
analysis. The harmonic reconstruction script is used to perform the harmonic reconstruction of
the velocity field at a specified frequency, but the file can only be ran after the POD analysis is
performed.
After all analyses are performed, the data can be written into .vec file format using the
script write vector file. The .vec files can be conveniently loaded into TecPlot using TSI’s
tecplot add-on. Radial profiles at a specified axial location can be extracted into tab delimited
text files using the function radial profiles. Radial profiles at different instances in time, which
are used to produce the space time plots in chapter 5, are extracted in tab delimited text files
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using the function Instantaneous radial profiles. Data presented in chapters 2-3 and chapter 5
were calculated using theses codes and are presented below.
A.2 MATLAB CODES
A.2.1 Vector File Reader
function [x,y,U,V,CHC,n_snapshots] = VecFileReader( basename )
%This file reads .vec files with a particular basename

vecfiles = dir([basename '*.vec']);
n_snapshots = length(vecfiles);
mydata1 = cell(1,n_snapshots);
mydata = cell(1,n_snapshots);

for k=1:n_snapshots
mydata1{k} = importdata(vecfiles(k).name);
mydata{k} = mydata1{k}.data;
end

%Extract Data in X, Y, U, V
for j = 1:n_snapshots;
x = mydata{j}(:,1)';
y = mydata{j}(:,2)';
U(j,:) = mydata{j}(:,3)';
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V(j,:) = mydata{j}(:,4)';
CHC(j,:)=mydata{j}(:,5)';
end

%Save data in Matlab .mat format
file = [basename '.mat'];
save(file,'x','y','U','V','CHC','n_snapshots');
end
A.2.2 Vorticity Calculator
function [Vort] = VortCalc( x,y,U,V )
%This program calcualtes the vorticity given x,y, U, V
[m,n] = size(U);
x=x./1000;y=y./1000;
Maxx = max(x);Minx = min(x);
Maxy = max(y);Miny = min(y);
Numx = round((Maxx-Minx)/(x(2)-x(1))+1);
Numy = round((Maxy-Miny)/(y(1)-y(Numx+1))+1);
Vort = zeros(m,n);

for i = 1:m;
for j = 1:n;
if x(j) == Minx;
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if y(j) == Miny;
Vort(i,j) = (V(i,j+1)-V(i,j))/(x(j+1)-x(j))-(U(i,j-Numx)-U(i,j))/(y(j-Numx)-y(j));

elseif y(j)== Maxy;
Vort(i,j) = (V(i,j+1)-V(i,j))/(x(j+1)-x(j))-(U(i,j)-U(i,j+Numx))/(y(j)y(j+Numx));
else
Vort(i,j) = (V(i,j+1)-V(i,j))/(x(j+1)-x(j))-(U(i,j-Numx)-U(i,j+Numx))/(y(jNumx)-y(j+Numx));

end
elseif x(j)== Maxx;
if y(j) == Miny;
Vort(i,j) = (V(i,j)-V(i,j-1))/(x(j)-x(j-1))-(U(i,j-Numx)-U(i,j))/(y(j-Numx)-y(j));

elseif y(j)== Maxy;
Vort(i,j) = (V(i,j)-V(i,j-1))/(x(j)-x(j-1))-(U(i,j)-U(i,j+Numx))/(y(j)-y(j+Numx));

else
Vort(i,j) = (V(i,j)-V(i,j-1))/(x(j)-x(j-1))-(U(i,j-Numx)-U(i,j+Numx))/(y(jNumx)-y(j+Numx));

end
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else
if y(j) == Miny;
Vort(i,j) = (V(i,j+1)-V(i,j-1))/(x(j+1)-x(j-1))-(U(i,j-Numx-1)-U(i,j))/(y(j-Numx1)-y(j));

elseif y(j)== Maxy;
Vort(i,j) = (V(i,j+1)-V(i,j-1))/(x(j+1)-x(j-1))-(U(i,j)-U(i,j+Numx+1))/(y(j)y(j+Numx+1));

else
Vort(i,j) = (V(i,j+1)-V(i,j-1))/(x(j+1)-x(j-1))-(U(i,j-Numx-1)U(i,j+Numx+1))/(y(j-Numx-1)-y(j+Numx+1));
end
end
end
end
end
A.2.3 Turbulent Kinetic Energy Calculator
function [TKE ] = TKECalc(U,V)
%This Function Calculates the Turbulent Kinetic Energy
TKEu = std(U);
TKEv=std(V);
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TKE = (TKEu.^2+TKEv.^2).*0.5;
end
A.2.4 Proper Orthogonal Decomposition Analysis Script
%This Program Performs a ProperOrthogonal Decomposition on a set of .vec files
%Compute Average Field
U_avg = sum(U)./n_snapshots;
V_avg = sum(V)./n_snapshots;
%Subtract average field
for k=1:n_snapshots;
U1(k,:) = U(k,:)-U_avg;
V1(k,:)= V(k,:)-V_avg;
end

%Compute Spatial Correlation Matrix
c1 = U1*U1';
c2 = V1*V1';
C = (c1+c2)/n_snapshots;

%Solve the eigen value problem
[beta,lmd]=svd(C);
for i = 1:n_snapshots;
Eigen(i) = lmd(i,i);
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end

%Calculate Basis Function
phix = U1'*beta;
phiy = V1'*beta;
% Normalize basis functions
GridNum = size(x,2);
for j=1:n_snapshots
PhiNor = 0;
for i=1:GridNum
PhiNor = PhiNor + phix(i,j)^2 + phiy(i,j)^2;
end
PhiNor = sqrt(PhiNor);
phix(:,j)= phix(:,j)/PhiNor;
phiy(:,j)= phiy(:,j)/PhiNor;
end

%Calcualte Coefficients Modes Columns - Snapshots Rows
TimeCoeU = U1*phix;
TimeCoeV = V1*phiy;
TimeCoe = TimeCoeU+TimeCoeV;

%Calcualte the derived vorticity
156

VortModes=VortCalc(x,y,phix',phiy');

%FFT Time Coefficients
Fs = 4200;
NFFT = 2^nextpow2(n_snapshots);
fftU = fft(TimeCoeU,NFFT)/n_snapshots;
fftV = fft(TimeCoeV,NFFT)/n_snapshots;
FFTT = fft(TimeCoe,NFFT)/n_snapshots;
f = Fs/2*linspace(0,1,NFFT/2+1);

%Plot frequency spectrum of Modes 1 through 16
figure(1);
for i = 1:16
subplot(4,4,i)
plot(f,2*abs(FFTT(1:NFFT/2+1,i)'));
xlabel('Hz');
xlim([0,2000]);
end

%Plot POD modes 1 through 16
figure(2);
for i = 1:16
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subplot(4,4,i)
hold on
VortContPlot(x,y,VortModes(i,:));
quiver(x,y,phix(:,i)',phiy(:,i)',2)
xlim([-40,40]);ylim([0,45]);
hold off
end
A.2.5 Harmonic Reconstruction Script
%This program performs a harmonic reconstruction of a flow field using
%time resolved PIV data calculated using PODPIV.m at a particular frequency
writefile=0;
plotfile=0;

%User specified frequency
f_inst = 589;

%Preform fft
fft_uvel = fft(U,NFFT);
fft_vvel = fft(V,NFFT);
fft_uvel = fft_uvel(1:NFFT/2+1,:);
fft_vvel = fft_vvel(1:NFFT/2+1,:);
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%Phases
Phase = 0:7.5:360;
PhaseRadian = Phase.*pi./180;

%Magnitude of fft
fftu_mag=abs(fft_uvel);
fftv_mag=abs(fft_vvel);

%Find the location of the f_inst
for i=1:length(f);
if f(i)<f_inst & f(i+1)> f_inst
index = i;
elseif f(i)==f_inst
index = i;
else
end
end

%Magnitude and Phase of FFT at f_inst
U_mag = (fftu_mag(index,:));
V_mag = (fftv_mag(index,:));

PhaseU = zeros(1,length(x));
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PhaseV = zeros(1,length(x));

for j = 1:length(x);
if real(fft_uvel(index,j))<0;
PhaseU(j) = atan(imag(fft_uvel(index,j))/real(fft_uvel(index,j)))+pi;
else
PhaseU(j) = atan(imag(fft_uvel(index,j))/real(fft_uvel(index,j)));
end
if real(fft_vvel(index,j))<0;
PhaseV(j) = atan(imag(fft_vvel(index,j))/real(fft_vvel(index,j)))+pi;
else
PhaseV(j) = atan(imag(fft_vvel(index,j))/real(fft_vvel(index,j)));
end
end

%Reconstruct Velocity Field
Urec = zeros(length(Phase),length(x));
Vrec = zeros(length(Phase),length(x));
for k = 1:length(Phase);
for j = 1:length(x);
Urec(k,j) = real(U_mag(j)*exp(-1*sqrt(-1)*(PhaseRadian(k)+PhaseU(j))));
Vrec(k,j) = real(V_mag(j)*exp(-1*sqrt(-1)*(PhaseRadian(k)+PhaseV(j))));
end
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end

%Corrects for erroneous data in Vec file
NaNCheckU = isnan(Urec);
NaNCheckV = isnan(Vrec);
for k = 1:length(Phase);
for j = 1:length(x);
if NaNCheckU(k,j)==1;
Urec(k,j)=0;
else
end
if NaNCheckV(k,j)==1;
Vrec(k,j)=0;
else
end
end
end

%Calculate Vorticity and plot
Vort_rec=VortCalc(x,y,Urec,Vrec);
if plotfile == 1;
for i=1:length(Phase);
figure(1)
161

VortContPlot(x,y,Vort_rec(i,:))
hold on
quiver(x,y,Urec(i,:),Vrec(i,:),4);
hold off
xlim([-40,40]);ylim([0,45]);daspect([1,1,1]);
xlabel('X mm');ylabel('Y mm');title(['Phase ',num2str(Phase(i)),' Degrees']);
pause(.1)
end
end

CHCMax=max(CHC);

%Write Phases of the reconstructed velocity
if writefile==1;

for a=1:length(Phase);
FilnamePhi = a;
HarmOut=fopen(['LDIPIMHarm520Hz',num2str(a+100),'.vec'],'wt');

fprintf(HarmOut,'%s\n',['TITLE="LDISymNoPIMHarm520Hz',num2str(a+100),'.vec"
VARIABLES="X mm", "Y mm", "U m/s", "V m/s", "CHC", "Vorticity",
DATASETAUXDATA Application="PIV" DATASETAUXDATA
SourceImageWidth="1024" DATASETAUXDATA SourceImageHeight="1024"
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DATASETAUXDATA MicrometersPerPixelX="98.500000" DATASETAUXDATA
MicrometersPerPixelY="98.500000" DATASETAUXDATA LengthUnit="mm"
DATASETAUXDATA OriginInImageX="0.000000" DATASETAUXDATA
OriginInImageY="0.000000" DATASETAUXDATA
MicrosecondsPerDeltaT="40.000000" DATASETAUXDATA TimeUnit="ms"
DATASETAUXDATA SecondaryPeakNumber="0" DATASETAUXDATA
DewarpedImageSource="0" ZONE I=63, J=63, F=POINT']);
Harm = [x;y;Urec(a,:);Vrec(a,:);CHCMax;Vort_rec(a,:)];
fprintf(HarmOut, '%0.9f, %0.9f, %0.9f, %0.9f, %0.9f, %0.9f\n',Harm);
fclose(HarmOut);
end
else
end
A.2.6 Write Vector File
for a=1:50;
%Change file name as needed
FilnamePhi = a;
FilOut=fopen(['LPMNoPIMinst',num2str(a+100),'.vec'],'wt');
fprintf(FilOut,'%s\n',['TITLE="LPMNoPIMinst',num2str(a+100),'.vec"
VARIABLES="X mm", "Y mm", "U m/s", "V m/s", "CHC", DATASETAUXDATA
Application="PIV" DATASETAUXDATA SourceImageWidth="1024"
DATASETAUXDATA SourceImageHeight="1024" DATASETAUXDATA
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MicrometersPerPixelX="98.500000" DATASETAUXDATA
MicrometersPerPixelY="98.500000" DATASETAUXDATA LengthUnit="mm"
DATASETAUXDATA OriginInImageX="0.000000" DATASETAUXDATA
OriginInImageY="0.000000" DATASETAUXDATA
MicrosecondsPerDeltaT="40.000000" DATASETAUXDATA TimeUnit="ms"
DATASETAUXDATA SecondaryPeakNumber="0" DATASETAUXDATA
DewarpedImageSource="0" ZONE SOLUTIONTIME=0.000000, I=63, J=63,
F=POINT']);
Harm = [x;y;U(a,:);V(a,:);CHC(a,:)];
fprintf(FilOut, '%0.9f, %0.9f, %0.9f, %0.9f, %0.9f\n',Harm);
fclose(FilOut);
end
A.2.7 Radial Profiles
function [] = RadialProfile(x,y,U,V,yloc)
%This function writes and plots axial velocity profiles at a given axial
%location
V_avg=mean(V);
V_rms=std(V);
U_rms=std(U);
TKE=(U_rms.^2+V_rms.^2).*0.5
k=1;
for i=1:length(y)-1
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if yloc < y(i) & yloc > y(i+1);
yloc= y(i);
elseif yloc < min(y);
yloc=min(y);
elseif yloc > max(y);
else
end
end
for i=1:length(y);
if yloc==y(i);
xp(k)=x(i);
Vp(k)=V_avg(i);
TKEp(k)=TKE(i);
k=k+1;
else
end
end

RadProf=[xp',Vp',TKEp']
Name=['LPMPIMRadialProfile',num2str(yloc),'mm.txt'];
dlmwrite(Name,RadProf,'delimiter','\t','precision',6);
plot(xp,Vp,'-r',xp,TKEp,'--g');
end
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A.2.8 Instantaneous Radial Profiles
function [] = InstRadialProfile(x,y,V,yloc,f)
%This function writes and plots axial velocity profiles at a given axial
%location
k=1;
for i=1:length(y)-1;
if yloc < y(i) & yloc > y(i+1);
yloc= y(i);
elseif yloc < min(y);
yloc=min(y);
elseif yloc > max(y);
else
end
end

[a,b]=size(V);
time=0:1/f:(a-1)/f;

for j=1:a;

for i=1:length(y);
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if yloc==y(i);
tp(k)=time(j);
xp(k)=x(i);
Vp(k)=V(j,i);
k=k+1;
else
end
end
end

InstRadProf=[tp',xp',Vp'];
Name=['LDIPIMTimeSpacey=',num2str(yloc),'mm.txt'];
dlmwrite(Name,InstRadProf,'delimiter','\t','precision',6);

end
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APPENDIX B
B. UNCERTAINTY SAMPLE CALCULATIONS
B.1 SOUND PRESSURE LEVELS
The following section provides a sample uncertainty calculation for a particular SPL
measurement. The same uncertainty procedure was applied to the emission measurements. The
uncertainty can be divided into random error and systematic error. The systematic error is
supplied by the manufacturer of the measurement device. In the case for SPL, the B&K (Model
8149) condenser microphone has a measurement uncertainty of 0.2 dB using a 95% confidence
interval. The random error associated with the random fluctuations of a particular experiment is
determined using the student t distribution. Three individual experiments are preformed and
three measurements for each experiment are taken. The results of the LDI experiment in chapter
4 at an ALR of 3.1 and HRR of 13.4 kW at a center frequency of 400 Hz yields an average SPL
value of 89.95 dB and a standard deviation of 1.33 dB. The random error using the student t
distribution is determined with equation (B.1), where

is the t value for the confidence

interval 1-α and n-1 degrees of freedom, s is the standard deviation, and n is the number of
measurements. The student t value with a 95% confidence interval and 8 degrees of freedom is
2.306 [92]. The total error is determined using equation (B.2).
⁄

(B.1)

√

√

(B.2)
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The sample calculation is as follows:
(B.3)

√

)

√(

(

)

(B.4)

B.2 VELOCITY MEASUREMENTS
The following section provides a sample calculation for the minimum velocity which can
be measured, and the uncertainty associated with calculating the velocity. For a given PIV flow
, and time between the laser pulses, ∆ , are known.

field calculation, a spatial resolution,

The minimum velocity which can be measured is determined using equation (B.5). PIV
experiments conducted in chapter 2 had a ∆

and a

; thus the

minimum velocity which can be measured is 1.79 m/s.
(B.5)

∆

PIV velocity calculations are determined by measuring the number of pixels a particle
travels and dividing it by the time required to travel the particular distance. The PIV software
has a 1/10th sub-pixel accuracy. Therefore the uncertainty of the spatial resolution is
⁄

, and the temporal uncertainty is equal to the laser pulse duration, which is
. The velocity uncertainty, Uv, with a particular distance uncertainty, Ud, and time

uncertainty, Ut, is determined using equation (B.6).
√(

)

(

)

(B.6)

Thus, using equation (B.6) a measured particle displacement of 1.0 pixels with a 89.48
μm/pixel spatial resolution and a ∆

, which corresponds to a measured velocity of 1.79

m/s, has a velocity uncertainty of 0.179 m/s.
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APPENDIX C
C. EXPERIMENTAL FACILITY
The following appendix describes details of the experimental facility that were not
previously discussed in Chapters 2-5. In particular, the flow diagrams and the custom designed
titanium dioxide seeder. LPM and LDI experiments have a slightly different experimental setup.
LPM consists of primary air, seeded air, and gaseous fuel. The flow schematic for LPM
combustion is shown in Figure C-1. The flow leaves the compressor and after passing through a
pressure regulator, the flow is split into two separate lines. The primary air is controlled with a
manual valve and measured with a laminar flow element. The seed particles are introduced
using the custom designed titanium dioxide particle seeder, and a schematic of the particle seeder
apparatus is shown in Figure C-2. The seeded air flows through the titanium dioxide seeder, and
passes through a sonic nozzle. The flow rate is set by controlling the upstream pressure, and
pressure and temperature upstream of the nozzle is measured to determine the actual flow rate.
The performance curve for the sonic nozzle is shown in Figure C-3. The seeded air also has a
bypass line, and only during actual PIV measurements does the flow actually pass through the
seeder apparatus. The seeded air and primary air are joined downstream of the seeder prior to
entering the combustor. Methane is introduced with a compressed gas tank and regulated
upstream of the mass flow controller.
The experimental setup is modified to incorporate atomizing air and liquid fuel for the
LDI experiments. A flow schematic for LDI experiments is shown in Figure C-4. The air from
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the compressor is split into three separate lines. The flow for the seeded air and primary air is
identical to that in Figure C-1. The third atomizing air line is controlled by a mass flow
controller and enters the combustor. The liquid fuel, kerosene is supplied from a positive
displacement pump discussed in Chapters 4 and 5, and enters the injector holder through the side
wall of the combustor.
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Figure C-1: Flow schematic for lean premixed combustion
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Figure C-2: Schematic of titanium dioxide particle seeder apparatus.
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Figure C-3: Sonic nozzle theoretical performance curve for air.
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Figure C-4: Flow schematic for lean direct injection combustion
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