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EXECUTIVE SUMMARY

This report serves as the final report for the Combustion Studies of Coal-based Fuels,
Air Force Contract No. F33615-98-D-2802 0004, Delivery Order 4, encompassing a
performance period of May 1998 through August 1999. The purpose of Déelivery Order 4 was to
continue research work towards determining the suitability of coal-based aviation fuels as
candidate JP-900 fuels [i.e., having maximum temperature capability of 482°C (900°F)]. The
overall contract awarded to the Energy Institute at The Pennsylvania State University addresses
the three main challenges of a coal-based JP-900: economic production, adequate thermal
stability under advanced aircraft fuel system conditions, and effective combustion in advanced
aircraft. The addition of fuel combustion studies was a new aspect, beginning with Delivery
Order 4, to the pre-existing program. The progress made for Combustion Studies of Coal-based
Fuels is reported here for the performance period noted above. Specific progress made for the
four tasks constituting Delivery Order 4 is described here. These tasks are 1) Combustion
Studies of Coal-Based JP-900 at High Temperature and High Pressure Conditions, 2)
Combustion Instability Studies Applicable to Coal-Based JP-900, 3) Pulse Detonation Engine
Studies Using Coal-Based JP-900, and 4) Coal Derived Fuel Combustion Studies of an

Advanced Gas Turbine Engine Fuel System.
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| Introduction

This report serves as the final report for the Combustion Studies of Coal-based Fuels, Air
Force Contract No. F33615-98-D-2802 0004, Delivery Order 4, encompassing a performance
period of May 1998 through August 1999. The purpose of Delivery Order 4 was to continue to
work toward the determination of the suitability of coal-based aviation fuels as candidate JP-900
fuels [i.e.,, having maximum temperature capability of 482°C (900°F)]. The overal contract
awarded to the Energy Institute at The Pennsylvania State University addresses the three main
challenges of a coal-based JP-900: economic production, adequate thermal stability under
advanced aircraft fuel system conditions, and effective combustion in advanced aircraft. The
addition of fuel combustion studies was a new aspect, beginning with Delivery Order 4, to the
pre-existing program. The following manuscript reports the progress of Combustion Studies of
Coal-based Fuels for the performance period noted above.

Future Air Force technology needs demand that hydrocarbon fuels play dual roles of fuel
and coolant over wide ranges of combustion-chamber conditions in terms of temperature and
pressure as well as in terms of coolant heat-sink capacity. The operations aspects of using a
versatile and multiple-use fuel must be achieved consistent with high combustion efficiency,
excellent combustion stability, and acceptable emissions from both signature and environmental-
impact perspectives. These characteristics must be maintained over the entire flight envelope
and be consistent with the operability and reliability objectives of future aircraft systems.
Realizing the production of a coal-based aviation fuel that has the required thermal stability
without satisfying engine combustion requirements is a hollow achievement. Therefore, a
concurrent combustion research effort, carefully coordinated with the fuel production and fuel

stability tasks, was initiated.



This effort focuses on the combustion of the coa-based fuels and representative
simulants. Ultimately, the baseline fuels to be studied will be those that demonstrate high
thermal-stability characteristics as a result of the fuel stabilization part of the program.
Also, comparisons will be made with current aviation fuels such as JP-8 as well as with
simulants such as tetradecane (good model for petroleum-based aviation fuels) and decalin (good
model for high thermal stability coal-based fuel).

Investigations of the key processes of injection, atomization, vaporization, and mixing are
being conducted as part of the combustion studies effort to determine their effect on ignition,
combustion efficiency and stability, lean-blow-out (LBO) limits, and emission characteristics.
Consideration is aso given to the combustion environment that future coal-based fuels will
encounter. This includes consideration of advanced gas-turbine combustor concepts as well as
novel engine technologies such as pulse-detonation engines (PDE). Improvements in the
performance of advanced gas-turbine engines and PDEs require a high heat sink, thermally stable
fuel that can be used to cool hot engine components. Thus, combustion studies carried out under
this task are comparing and contrasting thermally stressed fuels with unstressed fuels.
This aspect of the work draws on the techniques and results of the fuel stabilization studies.

At the conclusion of Delivery Order 4 in August 1999, the bulk of the combustion work
has been in the preparation for combustion studies with coal-based fuels. Delivery Order 4
involved substantial facility development and experiments with first-order simulants such as
gaseous fuels and liquid heptane. The progress made in Delivery Order 4 will be described here
in four sections corresponding to the Combustion tasks of 1) Combustion Studies of Coal-Based
JP-900 at High Temperature and High Pressure Conditions, 2) Combustion Instability Studies
Applicable to Coal-Based JP-900, 3) Pulse Detonation Engine Studies Using Coal-Based JP-900,

and 4) Coal Derived Fuel Combustion Studies of an Advanced Gas Turbine Engine Fuel System.



Il Combustion Studies of Coal-based JP-900 at High Temperature and High
Pressur e Conditions (Task 1)

In order to satisfy future efficiency and performance goals of the Air Force, the
gas turbine operating temperature and pressure regime must be increased. Operating pressures
approaching 5 MPa (50 atm.) in an advanced gas turbine combustor are envisioned. However,
several key engineering science problems must be resolved before higher operating pressure gas
turbine engines can be developed. Since the fuel serves a dual role as coolant and fuel, it may be
injected into the chamber under some conditions at supercritical temperatures. (Critical
properties of JP-8 are approximately 400°C (750°F) and 2.2 to 3.3 MPa(22-33 atm.), depending
on the exact formulation [1].) Furthermore, the possibility of either therma or catalytic
decomposition of the fuel at extreme conditions further complicates the physics because of the
multi-species, multi-phase nature of the decomposed fuel. The increased heat load on the fuel is
forcing the Air Force to seek development of a fuel capable of maintaining thermal stability to
482°C (900°F, i.e., JP-900).

Clearly, the functionality of the gas turbine combustor will be strongly impacted by the
fuel injection process in terms of performance, emission characteristics, stability and operability
over extreme variations in fuel mass flowrate, temperature and pressure conditions, fuel
composition and phase. The utilization of coal-based JP-900 will require that suitable
performance and operability characteristics be achieved. The most challenging aspects faced in
developing advanced gas turbine engines arise because the injector must operate in the four
thermodynamic regimes depicted in Fig.2.1. The injector needs to function with high
performance, reasonable pressure drop margins, and acceptable emission characteristics and
stability margins for al four flow scenarios encompassing fuel properties ranging from a high

density liquid to low density, multi-species, multi-phase decomposed fuel products at a
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Fig. 2.1. Flow conditions for fuel injection into chamber. The four unique regimes differ
widely in terms of fuel properties. Decomposition of fuel will further complicate physics.
Injector design requiresfunctionality over density variations of about 20.

supercritical temperature. Thus, atomization, ignition, and flame holding are critical processes

for combustors operating on coal-based JP-900 if such fuels are to be effectively utilized.

2.1 Objectivesand Approach

For this task, an integrated comprehensive experimental effort that investigates the key
processes of injection, atomization, vaporization and mixing for coal-based JP-900 and more
conventional fuels has been initiated. The experiments have been geared towards characterizing
the fundamental injection behavior of JP-900 and simpler hydrocarbon fuels and simulants over
the range of conditions including sub- to supercritical fuel pressures and temperatures as
illustrated in Fig. 2.1. The investigations focus mainly on characterizing prototype coal-based
JP-900 fuel, although as a basis for comparison and understanding, experiments with other fuels
such as JP-8 (and derivatives) and ssmple hydrocarbon fuels such as n-heptane, tetradecane and
decalin are included. At the conclusion of Delivery Order 4, injection experiments with

n-heptane have been conducted. As an intermediate step between pure hydrocarbon fuels and



JP-900, experiments will be conducted in the follow-on program with mixtures of tetradecane
and compounds such as tetralin to understand the effect of representative fuel additives relevant
to JP-900. Studies of alight cycle ail/tetralin blend, which has shown high thermal stability, will
also be investigated in the future as a prototypical coal-based fuel.

The high-pressure, high-temperature experiment focuses on the characterization of fuel
injection behavior of small scale single jets (approximately 1 mm injector diameter) over a broad
range of thermodynamic conditions and at jet Reynolds numbers from about 500 to 5000,
covering both the laminar and turbulent regimes. Shadowgraph (and eventualy laser sheet)
imaging diagnostics are incorporated to determine the nature of fuel jet disintegration, aso
providing insight into the vaporization and mixing processes. Characterization will ultimately
include quantitative and qualitative evaluation of related phenomena such as (1) liquid jet
breakup versus viscous gas-like jet breakup, i.e., the influence of surface tension on jet
disintegration, which is of particular interest with respect to the thermodynamic state of the fuel
and fuel/air mixture; (2) jet spreading rate; and (3) size and range of characteristic length scales
in the fuel/air shear layer. The experiments will attempt to define operational boundaries of coal-
derived JP-900 based on different regimes of jet breakup, vaporization, and mixing as a function
of pressure, temperature, and fuel composition (including multi-phase effects) that result from

varying degrees of fuel stressing.

2.2 High-Pressur e/High-Temper atur e Facility

The high-pressure/high-temperature experimental facility consists of (1) an instrumented,
high-temperature, stressed fuel delivery rig, (2) a windowed chamber for visualization of

phenomena resulting from fuel injection into gaseous nitrogen, (3) alow pressure fuel collection



and vent system, (4) a remotely operated electronic control system, and (5) an automatic safety
circuit. These experimental apparati have been developed under Delivery Order 4.

The fuel delivery system is a flow reactor design similar to those used for investigating
fuel thermal stability under that thrust of the overall coal-based JP-900 program. Its purposeisto
expose the fuel to high-pressure and high-temperature conditions prior to injection. This process
is referred to as “stressing” the fuel. By this means, the effect on injection and atomization
behavior is investigated for varying degrees of fuel stressing. Also, characterization of the fuel
decomposition products and deposits are accomplished in conjunction with injection
experiments.

The main components of the fuel delivery system are a HPLC pump, furnace, chiller, and
heat exchanger. A photograph of the fuel delivery system is shown in Fig. 2.2. The fuel isfirst
pumped from a source bottle and then through coils in the furnace. The heated fuel exiting from
the furnace can either be injected into the chamber if desired, or it can be cooled through the heat

exchanger connected to the chiller and then injected into the chamber at a reduced temperature.

Fig. 2.2. Fuel Delivery System



Thus, the pre-stressed fuel can be injected either through a high-temperature or a low
temperature route.

The fuel stressing system is capable of fuel delivery rates of 0150 mL/min at constant
fuel temperatures up to 538°C (1000°F). Automated feedback controls in the pump allow for
fuel delivery at a constant flow rate. This apparatus is portable so that precisely stressed fuel of
known composition can be supplied on-site to either the high-pressure inert injector or the model
gas turbine combustor for combustion performance and stability experiments.

The high-pressure, high-temperature optically accessible injection chamber is designed
for a maximum working pressure of 6.89 MPa (1,000 psia) at a 482°C (900°F) ambient steady
state temperature. The chamber is water cooled so that high-temperature steady state operation
is possible while ensuring seal integrity and maintaining exterior surface temperatures at a
manageable level for safety reasons. The vessal is constructed of modular components, one of
which is a windowed section, so that the chamber can be rearranged to change the window
location with respect to the injector. The windowed section employs a 51 mm (2in.) diameter,
25 mm (1in.) thick quartz window on each of the four sides to provide sufficient optical access
for imaging and laser diagnostics. An external gaseous nitrogen heat exchanger as well as an
internal chamber electrical heating system has been developed to maintain the ambient nitrogen
at aconstant operating temperature.

The injection chamber assembly is shown in Fig. 2.3 as an assembly drawing and in a
photograph in Fig. 2.4. The chamber assembly is comprised of five main structural pieces made
from 304 stainless steel. These include the top and bottom plates, a main body consisting of two
sections (the windowed section and a similar size blank section), and a water manifold between

the two main body sections. The internal cross section of the pressure vessel isa 51 mm (2in.)
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Fig. 2.3. High-pressure/high-temperatureinjection chamber assembly.

square with a6.4 mm (1/4in.) radius at each corner. An effort was made to keep the chamber as
compact as possible to minimize heating requirements.

The fuel injector assembly is designed to study small scale, smple round jets issuing
from a long L/D cylindrical tube injector. The injector is not necessarily representative of a
comparatively complex gas turbine fuel injector, but it offers a simple geometry with which to
study these complex physica phenomena and one for which the bulk of jet breakup and

atomization studies have been conducted. The injection system is comprised of the injector



Fig. 2.4. Photograph of high-pressure/high-temper atur e injection chamber.

body, a height adjusting nut and flange, the injector tube, and a faceplate. The injector body is
threaded at the upper end to allow 19 mm (0.75in.) of injector height adjustment by simply
turning the captured adjusting nut. In this manner, the position of the injector exit can be atered
with respect to the window location without having to unseal or take apart the chamber.
Theinjector faceplate is used to minimize recirculation zones around the injector tube.
One faceplate fills the entire chamber cross section (51 mm square), while an alternative one fills

the cross section (32 mm square) of a smaller internal chamber. The injector assembly is

depicted in Fig. 2.5.
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Another important feature of the injection chamber is the internal non-structural heated
cell. To minimize thermal losses to the stainless chamber and to provide a nearly isothermal
wall for the injection region, an aluminum 32 mm (1.25in.) (inside dimension) square tube was
fabricated into a windowed internal chamber and fixed with cartridge heaters. The internd
windows are simply made from 25 mm x 76 mm (1in. x 3in.) microscope slides since they do
not contain pressure between the internal and structural chambers. Four 6.4 mm (1/4in.)
diameter x 140 mm (5.5in.) long cartridge heaters, rated at 500 Watts each, pass through the
bottom plate and attach to the aluminum chamber, one on each outer face, as shown in Fig. 2.6.
Heated nitrogen from the external heater passes through tubes in the bottom plate and travels
along the outer walls of the internal chamber. Holes near the top of the aluminum chamber allow

the nitrogen to pass into the internal chamber and flow down along the injection axis at a

10
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Fig 2.6. Heated internal chamber.

velocity of approximately 1-2 cm/s, approximately an order of magnitude lower than the fuel
injection velocity. The intent is to refresh the heated nitrogen in the internal chamber while
flushing fuel vapor through the vent in the bottom plate.

A water cooling system was implemented in the high-pressure/high-temperature injection
chamber design to enhance safety and so that elastomer seals could be employed between the
modular sections and for the windows. A water manifold is used between the window and blank
main chamber sections so that there are two independent water cooling paths, one for the upper

section and one for the lower section. This allows tailoring the water flowrate for each section.

11



The water cooling system creates a secondary barrier in case of aprimary seal failure, preventing
hot fuel from being released into the air where it has a potential to autoignite.

To maintain a constant pressure in the injection chamber, nitrogen and fuel is continualy
vented through a hole at the center of the bottom plate. A remotely controlled motorized
metering valve is used on the vent line to adjust the exit flowrate and control the chamber
pressure. Thevent flow is directed into a fuel collection system. The collection system is
comprised of a low pressure [1 MPa (130 psig) max.] tank, a heat exchanger, and a gas vent
system. Water from the chiller in the fuel delivery system cools the collection tank and the
incoming vent flow, condensing a majority of the fuel vapor. Thus, liquid fuel collects and is
temporarily stored in this tank while nitrogen and any uncondensed fuel vapor is directed
through a tube into the laboratory vent hood where it exits the building through the roof.

Fig. 2.7 is a photograph of the setup for the high-pressure/high-temperature fuel injection
experiments. In this photograph, the fuel delivery system, injection chamber, water cooling
lines, fuel collection system, and laboratory vent hood can be seen. Fig. 2.8 is a flow schematic
diagram for the experiment.

As a safety precaution, the high-pressure/high-temperature experiment is controlled
remotely from an adjacent room using a video monitoring system. A safety circuit which
requires continuity in a 5V control circuit that includes a key switch, a mushroom kill switch,
and a multi-channel temperature alarm in order for all heaters and fuel and nitrogen supplies to
be operational. Thus in case of an emergency or pre-set over-temperature condition, all power
can be manually or automatically removed from these devices, putting the experiment in a safe

state. The electrical schematic including the safety circuit is shownin Fig. 2.9.

12



Fig. 2.7. Photograph of high-pressure/high-temperature fuel injection experimental setup.
2.3 Imaging Diagnostic

A shadowgraph imaging diagnostic technique has been and will continue to be utilized to
determine fuel jet characteristics as a function of injection and ambient conditions. In this setup,
a high resolution (1024H x 1024V) monochrome progressive scan CCD camera (Pulnix
TM-1010) is used to record the jet images. This camera has a dynamic range of 10 bits and
outputs a digital signal. The camera is operated in the asynchronous reset mode to synchronize
the electronically shuttered exposure with a short duration (1.2 ps) strobe flash. The video reset
signal from the camera triggers a digital pulse delay generator which sends a precisely delayed
signal to trigger the strobe lamp. The strobe is located at the opposite window of the chamber in
line with the camera. A long distance microscope lens (Infinity Photo-Optical Model K2) is used
with the camera to produce high resolution images of the small scale jets. The camerallens

assembly ismounted on a stepper motor actuated translation stage so that the imaging system

13
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Fig. 2.9. Electrical schematic of high-pressure/high-temperature fuel injection experiment.
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can be remotely re-positioned in the vertical and transverse (to adjust focus) directions. Image
data from the camera is transferred to a National Instruments IMAQ-PCI-1424 digital frame
grabber board installed in an AMD K6-233 Pentium-class computer. An NI-IMAQ Vision and
LabVIEW software program is used to capture and store short multiple image sequences at arate

of about 2 Hz.

2.4 Results and Discussion

2.4.1 High-Pressure, Room-Temperature Results

The first model fuel tested was n-heptane (95% purity) because of its well known
properties, single component simplicity, and accessible critical properties [Tyt = 267°C (513 °F),
Perit = 2.74 MPa (27 atm, 397 psia)]. The first set of injection experiments with n-heptane into
nitrogen was conducted at room temperature but using the full pressure range of the chamber
from 1.83 MPa (250 psig) to 8.38 MPa (1200 psig). [Note the design working pressure of the
chamber is 6.89 MPa (1,000 psia) at 482°C (900°F) so that higher operating pressures are
allowable at room temperature. The chamber was hydrostatically pressure tested to 12.5 MPa
(1,800 psig).] Thefuel was injected into the chamber at a flow rate of 20 ml/min. The jet issued
through a capillary tube of 0.51 mm (0.020in.) inner diameter at an average velocity of
1.6 m/sec. The data consists of shadowgraph images taken at different locations inside the
chamber from the injector exit to 75 jet diameters downstream.

Fig. 2.10 shows a series of shadowgraph images of n-heptane jets at the injector exit at
high-pressure [image (a) at 8.38 MPa (1200 psig)] down to low pressure [image (f) at 1.83 MPa

(250 psig)]. For each of these images, the reduced pressure, chamber pressure/critical pressure
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(a) P=1200 psig, P/Pcrit=3 (b) P=975 psig, P/Pcrit=2.4

(c) P=800 psig, P/Pcrit=2 (d) P=600 psig, P/Pcrit=1.5

(e) P=400 psig, P/Pcrit=1 (f) P=250 psig, P/Pcrit=0.6
Fig. 2.10. Shadowgraph images of liquid n-heptane jets issuing into nitrogen at room

temperature. Top of images corresponds to exit of the injector. Orifice diameter is
0.51 mm.

17



(&) P=1200 psig, P/Pcrit=3

(b) P=975 psig, P/Pcrit=2.4

(c) P=800 psig, P/Pcrit=2 (d) P=600 psig, P/Pcrit=1.5

(e) P=400 psig, P/Pcrit=1 (f) P=250 psig, P/Pcrit=0.6
Fig. 2.11. Shadowgraph images of liquid n-heptane jets issuing into nitrogen at room

temperature. Top of images corresponds to a location 75 diameters from exit of the
injector.
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(P/Pgit), is given with respect to pure n-heptane. The injection of the n-heptane into nitrogen
produces a smooth laminar jet which does not exhibit any breakup or disturbances on the surface
of the jet for many jet diameters downstream. As expected, distinct interfaces between gas
(nitrogen) and liquid (n-heptane) phases exist for the whole range of pressures since the ambient
temperature was subcritical for n-heptane. Since the primary breakup mechanism at these
conditions is due to the interaction of surface tension and viscous forces (Rayleigh breakup)
ambient pressure (at far-subcritical temperature) does not greatly affect the near injector region.
Similarly, Fig. 2.11 shows a series of n-heptane jet images for the same range of pressure
but at a location 75 injector diameters farther downstream. At the lowest pressure, in the jet
image (f), it is apparent that a smooth liquid column still exists at this location under these
conditions. At 2.86 MPa (400 psig), image (€), capillary symmetric disturbances are just
beginning to appear at this downstream location. With increasing pressure, the capillary
disturbances become more unstable and less symmetric at the same location. In image (b) at
6.82 MPa (975 psig), an irregularly shaped droplet is about to be pinched off from the column.
In image (a) at 8.38 MPa (1200 psig), the liquid jet is broken up at this location into a series of
large non-spherical droplets. The jet breakup mode is still in the Rayleigh regime with respect to
droplet production; however, it is obvious that increasing pressure advances the stage of jet
breakup at the same axial distance. The pressure effect is more likely an aerodynamic effect
through the gas density and consequent drag enhancement rather than by affecting the surface
tension or liquid viscosity. Although there is a pressure effect, as expected at this far-subcritical
temperature condition, there appears to be no significance with respect to jet breakup to the fact

that the critical pressure was substantially exceeded [P/Pgit = 3 in image (d)].
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2.4.2 High-Pressure, High-Temperature Results

Obviously more dramatic results with greater relevance to engine operating conditions
are to be obtained at elevated temperatures. Such experiments were attempted under Delivery
Order 4 with n-heptane into heated nitrogen. For these experiments, the external nitrogen heater
and the chamber internal cartridge heaters were operated, initially with the desire to at least raise
the ambient nitrogen temperature above the critical temperature of n-heptane. However,
difficulty was encountered in maintaining high temperature operation. Internal chamber
temperatures of about 315°C (600°F) were achieved after extensive heating. This was a
sufficient temperature to look at critical effects for n-heptane; however, these temperatures could
be maintained only for short periods of time whereupon the internal cartridge heaters would
invariably fail. Hence, no injection data at these conditions was obtained. The internal cartridge
heaters were being overheated in order to raise the interna ambient temperature to that degree.
In fact, the internal aluminum chamber to which the cartridge heaters were attached locally
melted at the heater interface. The external nitrogen heater worked as intended, realizing
nitrogen temperatures at the design goal of 482°C (900°F) at the heater exit; however, it was
discovered that by the time the heated nitrogen flow reached the inside of the chamber, the
nitrogen was barely above room temperature. Thus, higher than anticipated heat losses to the
short length of stainless tubing from the external heater to the chamber and especially to the
stainless chamber itself completely negated the efficacy of the external nitrogen heater, requiring
the internal cartridge heaters to be overdriven to realize any appreciable temperature rise in the
internal chamber.

At the conclusion of Delivery Order 4, it was determined that it was necessary to redesign

the heating system. This has been carried out as part of the following year’s effort.
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11 Combustion I nstability Studies Applicable to Coal-based JP-900 (T ask 2)

The concept of lean-premixed combustion in gas turbine engine operation has become a
standard in recent years as an effective means to meet stringent environmental standards on NOy
emissions [2]. However, the understanding and control of pressure oscillations in the combustor
represents one of the most challenging and least understood phenomena potentially limiting the
development of future high performance gas turbine engines. In the present work, experiments
were performed to investigate combustion instability under high pressure and high temperature
operating conditions for various air swirl conditions. These experiments, conducted with natural
gas as the fuel, utilized an Annular Counter Rotating Swirl (DACRS) injector designed and
fabricated by General Electric Aircraft Engines. The experimental results, detailed in this report
for the DACRS injector, complement earlier work for a Penn State designed swirl injector [3,4]
conducted under separate funding from the U.S. Department of Energy, Federa Energy
Technology Center, through a cooperative agreement with the South Carolina Energy Research
and Development Center at Clemson University. In addition to the combustion instability
research involving the DACRS injector, the experimental definition for a trapped vortex
combustor is also presented. In the area of analysis, complementary CFD analyses of the
combustion instability phenomenon for the Penn State injector [3,4] are presented and discussed

In this section, experimental results obtained for the DACRS injector at elevated
temperature and pressure operating conditions are presented first. This is followed by a
discussion of the experiments to be conducted in the future for the trapped vortex combustor.
Following this discussion, the numerical modeling results for gas turbine combustion are

presented and discussed in lieu with the experimental results.

21



3.1 Experimental Investigations of Combustion I nstability

3.1.1 DACRS Injector Combustion Instability Studies

The major objective of this study was to provide detailed measurements of the stability
characteristics of an uni-element combustor under well-controlled conditions. Parameters known
to affect combustion instability were systematically varied and included inlet air temperature,
equivalence ratio, combustion chamber pressure, chamber length and swirl injector design.
Corresponding stability maps were determined. In an attempt to learn more about the
mechanism responsible for the sustenance of combustion instability, efforts also focused on

correlating combustion heat release with the observed pressure oscillations.

3.1.1.1 Experimental Setup

The injector studied here was a Dual Annular Counter Rotating Swirl (DACRS) injector
designed and fabricated by General Electric Aircraft Engines. Thisinjector consists of two swirl
rings that counter rotate air at specified swirl angles. The rings are made of curved vanes for
better aerodynamics and smaller pressure losses. Before burning, the air is swirled and mixed
with natural gas at a given equivalence ratio. Two combinations of swirl angles were studied: a
45°/55° and a 55%65° swirl combination, where the angles represent the outer and inner ring
angles respectively. The natural gas fuel was introduced through the outer swirl vanes using
three injection holes on each of the ten swirl vanes. The swirl rings are attached to a center body
that istapered to a point at the dump plane. A photograph of the injector is shownin Fig. 3.1.

For the DACRS injector, the injection holes were sufficiently small to be choked, thus

preventing any modulation of the natural gas mass flow rate. The chamber setup for the injector
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Fig. 3.1. Photograph of the Dual Annular Counter Rotating Swirl (DACRS) injector.

is shown schematically in Fig. 3.2. The modularity of the design allows for variation of the total
chamber length in order to study its effects on combustion instability behavior. Chamber lengths
of 235 mm and 350 mm were chosen for this study. Their respective residence times of 5.5 ms
and 8 ms correspond to high flow velocities characteristic of real gas turbine engine conditions.
To acoustically isolate the combustor and the injector, the combustor design includes two sonic
choked points, one located upstream of the injector, one located at the exit nozzle of the

combustor. Also shownin Fig. 3.2 isthe fully optically accessible cylindrical quartz section.

3.1.1.2 Resaults and Discussion

3.1.1.2.1 Characterization of Instability Modes

Almost every encountered instability displayed the same characteristic properties in terms
of the observed modes and corresponding frequencies. The pressure records show a strong mode
(around 1200 Hz and 1800 Hz for the 350-mm long and the 235-mm long chambers respectively)
superimposed with its much weaker first harmonic. Pressure profiles from transducers located at

the same axiad but different angular locations are always nearly identica. Therefore
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Fig. 3.2. Experimental Setup for DACRS I njector.

circumferential modes can be ruled out. Furthermore, pressure measurements from transducers
located at different axial locations were aways clearly out of phase, indicating that the two
modes must be longitudinal. A simple 1-D analysis of the acoustics in the chamber indicated
that the modes present are the first longitudina mode of the combustion chamber and its
harmonic.

The pressure profile in the combustor is well known and closely resembles that of a pure
1L (and 2L) standing wave in the combustor, between the dump plane and the exit nozzle.
The amplitude profiles of these acoustic modes are represented in Fig. 3.3. The 2L mode is
negligible compared to the 1L mode everywhere in the chamber, except maybe in the middle
part. In particular, only the 1L mode is of significance in the region of the heat release zone,
whatever the flow conditions and chamber configuration employed, which simplifies the

correlation between heat rel ease and pressure oscillations.

1Ln?ode 2L mode
l

Fig. 3.3. Amplitude Profilesof 1L and 2L Acoustic Modes.
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3.1.1.2.2 Effect of Equivalence Ratio

235-mm Long Chamber

Using the 45%55° DACRS injector, tests were conducted using the shorter (L.=235 mm)
of the two chambers studied. For this chamber length, it was quite difficult to produce
instabilities. The stability map for this case is shown in Fig. 3.4. In particular, higher chamber
pressures and richer mixtures were needed (no instabilities were found at pressures equal to or
less than 0.36 MPa). Even then, the amplitudes were always fairly small with maximum values
corresponding to 5% of the chamber pressure.
350-mm Long Chamber

The 350-mm long chamber produced drastically different instabilities with the following
genera trends. For both DACRS injectors, the flame became unstable if the inlet air temperature

T, and the equivalence ratio ¢ were increased to values higher than threshold values

T T T T | T T T T l T T T T T T T T l T T T

15.0

Pc=4.7 atm.

125 —8— DACRS Injector

10.0

7.5

p'rms/Pc (%)
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2.5

IIIIIIIIIIIIIIIIIIIllIlIlIII

IIIIllllllllIllllllllllllllll

T

1 L 1 1 | L L L 1 l 1 L 1 L | L 1 L 1 l 1 1 1 L
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0.4 0.5 0.6 0.7 0.8 0.9

Overall Equivalence Ratio, ®

Fig. 3.4. Stability map obtained for the 235-mm long combustion chamber.
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Tomin 1672 K and @in [10.59 respectively. In Fig. 3.5, the stability maps for both DACRS
injectors are quite similar, with that for the 55°/65° swirler being slightly shifted towards |eaner
conditions. Both curves show very high maxima with respect to amplitudes of the observed
combustion instabilities (18% rms of the chamber pressure P, i.e. more than 25% absolute
amplitude). At higher values of ¢ the instabilities become weaker but are still substantial.
Another important trend is that the instabilities died out at the leanest conditions well before
LBO, which typically occurred around @ = 0.48 - 0.50. This is particularly interesting to note
since combustion instabilities are commonly thought to occur (or at least worsen) towards the
leanest conditions.

Some experiments were conducted in a “fully premixed” mode with both DACRS

injectors. The natural gas was injected upstream of the inlet choked venturi instead of being

B GE45/55 - Non-Fully
Premixed

20 + O  GE45/55 - Fully Premixed

GES55/65 - Non-Fully
18 + Premixed

Pc = 0.47 MPa n GES55/65 - Fully Premixed
TO=677K

16 + Non-Fully Premixed

14+ Fully Premixed

12 +

S Pc = 0.47 MPa
g To =680 K
% 107
E
o
8 4+
Pc = 0.52 MPa
To=675K
6 4
Pc = 0.47 MPa
To=675K
4 4+
GE45/55:
—> no instability below
2L phi = 0.62
for fully premixed case
(phi = 0.60 when e.r. is decreased)
0 t t t t t {
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

equivalence ratio

Fig. 3.5. Stability map obtained for DACRS injectorsfor the 350-mm long chamber .
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injected through the swirl vanes. The goal of this procedure was to ensure a completely uniform
premixed combustible mixture entering the combustor, but also to provide a time-constant
eguivalence ratio independent of the presence of any combustion instability. Strong instabilities
were still observed even though the level of the oscillations amplitude remained significantly
lower than the level observed for the normal injection case. The corresponding stability maps for
the DACRS injector are represented by the lines shown in Fig. 3.5. The maximum amplitude of
the observed combustion instabilities under these fully premixed conditions was about the same
for both DACRS injectors (about 10% rms of chamber pressure), but the shape of each stability
curve was quite different. For the 45°/55° DACRS swirler, significant hysteresis effects were
observed with respect to equivalence ratio. When @ was increased above 0.62, instabilities set in
suddenly and then decreased only slowly at richer conditions. When ¢ was then decreased,
instabilities disappeared at a lower value of 0.60. For the 55°/65° DACRS swirler, the stability
curve follows a more dome-like shape, with unstable conditions occurring only when
0.53 < @< 0.80.

The pressure amplitudes observed for the combustion instabilities obtained during fully
premixed operation were about half the amplitude of those observed when the natural gas was
injected through the swirl vanes. A possible explanation is the absence of one mechanism often
seen as playing a maor role in driving instabilities, namely the equivalence ratio
modulation [4-7]. In al experiments, pressure oscillations could not propagate upstream past the
choked venturi. Hence, by injecting the fuel upstream of this choked venturi, the equivalence
ratio was kept constant, decoupled from and independent of any instability occurring
downstream. Under these conditions, there could not be any equivalence ratio modulation.

However, the fact that combustion instabilities still occurred, athough at a lower strength,
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indicates that in these fully premixed experiments, other mechanisms were responsible for the
sustenance of the observed instabilities. This result is not really surprising since combustion
instabilities are often the result of severa mechanisms coupled together [8]. One such
mechanism could be a total mass flow rate modulation upstream of the dump plane [3,8].
The importance of this potential mechanism is currently under investigation.

3.1.1.2.3 Effect of Inlet Temperature

For both DACRS injectors, when the equivalence ratio was fixed at a value higher than
@nin = 0.59, an increase of the inlet air temperature to a value higher than Tomin = 672 K did not
alter the strength of the instabilities significantly, as shown in Fig 3.6. However, similar to the
hysteresis effect with respect to equivalence ratio described earlier, very significant hysteresis
effect with respect to temperature was observed. When T, was reduced below Tomin, the
instabilities generally weakened but did not disappear until To was significantly reduced below

Tomin,, SOMetimesto levels aslow as 616 - 628 K.

P'rms/Pc (%)
(Y
()
1

® =0.62

600 650 700 750
To (K)

Fig. 3.6. Effect of Inlet Air Temperature on Instabilities Obtained for DACRS Injector
GE55%65° with the 350-mm long Combustion Chamber (P =0.45 M Pa).
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It should be noted that the value of Tomin had a dight dependence on equivalence ratio.
Specifically, it decreased slowly with the increase of ¢, for example Tomin 1678 K at ¢=0.59
and Tomin 0655 K at @=0.70. Hence, richer mixtures tended to exhibit unstable operation for
lower inlet temperatures than leaner mixtures. This trend was amplified with the hysteresis
effect mentioned previoudly, i.e. unstable flames at richer conditions remained unstable at an
even lower inlet temperature when the inlet temperature was decreased. This explains why, in
Fig. 3.6, the flame at @=0.68 is still unstable at T, =633 K while it is aready much less
unstable at @=0.62.

3.1.1.2.4 Phase-Resolved CH* Chemiluminescence Images of Unstable Combustion

CH* chemiluminescence images were taken in order to obtain the temporally resolved
structure of the flame heat release zone associated with pressure dynamics.
CH* chemiluminescence images are shown in Fig. 3.7 for the DACRS injector. The results
show a strong tempora correlation between the dynamic pressure and the CH*
chemiluminescence intensity. During the minimum of the local pressure fluctuations, the flame
is weak but when the pressure fluctuation rises and approaches its maximum value, the flame
becomes quite intense. Hence, the heat release occurs precisely during the maximum of the

pressure amplitudes corresponding to images 2 through 6, thus satisfying Rayleigh’ s criterion.

DACRS SF: Scale Factor
| . .
low intensity high

Fig.3.7. Phaseresolved CH* chemiluminescence for the DACRS 55%65° injector
(P=0.43Mpa, @=0.62, To = 705K). Chamber length is350 mm.
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3.1.1.3 Summary

Under the conditions most relevant to real gas turbine applications (residence time
55ms, i.e. 235-mm long chamber configuration), the DACRS injectors showed excellent
combustion stability characteristics over awide range of equivaence ratios and inlet temperature
conditions. The use of a counter rotating swirl configuration may contribute to the stability
through effects on the fluid mechanics occurring in the region of the dump plane. The DACRS
injector exhibited a uniformly distributed flame that extended over a greater portion of the
combustion chamber. For the 350-mm long combustion chamber, significant combustion
instability was observed for the DACRS swirl injector. For the longer combustion chamber
conditions, the region over which the 1L mode can be influenced, that is driven, extends further
from the dump plane than in the shorter chamber length case. Thus, more of the flame energy
release is capable of coupling to the pressure sensitive response region to sustain instabilities.
Combustion instabilities observed under fully premixed conditions indicate that a combination of
mechanisms is responsible for the instabilities encountered in our study. One such mechanism
could be atotal mass flow rate modulation upstream of the dump plane. The importance of this

potential mechanism is currently under investigation.

3.1.2 Experimental Definition for Trapped Vortex Combustor

The Trapped Vortex Combustor (TVC) is a recent development in low emissions
combustion devices that can be utilized equally well in land or air based gas turbine systems.
This new technology offers the promise of increased fuel efficiency, higher flow-through

velocities, lower pressure drops, reduced emissions, and increased combustion efficiency.
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Additionally, the TVC is purported to be far less susceptible to combustion instability and can
provide a dramatic reduction in the Lean Blow Out (LBO) limit.

The basic configuration for a TVC is two concentric canisters separated by an annular
ring, as shown in Fig. 3.8. Primary air isintroduced in the center of the upper canister, and the
fuel and secondary air are introduced in such a manner as to create a stably-burning vortex
trapped between the upper and lower annular rings. The primary air interacts with the burning
vortex ring and carries the lean burning mixture into the second canister. One advantage of the
TVC isthat premixed fuel may be added with the primary air, which may have a dramatic effect
on the overall combustion process.

A Trapped Vortex Combustor supplied by Wright-Patterson AFB will be used for
experiments in the next phase of the program. Typical operational conditions for this unit at
atmospheric pressure are as follows. The primary airflow is nominally constant at 0.25 [bm/s
and the equivalence ratio for the vortex is typically maintained at about 0.8. Overall equivalence
ratio is then changed by changing the flowrates of fuel and air supplied to the vortex. The TVC

is shown instaled in the Penn State Gas Turbine experimental facility in Fig. 3.9. The flow is

Primary Air

uel

—_———h

Lean Burn

Fig. 3.8. Schematic showing basic principlesof a Trapped Vortex Combustor (TVC).
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Fig. 3.9. TVC supplied byWright Patterson Air Force Base installed in Penn State's Gas
Turbine Facility.

from left to right. The secondary air and fuel inlet lines begin in the upper left of the picture and
feed the rings surrounding the upper cavity. The second cavity is fitted with an opticaly
accessible quartz section and the CCD camera can be seen in the upper middle of the picture.
The second cavity is attached to a water-cooled stainless steel adapter cone that connects the
TVC to the Gas Turbine exhaust system.

Preparations for testing the TV C are amost complete and include plans to make full use
of the extensive diagnostic capabilities available in the High-Pressure Gas Turbine Combustion
Laboratory. Initially, acoustic and visual measurements, as well as NO, emissions, will be made
over the range of equivalence ratios from LBO to stoichiometric. Modification of the current
device will provide the capability of installing high-speed pressure transducers to record pressure
fluctuations and enable phase resolved CH* chemiluminescence. The effect of adding premixed
fuel in the primary air stream will also be analyzed. Other tests under consideration are the

variation of fuel type and utilizing Laser Induced Incandescence (LI1) to measure soot formation.
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3.2 Numerical Modeling of Gas Turbine Combustion

A comprehensive numerical analysis based on the large-eddy-simulation (LES) technique
has been established to provide detailed information about the flame dynamics and its interaction
with unsteady flow motionsin a premixed, swirl-stabilized gas turbine combustor. The purposes
of this task are (1) to use validated LES techniques to systematicaly investigate the key
mechanisms responsible for driving combustion oscillations of a single swirl-stabilized injector,
and (2) to present the result in a form that can be readily incorporated into the globa stability
analysis of afull-scale gas turbine engine.

The theoretical formulation is based on the Favre-filtered conservation equations of mass,
momentum, energy, and species concentration in three dimensions, and accommodates finite-rate
chemical kinetics and variable thermophysical properties. Turbulence closure is achieved by
means of a large-eddy-simulation (LES) technique with the unclosed subgrid-scale terms
modeled using the compressible version of the dynamic Smagorinsky model (DSM) [9,10].
A single-step global chemical kinetics scheme, involving five species, is used to treat the
chemical reaction of methane with air. The numerical analysis employs a density-based, finite-
volume methodology. Spatial discretization is obtained using a fourth-order, central-differencing
method in generalized coordinates. A sixth-order numerical dissipation with total-variation-
diminishing (TVD) switch is included to ensure computational stability and to prevent numerical
oscillations in regions with steep gradients. Tempora discretization is obtained using a third-
order semi-implicit Runge-Kutta integration scheme developed by Zong [11] to circumvent the
stiffness problem arising from strong chemical reaction source terms. The numerical scheme is
implemented on an in-house parallel computing facility consisting of 156 Pentium 11 400 MHz

processors. A Multi-Block technique based on domain decomposition is employed to parallelize
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Fig. 3.10. Schematic of swirling flow combustor.

the code. The Message Passing Interface (MPI) library is used to exchange information among
processors, i.e., blocks. The pardlelization methodology is robust and linear speedup is

achieved.

3.2.1 Model Validation

To validate the capability of the code for swirling flow calculations, experimental results
were obtained from the Propulsion Directorate of the Air Force Research Laboratory at Wright-
Patterson Air Force Base [12]. Fig. 3.10 shows the experimental apparatus. The working fluid is air
that is forced through the chamber by a centrifugal type blower. A swirler with 12 circular arc inlet
guide vanesislocated at 50.8 mm upstream of the dump plane. The leading edge of each blade was
designed to be tangential to the incoming flow and perpendicular to the centerline of the
combustor. A laser Doppler velocimeter (LDV) was used to measure the three velocity
components and some turbulence quantities at different swirl numbers. The centerline velocity
in the inlet pipe is 19.2 m/s and inlet Reynolds number is 125,000 based on the inlet radius.
The computational domain is composed of 28 blocks assigned to each processor, i.e., total 28
processors, for parallel computation. The numbers of the grid points are 160x75x81 in the axial,

radial, and azimuthal directions, respectively, which are clustered in the shear layer and near the



Fig. 3.11. Vortical structures visualized using isosurfaces of instantaneous pressure
fluctuations. (a) entire domain (b) zoomed near the dump plane.

interface between the inlet and the chamber. The azimuthal grid is uniformly distributed.
A flow structure snapshot illustrated by instantaneous pressure fluctuation isosurfaces is shown
in Fig. 3.11. Themeasured and calculated velocity component comparisons at various axial
locations are shown in Fig. 3.12. The solid lines correspond to the numerical result, and the
symbols to the measured data. Good agreement of the axial velocity component is obtained.
The azimuthal (swirl) velocity near the dump plane (see Fig. 3.12b-1) was over-predicted.
However, given the low velocity condition and experimental uncertainty, no conclusive remarks
can be given at this point about the numerical accuracy in comparison with measurement error.
Fig. 3.13 shows that turbulent kinetic energy varies significantly in the radial direction.

The over-prediction of turbulent kinetic energy near the shear layer of the center recirculation
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Fig. 3.13. Comparison of experimental and computational results of
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energy ( line:computation; symbol: experiment).

0.08

(a3) X/H=4.0
turbulent kinetic

zone may be related to the uncertainty of the inlet velocity profiles and the subgrid model used.

More effort should be expended in the future to improve the subgrid turbulence modeling.

In spite of the few discrepancies observed, the overall agreement between measurements and

predictions seems quite acceptable. Fig. 3.14 shows a snapshot of the instantaneous vorticity

contours. The flow is highly dynamic. The conventional turbulence-closure scheme based on

the Reynolds-averaging technique apparently fails to capture the important flow physics.
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Fig. 3.14. Instataneous vorticity magnitude (@) x-y cross section (b) y-z cross section at
different axial location.

3.2.2 Flame Dynamics of a Swirl-Stabilized Injector

The analysis has been employed to study the combustion dynamics in a premixed,
swirl-stabilized combustor (i.e., the Penn State lean premixed combustor). The model combustor
of concern consists of a single-swirl injector, an axisymmetric chamber, and a choked nozzle, as
shown in Fig. 3.15. The swirler has eight straight, flat vanes with angles of 45° relative to the
incoming air. The corresponding swirl number is about 0.69. Natural gas is injected radially
from the center body through ten holes immediately downstream of the swirler vanes.
Thefuel/air mixture is expected to be well premixed before entering the combustor.
The chamber measures a diameter of 45 mm and a length of 207 mm. The choked nozzle at the
exit prevents any downstream disturbances from travelling upstream and to maintain the desired

chamber pressure. The baseline condition includes an equivalence ratio of 0.6, a chamber
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Fig. 3.15. Schematic of a model gasturbine combustor.

pressure of 4 atm, an inlet temperature of 670 K, and an inlet velocity of 83 m/s, corresponding
to the case of unsteady combustion.

According to the experimental observations, the combustor exhibits strong flow
oscillations when the inlet temperature and/or equivalence ratio exceed certain threshold values.
The dominant acoustic motion corresponds to the first longitudinal mode, with the amplitude of
pressure fluctuation as high as 20% of the mean chamber pressure. Since there exists an acoustic
pressure node at the middle of the chamber, the computationa domain only includes the
upstream half of the chamber, with a constant back pressure specified at the exit plane.
The entire grid system has 135x110x81 points along the axial, radial, and azimuthal directions,
respectively, of which 25 axial points are used to cover the inlet section. The axial and radial
grids are clustered in the shear-layer regions downstream of the dump plane and near the solid
walls. The azimuthal grids are uniformly distributed. This grid resolution was chosen based on
the inlet Reynolds number such that the largest grid size fals in the inertial range of the

turbulence energy spectrum.

38



700 1050 1250 1450 1650 1850 2030 2110

8=240°

6=120° 8=300°

Fig. 3.16. Temperature contourson x-y plane over one cycle of oscillation.

To expedite numerical computation, the analysis was conducted on a distributed-memory
parallel computer. The computational domain was divided into 102 blocks and each block is
calculated on a single processor, i.e., atotal number of 102 processors are used.

Calculations of turbulent flame dynamics were initiated by imposing broadband velocity
fluctuations at the inlet, and continued for an extended period of time until statistically
meaningful data was obtained. A spectral analysis of the calculated pressure fluctuation shows
the existence of a dominant harmonic at 1905 Hz, which corresponds to the first longitudinal
acoustic mode of the chamber. The amplitude of pressure oscillation is about 9.3% of the mean

chamber pressure. Both results agree well with experimental measurements. Figs. 3.16 and 3.17
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Fig. 3.17. Temperature contourson y-z plane (x = 2.3 mm) over one cycle of oscillation.

present the temperature evolution in the upstream of the chamber on the x-y and y-z planes,
respectively, over one cycle of oscillation. The corresponding heat-release distributions are
given in Fig. 3.18, which are obtained from the multiplication of the fuel consumption rate and
the heat of reaction of the fuel. The phase angle, 6, is referenced with respect to the acoustic
pressure of the first longitudina mode at the chamber head-end. The calculated flame
temperature of 2050 K is dlightly higher than its equilibrium value of 1980 K, mainly because of
the use of the global chemical kinetics scheme and the lack of subgrid turbulent mixing in the

modeling of species mass production rate. Nonetheless, the analysis allows for a comprehensive
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Fig. 3.18. Contoursof heat release rate on x-y plane over one cycle of oscillation.

investigation into turbulent flame dynamics, and, for the first time, accurately predicts the
detailed flame evolution and chamber acoustic properties a priori.

The temperature contours clearly exhibit a double-surface envelope flame anchored at the
edges of the center body and the backward-facing step. Thisisin sharp contrast with the flame
structure under stable operating conditions that shows only asingle conical flame anchored to the
centerbody [3]. One mgor factor contributing to this phenomenon is the relatively higher inlet
temperature and equivalence ratio in the present study compared to the case of stable
combustion. As a result, the chemical induction time is shortened and becomes comparable to

the flow residence time in the corner circulating zone downstream of the dump plane. A flameis
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thus established in that region, and merges with the one originating from the centerbody.
Theoverall flame length is substantially reduced. This situation renders the combustor more
prone to instabilities according to the Rayleigh criterion [13], since much heat release occurs
within a short distance close to the chamber head-end (i.e., acoustic anti-node point).

The flame dynamics can be eucidated by considering its interaction with the local
oscillatory flowfield. The entire process is dictated by the tempora evolution and spatia
distribution of the cold flow entrainment into and mixing with hot gases in the vortical structures
in the chamber. During the pressure build-up stage (6 = —90°, or 270°, to 90°), the increasing
pressure at the dump plane prevents the fresh mixture from entering the chamber. The flame
zone is thus reduced and becomes a little compact. In the next phase (6 = 90° to 270°), the
decreasing pressure facilitates the delivery of the cold flow into the chamber. More intensive
heat release thus follows after a short fluid mixing and chemical induction time. The resultant
flow expansion tends to push the flame outward and simultaneously block the inlet flow at the
dump plane. Unburned mixture fragments may break up away from the main stream, and are
convected downstream and generate local hot spots. It should be noted that the above
description of flame evolution is not precisely reflected in the temperature contours shown in
Fig. 3.16 due to the various time delays involved in the process, but the qualitative trend remains
valid.

Vorticity is of serious concern in the present study because of its dominant influence on
the unburned flow entrainment and its subsequent reactions in the flame zone. Fig. 3.19 shows a
snapshot of vorticity intensity on the x-y and y-z planes at 8 = 120°, respectively. Large vortical
structures arise in the shear layers downstream of the dump plane and around the wrinkled flame

zone. In addition to the swirling-flow induced vorticity, the volume dilation and baroclinicity
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Fig. 3.19. Snapshot of vorticity field on x-y and y-z planes, 8= 120°.

effects in the flame zone significantly contribute to its production. The vorticies are convected
downstream with accompanying irregular breaking strength (i.e., vortex breakdown), and spiral
into the core region after breakdown. This precessing vortex core may induce strong flow
oscillations, and consequently lead to the acoustic instability in the chamber.

The mutual coupling between heat release and acoustic motions can be characterized
using the Rayleigh parameter [13], R(x), defined as the time-averaged product of the pressure
oscillation p'(x,z) and heat release fluctuation ¢'(x ¢). It provides a qualitative measure of the
extent to which unsteady heat release drives or suppresses instabilities. The acoustic oscillation
isamplified if R(x) >0, or damped out if R(x) < 0. Fig. 3.20 presents the spatial distributions of

the Rayleigh parameter normalized by the maximum R(X) in the field on the x-y and y-z planes,
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Fig. 3.20. Spatial distributions of R