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Investigation of Instabilities in a Lean,
Premixed Step Combustor

Jeffrey M. Cohen,* Brian E. Wake,” and Dochul Choi*
United Technologies Research Center, East Hartford, Connecticut 06108

A combined experimental and computational characterization of combustion instabilities in a lean, premixed
backward-facing step combustor was performed. Specifically, the instabilities of interest were those encountered
as the equivalence ratio was reduced to levels approaching the combustor’s lean extinction limit. A quasi-one-
dimensional unsteady analysis with loss and heat-addition models was developed to simulate combustion instabil-
ities for a premixed step combustor. Experimental results indicated that the magnitude of a longitudinal acoustic
disturbance grew with decreasing equivalence ratio, until it eventually triggered a lower-frequency, high-amplitude
instability. Numerical results compared with experimental data demonstrated that the analysis can capture the
critical frequencies observed in the combustor model. Coupling the heat release with the step flow velocities in
the analysis produced an instability at the dominant resonant frequency of the combustor. Experimentally, low-
frequency instabilities were visible as a flapping of the flame and increased in severity with decreasing equivalence

ratio until they caused combustor blowout.

Nomenclature

cross-sectional area

speed of sound

hydraulic diameter

internal energy per unit mass
skin-friction coefficient,

losses caused by blockage and sudden area changes
skin-frictionlosses

enthalpy

step height [1 in. (2.5 cm)]
mass flow rate

gain for n-t combustion model
fluid static pressure
heat-release rate

n-t component of heat release
Strouhal number, wh /U e,
temperature

time

flow velocity

axial distance

ratio of specific heats

time step

loss factor

= fluid density

characteristic time of combustion
equivalenceratio

= frequency
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Subscripts

s
step =
0

source term
quantities on top of the step
total quantities
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Introduction

NCREASED emphasis on reducing the NO, emissions created

by gas turbines has led to the development of lean, premixed
combustion systems. For lean mixtures the principal mechanism of
NO, productionis primarily a function of local flame temperature
and residence time at that temperature. Compared to nonpremixed
systems, lean, premixed combustors allow the majority of the fuel
to be burned at lower temperatures, thereby producing less NO, .

A problem inherent to lean combustion systems is related to en-
gine turndown ratio. If a combustor is designed to operate with a
lean stoichiometry at high engine power level, it must operate with
a very lean stoichiometry at low engine power level. As the power is
decreased, combustion instabilities in the system can be observed,
indicating that the fuel/air mixture at low power is too lean for the
combustorto operatein a stable fashion. These instabilitiesare often
precursors to an incipient blowout of the flame.

Piloting can be used to stabilize the system and prevent this insta-
bility from occurring. A pilot flame provides a source of heat in the
flame stabilizationregion, enabling the continuousignition of fresh
reactants. Pilot flames are usually diffusion flames, which, by burn-
ing at high flame temperatures, create significant NO, emissions of
their own. It is desirable, then, to reduce the amount of piloting re-
quired to stabilize lean, premixed combustion at low engine power
levels.

If the nature of the combustioninstabilitiesthatprecedeblowoutis
understood, it might be possible, through the use of passive design
modifications or active control techniques, to reduce the amount
of fuel directed to the pilot flame or to eliminate the pilot flame
completely. It is the aim of this investigation to characterize these
instabilitiesin a model combustorand to determine, from those data,
the mechanisms through which the instabilities are created.

Because of the complexity of the problem being addressed in
this study, it was attractive to make simplifications in the geome-
try of the model combustor relative to the geometry of a real, in-
service combustor. Most modern combustors utilize swirling flow
through a sudden expansion in order to stabilize a flame. Recircu-
lation regions are created, which return hot products to act as a heat
source for the continuousignition of fresh reactants. Because the ef-
fects of swirl on the dynamic nature of the combusting flowfield are
not well understood, this study was carried out using a simplified,
two-dimensional, rectangular dump combustor. This was embod-
ied by a single-sided sudden expansion in a rectangular duct. This
backward-facing step configuration has been studied extensively,
both in combusting and cold-flow experiments.!~® However, the
studies of combustion instabilities have been focused on flashback
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phenomena, which occur at high fuel/air ratios far from the lean
blowout limit. A schematic of the flowfield is shown in Fig. 1. It re-
produces some of the more importantcharacteristicsof the flowfield
in a real device (recirculation, shear-layer mixing), while eliminat-
ing some of the complexity. The present studies were conducted
with ambient temperature air at atmospheric pressure.

This study employed complementary computational and experi-
mental methods in order to provide further insight into the problem
being studied. In addition, this approach allowed for the develop-
ment of both analytical and experimental tools that can be used for
more complex combustor systems.

Description of the Combustor

The combustormodel was dividedinto three sections,as shownin
Fig. 2. The premixing section was designed specifically to provide
uniform mixing of natural gas fuel and air. The upstream flange on
this section connected directly to the facility airflow plenum.

The fuel delivery system is shown in Fig. 3. In all cases the
fuel was natural gas. The fuel flow rate was metered using a
choked venturi. Each of the internal manifolds was ovalized [%-in.
(1.9-cm)-diamtube] to reduce its disturbance to the airflow. Choked
orifices were locatedat bothends of both manifoldsin ordertoisolate
the majority of the fuel system from combustor pressure variations.
Natural gas fuel was injected perpendicularto the oncoming airflow
throughfourarraysof 50 x 0.043-in.(1.1-mm)-diamholes. The size
of these holes was determined using jet-penetration guidelines”® to
give the most uniform cross-stream coverage. The fuel injection
sites were located at the upstream end of the premixing section,
which was 24 in. (61 cm) long. The cross-sectionalarea of the duct
was contracted near the end of the premixing section to enhance
both flow and mixing uniformity.

The model test section was built using 12 x 4 in. (30.5 x 10 cm)
rectangular pipe [0.25 in. (0.64 cm) wall]. The inside of the test
section was lined with 0.5-in. (1.3-cm)-thick ceramic insulation.
The step was made of stainless steel and was 1 in. high. A 10.0-in.
(25.4-cm)-long linear ramp led up to a 3-in. (7.5-cm) flat section
approaching the step. This, in combination with a 2-in.-thick piece
of honeycomb at the test section inlet, was used to make the ap-
proach flow more uniform. The area approaching the step was
17.70in.2 (114 cm?). The area downstream of the step was 28.36in.
(183 cm?). The expansion ratio over the step was 1.6. The test sec-
tion was equipped with quartz, Schlieren grade windows on either
side of the step. The windows were 10.5 x 2.75 in. (26.7 x 7.0 cm)
and had a field of view starting 1 in. (2.5 cm) upstream of the step. A
spark igniter was inserted through the lower wall of the combustor,
mounted flush with the surface.

M separating boundary layer

/ % shear layer vortices
§<ecirculation zone

Fig. 1 Schematic of backward-facing-step flowfield.

Atalocation 18.5 in. (47 cm) downstream of the step, dilution air
was introduced through rows of 10 x 0.5-in. (1.3-cm)-diam holes
in both the lower and upper walls. These holes were sized to give
midspan jet penetration at an airflow rate equal to the main airflow
rate in order to form a cold “air curtain” at the exit of the test section.
Air was delivered to these holes through two identical manifolds,
which were fed through a choked metering orifice. The pressure
upstream of the orifice was varied to provide the proper dilution
airflow rate. For all tests discussed here, the ratio of the dilution
airflow rate to the model airflow rate was 1.0. This flow rate did not
enter into the calculation of combustor equivalenceratio.

The exhaust section was equipped with water spray nozzles to
cool the exhaust stream leaving the test section. These were located
6.0 in. (15.2 cm) downstream of the dilution air injection. The ex-
haust section was canted away from the test section so that any
excess water ran into the exhaust stack, not into the model. The
downstream end of the exhaust section connected directly to the fa-
cility exhauststack througha suddenexpansioninto a large diameter
pipe. The area expansionratio was approximately 9.0.

Air was delivered to the model using a choked, variable area
venturi, fed by a large plenum. The area of the venturi and the
pressure in the plenum were adjusted to deliver a known mass flow
rate of air into the model. The choke plane of the venturi was located
at6.01in. (15.2 cm) upstream of the fuel injectionmanifold. The total
length of the model from this choke plane to the sudden expansion
at the end of the exhaust section was 87 in. (221 cm).

Part I: Computational Simulation

The objective of the computational work described in this paper
was to develop a simplified quasi-one-dimensional Euler analysis
that could be used to characterize the primary features of the insta-
bility. The analysis must be computationally efficient so that it can
be used as a simulator to evaluate active control algorithms. The
computationalresults will be compared with the experimental data
to develop and validate the analysis and aid in the interpretation of
the experimental data.

Numerical Method

The unsteady quasi-one-dimensiond Euler analysis used in this
study is a cell-based finite volume technique that uses Roe’s upwind-
biased differencing scheme.” The details of the numerical scheme

pressure regulator

natural gas

supply
venturi (choked)

fuel system
isolation orifices

injection manifold

Fig. 3 Schematic illustration of natural gas fuel system.
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Fig. 2 Schematic illustration of experimental rig.
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for the three-dimensional Navier—Stokes equations can be found in
otherpapers.!°~12 Some of the significant features of the scheme are
described here.

The unsteady Euler equations were written for a variable-area
geometry. Additional source terms were added to model features
such as momentum losses and the addition of mass and heat. The
equations were nondimensionalizedby the inlet total quantities. The
reference length was 1 in., and the reference time was the ratio of
the reference length and inlet total speed of sound. In nondimen-
sional form the governing equations can be written as

d(pA) N I(puA) _ 2(my)

ot 0x 0x M

d(pud) d(pu*A+ PA) 0A
TR e i e (G
fu= %puzA% sign(u) 3)

a(LputAc
fi= ¥ 4)
X

d(pegA) n d(puH,A) _ d(mH, +q); )

ot 0x 0x

where the pressure is given by the equation of state and the total
internal energy per unit mass and total enthalpy are given by their
definitions:

P=(1/y)pT (6)
eo =[1/y(y = DT]+ tu? (7
Hy=[1/(y = DTy = [1/(y — DITy + $u? ®)

The sourcetermin the mass (1)is the summation of the mass addition
caused by the injection of dilution air, fuel, and water. The source
terms in the momentum (2) are the losses caused by the effects of
wall skin friction and other losses such as those caused by sudden
area changes. The losses across the honeycomb (flow straightener
in Fig. 2) were included by the skin-friction losses. The friction
loss factor f was estimated from the hydraulic diameter and the
Reynolds number in the different sections of the rig. The pressure
loss factor was estimated based on the different area expansion and
contraction ratios. The first source term in the energy equation (5)
represents the energy flux caused by fluid injection. The second
source term in Eq. (5) includes the effect of the heat addition from
combustion and the heat absorption from the water evaporation.

Roe’s scheme was used to evaluate the inviscid flux terms at the
cell-facelocations. Third-orderaccuracy was obtained in the spatial
direction by interpolation of the flow characteristic variables to the
cell faces.” Temporal accuracy was achieved by using Newton subit-
erations within each time step. At the upstream boundary the total
pressure and the total temperature were specified to the inlet plenum
conditions of the experiment, and the upstream-running Riemann
invariant was extrapolated from the interior of the domain. For the
downstreamboundary the static pressure was specified. Other quan-
tities were extrapolated from the interior of the domain. The anal-
ysis was tested extensively with internal flow model problems. It
was found thatby using 100 grid nodes and 100 time steps per cycle
the propagating pressure waves were captured accurately (less than
0.1% change in amplitude) over the domain of interest. Based on
this, the time step was chosen to give 100 time steps per cycle of
the highest frequency of interest (130 Hz). This corresponds to a
Nyquist frequency of 6.5 kHz for the analytical results, which was
more than adequate for comparison to the experimental data.

Numerical Results

The computational domain extended from the plenum to the ex-
haust exit where the static pressure was atmospheric. The area dis-
tribution of the combustor model is shown in Fig. 4a. The choked
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Fig. 4 Distributions of cross-sectional area, total temperature, and
velocity in combustor rig.

area in the venturi was 0.8 in.2 (5.2 cm?). At the exit the area was
expanded to 290.0 in.”> (1871 cm?). For the calculations presented
here 367 grid points were used. The mass flow rate was 0.8 1bm/s
(0.36kg/s), which produceda bulk flow velocity of 87 ft/s (26.5 m/s)
on top of the step. A fuel/air equivalence ratio of 0.65 was used,
corresponding to the unstable conditions of the experiment. Sim-
ple calculations were used to compute a mean heat release using
the equivalence ratio and mass flow rate of the air. The resulting
temperature was close to the measured flame temperature.

Steady-State Analysis

The calculations were first run in the steady-state mode to com-
pute the initial flowfield. The computed distributionof total temper-
atureis shownin Fig. 4b. The total temperaturerise from combustion
isevidentfrom x =551in. (140 cm) atthe steptox = 63 in. (160 cm).
The heataddition for combustion was spread over a distance of 8 in.
(20.3 cm) because this was approximately the distance observed
in the experiment. The total temperature then drops with the in-
jection of the room-temperature air [x =73 in. (185 cm)] and the
water [x =78.5 in. (200 cm)]. The velocity distributionis shown in
Fig. 4c. The large rise in the velocity near x =60 in. (152 cm) is
caused by the decrease in density caused by the combustion. The
velocity increases near x =73 in. (185 cm) as a result of the addi-
tional mass of the air injection, even though the flow was cooled at
this location. Further downstream the velocity decreases as water is
added for cooling, and the area expands.

Unsteady Analysis

To identify the dominantnaturalacousticmodes for the combustor
rig, a random perturbation was added to the mean heat release at
every time step. The heat release was then given by

g =4+ Aq-rand(=1, 1; At) + ¢, )

whererand[—1, +1; At] denotesarandomnumberbetween —1 and
+1, selected at a time interval of At(At =0.000075 s for the cases
presentedhere), and Ag = 0.05g. To examine the effect of a simple
coupling between the combustion heat release and the step velocity,
an n-t heat-release component was added that was proportional to
the fluctuating velocity on top of the step. This velocity on the step
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Fig. 5 Time history of pressure fluctuation at x =62 in. (158 cm) with
random perturbation of heat release.
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Fig. 6 Frequency spectrum of pressure fluctuation at x=12 in.
(30.5 cm) with random perturbation of heat release.

was lagged by the characteristictime t. Using the n-t coupling, this
component of the heat release then had the form:

qn = [i’l/(]/ - 1)]{[”0 - T) - ﬁ]/ﬁ}step (10)

This component was added to the mean heat release and the random
component [Eq. (9)].

The analysis was initially run without the n-t coupling (n =0).
The time history of the pressure in the hot section (P4 in Fig. 2) is
shown in Fig. 5. Although the unsteady disturbance was introduced
as a 13-kHzrandom fluctuation, the time history of pressure exhibits
noticeable lower-frequency sinusoidal components. A fast Fourier
transform (FFT) analysis was performed at several axial locations
to identify all important frequencies that were present. In Fig. 6 the
spectral content of pressure at the x =12 in. (30.5 cm) location is
presented. At this location, the computed dominant frequencies are
127,386, and 569 Hz. There were two other weaker peaks at 49 and
234 Hz.

These predicted frequencies are fundamental to the combustor
and are present in the results without the n-t coupling. However,
the predicted 49-Hz peak is very weak. As will be discussedlater in
this paper, this frequency is of interest because this mode appeared
in the experiment when the combustion was unstable. It cannot be
stated, however, that the analysis predicted this mode, a priori, to
be potentially unstable. Instead, the analysis was simply used to
investigate the 49-Hz mode. Thus, the unstable 49-Hz mode seen in
the experiment was not readily anticipated by the analysis.

Mode shapes of the unsteady pressure are shown for several fre-
quencies (49, 127, and 386 Hz) in Fig. 7. In this figure the envelope
of the unsteady pressure mode shapes are shown, that is, the un-
steady pressure component vs distance at two instants in time. The
mode shapes were constructed by forcing the heat release at the
specified frequency. The low frequency 49-Hz mode was strongest
upstream of the combustor step. This mode was approximately a i
wave relative to the distance between the venturi and the step. The
127-Hz mode was determined to be approximately a % wave rela-
tive to the distance between the venturi and the combustor exit (full
length), and the 386-Hz mode was about a 2 i wave relative to the
full length. All of these mode shapes have antinodal locations just
downstream of the venturi and nodal locations at the exit. Upstream
of the venturi there were no noticeable pressure oscillation because
the flow was choked in the venturi [x = 5.5 in. (14 cm)].

X (inch)

Fig. 7 Distributions of amplitudes of pressure fluctuation for the first
three modes.

0.00 0.08 016 024 032 040

time (sec)

Fig. 8 Pressure fluctuation atx = 62 in. (158 cm) with heat release cou-
pled with step velocity (7 =0.015s).

0.32
0.24 7
fe=)
& 016 7
o, J
0.08 7
000 T T T
0 50 100 150 200
frequency (Hz)

Fig. 9 Frequency spectrum of pressure fluctuation at x=62 in.
(158 cm) with heat release coupled with step velocity (7 =0.015s).

The pressuretime history for the P4 [x = 62 in. (158 cm)] location
is shown in Fig. 8 for n =15 and r =0.015 s. This simple coupling
of the heat release with the step velocity produced an amplification
in the fluctuations at a frequency near 49 Hz. The n-t model is an
adhoc model, used to represent the coupling between the acoustics
and heatrelease. The time delay and gain are functions of the three-
dimensional fluid dynamics and combustion processes and would
haveto be determinedexperimentally.For this study the values of the
model parameters were adjusted to demonstrate an unstable growth
of different modes. The n-t model did not determine the funda-
mental acoustic frequencies that were predicted. These frequencies
were computed by the analysis without the coupling model. An FFT
analysis of the pressure (Fig. 9) reveals that a 98-Hz mode appears
as a result of the amplification of the 49-Hz mode.

In the experiment discussed in the next section, large-amplitude
unsteadiness occurred at a frequency of 48 Hz. When this occurred,
a 96-Hz mode also appeared. The 125-Hz acoustic mode was ob-
served during stable and unstable combustion. To analyze the rela-
tionship between the two lower frequency modes numerically, the
heatrelease was perturbedat a frequency of 48 Hz. The FFT analysis
of pressure for this case is shown in Fig. 10. The 96-Hz mode was
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Fig. 10 Frequency spectrum of pressure fluctuation at x=62 in.
(158 cm) using 48-Hz perturbation to heat release.
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Fig. 11 Frequency spectrum of pressure fluctuation at x=62 in.
(158 cm) using 96-Hz perturbation to heat release.

created by the 48-Hz forcing, and the 127-Hz acoustic mode also
appeared. Conversely, a 96-Hz perturbation of the heat release was
then examined. The FFT analysis of pressure is shown in Fig. 11.
For this case the 127-Hz acoustic mode again appears, but the lower
frequency 48-Hz mode does not. These results are consistent with
the experimentin that the dominant acoustic mode, 127 Hz, was al-
ways present, and the 48-Hz mode produced the harmonic at 96 Hz,
whereas the 96-Hz forcing did not produce the lower-frequency
48-Hz mode.

Part II: Experiment

Experimental Diagnostics

Combustioninstabilitiesoftenresultfrom the couplingof acoustic
disturbancesand fluid flow structure with the heatreleasein the com-
bustor. The physical variables that best characterize the instability
would therefore be those which describe the coupling of the acous-
tics, heat release, and fluid mechanics. Descriptions of the magni-
tudes, shapes, and temporal behavior of different acoustic modes
can be derived from a series of axially spaced wall/static-pressure
measurements. These measurements were simple and reliable and
provided data sufficient for direct comparison with computational
results.

Static-pressure measurements were made at five axial locations
along the centerline of the model (see Fig. 2). The locations were
chosen in order to measure the changes imposed on the flow by the
different sections of the model. PCB model 103A02 microphones
were mounted in water-cooled housings attached directly to the
upper wall (opposite the step) of the model. The cavity between the
sensorand the inner wall of the model had a constant cross-sectional
area and was approximately 0.75 in. (1.9 cm) long.

Data were acquired using a 10-channel, simultaneous sample-
hold data system. Analog signals from the sensors were fed into the
data system and digitized at a rate of 6.25 kHz. Antialiasing filters,
set at 2 kHz, were used on all channels. The data acquisition system
recorded 64,000 words of data per data point for each channel. This
led to a data record length of approximately 10.5 s. The data were
downloaded to an internal hard disk on a dedicated Compaq 386

PC. These files were convertedinto a binary format compatible with
MATLAB® data analysis software, which was used for analysis of
the high-response data.

Visualization of the reacting flowfield was accomplished using
a focused, single-pass shadowgraph system. A stroboscopic light
source (EG&G model 501), with a 1 s pulse duration, was used to
illuminate the combustion zone downstream of the step. The system
used F/5 mirrors with 6.0-in. (15.2-cm) apertures to collimate the
light and to focus the resulting image. Optical access was through
the quartz windows on either side of the combustor. Images were
recorded using either a standard VHS video camera (30 frames/s)
or a high-speed 16-mm movie camera (1000 frames/s).

Other secondary measurements were made during the course of
the experiment. The thickness of the boundarylayerapproachingthe
step was measured using a hot-film anemometer to be approximately
0.25 in. (0.64 cm) at a distance 1.0 in. (2.5 cm) upstream of the
step. The boundary-layervelocity profile indicated a fully developed
turbulent boundary layer. Some measurements of the velocity in
the constant-area section approaching the step were made. During
unstable operation, however, the hot-film probe was destroyed on
a regular basis, and only limited data were acquired under those
conditions. The mixedness of the reactants at the dump plane of the
combustor was not measured.

Experimental Results and Discussion

For the sake of definition, “stable” operation was characterized
by low levels of pressure fluctuationin the combustor, whereas “un-
stable” combustion was characterized by high levels of pressure
fluctuation and flame motion. In this experiment the unstable be-
havior reached a high-amplitude limit cycle that was capable of
causing flame extinction.

Stable Combustion

Tests were conducted over a range of equivalenceratios (¢) and
airflow rates for which the combustor operated in a stable man-
ner. In general, this corresponded to operating at equivalenceratios
above 0.80. Airflow rates ranged between 0.6 1bm/s (0.27 kg/s) and
1.0 Ibm/s (0.45 kg/s), corresponding to a one-dimensional velocity
range of 65-109 ft/s (19.8-33.2 m/s) in the constant-area section
upstream of the step. In these stable combustion tests spectral peaks
were observed in the pressure signals at a frequency of 124 Hz, as
illustrated in Fig. 12. The mode shape, calculated using the pres-
sure measurement array, indicates that this frequency corresponds
to a standing % wave mode for the entire system, confirming the
predictions presented in the preceding section. Both the velocity
and heat-release measurements (not presented here) showed similar
behavior.

Unstable Combustion

Combustion instabilities were encountered as the fuel/air ratio
of the combustor was slowly decreased by decreasing the fuel flow
rate. These instabilities were visually observed as an intermittent,
large-amplitude “flapping” of the flame (see Fig. 13). During the
flapping process, it appeared as though a large vortex, with a length
scale comparable to the step height, was released. This flapping
was evident in the measurements as “bursting” in the data signal
(see Fig. 14). The time interval between these events decreased as
equivalenceratio was decreased. As equivalenceratio was decreased

0.02
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& 001
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Fig. 12 Frequency spectrum of pressure fluctuation at x=67 in.
(170 cm) during stable combustion (¢ =0.83).
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Fig. 13 Consecutive frames of shadowgraph film showing approxi-
mately % cycle of 48-Hz flapping. Framing rate=1050 frames/s; ex-
posure time = 1.0 us.

further, the increasing severity of the instability induced the global
extinction of the combustor. The highest equivalenceratio at which
the flame flapping phenomenon was observed was approximately
0.75. This corresponded to a stability limit, below which stable
operation was not achieved. At higher airflow rates this value was
slightly lower and was correspondingly higher at low airflow rates.
The equivalenceratio at combustorblowoutranged from 0.63t0 0.67
and was alsoa mild functionof airflow rate overthe range of interest.
These two observations are related, in that combustor blowout was
often triggered by the unstable behavior. All results discussed in
this section were for an airflow rate of 0.8 Ibm/s (0.36 kg/s), which
corresponded to a step approach velocity of 87 ft/s (26.5 m/s).

Spectral analysis of the data records during unstable combustion
indicated large peaks at frequencies of 48 and 96 Hz, as shown in
Fig. 15. This FFT analysis was performed for the entire data record.
Further analysis of these data indicated that these two peaks rep-
resent the effects of the periodic flame flapping during the bursts.
Figure 16illustrateshow the frequency of the dominantmode shifted
from the stable 124-Hz mode in between the bursts to 96 Hz dur-
ing the bursts. The first plot in this figure shows a time trace of
the unstable combustor pressure. The second is representative of
a sliding time-windowed FFT, showing the change in the spectral
contentof the signal with time as a contour plot. The third plot shows
the change in the frequency (over the range of 75-200 Hz) of the
dominant mode as a function of time.
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Fig. 14 Time history of pressure fluctuation at x =12.0 in. (30.5 cm)

showing bursting during unstable combustion; ¢ =0.73.
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Fig. 15 Frequency spectrum of pressure fluctuation at x=67.0 in.
(170 cm) showing peaks at 48 and 96 Hz.

The 96- and 48-Hz modes grew and decayed simultaneously.The
acoustic wavelength of the 48-Hz mode correspondedroughly to a
%-Wave mode for the length between the venturi and the step. This
corresponds well with the predicted mode shape shown in Fig. 7. It
is likely that the 96-Hz signal represented a harmonic of the 48-Hz
signal (an exact multiple). This behavioris not unusual in systems
that are in a high-amplitude limit cycle. An alternative explanation
is that the 96-Hz mode was a reflection of the 48-Hz signal between
the step and the exit plane. Because the step lies at the midpoint of
the entire rig, the frequency of the reflected wave was doubled to
96 from 48 Hz. The likelihood of this relationship between the two
modes was assessed using the numerical technique described in the
preceding section and cannot be completely discounted.

The shape of the 48-Hz mode (see Fig. 7) had a pressure node
(velocity antinode) at the step, where the flame was stabilized. The
shearlayer formed at the trailing edge of the step (see Fig. 1) will be
most sensitive at this location. This might explain the drastic shear-
layer flapping action that resulted from the thermoacousticcoupling
associated with this mode.

The combinationof data from a number of tests at differingequiv-
alence ratios enabled the examination of the onset of the instability
as a function of equivalenceratio. In Fig. 17 the amplitudes of the
124-, 96-, and 48-Hz components are plotted vs equivalence ratio
for one pressure sensor, located at 12.0 in. (30.5 cm) downstream
of the step. As ¢ was decreased from a near-stoichiometric level,
the magnitude of the 124-Hz oscillations grew steadily until ap-
proximately ¢ =0.75. At this point both the 48- and 96-Hz signals
increasedrapidly in magnitude, while the level of the 124-Hz signal
dropped. This implies that the growth of the 124-Hz mode to a high
level might have “triggered” a transition into the high-amplitude,
low-frequency unstable behavior at this point. The 96- and 48-Hz
signals were always present in the data but were often at a low level
during stable combustion. Although a single pressure channel has
been used to illustrate the behavior of this phenomenon, similar
behavior was observed on the other measurements.

The high-speedshadowgraphfilms (frames of which are shownin
Fig. 13) taken during unstable combustion indicated that the flame
flapping which was evident during the unstable bursts occurred at
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Fig. 16 Mode switching during bursting phenomenon in pressure
measurement at x=67.0 in. (170 cm). Unstable combustion; ¢ =0.73.
Most energetic frequency filtered between 75-200 Hz (third plot only).
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Fig. 17 Switching of most energetic modes with decreasing equiva-
lence ratio.

a frequency of approximately 50 Hz, corresponding well with the
48-Hz peak in the data. A nondimensional examination of the dif-
ferent spectral modes observedin both stable and unstable combus-
tion proved usefulin comparing results from the current experiment
and those obtained by others ¢ The 48- and 124-Hz modes corre-
spond to Strouhal numbers of 0.05 and 0.12 [using ug., = 87 ft/s
(26.5 m/s)], respectively.

As already indicated, other researchers have observed the same
flame-flapping phenomenon observed in this experiment. In each
case the flapping occurred at a frequency significantly lower than
that of either the dominant duct acoustic mode or the shear-layer
shedding process. In each case a large vortex was shed from behind
the step. Najm and Ghoniem® refer to this phenomenon as a “wake
mode” instability in order to distinguish it from the hydrodynamic
shear-layer instability. They describe it as an inherent instability

of the recirculation zone that occurs at Strouhal numbers of 0.05—
0.2, based on step height. They also state that this phenomenon is
consistent with the Rayleigh criterion, through which heat release
and pressure fluctuations couple, leading to the growth of the insta-
bility. Although all three of the dominant modes observed in this
experiment fall within this range, the 48-Hz mode fits the physical
description best, as it corresponds with the flapping motion of the
flame. Sterling® noted that flapping occurred at a subharmonic of
the duct acoustic frequency. For the current experiment this should
represent flapping at some integral fraction of a %-wave mode. The
wavelengthofthe 48-Hz signal mighthaveindicateda i-wave mode
for the entire rig (not just the inlet; resolution of the mode shape
downstream of the step was very coarse). In a system with varying
cross-sectional area and thermoacoustic coupling, modal frequen-
cies need not be integral multiples of one another, but harmonics
and subharmonics are integral multiples of one another.

During the high-amplitude, low-frequency oscillations, it was
determined that the effects of fuel system coupling could not be
discounted. The amplitude of the 48-Hz pressure oscillations ap-
proached the magnitude of the pressure drop incurred by the fuel
passing through the injection orifices. However, as already men-
tioned, the injectionmanifolds were isolated from the rest of the fuel
delivery system by choked orifices so that the volume affected was
minimal. In addition, the characteristic acoustic modes of the fuel
injection manifold were estimated to occur at significantly higher
frequencies than those observed in the instability.

Other investigators'>!# have attributed instabilities in lean, pre-
mixed systems to fluctuationsin equivalenceratio at the flame front.
These fluctuations were driven by variations in airflow rate in re-
sponse to acoustic pressure fluctuations. Lieuwen et al.!* correlated
the existence of this type of instability with the ratio of the convec-
tive timescale between the fuel injector and the flame front and the
period of the acoustic oscillations. For this combustor the premixing
section is rather long, leading to a convectivetime of approximately
45 ms. This results in a ratio of convective to acoustic timescales
of approximately 2.2 for the 48-Hz mode. Most of the results in
Lieuwen et al.!* show that this ratio should be approximately one
for instabilities to occur. Although this simple analysis is not suf-
ficient to rule out equivalence ratio fluctuations as a driving force,
it seems to indicate that the probability of this mechanism being
dominant is low.

The low-frequency flame-flapping phenomenonis similar to that
observed in experiments conducted at higher equivalence ratios,
away from the lean blowout limit.>® This experiment differed in
thatit was performedat leanerconditionsand that the instability was
triggered by decreasing the fuel flow to a leaner condition, whereas
in the other experimentsit was often triggered by increasing the fuel
flow. This difference is interesting and can relate to the ratio of the
characteristiccombustion timescales to the acoustic timescale. The
preferential driving of the 48-Hz mode at low equivalence ratios
might be tied to increases in the characteristic combustion time t
with decreasing equivalence ratio. At higher values of ¢, the value
of T is probably too short to excite the 48-Hz mode, but as the equiv-
alence ratio was decreased T increased" allowing thermoacoustic
coupling to occur, through mechanisms similar to those explained
by Lieuwen et al.?

Conclusions

An investigation was conducted in order to characterize the com-
bustioninstabilitiesthat were observedin alean, premixed step com-
bustor at equivalenceratios approachinglean blowout. Experimen-
tally, measurements of static wall pressure were acquiredin addition
tohigh-speedvisualizationof the reacting flowfield. These measure-
ments were acquired under both unstable and stable combusting
conditions. Numerically, an unsteady quasi-one-dimensional anal-
ysis was developed and applied to the backward-facing-step com-
bustorrig. The analysis tool was used to identify the critical acoustic
frequencies of the problem and agreed well with the dominant fre-
quencies found in the experiment.

The results showed that, during stable combustion, the dominant
duct acoustic mode, possibly coupled with the shear-layer vortex
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shedding process, produced spectral components at 124 Hz in all of
the measured variables. Combustion was stable at fuel/air equiva-
lenceratios above 0.80, indicatingthat damping exceededdriving of
the acoustic modes under those conditions. The analysis indicated
that the strongestacousticmode was found to be 127 Hz, comparing
favorably with 124 Hz found in experiment. Weaker acoustic modes
were predicted at 49, 234, and 386 Hz.

As the combustor equivalence ratio was decreased, the ampli-
tude of the 124-Hz acoustic mode grew, until at approximately
¢ =0.75,large-amplitude,low-frequencyoscillationswere encoun-
tered. These oscillations were caused by the flapping of the flame
as a large vortex was released from the region behind the step and
occurred at 48 Hz. As the equivalenceratio was reduced further, the
flapping became more violent, eventually causing the blowout of
the combustor.

Numerically, a coupling of the heat release to the step velocity
produced an unstable mode at the natural acoustic frequency of
the combustor. The frequency of the unstable mode depended on
characteristic time used in the model. The analysis complemented
the experiment by providing insight into the physical mechanisms
leading to the frequencies observed in the experiment. Forcing the
system at the unstable frequency found in the experiment (48 Hz)
produceda 96-Hz harmonic and the 127-Hz acousticmode, as found
in experiment.

The growth of the 124-Hz acoustic mode with the reduction in
equivalenceratio appeared to trigger the low-frequency flame flap-
ping. The flame flapping was attributed to coupling of the combustor
heat release and acoustics with a wake mode instability, related to
the unsteadiness of the recirculation zone behind the step.

For the one-dimensional analysis to be useful as a stand-alone
simulation tool, models are needed to predict the correct character-
istic timescales associated with the fluid-dynamic mixing and com-
bustion. Critical for a simulation tool is the ability to capture the de-
pendence of the instability on equivalence ratio that was observed
in the experimental data. In the future it is planned to couple the
one-dimensional analysis with a two-dimensional Navier-Stokes
solver. This will be useful to investigate the coupling between the
fluid-dynamic mixing and the acoustics of the system.

No previous documentationof these lean-limit combustion insta-
bilities for the backward-facing-stepconfiguration has been identi-
fied. This problem is not unique to this configuration, and the tools
and understanding developed in this investigation will be valuable
in examining and controlling more realistic systems.
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