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ABSTRACT

An internal feedback mechanism, capable of sustaining combustion
instabilities, is investigated inside a small laboratory combustor in
which the flame is stabilized behind a rearward facing step. Pressure
and optical measurements are employed to define the acoustic field and
heat release rate within the combustor, while shadowgraph records are
used to visualize the reacting, kinematic flow field.

The acoustic flow field <creates an unsteady flow inside the
combustor, which produces an unsteady heat addition. When this
fluctuating heat release is in the appropriate phase relationship with
the pressure oscillation, energy is supplied to the acoustic field, and
the strong acoustic oscillations are sustained.

As a result of the strong acoustic oscillations present during
combustion instability, the flow surges into the combustor periodically,
and large vortices are formed at the acoustic frequency which produce
the large velocity fluctuation in the vicinity of the flameholder. The
magnitude of the velocity fluctuation, relative to the mean flow speed,
determines whether or not the vortex will form. The frequency of the
combustion instability appears to be directly proportional to the
amplitude of the velocity fluctuation so that the actual magnitude of
the velocity fluctuation determines the instability frequency. The
dependence of the instability frequency upon the velocity fluctuation
creates the possibility of exciting a large range of frequencies.

Continued existence of the combustion instability depends upon the

mean flow speed, fuel type, and fuel-air ratio.
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CHAPTER 1

INTRODUCTION

1.1 Combustor Concept

Numerous investigations have been undertaken to examine the
combustion processes occurring inside high intensity combustion systems.
These high intensity burners are characterized by flame stabilization
which is maintained at flow velocities greater than the normal
propagation velocity of the flame. To ensure continuous combustion in
these systems, the flame is anchored, or sustained, by recirculation of
some of the burnt products in the separated flow region behind a bluff
body, or obstacle, placed in the mean flow. These obstacles are
commonly called flameholders. One particular combustor, often used in
ramjet combustion systems, stabilizes the flame in the wake region
downstream of an abrupt change in the container contour as shown in
Figure 1.1.

A small scale two-dimensional laboratory combustor was prepared to
simulate the combustion processes occurring inside a ramjet type engine
as illustrated in Figure 1.2. Behind the rearward facing step, flame
stabilization is achieved by mixing the fresh reactants with the hot
products of combustion inside the two-dimensional mixing layer formed
downstream of the flameholder. This mixing layer appears to be similar
to an isothermal layer and is composed of vortices which grow by
entrainment of fluid and pairing with neighboring vortices. Once the

flame has been anchored, or stabilized, it spreads across the length of



the combustor burning the remaining reactants.

Many high-intensity combustors are plagued by large vibrations
created by pressure oscillations excited inside the combustor. The
magnitude of the vibrations are frequently large enough to damage the
payload aboard the vehicle, and sometimes of sufficient magnitude to
entirely destroy the vehicle. The primary cause of these instabilities
hinges on the fact that heat released during the combustion process
supplies a substantial amount of energy to the mean flow field, creating
instabilities through an internal feedback mechanism between the
acoustically generated pressure field and the fluctuating heat addition.
Consequently, the combustion processes may feed enough energy into the
pressure field, producing large amplitude oscillations which are capable
of destroying the properties associated with stable burning. The aim of
the current work is to develop physical insight into the problem by

describing the feedback mechanism observed during unstable combustion.

1.2 Background

Early work examining the flow field behind bluff body flameholders
was presented by Zukoski (1954). His studies show the kinematic flow
field and blowoff characteristics of flames stabilized behind several
different types of flameholders. Continuing the line of work, Rogers
and Marble (1956) succeeded in exciting large pressure fluctuations in a
small combustor with the flame stabilized behind a "V" shaped
flameholder. During their investigation, they discovered an instability
mode which was referred to as screech. Under screeching conditions, the

flow field behind the flameholder is transformed from a smooth mixing



layer to a series of vortices which are shed alternately from the
flameholder edges.

The flow field, downstream of the flameholder in the current study,
consist of a reacting, reattaching, turbulent shear layer. Recently
many investigators have become interested in the flow field
characteristics exhibited by planar turbulent shear flows and
reattaching turbulent shear layers. Brown and Roshko (1974) discovered
that large coherent structures are an inherent characteristic of planar
turbulent mixing layers. After examining the effects of large density
gradients across the layer, they conclude the growth of the vortical
structures are meagerly affected by the large density differences
between the two fluid streams. Ho and Huang (1982) studied the
influence of periodic forcing upon turbulent shear flows in a water
channel. Results of this study illustrate that the growth of the mixing
layer may be enhanced by periodic forcing at the proper frequencies.
Perturbations applied to both flow streams result in simultaneous
merging of discrete individual vortices within the shear layer. The
subsequent spreading rate of the mixing layer increases markedly,
leading them to conclude the periodic forcing would be an effective
method to manipulate the growth of mixing layers.

Eaton and Johnston (1980) conducted an experimental study examining
the isothermal reattaching turbulent mixing layer formed behind a two-
dimensional rearward facing step. A pulsed wire anemometer was employed
to measure the mean velocity and turbulence profiles at different
longitudinal positions. Their results indicate the reattaching
turbulent mixing layer grows almost identically to the planar mixing

layer studied by Brown and Roshko in the initial stages of formation.



However, as the layer develops, the influence of the wall boundary
condition is felt, and the layer curves sharply toward the wall. The
reattachment point, or location where the layer impinges against the
wall, was found to be a function of the initial boundary layer condition
and occurs 5 to 7 step heights downstream.

Several experimenters have studied different aspects of reacting
flow fields as found in various ramjet combustion systems. Only a few
individuals have examined in detail the reacting flow field behind a
rearward facing step. Ganji and Sawyer (1980) studied characteristics
of a two-dimensional, reattaching, reacting shear layer to establish how
lean premixed flames affect pollutants. Results from their flow
visualization indicated that the reacting mixing layer consisted of
coherent structures similar to the type described by Brown and Roshko.
However, as the fuel fraction of the combustible mixture was increased
toward stoichiometric proportions, the characteristics of the flow field
changed to their surprise. Instead of a mixing layer forming downstream
of the step, a very large vortical structure was formed periodically.
During this phenomenon, denoted as chugging, a rise in the pressure
fluctuation inside the combustor was observed, which caused the incoming
flow to reverse directions, leading Ganji to conclude that chugging
leads to a flashback condition. Keller (1982) and Vaneveld (1984)
looked at the chugging mode in this combustor more closely. Keller
examined transition from smooth combustion to chugging by changing the
fuel-air ratio in a step function manner. Vaneveld studied the
secondary effects leading to flashback by inverting the hot and cold gas
streams. He found that the buoyancy effects were negligible,and that a

contour change, downstream of the step, broke up the chugging



phenomenon.

Pitz (1981) wused the Ganji and Sawyer experimental facilities to
explore the stable burning properties of this combustor employing a
laser-Doppler velocimeter. He studied both the non-reacting and
reacting cases. In the reacting case to ensure smooth combustion and
thus a stable planar turbulent reattaching shear layer, steel wool was
inserted into the upstream piping. Measurements of the layer growth,
entrainment, and reattachment are discussed in this work and in a
following paper by Pitz and Daily (1983). 1In the reacting flow field, a
noticeable shortening of the reattachment length, of up to 30 percent,
was observed.

Within the literature discussed here, I have found no attempt to
propose, or examine, the feedback mechanism between the combustion
processes and the oscillating pressure field inside ramjet combustion

systems, and this is the major emphasis of the current work.

1.3 Scope of Work

The primary purpose of this work is to propose a mechanism which is
capable of sustaining combustion instabilities inside ramjet type
combustion systems. This includes exploring the effects of acoustic
conditions, flow speed, and fuel-air ratio upon the instability
mechanism and its development. To accomplish this goal, the following

objectives are laid out:



EXPERIMENTAL:

Design and construct a test combustor apparatus to simulate a

ramjet type combustion system.

Develop pressure instrumentation to measure the acoustic pressure

field inside the combustor.

Design a system to visualize the reacting kinematic flow field

inside the combustor.

Develop an optical apparatus capable of monitoring the local flame

emission.

THEORETICAL:

Develop an analytical model of the test combustor apparatus to

determine the normal acoustic resonant modes of the system.

Predict the acoustic fluctuating pressure throughout the apparatus

given an experimentally determined pressure at a specific location.

Predict the fluctuating velocity inside the apparatus wusing the

pressure measurement.
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CHAPTER 2

EXPERIMENTAL APPARATUS AND PRINCIPALS OF OPERATION

2.1 Combustor Facility

The experimental study of combustion processes in the "ramjet" type
combustor required construction of a small-scale combustor facility
which is shown in Figure 2.l1. A traditional blow-down supply system is
used to furnish the combustible gas mixture. The high pressure fuel and
air streams each pass through dual dome pressure regulators to ensure
accurate pressure upstream of sonic nozzles used to control the flow
rate. The total pressure at -the inlet of these axis-symmetric,
converging nozzles determines the mass flow entering the combustor when
the exit nozzlé Mach number is unity. Each nozzle inlet area is made
much larger than the exit area so that the pressure of the gas measured
at the nozzle inlet is a good estimate of the total pressure.
Furthermore, the ratio of the fuel nozzle exit area to air nozzle exit
area is sized such that a stoichiometric fuel-air ratio is delivered
when the same upstream total pressures are used. With this design
feature, the mass flow rate to the combustor can be monitored easily and
accurately; moreover, the flow rate can be changed rapidly without fear
of extinguishing the flame due to poor reactant control because both the
fuel and air pressures are changed concurrently.

After passing through the flow metering system, the fuel and air
streams impinge and begin to mix. With a prevaporized combustible

mixture, a temperature rise created by a spark or combustor flashback



would markedly increase the local reaction rate. The density change
associated with the temperature of burning the reactants would be in the
order of 7:1. This sudden expansion would cause instrumentation damage
and possible structural failure of the plumbing hardware. In the event
of uncontrolled combustion a rupture disc is installed for venting the
system and protecting the equipment when mixed reactants are present.

The combustible mixture enters the 15.2 cm. diameter plenum chamber
through a porous cone structure to enhance production of a uniform,
axis-symmetric velocity profile as shown in Figure 2.2, Six screens
(about 25 mesh) are placed at the downstream portion of the plenum
chamber to reduce the turbulence level of the mean flow. A contracting
segment is fitted to the plenum exit which smoothly changes the axis-
symmetric geometry to a two-dimensional one compatible with the
combustor. The gas is accelerated through this 9.4:1 contraction as it
flows into the inlet. The reactants enter the combustor and the flame
is stabilized behind the rearward facing step.

The fuel-air mixture ratio delivered to the combustor can be
continuously changed. The remote dome pressure regulators, located in
the air and fuel lines, are activated by control regulators mounted in
the operator panel. The nitrogen output pressure from a single control
regulator controls the two furthest downstream regulators in the air and
fuel supply lines for delivery of stoichiometrically mixed air and fuel
as mentioned before. When the proper flow rate has been established, a
3-way valve 1is used to separate the two dome regulators. Now, the
additional control regulator manipulates the nitrogen  pressure,
delivered to the remote fuel regulator, so that the mixture ratio can be

set to any desired value.
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2,1.1 Combustor Design

The design for the combustor requires access for pressure
measurements, flow visualization, and optical measurements. Adequate
flow visualization dictated the use of a two-dimensional geometry;
consequently, a rectangular channel is chosen as the body contour for
the combustor. This channel is mounted to the plenum chamber assembly
as shown in Figure 2.2,

The combustor upper and lower walls are fabricated so that the
inner steel liner of the combustor is cooled by water flowing inside an
outer aluminum cooling jacket. The side walls of the combustor are
segmented and secured to the upper and lower walls by a window frame
structure. This provides flexibility to the experimenter. A water
cooled metal side wall can be inserted for long duration experiments, or
Vycore glass walls can be utilized for flow visualization and optical
measurements. The region of burning is of variable length, up to 81
centimeters, with a cross-sectional area of 2.54 cm by 7.62 cm.

The rearward facing step flame holder is attached to the lower
wall. Its position can be changed so that the combustor 1length is
variable. The flame holder spanned the entire width of the duct and is
1.91 cm high, 7.62 cm wide, and 7.62 cm long. Immediately downstream of
the flame holder the igniter is installed. It is mounted in the lower
wall and is formed by a stainless steel rod surrounded by a ceramic
insulator. When a high electric potential is applied to the steel rod,
a spark 1is generated. This spark ignites the premixed fuel and air
mixture so that the flame can be stabilized.

A common externally sized port is used for instrumentation access
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to the combustor. This common mount is convenient because a measurement
device can be moved to any location without fear of cooling water
leaking into the burner or combustion products escaping. Ten access
ports are mounted in the upper wall and four ports are located in the
lower wall. This design has proven to be adequately versatile for
measurements and observations performed during the combustion

experiments.

2.1.2 Pressure Instrumentation

In order to measure the average static pressure and rapidly
fluctuating pressure in thé combustor apparatus, two types of pressure
measurement equipment are employed. Small diameter metal tubes are
flush mounted into the combustor wall to measure static pressure.
Plastic hoses, connected between the metal tubes and a Scanvalve switch,
enable measurements of pressures, at several different locatioms, to be
made with a single pressure transducer. Over a period of a couple of
seconds, the static pressure distribution, involving up to 11
measurements, can be determined easily, employing this motorized
Scanvalve switch arrangement.

The measurements of time varying pressure in the combustor is more
difficult. The adiabatic flame temperature from a premixed methane-air
flame is nearly 2000 Kelvin. Any material exposed to this extreme heat
would quickly disintegrate; therefore, a transducer of sturdy
construction 1is needed in addition to a mounting technique that
maintains the transducer at a reasonable temperature. A  constant

moderate temperature not only keeps the transducer structurally intact,
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but limits the change of frequency response due to thermal heating. An
integrated circuit, piezoelectric pressure transducer, PCB model 106B,
was chosen for measurements of the oscillating pressure. This type of
transducer features a miniature voltage amplifier combined with the
piezoelectric measurement element. A high-level, low-noise output
signal 1is generated by this type of transducer with a fixed voltage
sensitivity independent of cable length or capacitance. The sensitivity
of the transducer is 300 mv/psi (.04 mv/Pa). A small battery operated
power supply provides the proper electric current to the tramsducer,and
the variable gain output of this power unit ensures adequate voltage
levels sufficient for computer based data acquisition.

Each pressure transducer 1is mounted 1in a cavity to protect the
pressure sensitive surface from extreme temperatures and rapid
overpressurization. The cavity and transducer mounting are bored into
the common instrumentation plugs which are inserted through the water
jacket and threaded into the combustor wall, Consequently, each
transducer and the gas trapped in the cavity volume are cooled by water
flowing around the plug. The pressure transducer is 1.31 centimeters in
diameter, defining the cavity’s cross-sectional area. The gas in the
cavity is joined to the combustor via 5 small holes. The size of the
holes 1is kept small, 0.159 cm. diameter, to protect the transducer from
rapid pressure rises in the combustor by limiting the amount of gas
passing through them.

Measurements of the oscillating pressure are easiest to interpret
if the pressure measured at the surface of the transducer is identical
to the pressure disturbance inside the combustor. Therefore, for the

sake of convenience, the region of gas between the combustor and
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transducer must not alter the pressure magnitude or phase. The length
of the connecting holes could be designed so that the lengths were less
than a centimeter and, thus, short with respect to the 1 to 2 meter
wavelengths of the pressure oscillations. Consequently, a Helmholtz
resonator analogy would be appropriate to use in calculating the
acoustic properties of the transducer mounting. Given the above
mentioned constraints, choosing a cavity volume of .0853 cubic
centimeters and 5 connecting holes with lengths of .90 centimeters
provides an interface designed with a 5500 hertz resonant frequency.
The measurements of the cavity”s resonant frequency compared favorably
with this design prediction. The resonant frequency was measured to be
5240 hertz, only about one percent different than predicted.
Consequently, no compensation for differences between the measured and
source pressure are needed with this design for disturbances below

approximately 800 hertz.

2.1.3 Radiation Instrumentation

The pressure oscillations observed inside the combustor apparatus
are sustained by energy released during the chemical reaction process.
Examination of the manner in which the heat is generated locally is
mandatory for understanding the complex coupling between the pressure
oscillations and combustion processes occurring inside the burnmer. The
localized heat release 1is influenced by the fluctuating acoustic
pressure field, To sustain large pressure fluctuations, the heat
release must occur at the same frequency as the pressure oscillations.

Consequently, the time response of an instrument to measure heat release
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must be much less than the period of acoustic oscillation.

Unfortunately, a technique for the direct measurement of the rate
at which heat is released during the exothermic combustion process is
not available. However, an approximate method based upon flame
radiation can be employed. The governing idea behind this method relies
on the fact that the magnitude of the radiation, produced by burning of
a small premixed combustible mass, is related to the local heat release
rate. The radiation emission can be measured with an optical technique
which easily meets the time response criterion.

This method has been employed by several experimenters. For
example, John and Summerfield (1957) suggest the ideal measurement would
identify a substance confined to the reaction zone itself. Thus,
observation of the radiant emission from free radicals such as CH, C2,
and CO2 is very useful in studying chemical reaction processes in the
flame region. John, Wilson, and Summerfield (1955) examined the effects
of mixture ratio wupon the ratio of two of these emitters, CH/C2. In
fact, they found the emitter ratio to be a unique function of the fuel-
air ratio and provided them with a way to study the heat release as a
function of the flame”s local stoichiometry. Some experimenters, such
as Hurle (1968), have calibrated the light emission from the C2 free
radical in terms of the fuel flow rate of reactants. He found a linear
relationship existed between the emission and the flow rate. This
experiment was duplicated at Caltech by Huot, Frost, and Lim (1982). 1In
their work, a somewhat lesser linear dependence was found. However, in
either set of experiments, a monatonic relationship existed between the
heat release rate and flame radiation, and in general, the emission from

the flame varied approximately linearly with respect to the flow rate.
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The linear relationship existed for either a narrow spectral band
(Hurle, Price, Sugden, and Thomas 1968, and Huot, Frost, and Lim 1982),
or broad band flame radiation (Huot, Frost, and Lim 1982).

Thus, the current study assumes that the intensity of radiation
emitted from a small region of reacting gas indicates at least
qualitatively the rate of heat release in that region. In other words,
the intensity of light emitted from the burning gas can be used to
compare the heat release rate between different experimental operating
conditions.,

A photomultiplier tube, RCA model 8645, is used to measure the
radiation emitted from the flame because of its high frequency response
and broad band spectral coverage. The photomultiplier views the burner
through an optical arrangement which observed the entire height and
width of the combustor, but 1limits the axial length view to
approximately .64 centimeters (Figure 2.3). The total system is mounted
on a moveable traverse mechanism which allows detailed examination of

the heat release rate throughout the entire length of the combustor.

2.2 Data Acquisition System

One objective of the experiment is to obtain accurate time-resolved
measurements of the fluctuating pressure and light emission observed in
the test combustor under different operating conditions. An estimate of
the frequency and magnitude of these fluctuating signals would be the
most useful information to cobtain. Since the pressure and radiation
arise from acoustic oscillations, the measured signals are periodic

functions which may be decomposed into a combination of elementary
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sinusoids. Such a Fourier series representation of the signals is most
commonly obtained using a Fast Fourier Transform algorithm to compute a
spectrum from a digitized time record. Consequently, a computerized
data acquisition system is very attractive. Now, any number of
experimental parameters can be measured sequentially by a controlling
computer in the proper format for data reduction.

Surveying the experimental parameters of interest requires six
channels of time-varying data and four channels of steady-state data.
The time-varying data consist of pressures measured at five different
locations and observations of the light radiation from the flame at a
specific location. The time-varying pressures are required for acoustic
analysis while the radiation intensity is employed to study the local
periodic heat released rate of the flame. Additionally steady data,
such as the reactant”s temperature and pressure, are monitored to
evaluate the flow rate and stoichiometry delivered to the combustor.

The computer data acquisition system employed to collect the data
is based upon the Hewlett Packard 2100A computer. The computer controls
a l6-channel Preston multiplexer/converter utilized for data digitationm.
Digitation of a continuous time signal consists of two separate
operations. First, sampling of the time-varying signal 1is made at
discrete time intervals. For these experiments the multiplexer speed is
set to obtain 62,500 samples per second, or a corresponding channel
sampling rate of 10,417 samples per second. ExcessiQe data points are
eliminated by choosing this sampling rate, yet confusion between low and
high frequency components of the data or aliasing is avoided. The
second operation, quantitation, involves converting the output voltage

from the transducer to a binary number compatible with computer storage
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and manipulation. The Preston unit converts a 10 volt full-scale signal
to a word equal to 2%*15 or 32,768, Inaccurate quantification was
avoided by amplifying the electrical signals generated from the
transducers to a point in which the background noise was a small
fraction of the output signal; in other words, amplified to a level in
which a change of the measured quantity in time produced a signal level

change greater than the system noise level.

2.2.1 Data Acquisition Procedure and Data Analysis

The combustion process produces pressure oscillations whose
amplitude changes with time. This random character makes it impossible
to predict the exact value of pressure at a future instant of time.
Thus, the random sampled data must be classified in a statistical sense
so that statistical functions, such as the Power Spectral Demnsity, can
be used to accurately estimate the spectral composition of a finite
discrete data record. As discussed in Bendat and Piersol (1971),
formulas derived for data processing of discrete time series are
obtained by assuming the sampled data records represent ergodic random
processes., An ergodic process describes a stationary random process in
which the time averaged properties are equal to the ensemble averaged
values. Subsequently, the values of power spectral density in a
stationary process are invariant over different samples of a parameter.
If such a condition exists, then the frequencies of the pressure
oscillation can be determined by calculating the time averages from a
single sample function,

Its fortunate that most physical systems are generally stationary.
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The easiest method to determine the stationarity of random data is to
look carefully at the physics of the problem. When the basic physical
circumstances which cause a phenomenon are constant with time, then the
stationarity of the observed measurements can generally be accepted
without further analysis. In an experimental test, the mass flow rate,
reactant temperature, and stoichiometry delivered to the combustor are
fixed. If the combustor is operated under steady state conditions, then
the resulting data are consequently assumed to be stationary for
analysis purposes. However, if the flow rate is varied during data
acquisition, then the characteristics controlling the physical
combustion processes and fluid dynamics would change, causing a
nonstationary data record.

After classifying the type of data record generated during the
experimental test of the combustor as stationary, an accurate analysis
of the frequency content may be obtained. As mentioned earlier, the
Power Spectral Density function is an important descriptive analysis of
stationary random data. This function describes the general frequency
content of the data in terms of the spectral demsity of its mean square
value. The total area under the power spectrum curve is equivalent to
the mean square value of the stationary random data sample.

After the combustor was ignited and the flame stabilized, an
estimate of the power spectrum was obtained through a three step data
analysis procedure. To begin, data are sampled at a rate of 10,417
samples per second, or a sample interval of 96 microseconds. Under
these sampling conditions, the Nyquist frequency is 5208 hertz. A
sinusoid, whose frequency is greater than this Nyquist frequency, will

appear as a lower frequency in the Power Spectral Density function.
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This phenomenon is referred to as aliasing (Bendat and Piersol, 1971).
For example, suppose the power spectrum contained a component at 700
hertz. Energy at this frequency could be the result of oscillations at
this frequency or oscillations at 2n(fc) +/- 700 hertz, where fc is the
Nyquist frequency, and n is an indexing integer. So, oscillatiomns at
9,716 hertz, 11,116 hertz, 20,132 hertz, 21,532 hertz, and so forth,
would show up as energy at 700 hertz in the power spectrum. During the
initial combustor inspections, no frequencies were observed greater than
the Nyquist frequency so that aliasing is avoided and presents no
problems.

The second step involves leakage reduction by shaping the time
series segments, described next in step three, at each end to reduce
error in the frequency domain results (Oatnes, 1978). The selected
shaping is of the form of a cosine taper over one-tenth of the length of
each end of the data segment. The shaping suppresses the inaccuracy of
the Fourier Tramsform caused by sampling non-integer periods of
sinusoids.

Step three is the computation of the power spectrum estimate wusing
a Fast Fourier Transform computer code written by E. O. Brigham (1974).
To obtain a smooth accurate estimate of the spectral density function,
segment averaging is employed. The input time signal is divided into 25
smaller time segments which are cosine tapered and each analyzed by the
FFT. The 25 results are averaged together to produce a smooth spectrum.
The computed Power Spectral Density function has an effective bandwidth
resolution of 5 cycles per second and normalized standard error of 0.2

under the described sampling conditions.
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2.3 Flow Field Visualization

The shadow technique is very useful for direct viewing of flow
phenomena containing large density gradients; therefore, this method is
employed to observe the reacting kinematic flow field inside the
combustor, During the combustion process, huge changes in temperature
occur as well as changes in composition. The resulting refractive index
variation, created by these disturbances, is primarily caused by
temperature changes as discussed in Weinberg (1963). The shadow
pattern, produced from the temperature changes, is formed Dby
redistributing the illumination provided from the collimated incident
light beam. Thus, shadowgraphy produces images of the flow field
without hindering or interfering with the mean flow or combustion
processes.

As mentioned earlier, the combustion processes are established in a
premixed combustible mixture containing methane and air. The luminous
flame zone generated by these premixed, prevaporized reactants is pale
blue in color. The absence of yellow light indicates that no, or very
little, soot 1is formed. Thus, absorption of the illuminating light
within the flame zone is minimized and a clear shadowgraph image is
created.

The resultant shadow effect depends on the relative deflection of
the incident light rays passing through the combustor and not on the
absolute deflection of the rays. In other words, if all the rays are
deflected equally, then no shadow image would be created. Consequently,
the shadowgraph technique is wuseful for flow visualization but not

appropriate for measuring actual refractive index distributions.
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In order to observe the relative deflection of the light rays, the
shadow plane is naturally located at a position slightly outside the
combustor. Since the shadow plane and disturbance within the combustor
are not coincident, the shadow image appears different in size, as
compared to the combustor body image, when they are both focused onto
the recording film plane. Consequently, care must be taken when
utilizing the photographs of the kinematic flow field for elementary

quantitative analysis.

2.3.1 Spark Shadowgraph System

A typical focused shadowgraph system was designed to photograph the
instantaneous reacting combustor flow field. The focused system varies
from the traditional shadowgraph system in that optical elements are
placed between the shadow plane and the film plane to allow control of
the image size. The insertion of the lenses or mirrors not only changes
the magnification of the image, so that different recording devices can
be used, but also moves the image plane far from the test section so
that heat from the combustor will not damage the photographic recording
equipment .

The shadowgraph apparatus is illustrated in the sketch of Figure
2.4, The 1light source used in this system is generated by a spark
produced from the rapid discharge of a capacitor bank across an air gap.
The spark created by the unit is cylindrical in nature with a diameter
of 1 millimeter and a length of about 4 millimeters. The spark is
viewed along the axis of the cylinder placed at the focus of a 15

centimeter diameter, front surface, spherical mirror. The collimated
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light beam is now projected through the combustor perpendicular to the
center line axis and parallel to the top and bottom walls.

The shadowgraph image formed from the collimated beam is observed
at a position about 15 centimeters outside the combustor. This image is
focused onto the film plane of a camera by another 15 centimeter
diameter, spherical mirror. The optical path required to create the
appropriate shadowgraph image size is quite large; consequently, flat
mirrors are used to fold the light beam path to conserve laboratory
space. Nevertheless, the long path is an advantage. The increased
distance between the flame and the film plane minimizes the impact of
the light emission from the flame upon the light sensitive film surface.

The observable region is limited to 15 centimeters by the spherical
mirrors; consequently, surveying the complete combustor length would
require moving the entire system 15 centimeters at a time. By mounting
the focusing spherical mirror, flat mirrors, and camera on a moveable
optical pallet, the major components of the optical system can be
translated in a fixed orientation so that the entire combustor is
available for examination without time consuming realignment.

Overall, very clear polaroid photographs are produced using this
system. The duration of the spark source was measured to be 1less than
two microseconds. Considering the short duration of the light source,
and the absence of inertia of the shadowgraph process, the photographs
are essentially instantaneous records of the reacting kinematic flow
field. For example, consider the distance traveled by an element of
fluid moving at the highest dump plane velocity, 70 m/sec. During the
duration of the illuminating spark light source, the fluid would have

traveled 0.14 millimeters. The field of view is 15 centimeters long by
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2,54 centimeters high. So, the fluid particle travels about one half of
one percent of the minimum viewing distance. Clear photographs result
bec%use the impact of this motion upon the photograph is negligible.
The flow speed for this example 1is the largest encountered during
experimentation. Therefore, the above calculations represent the worst
conditions. In addition, the sudden expansion, at the rear of the
flameholder, reduces the velocity of the fluid as it is convected
downstream. Consequently, the distance the fluid travels during the
exposure period becomes even less, leading to even clearer images as the
fluid moves downstream inside the combustion chamber.

The spark shadowgraph photographs are used for the initial
combustor examination. A time history of the flow field is assembled by
taking a photograph of the flow field and marking the time at which it
was taken on an oscilloscope. The reference time for the photographs is
determined from the time-varying pressure oscillation at the
flameholder. A subsequent collage of random photographs can  be

assembled in a time sequence to produce a crude evolutionary picture of

the flow field.

2.3.2 High Speed Cinematography

To obtain a nearly continuous time record of the flow field imside
the combustor, a high-speed motion picture camera is employed.
Inserting several lenses into the optical path reduces the shadow image
size so that it may be recorded on 16 mm film using a HYCAM camera. In
the shadowgraph apparatus described in the previous section, the spark

light source 1is replaced by a continuous, high-intensity light source
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manufactured by the Ealing Company. All the light produced by the high-
intensity light source is focused onto the film so the camera could be
operated at maximum speed. The resulting shadowgraph images of the flow
field can be recorded at a rate of 8000 frames per second. This framing
rate provides adequate time resolution of the flow phenomena.

The exposure time corresponding to the aforementioned framing rate
is approximately 50 microseconds. This exposure time is 25 times larger
than before when the spark source is used. Consequently, the distance
traveled by a gas particle is 25 times greater. The pictures of the
flow field taken with the HYCAM are naturally not as clear as the spark
shadowgraphs. Minimal image blurring created by movement of the gas
during the film exposure period is observed. Nevertheless, the high-

speed visual recording of the flow field was quite successful.
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CHAPTER 3

ONE-DIMENSIONAL ACOUSTIC ANALYSIS

3.1 Acoustic Modeling of the Experimental Combustor Apparatus

An acoustic analysis of the entire combustor apparatus is required
in order to interpret the measured data from the combustor test. If the
possible acoustic modes of the system are known, then the frequency
analysis of the experimental data would become more valuable, or in
other words, the spectrum could be divided into acoustic frequencies and
other non-acoustic signals to aid in evaluation of the experimental
results.

The experimental apparatus shown in Figure 2.2 is broken into four
segments for modeling purposes. A sketch of the model geometry is shown
in Figure 3.1. Section 3 represents the large volume plenum chamber and
section 2 denotes the inlet region. An inductance section labeled A is
used to model the flameholder. It is followed by a temperature rise in
the gas as it enters the combustor which is designated as section 1.
The flow in all regions of the apparatus was assumed one-dimensional and
the fluctuations are presumed to be acoustic for the purpose of this
analysis,

The conservation of mass and momentum describing the flow in the

combustor apparatus are of the following form:

9p du %0 _
5t TP T U -0
o U e 2

ot ox 9x
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Because the disturbances are assumed acoustic, the fluid can be
described by isentropic relationships. Hence, the previous equations
may be linearized to the following form:

op du P _
ot + Ypo feh:4 + uo X 0

Here each property of the fluid is described by the sum of an

undisturbed steady value and a perturbation value.

This set of partial differential equations, describing the fluid motion,
can be reduced to a set of ordinary differential equations as functions
of x only, if a solution is selected with a periodic time dependence
such as

p(x,t) = p(x) e I°

el
]

u(x,t) = u(x) e—iQt .

[
1]

The resulting set of ordinary differential equations is

du ., QR _

Ypo dx Hp + uo dx 0
du ) _ _dp
pouo dx 1onu dx
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The solution for the pressure and velocity fluctuations, p and u, may

found by alternately solving for one in terms of the other to obtain:

i —ji— X -i —}3— X
b)) =Pt e Mo L I
i-—ji— X i X
a) = —L- [Pt e o o T
Podo
Y5
with M_ = local Mach number = ——
o 2o
Q w + io

k = wave number = —
ag ag

+ - ..
P, and P are complex coefficients computed
from the boundary and matching

conditions.

These solutions may also be expressed in the form

. _ s —iM.K
p(x) = [ P+ ele £ P e iKx ] e iMKx
i - -iKx -iM,K
u(x) = 1 P+ ele _p et ] e 1HponX
Polo
with K = k .
1-M3

The solutions obtained for p and u are valid in all regions of

apparatus. For example, in region 3 the pressure may be described as

iK,x —1K3x —1M3K3x
e + P3 e ] e

w o+
(%)
|

p3(X) =[P

for -LP £ x £ -LI .

be

the
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The contraction between the plenum chamber and inlet, sections 2 and 3,
is short compared to the wavelength of the disturbances. Consequently,
this interface may be assumed acoustically compact and the matching
conditions which must be met are continuity of pressure and continuity

of mass flow across the abrupt area change.

p3(—LI) pz(—LI)

p3A3u3(—LI) = p2A2u2(—LI)

Similarly, the temperature jump at the interface between region A and

region 1 requires continuity of pressure and continuity of volume flow.

p,(0) = p,(0)

AAuA(O) Alul(O)

To simplify the computations, flow through the inductance section may be
determined by comsidering this region acoustically compact, also. This
assumption is valid because the length of the inductance is 7.62 cm.; a
small distance compared to the wavelength of the disturbance.
Therefore, the density variation across the inductance is negligible and
may be assumed constant. Thus, the conservation of mass equation

reduces to a velocity match.

u2(0) = uA(O)
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Furthermore, the pressure drop across the inductance may be computed

utilizing the momentum equation:

[ p,(0) =~ p, (0 1A, == (mu)

The boundary conditions at the ends of the combustor apparatus are the
final constraints required to solve the problem. These conditions
specify the phase relationship between the left traveling wave and right

traveling wave at each of the two boundaries. At the entrance of the

apparatus, the relationship is

with Bp = complex reflection coefficient at the

plenum chamber entrance.

The corresponding condition at the burner exit is

with B8 = complex reflection coefficient at the
e

combustor exit.

The acoustic resonant modes of the system may be determined from this

set of matching and boundary conditions. In addition, the acoustic
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velocity and pressure in each section are described by the wave
equation, so that the pressure and velocity distribution within the
entire system can be computed with the appropriate matching conditions

between the segments.

3.2 Computer Solution Technique

The equations derived from the matching conditions between the
component segments and the boundary constraints in the previous section
are listed in a final form in the appendix. Solving for the system
resonant modes requires solving this set of 8 equations containing 9
unknown parameters. One way to solve the problem is to eliminate 8 of
the variables in favor of a single variable. In this case, the complex
frequency 1is chosen as the favored variable, and the resulting equation
containing only the complex frequency is solved by an iterative
technique. The roots of this equation, or the eigenvalues, are the
normal acoustic modes inside the combustor apparatus. The remaining
pressure coefficients, i.e., the remaining 8 unknown parameters, may be
determined by choosing a value for one of the coefficients and computing
the remaining coefficients based upon this selection.

Since reduction of the experimental data yields a time-average
estimate of the relative pressure magnitude in a narrow frequency
bandwidth for different test conditions, the choice of the pressure
coefficient at a certain frequency need not be entirely arbitrary. For
example, experimental pressure measurements, obtained during test of the

combustor, can be used as ©pressure coefficient inputs., An
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experimentally determined pressure amplitude, from a specific
measurement location, is used as the basis for computing the values of
the acoustic pressure and velocity fluctuations throughout the entire
apparatus. The real portion of p(x), the pressure at some location
within the apparatus, is scaled such that the value of the real portion
of the pressure at the dump plane, Real {p(0)}, is equal to the measured
pressure spectrum amplitude at x equals zero. The same scale value 1is
also employed during computation of the velocity distribution. Hence,
the computation of the acoustic velocity fluctuation, based upon the
experimental pressure measurements, yields results which have physical

significance.
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CHAPTER 4

RESULTS

4,1 Acoustic Model Results

The acoustic model 1is formulated to predict the resonant
frequencies of the various combustor apparatus configurations.
Subsequent calculation of the acoustic pressure and velocity
distributions, within the system at these resonant frequencies, is made
with the aid of experimental pressure data. These pressure data,
obtained at the flameholder (x/LC = 0), are employed to compute the
pressure and velocity perturbations in the remainder of the apparatus.
The  experimental investigation of the combustor covers various
geometries and inlet flow parameters; therefore, the acoustic model 1is
employed to determine the acoustic properties of the apparatus for
several of these situatioms.

The plenum chamber length, one geometric variable of the combustor
apparatus, 1is changed to create three distinct apparatus geometries
(Figure 4.1). The length variations change the resonant modes of the
system and illustrate the influence of system acoustics wupon the
pressure and velocity fields. During the experimental study of the
apparatus, the mean flow velocity at the dump plane is varied from 22 to
70 m/sec. These velocities are small compared to the cold gas acoustic
velocity, i.e., only about 6 percent, and were found to have a
negligible influence upon the computed ©pressure and velocity
distributions., Therefore, a constant mean flow velocity, in the

combustor, equal to 30 m/sec is employed as the mean flow speed when the
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computer model 1is wused to compute these distributions at the various
experimental operating conditions.

Analytical results are calculated for 6 of the operating
conditions. A typical computation, employing the acoustic computer
model for the normal modes, generates an output of the form illustrated
in Figure 4.2. The calculation shows the computed frequencies with the
boundary conditions and geometry used in the computation. Table 4.1
lists the computed frequencies of interest below 600 hertz for the 3
geometric configurations. Pressure amplitudes, obtained from the
experimental data records, are employed to calculate the acoustic
pressure and velocity elsewhere inside the apparatus. The major
frequency components for these computations are plotted (Figures 4.3 to
4.14) to illustrate the distribution of the acoustic pressure and
velocity within the apparatus under the 6 different experimental

situations.

4.2 Experimental Results

For each of the three geometric configurations, the research
combustor is operated under 4 inlet flow velocities and various fuel-air
ratios. The four entrance velocities, referred to as the dump plane
velocities, are standardized at 22, 40, 50, and 70 m/sec. The dump
plane velocity is the mass averaged velocity of the combustible mixture
flowing through the narrow region above the flameholder as the gas

enters the combustor. The normalized fuel-air ratio, or equivalence



-39-

ratio, is varied for each dump plane velocity to determine the effects
of stoichiometry changes upon the combustion process. In additionm,
measurements of the localized heat release rate via the light radiation
are obtained at 3 locations (x/LC = 0.094, 0.188, and 0.344) inside the
combustor for a variety of test conditions and geometries.

Numerous measurements are required to survey the three combustor
apparatus geometries at all the various flow conditions. Consequently,
the data are presented with minimal explanation in the following
results, sections 4.2.1 and 4.2.2. Detailed discussion of the results
and implications of data will be presented in the discussion sections of
Chapter 5.

In an attempt to make the presentation of the numerous data records
clear, the table on the next page lists the experimental test conditions
under which the apparatus was operated. Pressure and flame emission
results are presented for each of the operating conditions illustrated
in the table. To avoid confusion, data from all the operating
conditions are presented in a group for a specific geometrical
configuration. For example, all the pressure and light emission data
obtained using the configuration I apparatus are presented together.
Then, data from another configuration are presented in another group.
The table summarized the test conditions for each of the geometric

configurations.
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EXPERIMENTAL OPERATING CONDITIONS

GEOMETRIC DUMP PLANE EQUIVALENCE RATIO
CONFIGURATION VELOCITY
(m/sec)
22 0.65, 1.0, 1.28
I 40 . 1.0
50 1.0
70 1.0
22 1.0 *
I + steel 40 1.0
wool 50 1.0 *
70 1.0
22 0.74, 1.0
40 1.0 =
II 50 1.0
70 1.0
22 1.0
III 40 1.0
70 1.0

* = no flame emission data presented

4,2,]1 Pressure and Radiation Measurements

During investigation of the configuration I geometry, both static
and fluctuating pressure measurements are obtained along with flame
emission measurements. The static pressure results are shown in Figures
4,15 and 4.16. The results obtained for the fluctuating pressure inside
the combustor are shown in Figures 4.17 to 4.22 as Power Spectral

Density plots. The corresponding light intensity results to these test
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conditions follow in Figures 4.23 to 4.40. The frequency, in hertz, is
plotted as the abscissa for all spectral plots. The ordinate in both
the pressure and intensity results is the positive square root of the
sum of the squared real and imaginary portions calculated by the FFT
algorithm. These values represent the Fourier coefficients and are
utilized as inputs for the theoretical model.

In subsequent testing of the configuration I geometry, an acoustic
damping material, steel wool, is inserted into the upstream plenum
chamber to attenuate the resonance of this segment of the apparatus.
The measured pressure spectra obtained under various experimental
conditions are shown in Figures 4.4l to 4.44. Radiation observationms
for the acoustically damped system are presented for the 40 m/sec and 70
m/sec dump plane velocities (Figures 4.45 to 4.50). The light intemsity
measurements of the 40 m/sec case are representative of the two
remaining velocities (22 and 50 m/sec) as can be seen by examining the
similarity between the pressure spectrum plots for these velocities.
The 22 and 50 m/sec tests are omitted because the inclusion of these
cases adds no insight into the problem and are thus deleted for the sake
of brevity.

During examination of the acoustically undamped configuration I
apparatus, simultaneous measurements are made of the oscillating
pressure and light emission. The results obtained at the three
radiation observation positions are illustrated in Figures 4.51 and 4.52
for the 22 m/sec and 40 m/sec test cases, when the equivalence ratio is
set equal to 1. The pressure signal is low-pass filtered so the low
frequency oscillation is highlighted. Filtering the pressure

interjected a time delay; therefore, the pressure signals are time
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shifted by the filter phase shift so the pressure and intensity are
presented with coordinate time scales. The pressure in all cases is the
pressure measured at the dump plane, whereas the 1light intensity
measurements are measured at three positions. Data obtained with the
configuration I geometry are presented in the greatest detail for
purposes of the following discussion. The remaining two configurations
are presented in an abbreviated form to illustrate the important
results.

The pressure spectra (Figures 4.53 to 4.56) and the light intensity
spectra (Figures 4.57 to 4.68) from the configuration II apparatus with
no damping material are presented to illustrate the influence of
changing the acoustic properties of the apparatus. Notice that the 40
m/sec test data are not included because the results are very similar to
the lowest speed measurements at 22 m/sec.

Only two test conditions are presented for the configuration III
apparatus. The pressure and light intensity spectra (Figures 4.69 to

4,80) are presented for two dump plane velocities, 40 and 70 m/sec.
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4,2,2 Flow Visualization Results

Short time exposure, spark shadowgraph records are wused for
preliminary examination of the reacting flow field within the combustor.
The two basic types of flow fields are shown in Figure 4.8l. The upper
photograph illustrates the stable combustion process in which a shear
layer forms behind the rearward facing step flameholder. Below, in the
lower photo, a solitary vortex dominates the flow field when an acoustic
resonant mode of the system is highly excited.

A composite of prints made from the high-speed motion pictures are
shown in Figures 4.82 to 4.85. The sinusoidal curve at the left-hand
portion of the photo illustrates the fluctuating pressure at the
frequency of vortex shedding. The sinusoidal oscillation represents the
pressure fluctuation created by the resonance of the excited acoustic
mode at the dump plane, i.e., at the rear edge of the flameholder. The
vortex evolution is shown with respect to this period of oscillation at
the right of the photo. Figures 4.82 and 4.83 illustrate the vortex
formation at two dump plane velocities, 22 and 40 m/sec, under
stoichiometric conditions with the configuration I geometry. At Dboth
velocities, the period of vortex formation is 5.3 msec. Changing the
fuel-air ratio eliminates the large vortex and the upper photograph of
Figure 4.86 shows the flow field under lean conditions (an equivalence
ratio of 0.70), while the middle photograph of Figure 4.86 illustrates
the flow field under rich conditioms (an equivalence ratio of 1.28). At
stoichiometric mixture ratios, increasing the dump plane velocity also
eliminates the solitary vortex as shown in the 1lower photograph of

Figure 4.86. As the system acoustics 1is changed by shortening the
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plenum chamber length to the configuration II geometry, the vortex
formation appears similar, but the period of formation has decreased to
1.9 msec (Figure 4.84). Under off-stoichiometric conditions at this
velocity, 50 m/sec, stable burning occurs within the combustion chamber.
However, at the lower velocities, such as 22 and 40 m/sec, the normal
shear layer is present during stoichiometric operation, but a large
vortex is observed during lean operation as shown in Figure 4.85. These
vortices form at 2.2 msec intervals and accompany strong pressure
oscillations.

Details of the movement of the large vortex structure are
determined from a frame by frame evaluation of the high speed movies.
As the vortex evolves, two particular points are important to watch.
Movement of the inner and outer fronts (Figure 4.91) shed insight upon
the movement of the vortex, and the velocity of these fronts are plotted
in Figures 4.87 to 4.90. The lower portion of these figures show the
velocity of the inner and outer fronts as a function of time. The
sinusoidal pressure of the excited mode, measured at the dump plane, is
shown above the velocity curves. In Figures 4.87 and 4.88, the front
velocities are plotted for the test conducted using the configuration I
apparatus and a stoichiometric fuel-air ratio. Figure 4.87 shows the
movement of the fronts when the dump plane velocity is 22 m/sec, while
Figure 4.88 illustrates the effect of the change in dump plane velocity
from 22 to 40 m/sec. Varying the acoustic conditions of the apparatus,
by changing the system geometry to configuration II, produced front
velocities as shown in Figure 4.89 where the dump plane velocity is 50
m/sec. Decreasing the fuel-air ratio and velocity to 40 m/sec and an

equivalence ratio of 0.74 produced front movements as shown in Figure
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4.90.

The relationship between the location of the vortex and the
radiation measurements is shown in Figure 4.92. The vortex evolution
over one cycle is illustrated on the left-hand portion of the figure. A
sketch of the pressure at the dump plane and the light emitted at three
locations within the combustor are shown to the right. The white
vertical lines drawn on top of the photographs illustrate the location
at which the measurements are recorded. Figure 4.92 illustrates the
configuration I measurements and flow field conditions at a flow speed

of 22 m/sec and an equivalence ratio of 1.0.
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GEOMETRIC DUMP PLANE PHI COMPUTED FREQUENCIES
CONFIGURATION VELOCITY (under 600 Hz.)
(m/sec)
22 1.0 180, 229, 385, 470, 590
I (¢ = 750 m/sec)
70 1.0 180, 229, 385, 470, 590

(¢ = 750 m/sec)

22 0.74 206, 305, 438, 518
(¢ = 675 m/sec)

II 50 1.0 209, 306, 468, 532
(c = 750 m/sec)

70 1.0 209, 306, 468, 532
(¢ = 750 m/sec)

22 1.0 211, 398, 446, 531
(c = 675 m/sec)

III 40 1.0 214, 400, 477, 542
(¢ = 750 m/sec)

70 1.0 214, 400, 477, 542
(c = 750 m/sec)

Table 4.1 Summary of Computer Results
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-2.6 X/LC 0.0 1.0
__/ -
L

-3.6 X/LC 0.0 1.0

CONFIGURATION I

86 cm plenum chamber
56 cm inlet section
7.6 cm inductance

40 cm combustor

CONFIGURATION II

56 cm plenum chamber
56 cm inlet section
7.6 cm inductance

40 cm combustor

CONFIGURATION III

41 cm plenum chamber
56 cm inlet section
7.6 cm inductance

40 cm combustor

Figure 4.1 Geometrical Configurations of the Combustor Apparatus
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Figure 4.15 Low Speed (22 m/sec) Static Pressure Measurements
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Figure 4.17 Pressure Spectrum
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Figure 4.19 Pressure Spectrum
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Figure 4.20 Pressure Spectrum
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Figure 4.22 Pressure Spectrum
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Figure 4.26 Light Intensity Spectrum
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Figure 4.51 Simultaneous Pressure and Emission Measurements
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Figure 4.52 Simultaneous Pressure and Emission Measurements
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Figure 4.68 Light Intensity Spectrum
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Figure 4.70 Pressure Spectrum
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Figure 4.73 Light Intensity Spectrum
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Figure 4.72 Light Intensity Spectrum
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Figure 4.75 Light Intensity Spectrum
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Figure 4.76 Light Intensity Spectrum
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Figure 4.77 Light Intensity Spectrum
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Figure 4.78 Light Intensity Spectrum
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Figure 4.80 Light Intensity Spectrum



-97-

STABLE FLOW

UNSTABLE FLOW

Figure 4.831 Flow Field Classifications
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VORTEX EVOLUTION

Figure 482 Vortex Formation at Vo= 22 m/sec, § =10
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VORTEX EVOLUTION

Figure 483 Vortex Formaion at VD=4Om/Sec, =10
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VORTEX EVOLUTION

Figure 4.84 Vortex Formation af Vp =50 m/sec, §=1.0
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VORTEX EVOLUTION

gure 4.85 Vortex Formation at VD=4O m/sec . =074
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Figure 4.86 Shear Layer Formation
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 Comparison of Analytical and Experimental Results

The pressure oscillations observed inside the combustor apparatus
appear to be produced by excitation of the acoustic resonant modes of
the apparatus. Therefore, I am going to begin the discussion by
comparing the analytical and experimental results to show that the one-
dimensional, 1linearized approach gives an excellent prediction of
resonant frequencies. Furthermore, the analytically predicted velocity
fluctuations, based upon experimentally measured pressures, seem tO
agree with the flow visualization results. The experimental results
suggest that the complex two-dimensional flow field can be modeled with
a relatively simple one-dimensional analysis to get an idea of the
streamwise flow field perturbations which lead to combustion
instabilities.

Calculations of the acoustic frequencies, from the model describing
the combustor apparatus, requires geometric, boundary, and acoustic
velocity, or temperature information. The geometry depends solely upon
the physical construction of the system; consequently, no assumptions
are required to qualify any of the input parameters; however, some
assumptions are required to define the boundary conditions and
temperature field. These items are discussed next before comparing
analytical and experimental results.

The boundary constraints at the entrance to the plenum chamber and

exit of the burner are fairly easy to interpret. At the entrance, the
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area of the combustible mixture supply line is a small fraction of the
plenum chamber cross sectional area - only about 6 percent. An acoustic
pressure disturbance traveling upstream from the combustor toward this
boundary would essentially see a solid wall., The assumption of total
in-phase reflectance is appropriate for this condition. At the burner
exit, the opposite is true. An acoustic pressure disturbance traveling
downstream toward the exit would encounter little resistance at the exit
plane of the combustor. Thus, a boundary condition 1is wused in which
total inverse phase reflection occurs.

Under these boundary constraints, the acoustic pressure and
velocity characteristics are well defined at either end of the
apparatus. At the entrance, the solid boundary requires the pressure to
be at its maximum point or at an antinode. Since no flow can penetrate
the solid wall, the acoustic velocity must, of course, be =zero.
However, at the burner exit, the velocity fluctuations are maximized and
the pressure fluctuations are zero. The final variable of interest, gas
temperature, is treated in a somewhat more arbitrary manner.

The gas temperature is simple to determine upstream of the
flameholder. The prevaporized, premixed combustible mixture in this
region is at room temperature. The reaction rate at this temperature is
extremely small and can only create a negligible temperature rise.
Thus, assuming a constant temperature is very reasonable in this region
of the apparatus.

The gas 1is also assumed to be at constant temperature inside the
combustor. Given the geometry of the flame, this is a reasonable
assumption for calculation purposes, but the magnitude of this

temperature is difficult to determine. Details of the local temperature
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at each longitudinal position could be installed into the model, but the
incorporation of such details would be very cumbersome. After all, the
temperature at a specific location would change under almost every
operating condition. Furthermore, the determination of such detailed
information would be very difficult. Consequently, describing the
entire complex combustor region with a simple, single, average
temperature is very attractive and is a logical way to proceed.

Take, for example, the heat addition process during stable
operation of the combustor apparatus in which a mixing layer forms
downstream of the flameholder. Inside the combustion chamber, the
reactants pass through a flame zone distributed throughout the length of
the burner. So, the temperature, averaged across the cross section,
rises along the entire length as the combustible mixture is consumed.
The combustor is not entirely filled with hot combustion products,
either, Unburnt cold reactants occupy about 15% of the volume inside
the chamber, and thus the gas temperature could not be equal to the
adiabatic flame temperature. Furthermore, there is no assurance that
all the reactants which enter the flame zone are consumed and, thus, the
temperature of the reacting gases will not reach the adiabatic flame
temperature. Finally, the gas temperature is reduced further because of
heat transfer to the water cooled combustor walls. These three factors
make the determination of the temperature inside the burner difficult
a priori, and the incorporation of such complex details in the model
would not be beneficial.

The adiabatic flame temperature can be used as a starting point for
estimation of the mean temperature inside the combustion chamber.

Obviously, the adiabatic flame temperature is too high, and not the
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correct value for the mean temperature of the gas inside the combustor.
However, results from the experiments can be used in conjunction with
this estimate to determine the overall mean temperature inside the
combustor. The length and condition at each end of the combustor
chamber fixes the wavelength of the resonant mode in that section. For
example, the flameholder at the entrance to the combustor occupies 75
percent of the cross-sectional area. As an estimate, this boundary may
be considered similar to a solid wall. The exit, as discussed before,
may be comsidered open. Given the constraints imposed by these two
boundary conditions, the resonant mode must conform to a one-quarter
wavelength sinusoidal distribution, with the maximum pressure occurring
at the flameholder. With the length and mode shape well defined, the
resonant frequency may be estimated, given a mean average temperature
inside the combustor. Because of the potential temperature losses, a
mean temperature, 25% less than the adiabatic flame temperature, is used
as an initial guess for the gas temperature inside the burner. Results
from the experiments indicate a major frequency occurs near this
estimate of the resonant frequency. Thus, a very good estimate of the
average combustor temperature may be determined, given the
experimentally measured frequency result.

All the normal mode computations are made using the same mean
combustor temperature except when the fuel-air ratio is changed. Under
off-stoichiometric conditions a slightly lower temperature is employed.
Acoustic disturbances travel at the rate of 750 m/sec when the average
gas temperature inside the combustor is 1510 Kelvin. The speed of sound
in the combustor is decreased to 675 m/sec during off-stoichiometric

operating conditions. Using these estimates of the gas temperature, the
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model can be employed to predict the resonant modes of the system. With
experimental pressure measurements, the pressure and velocity
distributions within the apparatus can also be determined.

The pressure measurements (Figure 4.17) obtained during testing the
configuration I geometry, under stoichiometric conditions at the lowest
dump plane velocity, show two major frequency components present inside
the combustor. The 457 hertz component corresponds to the system mode
sensitive to the combustion chamber conditions, i.e., the one-quarter
wavelength normal mode inside the combustor. The 188 hertz component is
the system mode which is influenced by the conditions within the plenum
chamber located upstream of the combustor. As discussed earlier, the
entrance to the plenum chamber appears like a solid wall boundary. At
the exit of the plenum, the cross-sectional area changes abruptly, in
the acoustic sense, by a factor of 10. This acoustically compact
contraction reflects an acoustic pressure disturbance approaching it as
if it were a solid wall. Under these boundary conditions in which each
end is effectively closed, the plenum chamber resonance occurs near 188
hertz. This mode corresponds to a one-half wavelength pressure
distribution inside the chamber with pressure maximums located at either
end.

The spectrum, Figure 4.17, also reveals several frequencies of
smaller magnitudes. Notice the small components at 231 and 377 hertz.
These frequencies are also predicted by the analytical model to be
acoustic resonant modes of the system. At each resonant frequency, the
pressure oscillation magnitude is determined by the amount of energy
supplied to that particular mode by the heat addition process. For this

geometry, the 188 and 457 hertz resonances are the preferred modes of
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the apparatus in that these frequencies dominate the pressure spectrum.
However, note that the normal mode computation can not predict a
preferred mode. The model is only capable of computing the
characteristics roots (resonant modes) of the characteristic equation
describing the combustor apparatus. The table below 1lists the
characteristic roots calculated by the acoustic model along with the
experimentally measured frequencies of the pressure oscillations. The
measured values are quite close to the computed values. Evidently, the
assumptions employed to generate the analytical model are sound,
enabling accurate calculation of the resonant acoustic modes of the

combustor apparatus.

computed frequencies measured frequencies

180 Hz. 188 Hz.
229 Hz. 231 Hz.
385 Hz. 377 Hz.
470 Hz, 457 Hz.
533 Hz. 535 Hz.

The magnitudes of the spectral components, shown on the pressure
spectrum under discussion (Figure 4.17), are essentially the Fourier
coefficients., These pressure results, measured at the dump plane, are
used to compute the pressure distribution throughout the rest of the
apparatus. In addition, the fluctuating velocity field is computed
based upon this measured pressure value. Overall, the acoustic
pressures and velocities can be computed anywhere within the apparatus
given a single, experimental pressure input value for that resonant
frequency. For example, the pressure distribution (Figure 4.3),
computed from the 22 m/sec test, illustrates the computation of the

pressure distribution inside the apparatus for the two major resonant



-115-

modes. The resonance at 180 hertz, which is influenced by the length of
the plenum chamber, and the system resonance sensitive to the combustion
chamber, at 470 hertz, are shown to illustrate their effect upon the
mean flow field. Notice that the amplitude scales, against which the
pressures are plotted, differ for the two components in this case. The
scale for the 180 hertz component is shown on the left of the diagram,
whereas the 470 hertz scale is marked on the right-hand side. At the
dump plane, x/LC = 0, the pressure magnitude of the two components are
identical even though their magnitudes at this location appear much
different in the plot. The difference is simply due to the factor of 4
scaling between the two when the results are plotted on the figure.
Sufficient pressure measurements were taken to verify the pressure
distribution in the combustor region; however, the upstream distribution
could only be monitored at two locations. Nevertheless, the magnitude
of the pressure at all measurement locations compare favorably, i.e.,
within plus or minus ten percent of the model predicted magnitudes.

Notice the pressure drop across the inductance section in the
figure. One advantage of employing the compact assumption for this
element is the elimination of the need to calculate the detailed
distribution of pressure through the inductance area above the
flameholder. In the figure, the pressure change is shown to be linear.
The linear distribution 1is shown to illustrate the pressure change
across this region, not the actual distribution.

The model is derived for two basic purposes: first, to predict the
normal acoustic modes of the apparatus, and, second, to predict the
velocity fluctuations as a result of this pressure field. The velocity

distribution, calculated from the 22 m/sec pressure field is presented



-116-

in Figure 4.4 and shows the large velocity fluctuations imposed upon the
mean flow by the 180 hertz disturbance. At the flameholder, the
velocity fluctuation created by the 180 hertz resonance is quite large
at 21 m/sec. The measured pressure spectrums for the 22 and 40 m/sec
test conditions are similar for this configuration (Figures 4.17 and
4.18), and, consequently, the result in Figures 4.3 and 4.4 are
representative of the analytical computation for both flow speeds.

Notice, for these dump plane speeds, the velocity fluctuation
created by the 180 hertz disturbance at the flameholder is a major
fraction of the mean flow speed; 95 percent of the mean flow speed for
the 22 m/sec dump plane velocity, and 53 percent of the mean flow
velocity for the 40 m/sec case. On the other hand, the 470 hertz
velocity fluctuation is a small fraction of the mean flow speed; only 7
percent, for the lower 22 m/sec flow speed.

As the flow speed is increased to 50 or 70 m/sec, the experimental
results (Figures 4.21 and 4.22) show that the 188 hertz pressure
component becomes much smaller than the 457 hertz component. Figures
4.5 and 4.6 are plotted from the model results based upon the pressure
spectrum obtained during the 70 m/sec testing. The result of the
computation for the 70 m/sec velocity distribution indicates that only a
small velocity fluctuation is created at the flameholder from the 470
hertz pressure component. The velocity fluctuation is only 3.2 percent
of the mean flow velocity at the flameholder or dump plane.

Examination of the movement of the flame front in the region near
the flameholder, as shown in the flow visualization collages of Figures
4.82 and 4.83, also suggest that large velocity fluctuations occur

during the 22 and 40 m/sec experiments. The upstream motion of the
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initial portion of the flame front in the photographs indicate that the
velocity fluctuation has a large negative value when the pressure is a
maximum. In other words, the flow is retarded at the entrance to the
combustor when the pressure at the flameholder reaches a maximum. This
is consistent with the model results (Figures 4.3 and 4.4). When the
pressure at the dump plane, x/LC = 0, is a maximum, the velocity
fluctuation for the 180 hertz component is negative, reducing the flow
velocity entering the combustor at this time. For example, in the 22
m/sec case, the photographs show the flow is slowed almost to a stop,
implying that the velocity fluctuation must be of approximately the same
magnitude as the mass-averaged dump plane velocity. Using  the
experimental pressure results, the analytical model predicts a velocity
fluctuation of 21 m/sec, nearly equivalent to the mean dump plane
velocity of 22 m/sec.

As  the fuel-air ratio is changed, the 188 hertz pressure
fluctuation disappears. Stabilizing the flame under lean conditions
produces two comparatively small pressure oscillations at 414 and 446
hertz as shown in the experimental results of Figure 4.19. The 446
hertz signal is the system mode associated with the combustion chamber.
The frequency of this particular mode decreases because the fuel-lean
operating condition lowers the overall mean temperature inside the
burner. The frequency of the oscillation is proportional to the local
acoustic velocity, and thus to the square root of the temperature.
Therefore, a 36 percent change in equivalence ratio, from stoichiometric
to .64, lowers the temperature by 10 percent, reducing the resonant
frequency to 446 hertz.

Operating the combustor under fuel-rich conditions also eliminates
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the 188 hertz pressure signal (Figure 4.20). Again one dominant
frequency, the 468 hertz system mode associated with the combustor, is
present when the equivalence ratio is increased to 1.28. The magnitude
of the dominant pressure oscillation during fuel-rich conditions is
smaller than stoichiometric operation, yet the overall mean temperature
inside the burner appears to be nearly the same since the frequency
remains the same. However, the magnitude of the oscillation under fuel-
rich conditions is much larger than the oscillations generater during
fuel-lean operation.

The system resonance which 1is sensitive to the plenum chamber
conditions can also be eliminated under all operating conditions if an
acoustic damping material is placed inside the plenum chamber. For
example, the experimental pressure results (Figures 4.41 to 4.44)
indicate only one frequency, the combustor normal mode, generated when
the steel wool fills a major portion of the plenum chamber volume. The
viscous damping produced from the steel wool attenuates the velocity
fluctuation in the plenum chamber or resonant section. Under these
conditions, the magnitudes of the pressure oscillations are nearly
constant at all the dump plane velocities (22, 40, 50, 70 m/sec) during
stoichiometric operation of the combustor. Changing the mean flow speed
by a factor of 3.25 does not influence the frequency or magnitude of the
pressure oscillation. The frequency should be essentially comnstant,
barring no temperature changes, if the oscillations are acoustic.
Consequently, the fact that the frequency is constant is no surprise.
However, the magnitude of the fluctuation depends upon the amount of
energy supplied to the acoustic field by the combustion processes. It

is surprising that the pressure oscillations arising from the heat
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released during chemical reaction is independent of the mean flow speed.

When the apparatus geometry is changed by shortening the length of
the plenum chamber, i.e., by moving the entrance boundary condition
closer to the combustor, different acoustic modes are produced. For
example, when the plenum chamber is shortened to the configuration II
geometry, operation of the combustor at 22 m/sec under stoichiometric
conditions produces nothing but essentially the 457 hertz resonant mode
sensitive to the conditions within the combustor as shown in Figure
4.53. Small pressure oscillations at 208 and 524 hertz are present, but
the dominant fluctuations occur at 457 hertz. Under this gas speed and
mixture ratio, no other acoustic modes besides the combustor mode seem
to be appreciably excited.

As the equivalence ratio is decreased to 0.74, keeping the dump
plane velocity constant at 22 m/sec, the magnitude of the combustor
pressure oscillation changes drastically (Figure 4.54). Instead of the
magnitude of the Fourier pressure coefficients decreasing, as in the
configuration I geometry, the magnitude of the normal mode influenced by
the combustor increases markedly in this 56 centimeter plenum chamber
length configuration. The ratio of the fluctuating pressure to the
average static pressure changes from about 0.63 percent, at
stoichiometric conditions, to a rather large magnitude of 5.2 percent.
The decrease in frequency to 449 hertz was expected because the
temperature of the combustor is lowered in response to the fuel-lean
conditions, but the 8.25 times greater pressure fluctuation was quite
surprising.

The oscillations generated under the previous geometry I conditions

are large in the acoustic sense; however, these oscillations, at 449
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hertz, are quite large. The ratio of the peak-to-peak pressure
oscillation to the atmospheric pressure is slightly greater than 10
percent of the local static pressure with this geometry operating at 22
m/sec and an equivalence ratio of 0.74. The analytical model assumes
linear acoustic behavior. Beranek (1954) suggests that the acoustic
approximation, used in the reduction of the equations of motionm, hold
for sound pressure levels below 110 db (reference 0.0002 microbar).
This sound pressure level corresponds to a ratio of disturbance pressure
to ambient pressure of about 6.25E-11. Obviously, the strong pressure
oscillations encountered here are huge in the acoustic sense. The
oscillations are over 10E+l10 times greater.

The strong pressure oscillations, creating losses or nonlinearities
in the system, are ignored in the theory utilized for the modeling.
Frequency computation is not strongly influenced by the nonlinear
behavior of the system (Nayfeh and Mook, 1979). Therefore, calculations
of the frequencies should be accurate. However, calculatioms of the
pressure and velocity distribution may become inaccurate as they are
computed far from the position of the experimental input value. Losses
due to flow separation and other nonlinear behavior affect the results
upstream in the plenum chamber. Nevertheless, expectations are that the
computations near the flameholder should be nearly correct. The
velocity fluctuation produced by the pressure oscillation at this point
is important in determining the nature of the flow field imside the
combustor. Thus, the model should provide insight into the magnitude of
the velocity fluctuation at the flameholder, wusing the experimental

pressure input in spite of the ignored nonlinearities.
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Computation of the acoustic modes of the apparatus are listed below

for the geometry II configuration:

measured frequencies computed frequencies

217 Hz. 206 Hz.

- 305 Hz. for c¢=675 m/sec,
449 Hz. 438 Hz. equivalence
507 Hz. 518 Hz. ratio of 0.74

measured frequencies computed frequencies

71 Hz -
203 Hz 209 Hz.

- 306 Hz. for ¢=750 m/sec,
457 Hz 468 Hz. equivalence
522 Hz 532 Hz. ratio of 1.0

The first 1listing corresponds to the case in which the dump plane
velocity was set at 22 m/sec and the equivalence ratio was 0.74. Figure
4.54 shows that, during the test, the mode sensitive to conditions
within the combustor is clearly the dominant oscillation. Using the
pressure measured at the flameholder, Figure 4.10 illustrates that the
velocity fluctuation, computed in the region above the flameholder, is
13 m/sec. This fluctuation is clearly a major fraction of the mean flow
velocity. In fact, the fluctuating velocity is 58 percent of the mean
flow velocity in the vicinity of the flameholder. Such a fluctuation
creates a large perturbation in the mean flow. The flow visualization
records (Figure 4.85) do indicate that this is indeed the case, as large
vortices are formed when the mean flow speed is 40 m/sec and the
equivalence ratio is 0.74.

The second listing above is computed from measured pressure input
values obtained when the dump plane velocity is increased to 50 m/sec

under the same geometric conditions (configuration II) and
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stoichiometric mixture ratio. As the experimental pressure measurements
show (Figure 4.55), the combustor generates very large pressure
fluctuations concentrated at 457 and 527 hertz. Both components have
nearly identical magnitudes measured to be 0.0605 of an atmosphere. The
magnitude of these pressure oscillations are nearly an order of
magnitude larger than the pressure fluctuations encountered with the
configuration I geometry under identical flow conditions. Using the
experimental pressure data in the acoustic model, the relative influence
of the two strong oscillations upon the velocity fluctuation at the
flameholder can be examined (Figure 4.8).

The 468 hertz oscillation produces a relatively small velocity
perturbation of only 7.3 m/sec. This disturbance is only 15 percent of
the mean flow velocity. On the other hand, the 532 hertz disturbance
generates a 30 m/sec or 60 percent perturbation of the mean flow. Thus,
the major contribution to the velocity fluctuation at the flameholder
under these circumstances is created by the 527 hertz disturbance, a
computed system resonant mode.

The shadowgraph records, obtained during the 50 m/sec testing
(Figure 4.84), show that the gas entering the combustor is nearly
stopped. Consequently, the velocity fluctuation must be on the order of
the mean flow velocity of 50 m/sec. The calculated fluctuations are
substantially less than this. One explanation for the discrepancy could
be based upon the 1large pressure oscillations which introduce
nonlinearities that are ignored in the formulation of the acoustic
model. Even though the computed magnitude of the fluctuation appears
slightly inaccurate, this calculated value 1is nevertheless large,

indicating the 527 hertz system mode greatly affects the mean flow
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field.

Increasing the dump plane velocity to 70 m/sec under the geometry
II constraints produces pressure oscillation of similar magnitude and
frequency as the configuration I geometry at the same speed. Figure
4.56 shows the pressure spectral decomposition of data obtained from the
stoichiometric, 70 m/sec operation of the apparatus. The major
frequency component is the system resonant mode attributed to the
combustion chamber, namely, 457 hertz, the same as in the configuration
I case. The magnitude, however, is 55 percent larger for the
configuration II test. Nevertheless, the shape of the velocity
distribution for the combustor resonant mode 1is similar to the one
computed for the configuration I case (Figure 4.5 and 4.6). Even though
the pressure magnitude used to compute the velocity fluctuation is
somewhat larger, the relative influence of the velocity fluctuation upon
the mean flow field at the flameholder is representative of the velocity
distribution presented in Figure 4.6. The velocity fluctuation is small
compared to the mean flow velocity and the effect upon the flow field is
still negligible.

In both listings of the calculated resonant frequencies on page 121
for the configuration II geometry, notice that a 305 or 306 hertz system
resonance frequency 1is predicted by the acoustic model. Yet, no
pressure oscillations are measured near this frequency 1in either
experimental case. The 305 hertz frequency is the characteristic system
resonance mode of the shortened plenum chamber. Evidently very little
energy is supplied to this mode, and the other system modes dominate the
pressure field. Also, notice that the value of the two lowest

frequencies in the listings are essentially unchanged as the speed of
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sound increases in the combustor. However, the higher frequencies, 468
and 532 hertz, are influenced substantially by the temperature change
inside the burner, These two system modes appear sensitive to
conditions present inside the combustion chamber.

The plenum chamber is shortemned to slightly less tham ome-half its
original 1length for the final group of experiments. Testing with the
configuration III geometry revealed no extremely large pressure
oscillations at any of the combustor apparatus operating conditioms.,
Assuming the speed of sound inside the combustor is 675 m/sec, the
acoustic model computations of the system resonant frequencies are
listed below beside the experimentally measured pressure oscillation

frequencies.,

measured frequencies computed frequencies

208 Hz, 211 Hz.

- 398 Hz. c=675 m/sec,
451 Hz, 446 Hz., equivalence
506 Hz. 531 Hz. of 1.0

Measurements (Figures &4.69 and 4.70) of the pressure oscillations
inside the combustor during the lower speed testing indicate three
dominant pressure disturbance frequencies. Oscillatioms at 208, 451,
and 506 hertz are present in the burner under stoichiometric conditioms
at dump plane velocities of 22 and 40 m/sec.

The magnitude of the 451 and 506 hertz components, as shown by the
Fourier coefficients, are almost the same when the dump plane velocity
is 22 m/sec (Figure 4.69). The pressure fluctuation is about 0.17
percent of the average static pressure for both frequency components

measured at the dump plane, x/LC = 0. The 208 hertz component is,
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however, only one-third of this magnitude. Figure 4.11 shows the
pressure distribution calculated from the experimental pressure results.
The experimentally determined pressure magnitudes from the spectral
plots are used to scale the pressure distribution at one of the model
predicted modes, 446 or 531 hertz. The largest pressure fluctuation
occurs in the inlet region at a frequency of 531 hertz. The set of
curves directly below this one, Figure 4.12, shows the computation of
the velocity field using the same experimentally determined input
values. The largest contribution to the velocity fluctuation at the
flameholder is from the 531 hertz oscillation, also. However, the
calculated velocity fluctuation at this frequency is 3 m/sec, small with
respect to the 22 m/sec mass average velocity through this region.

As the flow speed is increased to 40 m/sec, the experimental
results, Figure 4.70, show that the same three frequencies are
generated. However, the magnitudes of the oscillations are greater. As
before in the 22 m/sec test, the pressure at the two higher frequencies,
451 and 506 hertz, have equal magnitudes at the measurement location,
although the magnitudes of the pressure fluctuations have just about
doubled. For these two components, the fluctuating pressure oscillation
is now about 0.34 percent of the static pressure at x/LC = 0. The major
difference, appearing in the pressure spectrum between the two operating
conditions, is the much larger excitation of the 208 hertz resomance at
the 40 m/sec dump plane velocity. In fact, the fluctuation of the 208
hertz oscillation is the same magnitude as the other two oscillations at
the flameholder. Calculation of the pressure distribution, inside the
apparatus using the experimentally determined pressure coefficients as

the scaling parameter, is shown in Figure &4.13. Large pressure
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oscillations are created by the low frequency disturbance. In fact, the
velocity fluctuation at the flameholder is almost totally due to the 211
hertz oscillation as is illustrated in Figure &4.l14. The velocity
perturbation for the 211 hertz oscillations at the flameholder is 8.5
m/sec. This fluctuation is not large compared to the local mean flow
velocity of 40 m/sec. The fluctuation is 21 percent of the mean flow,
but the flow visualization indicates this perturbation is not large
enough to produce a major distortion of the mean flow field.

Figure 4.71 shows the experimentally measured pressure field at the
dump plame, x/LC = 0, as the flow speed is increased to 70 m/sec. The
geometry and stoichiometry are the same as discussed in the last four
paragraphs. One dominant pressure oscillation at 451 hertz is generated
under these conditions. As in all the other cases presented at 70
m/sec, the velocity perturbations to the mean flow field are negligible.
No major disturbance of the kinematic flow field occurs because the
magnitude of the pressure coefficient under the geometry III conditions
is smaller than any of the other cased discussed.

Overall, the oscillating pressure disturbances measured inside the
combustor appear to be solely acoustic in nature. The energy available
through heat released during combustion is supplied to the naturally
available acoustic modes of the system. A relatively simple one-
dimensional acoustic model is capable of computing the acoustic resonant
modes of the apparatus quite accurately. All the computed’frequencies
are within 5 percent of the measured pressure oscillations associated
with combustion-driven acoustic fluctuations. Furthermore, calculations
of the pressure and velocity distributions inside the apparatus may be

obtained from a single experimentally determined pressure input. These

¢
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calculations appear to represent accurately the pressure induced
velocity fluctuations in the combustor apparatus when the pressure
oscillations are small, However, if the oscillations become large,
i.e., over ten percent of the local static pressure, the agreement is
not as good. The error may arise from flow losses which introduce
nonlinearities not incorporated into the acoustic model. Nonlinearities
affect most strongly the computation of the pressure and velocity
distributions inside the combustion apparatus, and do not have a major
influence upon the computation of the resonant frequencies., The worst
deviation was noticed in the velocity field computation for the 50
m/sec, geometry II situation where the computed fluctuation at the
flameholder was 30 m/sec. Flow visualization results indicate the
fluctuation to be on the order of the mean flow speed, 50 m/sec: an
error of 40 percent. However, the analytical computations appear close
for the remainder of the situations examined, and even in the poor
agreement situation, the predicted streamwise velocity fluctuation is

still large, implying the acoustic field is a major influence.

5.2 Kinematic Flow Field

During the experimental investigation of the combustor apparatus,
two distinctly different kinematic flow fields were found to exist
inside the combustion chamber. One flow field, as found in the steady
burning case, is characterized by the formation of a mixing layer
immediately downstream of the flame holder. The combustible mixture

enters the burner continuously, and the flame is stabilized by the hot
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recirculating combustion products trapped below the mixing layer as
discussed by Zukoski and Marble (1956). The flame then begins to fill
the remainder of the burner as it propagates into the unconsumed
combustible mixture.

In sharp contrast, the unsteady burning case is characterized by a
nonsteady reactant flow into the burner. Hence, individual pockets of
reacting gas are convected downstream through the combustion chamber.
Consequently, the two flow fields are quite different. Instead of a
continuous mixing and burning of the reactants throughout the entire
length of the burner, as in the stable operation, regions of burning
gases are swept through the burner separated by totally burnt products
during unstable operation. These burning regions are the remainder of
vortices formed at am acoustic resonant frequency of the system which
creates large velocity fluctuations in the vicinity of the flameholder.
All the experimental data suggest that the unsteady burning within these
vortical structures is the fundamental mechanism which sustains the
large velocity fluctuations, and is the key to the instability
mechanism,

The type of flow field created inside the combustor depends upon
several parameters, namely, the flow velocity, the fuel-air ratio, and
the geometry. The geometrical configuration determines the possible
acoustic resonant modes which may be excited within the apparatus, while
the relative magnitude of the acoustic velocity perturbation upon the
mean flow field depends strongly on the flow velocity of the gases
entering the combustor. Additionally, the stoichiometry controls the
physical consumption rate of the reactants by the combustion process and

the amount of energy released. A summary of the flow fields,
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encountered during the testing of the apparatus, is presented in Table
5.1. The table lists the flow fields observed for a specific geometry
at a certain test condition. The table provides a quick reference of
the flow situation at various test conditions and is helpful to avoid

confusion between the experiments discussed in the following sectioms.

5.2.1 Steady Flow Field

The steady flow field is somewhat similar to the flow fields found
behind other bluff body flameholders. Flame stabilization is achieved
because the region behind the unstreamlined flameholder consists mainly
of hot combustion products which act as a continuous ignition source for
the incoming combustible gas mixture, Zukoski and Marble (1956). The
premixed combustible mixture is entrained into the mixing layer from one
side and the hot combustion products from the other. As the mixture
temperature rises, rapid chemical reaction between the reactants, or
burning, occurs. For the combination of reactants in this study, a blue
flame indicates the location of the rapid reaction. Once the flame is
established in the mixing layer, the recirculation zone is supplied with
hot products required to insure continuous ignition of the mixture
entrained into the mixing layer. After the flame is anchored, it
spreads into the remainder of the reactants at an angle dependent upon
the local turbulent burning velocity. The key to flame stabilization in
these systems is the unstreamlined, bluff-body flameholder which created
a high temperature wake region behind it. A streamlined body which
forms no wake will not anchor or stabilize a flame.

In reacting systems, the wake region behind the bluff body is much
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different than the wake formed behind unstreamlined bodies in isothermal
flows where the typical vortex street forms. The 1949 examination by
Williams, Hottel, and Scurlock revealed a very smooth mixing layer
formed at either edge of the body instead of vortical structures which
are shed alternately from either edge as in isothermal flows. They
suggested that vortex formation was suppressed because the heat released
during combustion causes the viscosity of the gas to change.
Consequently, they proposed that the local Reynolds number is decreased
sufficiently to eliminate the vortex formation.

In the current investigation, flames are stabilized by hot
combustion products present in the wake formed downstream of a rearward
facing step. The recirculating wake region is, however, one-half the
wake width of a typical bluff body flameholder placed in the center of
the oncoming flow, The lower wall effectively splits the entire flow
field in half so that it resembles only the upper half of the standard
bluff-body flow field.

On the surface, one major difference between the ordinary bluff-
body flame stabilization and the rearward facing step flame
stabilization is the presence of distinct vortical structures inside the
mixing layer separating the recirculating hot products from the incoming
fresh reactants. No vortical structures were found in the bluff body
stabilized flames of Zukoski (1954), but their existence may have been
masked by the flow visualization technique. The vortices within the
mixing layer of the current study are similar in nature to the ones
discovered in the nonreacting free shear layer discussed in Brown and
Roshko (1974). The vortices are coherent in that an identifiable vortex

structure is formed and is transported throughout the layer. Ganji and
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Sawyer (1980) were the first to report the existence of clear coherent
structures in a reacting flow field. In their work, the flame 1is
anchored by a rearward facing step flameholder similar to the one
employed in the current investigation. Mixing layers are characteristic
of stable combustion as defined in the current work, and steady
combustion occurs at many of the experimental test conditions (Table
5.1). Even though the main emphasis of this thesis concentrates on the
unsteady combustion phenomena, some aspects of the steady flow are worth
consideration, and I would like to present them here.

The steady flow field can be broken into two main segments: first,
the vortex dominated mixing layer near the flameholder which stabilizes
the flame, and second, the propagating flame region that occupies the
remainder of the combustor. Combustion takes place inside the mixing
layer as the fresh reactants are heated by the combustion products
entrained in the vortical structures. Consequently, the characteristic
blue flame, associated with burning premixed, prevaporized methane and
air, is visible in various portion of the shear layer.

The shear layer grows and impinges against the lower combustor
wall. The impingement location is characterized by the reattachment
length or the point at which no flow reversal occurs. Pitz (1981)
measured the mean flow field reattachment length to be 4.3 to 5.3 step
heights downstream for a reacting flow field. This reattachment length
was a function of the mean flow velocity. At a low velocity of 9 m/sec,
he found the length to be 4.3 step heights downstream of the step, and
increased to 5.3 step heights at 22 m/sec. This length is somewhat
shorter than the 8 step heights that exist in standard bluff-body flows

(Oates, 1978). Using the Pitz results as a guideline, the shear layer
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occupies roughly 25 percent of the initial combustor length.

The remaining 75 percent of the combustor length consists of a
propagating flame zone. The reacting zone begins at the interface
between the flame front propagating into the unburnt combustible mixture
and terminates at the lower combustor wall. The blue flame in this zone
indicates that chemical reaction occurs across the entire height of the
zone and not just at the interface of the unburnt combustible mixture.

Steady flow fields, or flow fields possessing mixing layers, could
be produced at any one of the four standard flow velocities depending
upon the fuel-air ratio selected. The dump plane velocity is used in
this report to describe the various flow field conditioms. However,
turbulent mixing layers are generally described by the Reynolds number
based upon the momentum thickness of the boundary layer at the formation
of the free mixing layer, and not the mean flow velocity. Comnsequently,
for comparison purposes, the following table lists the Reynolds number
and momentum thickness for the experimental flow velocities. The
momentum thickness is calculated assuming laminar flow along the flat
surface of the flameholder as the mixture enters the combustor.
Remember, the gas accelerates as it enters the region above the
flameholder because the area changes by a factor of four. Whatever
boundary layer which existed upstream is thinned markedly; therefore,
the boundary layer thickness is assumed negligible at the upstream edge
of the flameholder and develops laminarly from this point till it
reaches the combustor, assuming that the velocity in the region above
the flameholder is constant. The flameholder is 7.6 cm long, and the

momentum thickness computations below are based on this length.
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Dump plane Reynolds Momentum Reynolds
velocity Number thickness Number
(m/sec) Re; (6 3 cm) Re

22 115,600 .0158 2560
40 210,200 .0116 3490
50 262,800 .0102 3970
70 367,900 .0087 4640

The location of the rapid chemical reaction, or burning, occurs within
different portions of the mixing layer depending upon the fuel-air ratio
of the combustible mixture. Figure 4.86 shows the mixing layer formed
under three different conditions. The upper two photographs are
shadowgraph images of the mixing layer when the dump plane velocity is
22 m/sec. The top photograph is taken at an equivalence ratio of 0.65,
and the middle photograph is taken at rich conditions, or am equivalence
ratio equal to 1.28. The lowest photograph in this figure illustrates
the flow field at a stoichiometric mixture ratio and an entrance
velocity of 70 m/sec. Notice that the general character of the mixing
layers in all three photographs appears similar. Vortical structures
are present in the layer under all the operating conditions. However,
photographs of the visual flame show that the region of burning is not
the same for all of these situations.

Figure 5.1 illustrates the location of the visible flame within the
mixing layer. At the low-speed 1lean conditions, visible flame is
observed in the lower portions of the mixing layer, while at low-speed
rich and high-speed stoichiometric conditions, the visible flame spans

the entire mixing layer. Consequently, chemical factors seem to control
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the location of reaction as well as the quantity of heat released.

First, the amount of heat released depends on the mixture ratio
which ultimately determines the temperature of the combustion products.
Since the high temperature products act as the ignition source, the
product temperature plays a role in the flame stabilizationm. The
equilibrium temperature for stoichiometrically mixed reactants is
approximately 2260 Kelvin [Jones (1984)], and does not change much at an
equivalence ratio of 1.28 where the temperature is down about 6 percent
to 2130 Kelvin. In contrast, at an equivalence ratio of 0.65, the
equilibrium temperature is down 23 percent to 1750 Kelvin. The data
suggest that when the temperature is high, as in the stoichiometric or
fuel rich cases, the mixing zone is of sufficiently high temperature to
sustain burning throughout the whole width of the layer. However when
the product temperature is lowered, only the lower portion of the mixing
layer is sufficiently hot to initiate rapid combustion. Consequently,
the visible flame does not span the entire shear layer.

The flame emission measurements reinforce the notion that the heat
release rate is larger for the stoichiometric and fuel-rich mixing
layers., Figures 4.38 through 4.40 show the fluctuating light intensity
data (heat release rate) corresponding to the flow field pictured in the
bottom photograph of Figure 4.86, namely, the case of stoichiometrically
mixed reactants entering the combustor at a dump plane velocity of 70
m/sec. Figures 4.38 and 4.39 show the light intensity fluctuatioms at
locations within the region of shear layer development. The dominant
fluctuating component of the heat release rate at 468 hertz increases in
magnitude from an emission amplitude of 0.003, at x/LC = 0.094, to an

amplitude of 0.019 at x/LC = 0.188, The constant emission from the
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flame, or the steady measurements, indicate that the light emission
grows from 0.02 to 0.14 at the two observation points.

During fuel-rich operation at an equivalence ratio of 1.28, Figures
4.26 and 4.27 show the same dominant fluctuating heat release rates with
emission magnitudes of 0.007 at both observation locatioms, x/LC = 0.094
and 0.188. The steady measurements show that the 1light emission
increases from 0.02 at x/LC = 0.094 to 0.07 at x/LC = 0.188, In both
the steady and fluctuating heat release rate measurements during fuel-
rich conditions, the magnitude of the heat released is less than at
stoichiometric conditions, indicating that the combustion process is
less intemse and the temperature lower; nevertheless, the photographic
evidence indicates that reaction occurs across the entire mixing layer.

At fuel-lean conditioms, an equivalence ratio of 0.65, the emission
from the flame is substantially lower, suggesting that the region of
rapid chemical reaction may be smaller. Figures 4.23 and 4.24 show the
spectral emission from the flame at x/LC = 0.094 and 0.188,
respectively. The fluctuating component of heat release rate occurs at
442 hertz with an emission amplitude of about 0.003 at both measurement
locations. The steady measurements indicate roughly equal magnitudes of
0.07 at both locations, also. For all measurements at x/LC = 0.094, the
amplitude of flame emission observed during fuel-lean operation is at
least one-half the amplitude observed during fuel-rich or stoichiometric
operation. These results tend to suggest that the area of flame
emission during fuel-lean operation is less than stoichiometric or fuel-
rich operation, and reinforce quantitatively the observation that the
visible flame occupies only a portion of the mixing layer during fuel-

lean conditions.
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As mentioned earlier, the interpretation of the intensity of the
chemi-luminescence from the flame in this study, assumes that the
intensity fluctuations are proportional to the magnitude of the heat
release rate, The flame radiation is measured locally by a
photomultiplier tube apparatus. The photomultiplier apparatus is not
calibrated, so the magnitude of the results can not be directly related
to the quantity of heat released. However, a comparison between
different measurement locations or different experimental conditions can
be made from the relative values of the emission amplitudes.

The fuel-air ratio effects the time required for complete
combustion as well as the equilibrium temperature. Therefore, the
region of rapid combustion, or visible flame, may depend upon the
chemical time, If the chemical time is small compared to the fluid
mechanic time of mixing, then the combustion is prompt and heat is
liberated locally. On the other hand, if the chemical time is of the
same order as the fluid mechanic time, then the reaction will not be
complete until the gas has passed through the mixing layer.

For the current work, the picture of the time required for complete
combustion, or the chemical reaction time, is based upon the work of
Zukoski as described in Oates (1978). In this  approach, the
characteristic chemical time is experimentally determined from detailed
flame blow-off studies. The advantage of this approach is that, once
the chemical time has been evaluated experimentally, then the results
are valid for any flameholder configuration as long as the operational
limits are within the same range of chemical parameters. In the
experiments to determine the chemical time, the flame 1is stabilized

behind a right circular cylinder with its axis placed perpendicular to
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the incoming flow. The flow field behind the cylinder consists of a
nearly stagnant recirculating region composed of mostly burnt products,
with a reacting mixing layer bordering each edge of the recirculation
zone., The important parameter for this approach is a dimensionless

parameter evaluated at the flame blow off:

V = average gas velocity in the mixing layer
t = residence time of gas in the layer

Le = length of the recirculation zone

B particular value of parameters at flame blow off.

where:

Cc

If the turbulent mixing layer is assumed self-similar, then the

expression can be rewritten as:

= maximum length of recirculation zone

where: L
Vc = unburnt cold gas velocity at edge of mixing layer

...V L . ..
withy~ and T being constants for self similar layers.
< e

Thus, at flame blow off, all constants may be combined to yield

- = constant

L
By defining T., the chemical time, as ﬁz; then at flame blow off

VeTe

= 1.

So, the fluid dynamic properties are separated from the chemical
properties in this approach. Dependence upon chemical properties 1is
contained within the chemical time, and the fluid mechanic dependence in

L/v ,2which is determined from the experimental observations at flame

Cc

blow off. Their experimental results indicate that the chemical time is

nearly independent of the size and shape of the flameholder, but does
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depend upon the fuel type and fuel-air ratio.

The chemical time is a very strong function of fuel-air ratio for a
specific fuel type. For the heavy hydrocarbon fuel used in the Zukoski
and Marble experiments, the minimum chemical time occurred near
stoichiometric mixture ratios (an equivalence ratio of 1.05), and
increased rapidly as the fuel fraction was increased or decreased. The
chemical time at an equivalence ratio of 1 was about .28 msec and
increased to over 2 msec for am equivalence ratio of 0.6. As the fuel
fraction was increased to an equivalence ratio of 1.4, the chemical time
increased to .6 msec. Consequently, changing the fuel fraction can
markedly change the time required to consume the combustible mixture.

In the current study, methane is used as the fuel for the reactiom.
The molecular weight of methane is 16, or about 6.25 times less than the
heavy hydrocarbon fuel wused for the chemical time determination.
Consequently, the detailed nature of the chemical time dependence upon
fuel-air ratio may change slightly. The shape of the curve may change
somewhat and the minimum chemical time will occur just to the lean side
of stoichiometric (Zukoski, 1954). Nevertheless, the chemical times
determined by Zukoski for the heavy hydrocarbon fuel are similar for
methane, and act as a guideline to assess the impact of mixture ratio.

Using the aforementioned values for chemical time, and an estimate
of the vortical structure propagation time within the mixing layer, the
chemical time is short compared to a simple-minded estimate of the fluid
mechanic time. For example, consider the propagation of a vortical
structure within the mixing layer. The average speed of a structure in
the low-speed layer, i.e., the top photograph of Figure 4.86, is roughly

11 m/sec. The speed of the combustible mixture above the layer is
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nearly the entrance, or dump plane velocity of 22 m/sec, and the
recirculation region below the layer is stagnant and very low velocity;
therefore, the average is approximately 11 m/sec. The layer grows till
it spans the height of the duct which is 2.54 centimeters high. If the
structure is basically cylindrical, then the time required for the
structure to convect the one diameter, or 2.54 cm, is about 9 msec.
This fluid mechanic convection time is greater than the largest chemical
time of 2 msec at an equivalence ratio of 0.60, and the combustion is
thus prompt. The reactants are quickly consumed when entrained into the
vortical structures when they are sufficiently high temperature to
react. Consequently, the temperature of the recirculation zone appears
to be the major factor for determining the location of the visible flame
within the layer.

Not only is the location of the visible flame different for various
operating conditions, but the growth rate of the mixing layer is
different for each situation presented in Figure 4.86. Four factors may
influence the growth rate of the reacting, reattaching mixing layer:
(1), the axial pressure gradient; (2), periodic forcing of the mixing
layer; (3), the initial condition of the boundary layer at formation of
the free mixing layer; and (4), the heat release within the layer. The
data suggest that neither the axial pressure gradient nor forcing is a
primary factor in the layer growth. The condition of the boundary layer
and heat release may contribute, but the relative importance was not
able to be determined by results of this study. The following
discussion will introduce the manner in which layer growth is determined
and will present some discussion about the four items that may affect

the growth of the mixing layer.
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In Figure 4.86, the layer growth rates in each of the three
pictures are different. The layer growth is determined in the fashion
outlined by Brown and Roshko (1974). In their experiments, the growth
of a two-dimensional shear layer is described by a linear relationship.
For the current experiments, the reattaching shear layer in the early
stages of development is very similar in structure to the free shear
layer studied by Brown and Roshko. During early development, the mixing
layer is not aware that the lower wall boundary exists, and the
influence of the wall is negligible. Consequently, the reacting,
reattaching layer closely resembles the free shear layer, and the same
type of analysis is used to determine the growth rate.

The growth of the layer 1is determined experimentally from the

relationship: s ds §

dx  x-Xg

with: &' = visual growth rate of the layer
§ = experimental width of the layer measured
5.1 cm downstream of the flameholder
Xo = point of intersection of the tangent line

drawn along the border of the layer.

Brown and Roshko found that the layer growth is a function of the
velocity ratio and density ratio across the layer. For the case in
which a free shear layer exists between fluids of identical demsity, and
the velocity of the fluid on the lower side of the layer is equal to
zero, the shear layer grows at a rate of 0.38. If the density of the
lower side 1is 7 times larger than the density on the upper side of the
layer, the layer growth rate increases by one-third for the same

velocity ratio. If, however, the density ratio is reversed, the lower
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side density becoming 1/7 as 1large as the upper side density, the
spreading rate is reduced by 26 percent.

In the reacting, reattaching shear layer under investigation, the
velocity on the lower side of the layer is not identically =zero. The
flow behind the flameholder, on the lower side of the layer, is, in
fact, recirculating. Fluid is swept into the recirculating region from
the mixing layer at the reattachment point. This provides material for
growth of the layer. Even though the velocity of the fluid on the lower
side of the layer is not constant and varies along the length of the
layer, the flow velocity 1is small because this is a stagnant region.
Thus, for comparison of growth rates between nonreacting and reacting
layers, the velocity on the lower side of the layer may be assumed
negligible.

The recirculation zone consists mainly of burnt products. The
composition measurements of Williams, Hottel, and Scurlock (1949)
indicated that the zone is made up of at least 90 percent products. So,
a density ratio across the reacting layer of approximately 1/7 would be
appropriate to assume. Overall, it appears as if the reacting,
reattaching shear layer, examined in the current experiments, 1is
governed by almost the same parameters as the free shear layer, studied
by Brown and Roshko, whose growth rate was determined to be 0.28, and
forms a base for comparison between the reacting layer and nonreacting
layer.

Analysis of the shadowgraph records is presented in the following
table. The growth rates are listed with the experimental operating

conditions.,
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growth rate operating condition
0.37 22 m/sec, =0.70
0.30 22 m/sec, =1.28 configuration I
0.18 70 m/sec, =1.0
0.14 70 m/sec, =1.0 configuration I
+ steel wool

The off-stoichiometric conditions produce layers with larger growth
rates than reported by Brown and Roshko for the nonreacting, free shear
layer under similar conditionms. In contrast, the stoichiometric
operation produces growth rates less than the free shear layer
counterpart. Obviously, the combustion, or one of the other 3 factors,
plays a role in determining the growth rate of the reacting layer. As
the layer evolves, it grows by entraining fresh reactants from the upper
portion of the layer and hot burnt combustion products from the Ilower
side of the layer. The data suggest that the manner in which the
reactants are entrained and consumed affects the overall layer growth
rate.

Brown and Roshko (1974) compiled data from several experimenters omn
the behavior of mixing layers. For isothermal layers with no density
gradient, the agreement between experimental measurements for growth of
the vorticity thickness as plotted against a velocity parameter, which
is the ratio between the velocity difference and the mean average
velocity across the layer, is good for experiments with both streams
having non-zero flow velocities. However, rather large deviations
between experimenters occur when one stream is stagnant. The

measurements vary from a minimum vorticity thickness growth rate of
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0.147 to a maximum of 0.219, a wvariation of about 50 percent from
minimum to maximum. Therefore, considerable deviation exists in the
published data, and the Brown and Roshko data are the ones chosen to be
a baseline for the current work.

Pitz (1981) measured the reacting, reattaching layer’s vorticity
growth rate using laser-Doppler velocimeter measurements based upon the
average layer properties. Under lean operating conditions similar to
the ones in the current study, he found the layer grew 60 percent faster
than the nonreacting counterpart, while, in the current study, the lean
reacting layer grows about one-third faster than the nonreacting layer.
Sizeable differences exist between these two experiments and perhaps the
layer growth when the velocity of one stream is zero is apparatus
sensitive as mentioned in Ho and Huerre (1984).

One of the factors mentioned earlier which does not appear to
affect the growth rate of the mixing layer 1is the axial pressure
gradient imposed upon the layer. The pressure gradient affects the
growth of the mixing layer because the flow field consists of cold
reactants above the mixing layer, and hot gases within the layer and 1in
the recirculation zone. When a pressure gradient is imposed upon this
stratified flow field, the lighter hot gases either accelerate or
decelerate relative to the cool gases, depending upon the nature of the
gradient. If a negative gradient is imposed, then the hot fluid will
accelerate faster than the cool fluid. The mixing layer contains hot
gases, so the fluid in the layer would tend to accelerate more quickly
than the cool fluid above the layer. Thus, the layer tends to thin out
and the growth rate decreases as the density of the gas within the layer

becomes smaller. The opposite trend, or greater layer growth, occurs if



144~

an adverse pressure gradient is applied.

The pressure distribution measured inside the apparatus is plotted
in Figures 4.15 and 4.16. The pressure is normalized by the pressure
measured at the first measurement location which is a measurement of the
static pressure in the plenum chamber. Velocities in the plenum chamber
are small, less than 2 m/sec, so that the 1local static pressure is
almost the total pressure. The gas accelerates and the pressure falls
as the reactants enter the inlet. The pressure in the inlet remains
constant (stations 2 to 5) because the inlet area is constant. The flow
again accelerates as it passes over the flameholder (stations 6 and 7).
The pressure increases slightly from stations 7 through 9 before falling
to atmospheric pressure at the burner exit.

The distance between measurement stations 7 and 9 is 16.3
centimeters, just about the reattachment length. So, the shear layer
forms behind the rearward facing step flameholder in a region in which
the pressure is nearly comstant. 1In fact, for all test conditions, the
pressure rises slightly as the flow expands to fill the combustor, the
same type of pressure recovery observed in diffusers. The expected
effect of the pressure rise, i.e., a positive pressure gradient, upon
the flow field would be to increase the growth rate of the mixing layer.
However, the flow visualization records show the opposite trend. For
example, Figure 4.15 shows a measured pressure rise of 0.06 mmHg for the
fuel-lean, 22 m/sec, stable burning situation, and Figure 4.16, an 0.66
mmHg pressure rise at stoichiometric, 70 m/sec operation. These
experimental pressure data clearly suggest the layer formed at 70 m/sec
should grow faster than the layer created at 22 m/sec. Yet, analysis of

the shadowgraph photos reveals that the layer does not grow more
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rapidly. In fact, the mixing layer formed under high-speed conditions
grows at about one-half the rate of the low-speed layer. Clearly, the
effect of the pressure gradient is negligible and some other factor
governs the overall spreading rate of the mixing layer.

The heat released within the layer may also affect the layer growth
rate, and, in fact, with the inlet velocity held constant, greater heat
addition seems to reduce the growth rate of the mixing layer. For
example, two different visual growth rates occur at the same dump plane
velocity of 22 m/sec, namely, a growth rate of 0.37 at an equivalence
ratio of 0.70 and a growth rate of 0.30 for an equivalence ratio of
1.28. The layer growth decreases by about 25 percent when the heat
release within the layer is larger (Figures 4.23, 4.24 and 4.26, 4.27).
The data reveal that increased heat release inhibits the growth of the
layer and suggest that the heat released within the layer may modify the
entrainment process of fluid into the layer.

If one assumes the entrainment process is independent of the
quantity of heat released, themn a larger heat release would lead to a
greater growth rate. After all, the amount of fluid entrained into the
mixing layer would be fixed for a certain velocity ratio across the
layer. During combustion, heat 1is 1liberated and the fluid expands.
Greater heat release would imply greater expansion and the layer would
grow faster. The measurements contradict this argument, which indicates
the entrainment process may be altered by the quantity of heat released.

Recently, much work 1is being done to attempt to determine the
effects of periodic forcing on the growth rate of free mixing layers.
In essence the growth of the mixing layer can be controlled under

certain conditions by perturbing the free stream flow. The growth of
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the free mixing layer has been found to depend upon the velocity ratio
across the layer, the Reynolds number at the origin, the forcing
frequency, and the forcing level as explained in Ho and Huang (1982).
The vortical structures are created by the Kelvin-Helmholtz instability
mechanism, and linear stability theory has been shown by Michalke (1964
and 1965) to describe the initial growth and development of the layer
before the first vortex roll-up. In Michalke”s calculations, the growth
rate is a function of the Strouhal number with the peak amplification
occurring near a Strouhal number, based upon momentum thickness, of
0.032. Michalke and Freymuth (1966) verified experimentally that the
natural instability frequency of the mixing layer does indeed occur at
this Strouhal number, and thus, forms a basis for calculation of the
natural instability frequency of mixing layers.

The relationship between the periodic disturbance and the natural
frequency of the mixing layer plays a major role in the growth of the
layer. Ho and Huang (1982) have shown that the initial vortex formation
frequency corresponds to the natural frequency or a subharmonic of the
forcing frequency that is closest to but 1less than the natural
instability frequency of the mixing layer. The periodic forcing of the
mixing layer tends to create layers in which the vortical structures
roll up and pair at specific downstream locations, with this roll-up
position sensitive to the frequency of excitation; Ho and Huang (1982).
The vortex roll-up location is, however, mnot very sensitive to the
amplitude of forcing as described in Michalke and Freymuth (1966).
Consequently, modulating the growth of the layer is most effectively
accomplished by varying the frequency of excitation and not the forcing

amplitude.
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The natural frequency of the low —speed, 22 m/sec mixing layer is
2510 hertz based wupon a Strouhal number of 0.032. This frequency is
much higher than the major pressure oscillation at 468 hertz present in
the combustor (Figures 4.19 and 4.20). Hence, the major velocity
fluctuation imposed upon the flow occurs at 468 hertz, a nonsubharmonic
of 2510 hertz. Of course, in a reacting flow field, an economical
measurement of the streamwise velocity fluctuation is impractical, and
the velocity  fluctuation must be inferred from the acoustic
calculations. Fortunately, all the major pressure oscillations are
acoustic in nature and this technique is sufficient to compute the major
velocity fluctuatioms.

However, small pressure oscillations do occur at 420 hertz for both
low-speed, 22 m/sec, off-stoichiometric operating conditions (Figures
4,19 and 4.20). This frequency is the fifth subharmonic of the natural
frequency, 2510 hertz. Consequently, pressure oscillations at 420 hertz
may be produced by some sort of subharmonic excitation of the mixing
layer. The origin of such excitation is unknown, but the 1level of
forcing is much 1less than the level of forcing at 468 hertz, and thus
the data suggest that the major mixing layer forcing at 468 hertz has
little effect upon the layer growth.

At the higher dump plane velocity of 70 m/sec, the natural
frequency of the mixing layer is very high, namely, about 14,337 hertz.
This frequency is at least an order of magnitude greater than any
measurable pressure oscillations; therefore, the chances for subharmonic
excitation appears slim,

The state of the boundary layer at the rear edge of the flameholder

is somewhat unclear at 70 m/sec, and hence, its influence upon the layer



-148-

growth. The layer growth rates for the 70 m/sec cases are close to the
same value at 0.18 and 0.14, but nevertheless far greater than the ones
measured at 22 m/sec. As mentioned in Ho and Huerre (1984), the
condition of the boundary layer upon the layer growth rate is somewhat
controversial; however, the general trend seems to be that turbulent
boundary layers decrease the initial spreading rate of the mixing layer.
The Reynolds number for the 70 m/sec flow velocity is definitely in the
transition region at the rear edge of the flameholder. If the free
stream turbulence is high, as well might be in this experiment, then the
boundary 1layer may be turbulent and the decreased layer growth may be
due, in part, to this.

From the rather limited data obtained during stable combustion in
which a mixing layer forms downstream of the flameholder, the mixing
layer growth rate appears to be primarily affected by the heat released
within the mixing layer, and the initial condition of the boundary layer
at the formation of the mixing 1layer. As mentioned, a systematic
investigation was not implemented, but limited results tend to show
these two factors are important. The axial pressure gradient and
forcing appear to have smaller influences upon the growth rate of the

mixing layer under these circumstances.
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5.2.2 Large Vortex Formation

Under certain experimental conditions, the typical flow field
described in 5.2.1 is drastically altered as shown in Figure 4.86.
Instead of a steady flow of reactants entering the combustion chamber,
the combustible mixture surges into the burner periodically. In the
current study, this condition is referred to as a condition of
combustion instability. Combustion instabilities are produced when a
pressure oscillation, created by an acoustic resonance of the system,
generates appreciable velocity fluctuations in the vicinity of the
flameholder. The steady flow field, which is characterized by the two-
dimensional reattaching mixing layer formed downstream of the
flameholder, is destroyed by the presence of the large velocity
fluctuations. In fact, when the instability exists, large vortices are
formed near the flameholder with the same frequency as the large
velocity fluctuations.

Figure 4.82 is a good example for illustration of the flow field
conditions during instability. The sinusoidal curve, shown on the left-
hand side of the figure, represents the pressure fluctuation for the
component whose period coincides with the formation cycle of the vortex.
This pressure oscillation is the fluctuation measured at the downstream
edge of the flameholder during evolution of the vortex.

The photographs on the right hand side of the figure are prints
obtained from the high-speed cinematography. The collage of photos
illustrates sequentially the time resolved history of the vortex. Each
photo shown is about every sixth frame of the recorded shadowgraph

movies. Dashed lines are drawn between the sinusoidal pressure
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oscillation and the flow field photographs to illustrate the elapsed
time along with the flow field condition at this point in time during
the cycle.

Consider the uppermost photograph as the beginning point in the
vortex formation. Generation of the vortex is triggered by the sudden
increase in velocity at the rear edge of the flameholder which
accompanies the local fall in pressure. As the pressure decreases, the
vortex grows, moves downstream, and approaches the lower wall. Notice
the third photograph from the top. The dark line, originating from the
rear edge of the flameholder and then bending sharply upwards and
extending along the upper wall, is the reaction front. All the gas
below the front is basically burnt hot combustion products. The gas
entering the combustor at the upper left corner above the dark line is
the fresh combustible mixture. The surge of reactants entering the
combustor, due to the large velocity fluctuation, is partially entrained
into the forming vortex along with the hot combustion products as the
vortex grows and is convected downstream. As the vortex grows, a region
of unburnt gas intrudes between the downstream face of the vortex and
the burnt material farther downstream as shown in the fifth photograph
from the top of Figure 4.82. The unburnt gas in this region has a large
velocity component directed downward toward the lower combustor wall.

The vortex growth is such that it reaches the lower wall at a time
approximately equal to three-quarters of the pressure oscillation period
(picture 8). The vortex and region of unburnt reactants impinge against
the combustor wall with an appreciable downward velocity, and the
shadowgraph records indicate that vigorous mixing occurs between the hot

products and the remaining unburnt reactants. Large turbulence,
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generated by the wall interactiom, increases the reaction rate locally.
Consequently, the remaining reactants are consumed rapidly, producing a
volumetric expansion of the region. At the same time, the pressure is
rising at the rear edge of the flameholder. The volumetric expansion
occurs in wunison with the pressure rise and thus helps to sustain the
pressure oscillation by further inhibiting flow into the combustion
chamber.

The pressure at the downstream edge of the flameholder continues to
rise as the remaining reactants are consumed. In fact, the pressure
rise illustrated in Figure 4.82 appears to be of the same order as the
dynamic pressure of the mean flow at the flameholder, causing the flow
to reverse itself and propagate upstream for a brief period. After
reaching a maximum, the pressure begins to decrease again and the
instability phenomenon is repeated as a new vortex is created by the
surge of fresh reactants into the combustor. The vortex formatiom
occurs periodically at the frequency of the pressure oscillation which
produces a large velocity fluctuation at the rear edge of the
flameholder.

For the vortex evolution just discussed (Figure 4.82), the mean
flow velocity is 22 m/sec and the reactants are mixed in a
stoichiometric ratio. Analysis of the high-speed shadowgraph movies
indicate that the large vortices are formed periodically every 5.3
milliseconds. The acoustic model predicts that the system resonant
frequency sensitive to the large volume plenum chamber located upstream
is 188 hertz with the configuration I  geometrical constraints.
Consequently, the data suggest that this resonance is driven by the

energy released during vortex burning which produces the large velocity
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fluctuations at the rear edge of the flameholder. The subsequent large
velocity fluctuation generates a new vortex structure whose burning will
reinforce the system resonance and form yet another vortex. Under these
conditions the vortices are formed periodically at the resonant
frequency sensitive to conditions in the plenum chamber.

Figures 4.82 and 4.83 show the effect of mean flow speed upon the
instability. In both figures, the geometry (configuration I) and the
fuel-air ratio (an equivalence ratio of 1.0) are identical. The
velocity of the mean flow is the only variable. In Figure 4.82 the dump
plane velocity is 22 m/sec, while the velocity is 40 m/sec in Figure
4.83. The shadowgraph movies reveal a large vortex structure which
evolves in a very similar manner to the one formed when the velocity was
22 m/sec. In both cases, a large vortex forms periodically at 188
hertz, the system resonance associated with the plenum chamber.
However, the flame-front curvature, immediately downstream of the
flameholder, 1is different for the two velocities at the time of maximum
disturbance pressure. Figure 4.82, the low velocity 22 m/sec case,
shows a large flame-front curvature as the flame propagates upstream
above the flameholder. As the flow velocity is increased to 40 m/sec,
only a modest bowing of the flame front is observed (Figure 4.83).

At the dump plane, the pressure measurements and flow visualization
both indicate that the incoming flow is severely retarded under the 22
m/sec instability velocity fluctuations, and less so at 40 m/sec. The
following table shows the relationship between the normalized pressure
fluctuation, i.e., the Fourier coefficient from the pressure spectra at
188 hertz, and the dynamic pressure of the gas entering the combustion

chamber.
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Dump Plane Pressure Fluctuation | Dynamic Pressure
Velocity Static Pressure Static Pressure
22 m/sec 0.0082 0.0028
40 m/sec 0.0072 0.0092

As the velocity is increased to 40 m/sec, the flow entering the
combustor is mnot totally halted as seen in the first photograph of
Figure 4.83. Instead, some fluid passes over the upper side of the
flame surface as the vortex forms. However, in either case, the
formation rate of the large vortex structure remains constant at 188
hertz, and a large 188 hertz component is found in both pressure spectra
(Figures 4.17 and 4.18), having about the same amplitude.

Since the magnitude of the pressure oscillations for both flow
speeds are similar, the analytical prediction of the acoustic velocity
field, using the 22 m/sec experimental data, is an adequate description
of the 40 m/sec acoustic velocity fluctuations. In this analysis, the
maximum computed velocity fluctuation at the flameholder is 21 m/sec,
which further reinforces the visual observations that the gas velocity
entering the combustor is negligible at the point of maximum pressure
for the 22 m/sec instability.

As mentioned earlier, the shadowgraph records indicate that the
rate of vortex formation remains constant as the flow speed is increased
from 22 to 40 m/sec. This would imply that the vortex formation rate is
not determined by the mean flow velocity and, comnsequently, is not a
Strouhal type shedding phenomena. Rather instead, the vortex shedding
is governed by the acoustic excitation of the whole combustor apparatus.

If Figures 4.82 and 4.83 are compared further, it is apparent that
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the propagation of the vortical structure is not greatly affected by the
mean flow velocity, either. Consider the low-speed, 22 m/sec situation
of Figure 4.82, The vortex reaches the lower wall after about 3.5
milliseconds and has traveled approximately 8 centimeters downstream.
As the mean flow speed is increased 80 percent to 40 m/sec, Figure 4.83
indicates that the vortex formed under these conditions has only
propagated about 20 percent farther downstream than the vortex formed at
22 m/sec.

In addition, the pressure spectra for both these velocities
(Figures 4.17 and 4.18) indicate that the amplitude of the pressure
oscillations are about the same for both test situations, 22 and 40
m/sec. Subsequently, the velocity fluctuation at the 188 hertz
disturbance frequency is approximately the same for both cases. Thus,
the data suggest that the propagation of the vortex appears to be
primarily governed by the magnitude of the fluctuating velocity
component and not the mean flow velocity.

So, the generation of the combustion instability, i.e., the
creation of the large vortex structures, appears to depend mainly upon
the relative magnitude of the velocity fluctuation, the ratio of
fluctuating velocity to mean velocity. If the velocity perturbation is
of sufficient magnitude to form a large vortical structure, then the
propagation of the vortex seems to be controlled by the actual amplitude
of the velocity fluctuation.

In order to study the above supposition, the geometry of the
apparatus is changed so that a different set of acoustic system modes
can be excited. Figure 4.84 shows prints made from the high-speed flow

visualization of the configuration II apparatus. The dump plane
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velocity for the flow field illustrated in this figure is 50 m/sec and
the equivalence ratio is unity. Therefore, under these conditions, the
geometry of the system is different from the two instability cases
presented earlier, but the stoichiometry which governs the chemical
reaction rate is the same, and the flow speed is somewhat larger.
Analysis of the time resolved flow field, using the high-speed motion
pictures, indicates that the vortex formation occurs at 520 hertz under
these experimental conditions. The photographs in the figure are not as
clear as the ones obtained for the 188 hertz vortex formation because of
the higher gas speeds, but these show that the evolution of the vortex
formed at 520 hertz resembles that of the vortices formed at 188 hertz.

For example, Figure 4.84 shows that the vortex forms, grows, and
reaches the lower wall in about three-quarters of the cycle of the
pressure oscillation, creating the 520 hertz disturbance. This is the
same as the vortices formed at 188 hertz (Figure 4.82). Vortex
interaction with the lower wall occurs in the seventh picture from the
top of Figure 4.84, the same point as the two previously discussed cases
(Figures 4.82 and 4.83). Yet, the elapsed time is much less because the
shedding frequency has increased. During 520 hertz shedding, the vortex
reaches the wall in about 1.26 milliseconds. Since the time required
for the vortex to propagate downstream and reach the lower wall is much
less, the magnitude of the velocity fluctuation at the rear edge of the
flameholder must be much larger than the velocity fluctuation required
to form vortices at 188 hertz.

The data indicate that this is indeed the case. The high-speed
flow visualization (the uppermost photograph of Figure 4.84) shows that

the flame front is nearly vertical at the rear edge of the flameholder
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when the fluctuating pressure is near a maximum. This implies the
fluctuating velocity is on the order of the mean flow velocity of 50
m/sec. In addition, the amplitude of the pressure oscillation, at the
vortex shedding frequency of 520 hertz, is over seven times larger than
the oscillations encountered during 188 hertz vortex formation. Figure
4.17 shows the amplitude of the 188 hertz pressure oscillation to be
0.0082, while Figure &4.55 shows the amplitude of the 520 hertz
oscillation to be 0.0605. So, the fluctuating velocity at the frequency
of vortex formation is much larger, 50 m/sec, for the 520 hertz vortex
shedding, than the velocity fluctuation of 22 m/sec observed during 188
hertz shedding.

Two of the vortex formation cases presented thus far are very
similar, namely, the 520 hertz, 50 m/sec case and the 188 hertz, 22
m/sec case. In both situations, large vortical structures form at the
rear edge of the flameholder at the frequency of the large velocity
fluctuations. In addition, the velocity fluctuations in the vicinity of
the flameholder are of the same order as the mean flow velocity, and
these large amplitudes severely retard the incoming flow (Figures 4.82
and 4.84). Notice that the ratio of the vortex formation frequencies,
520 and 188 hertz, is just about 2.7. If the magnitudes of the velocity
fluctuations are assumed to be 50 and 22 m/sec, then the ratio between
the 520 hertz velocity fluctuation and the 188 hertz velocity
fluctuation is approximately 2.3. The velocity fluctuation ratio, 2.3,
is nearly the ratio between the vortex formation frequencies, 2.7.
Consequently, for similar flow fields, the data suggest that the
velocity fluctuations increase proportionally with the vortex formation

frequency so that higher frequency instabilities require larger velocity
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fluctuations., This result implies that any number of system resonant
modes may be excited to produce combustion instabilities depending upon
the geometry of the system.

For a stoichiometric reactant mixture ratio, the large vortex,
produced by the sizeable velocity fluctuation, grows and reaches the
lower wall of the combustor within the cycle of formation. The
convection speed for this type of vortex evolution depends upon the
magnitude of the velocity fluctuation. However, if the time required
for the chemical reaction is altered, then the burning within the
vortices will change so that the characteristics of the vortex evolution
will be affected. The presentation of the next case illustrates the
effect of changing the chemical time delay.

Figure 4.85 shows the flow field generated by the configuration II
apparatus during off-stoichiometric conditions. The vortex formation,
illustrated in this figure, occurs when the equivalence ratio is 0.7
and the dump plane velocity 40 m/sec. Analysis of the shadowgraph
movies indicate the vortices form at 449 hertz, a system resonant
frequency sensitive to conditions within the combustion chamber. The
vortex evolution, however, is much different under these fuel-lean
conditions because of the relatively small velocity fluctuations at the
rear edge of the flameholder. Since vortices are shed at 449 hertz, the
pressure oscillation required to produce a sizeable velocity
perturbation must be large. Indeed, the pressure oscillations are
substantial. Figure &4.54 shows the peak-to-peak magnitude of the
pressure oscillation to be 10 percent of the local static pressure.
However, the velocity fluctuations at the rear edge of the flameholder

are much smaller than would be expected if the velocity fluctuations
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scale with the vortex formation frequency. In fact, the computation of
the velocity fluctuation, using the acoustic model and the experimental
data, indicates a fluctuation magnitude of 13 m/sec at the flameholder.
Hence, the acoustic fluctuating velocity is about one-third of the mean
velocity and the perturbance introduced by the acoustic resonance is
relatively small compared to the previous situations where the
disturbance was approximately equal to the mean flow. Consequently, the
vortex evolution is quite different than any one of the other combustion
instability cases.

Since the velocity fluctuation is relatively small, the expectation
is that the propagation velocity of the vortex structure would be less
than that found in the examples discussed above and, in fact, this is
the case. The shadowgraph records (Figure 4.85) show that, for this
449 hertz instability, a vortex formed at the point of maximum pressure
does not reach the lower combustor wall within the cycle of formation as
in all the previously discussed cases. Instead, the vortex does not
impinge against the wall until well into the next cycle after another
vortex has been shed from the rear edge of the flameholder.

The mean flow speed im this situation with vortices formed at 449
hertz is 40 m/sec, not radically different from the 520 hertz shedding
case in which the velocity was 50 m/sec. Yet, the frequency of vortex
shedding has changed from 520 hertz to 449 hertz by changing the fuel-
air ratio of the reactant mixture. Remember before, shedding at 188
hertz could be established with flow velocities differing by 80 percent
(22 to 40 m/sec), and the vortex shedding frequency seemed insensitive
to the mean flow speed. But, the mixture ratio was held comstant in

that situation so that the evolution of the vortex was similar for both



-159-

velocities. Now, the stoichiometry has been changed, leading to two
different possible excitation frequencies, 520 or 449 hertz. Thus, the
instability frequency 1is sensitive to the fuel-air ratio. At the lean
fuel mixtures, it appears that the actual instability mechanism is
altered, producing vortices whose evolution and characteristics are
different than anticipated by the previous test results.

The vortices which are formed at 188 hertz and 520 hertz are
similar because the vortex structures form, grow, and reach the lower
wall at approximately the same point in the formation cycle for both
frequencies. Consequently, the velocity perturbation required for the
520 hertz vortex shedding needed to be larger than the perturbation
required for the 188 hertz vortex shedding. Furthermore, the magnitude
of the velocity fluctuations increased by a scaling factor directly
proportional with the frequency increase. However, evolution of the 449
hertz vortex is quite different. A combustion instability still exists
in that large vortical structures are formed behind the flameholder
(Figure 4.85). However, during 449 hertz vortex formation, the velocity
fluctuation at the rear edge of the flameholder is relatively small, 33
percent of the mean flow speed. Consequently, the vortex propagation
speed 1is substantially less than the propagation velocity of the
vortices shed at 520 hertz, even though the frequency of shedding has
only decreased 12 percent. The entire shedding phenomenon is altered by
changing the fuel-air ratio, because the time required to complete the
chemical reaction process is a strong function of the fuel-air ratio, as
discussed in section 5.2.1., If the mechanism sustaining the 188 or 520
hertz instabilities depends upon a prompt release of energy when the

vortex and unburnt reactants impinge against the lower combustor wall,
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then a change in mixture ratio would inhibit rapid combustion and the
prompt release of energy. Thus, the chemical time enters the problem in
a dramatic fashion,

The chemical time delay is small at stoichiometric mixture ratios.
As Zukoski discusses in Oates (1978), the chemical time is on the order
of 0.2 milliseconds for a typical stoichiometric hydrocarbon-air flame.
This chemical time value is only about 10 percent of the oscillation
period for the 520 hertz vortex shedding. Thus, the time required for
reaction is small compared to the period of oscillation, and the
combustion is prompt in the sense that it is small with respect to the
vortex formation time. In contrast, the chemical time for an
equivalence ratio of 0.7 is just about an order of magnitude greater, or
about 2 milliseconds. Now, the chemical reaction time is of the same
order as the vortex formation period and the combustion is not prompt
because the reaction is not completed within the cycle of vortex
formation. Consequently, the chemical time delay influences the matter
in which the heat is released during the combustion process, altering
the energy feedback, which, in turn, affects the mechanism controlling
the instability, and the resulting vortices are generated at a different
rate in a different fashion.

The chemical time delay is a strong function of mixture ratio.
Furthermore, the time delay can be significantly different for different
fuel types. For example, the chemical time for hydrogen is roughly ten
times smaller than for a hydrocarbon fuel. Consequently, the
possibility of exciting any number of the system resonance frequencies
exists, depending upon the fuel type chosen and the mixture ratio

selected.
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I would now like to turn to a discussion of the data concerning the
heat release fluctuations. During combustion instability, the heat
released at a specific location within the combustion chamber is quite
different than during stable burning because the burning within and
around the large vortex structure alters the heat addition process. The
light emission measurements show a very strong component of the heat
release rate, much larger than ones encountered during stable burning,
at the frequency of vortex shedding. The light emission from the flame
is measured at the same three locations used during stable combustion:
x/LC = 0.094, 0.188, and 0.344. These measurements shed insight on the
manner in which heat is released. Since this is a key to the mechanism
which sustains the combustion instability, the flame emission
measurements for each instability case is discussed in some detail in
the following paragraphs.

The first case of interest is the 188 hertz vortex shedding case
sustained with the configuration I apparatus and 22 m/sec dump plane
velocity under stoichiometric mixture ratio. Figures 4.29 to 4.31 show
the frequency resolved 1light radiation measurements for the three
locations. At all positions, the dominant mode of heat addition 1is at
the system resonance of 188 hertz associated with the plenum chamber.
The Fourier coefficients from the light intensity spectrums show the
quantity of heat released, at 188 hertz for the position x/LC =0.094, is
three times larger than the amount of heat released at 457 hertz, the
system mode sensitive to the combustion chamber conditions. As the
vortex grows and is convected downstream, the proportional amount of
heat released at 188 hertz increases. At x/LC = 0.344, the ratio of

heat released at 188 hertz to heat released at 457 hertz is over 12
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times greater. So, the data suggest that a large fluctuation occurs in
the heat release rate at 188 hertz, which is produced by the burning
process of the vortex.

The magnitude of the resultant pressure oscillations for this test
condition (Figure 4.17) shows that two primary oscillations occur at 188
and 457  hertz. Furthermore, the amplitude of the two pressure
components are nearly the same inside the burmer at x/LC = 0.0. Thus,
it appears as if a large amount of energy is being released to sustain
the plenum chamber resonance at the same magnitude as the combustor
resonance inside the burner itself. Upstream in the plenum chamber,
the pressure oscillations exist primarily at 188 hertz as shown by the
acoustic model computation (Figures 4.3 and 4.4) for this operating
condition. The fluctuating combustion process adds energy to the
acoustic field in a manner to sustain the large amplitude resonance
oscillations in the plenum chamber. A much smaller energy input is
required to maintain the combustor resonance at the same magnitude as
the plenum resonance in the burner.

As the flow speed is increased to 40 m/sec the pressure
oscillations (Figure 4.18) inside the combustor do not appreciably
change in frequency content or magnitude. However, the light radiation
measurements (Figures 4.32 to 4<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>