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Experimental Investigation of Limit-Cycle Oscillations
in an Unstable Gas Turbine Combustor

Tim C. Lieuwen*
Georgia Institute of Technology, Atlanta, Georgia 30332-0150

This paper describes an experimental investigation of limit-cycle oscillations in an unstable gas turbine com-
bustor simulator. This investigation was performed to improve the current understanding of the characteristics
of these oscillations and the nonlinear processes that affect them. Such an understanding is needed in order to
predict instability amplitudes, to aid in correlating data, and to develop and optimize active control methodologies.
The paper first describes an analysis of the statistical and temporal features of the limit-cycle pressure oscillations
and discusses the role of noise and system nonlinearities upon these oscillations. Next, it discusses the important
role that the combustor inlet velocity plays in determining the amplitude of the limit-cycle oscillations. The paper
also presents data illustrating the characteristics of the combustor’s transition from stable to unstable operation.
Finally, it is shown that inherent noise in the system can strongly affect the limit cycles and, under certain oper-
ating conditions, may even be responsible for causing the combustor to become unstable under nominally stable

conditions.

Nomenclature

= autocorrelation function, defined in Eq. (1)
correlation dimension, defined in Eq. (4)
instability frequency

distance between fuel injector and the flame
number of data points

mass flow rate

pressure

scaling factor, see Egs. (3) and (4)
Euclidean distance, see Eq. (2)

period of oscillations, 1 /f

velocity

time delay

= equivalenceratio
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Subscripts

! = fluctuating quantity
- = mean quantity

Introduction

HE occurrence of detrimental instabilities in lean, premixed

combustors continues to hinder the development of modern
gas turbines.! ~> These instabilities arise from interactions between
oscillatory flow and heat release processes in the combustor and
often lead to large-amplitude, organized oscillations of the com-
bustor’s flowfields. These oscillations are undesirable because they
significantly reduce the lifetime and regions of operability of the
combustor.

To prevent the onset of these instabilities or, at least, minimize
their detrimental effects (e.g., through active control), an under-
standing of the processes responsible for initiating and sustaining
them is needed. That is, an understandingof the mechanism(s) that
are responsible for initiating instabilities is needed in order to pro-
vide engineerswith insighton how to avoid themin the design stage.
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An understandingof the nonlinearprocessesthat control the steady-
state or transient limit-cycle oscillations of the unstable system is
needed in order to develop capabilities for predicting the amplitude
of an instability or in the development and optimization of active
control methodologies, respectively.

As a result of extensive experimental and theoretical work, the
mechanisms responsible for initiating instabilities, and the condi-
tions under which these instabilities occur, appear to be reasonably
well understood. Specifically, it has been shown that these insta-
bilities are likely initiated by a mechanism involving interactions
between heat release, pressure, and reactive mixture composition
oscillations?~?

The current understanding of the nonlinear processes that con-
trol the limit-cycle oscillations in these combustors is much less
complete, however. For example, there currently do not exist any
capabilities for predicting the dependence of the instability ampli-
tude upon operating conditions or geometric parameters. Further-
more, there is little understanding of other nonlinear phenomenon
that have been reported, such as hysteresis in stability boundaries®
or unstable mode selection?

This paper describes the results of an experimental investigation
of limit-cycle oscillations in a lean, premixed combustor that was
performed to address these issues. Specifically, it presents data that
describethe features of combustor pressure oscillationsunder stable
and unstable operating conditions, the manner in which the combus-
tor transitions from stability to instability, and the important factors
controlling the instability amplitude. The paper is organized in the
following manner: The following section briefly describes the ex-
perimental facility and then presents combustor pressure data that
were measured under stable and unstable conditions. Next, it dis-
cusses the strong dependence of the amplitude of the limit-cycle
oscillations upon the combustor inlet velocity. Finally, it character-
izes the manner in which the combustor transitions from stability to
instability with changes in operating conditions.

Characterization of Limit-Cycle Oscillations

The data presented in this paper were measured in a lean, pre-
mixed gas turbine combustor simulator (see Fig. 1), which is de-
scribed in detail in Refs. 5 and 6. The facility consists of inlet, mix-
ing, combustor, and exhaust sections. During a test, high-pressure
air enters the variable length inlet section and mixes with gaseous
fuelin the mixing section to form a reactive mixture that is supplied
to the combustor. The mixture reacts at the bluff-body stabilized
flame in the combustorsection, and the hot combustion products exit
the combustor through the exhaust section. The natural longitudinal
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Fig. 1 Schematic of the investigated lean, premixed combustor simu-
lator.
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Fig. 2 Typical state-space evolution of the combustor pressure during
stable operation (iZ = 24 m/s, in =11.8 g/s, ¢» =0.89).

acoustic frequencies of the system are approximately multiples of
100 Hz (i.e., 100, 200, 300, . . . Hz), and excitation of the first seven
of these modes has been observed under different test conditions?
These oscillations were measured by four Model 211BS5 Kistler
pressuretransducersmounted along the inlet section and combustor.
The specific data presented next were obtained from the combustor
mounted pressure transducer that was sampled at 2000 Hz.

The rest of this section presents data that characterize the basic
temporal and statistical features of these combustor pressure oscil-
lations during stable and unstable operation. We consider first the
state-space evolution of the pressure under stable operating condi-
tions. The state-spacerepresentationof the data is useful because it
allows one to readily examine and compare the oscillations over a
large number of cycles (in contrast, in examining the time evolution
of the data it is difficult to examine more than a few cycles at a time
or to compare successive cycles). The state space of an N degree-
of-freedom (DOF) system is characterized at each instant by the
vector [x(¢) dx(¢)/dt---dN ~'x(¢)/dt¥ ~1], e.g., a two-DOF har-
monic oscillatoris characterizedat each instant in time by the vector
[x(t) dx(t)/dt]. Such a characterization of discretely sampled ex-
perimental data where only a single variable [e.g., x(¢)] is measured
requires numerical differentiationof the data, however, and is, thus,
very sensitive to noise and measurement errors. Consequently, ex-
perimental time series are typically characterized with time-delay
embedding methods.”® The basic idea of this method is to construct
the vector[x(¢) x(t+7t) x(t+2t) --- x(t+nt)]fromthe mea-
sured data x (t), where n — 1 is the “embedding” dimensionand 7 is
an arbitrary time delay.” The value of  that is needed to characterize
the time series depends upon the number of DOFs of the system.
For the majority of our results, a two-dimensional vector was found
to adequately characterize the pressure time series (i.e., an exami-
nation of the plots of three-dimensional phase portraits revealed no
significantly new features of the phase orbit).

Figure 2 plots the typical evolution of the unsteady combustor
pressure p’(t) during stable operationand shows that the majority of
data points cluster around the fixed point [p'(¢) p'(t +0.32T)]=
[0 0] (the choice of T =0.32T is somewhat arbitrary; similar re-
sults are obtained for other values). The scatter of the data about
this fixed point reflects the fact that, even under stable conditions,
the pressure is executing low-amplitude oscillations. The statistical
characteristicsof these oscillationsare illustrated by the probability
density function (PDF) of p'(f) in Fig. 3. Figure 3 shows that the
pressure distribution peaks at p’(¢#) ~ 0 and has a nearly Gaussian
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Fig. 3 Probability density function of combustor pressure for the
operating conditions of Fig. 2.
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Fig. 4 Dependence of the autocorrelation of combustor pressure upon
the number of cycles of oscillation at the operating conditions of Fig. 2
(the number of cycles plotted on the abscissa is based on a period of
630 Hz).

distribution about this mean. As will be shown next, this PDF is
qualitatively different from the bimodal type PDFs observed under
unstable operating conditions.

Further insight into the nature of the pressure oscillations can be
obtained by examining their autocorrelation C (), which is defined
next and illustrated in Fig. 4.

[P ®p ¢ +1)dt

A P

M

Several items should be noted from Fig. 4. First, note the oscillatory
characteristicsof C (7). They reflect the oscillationsof the system’s
natural acoustic modes, which are excited by background noise.
Next, note the rapid drop in the envelope of C(7) from its initial
value of C(r) =1 to a maximum value of C(t)~0.4. This rapid
drop reflects the presence of noise in the time series that has a
small correlation time relative to the period of oscillations. These
two observations suggest that the measured p’(f) is composed of a
superpositionofnoise and oscillationsof the pressure at one or more
of the natural acoustic frequencies of the system. Finally, note the
monotonicallydecreasingenvelopeof C () with increasingnumber
of cycles. This drop in C(t) is caused by damping in the system
and reflects the system’s finite “memory” because of the presence of
dissipative processes in the system [note that the rate of decrease of
C(7) for a linear oscillator can be directly related to the amount of
system damping’].

Consider next the characteristics of the pressure oscillations
under unstable operating conditions. In this case the fixed point
[p'(t) p'(t+7)]=[0 0] is unstable, and the orbit is repelled from
this pointtoward a new stable limit cycle. This loss of stability of the
fixed point is reflected in the structure of the PDFs of the combustor
pressure (see Fig. 5). The figure plots these PDFs at two differ-
ent instability amplitudes. These PDFs resemble those of a signal
consisting of a superposition of harmonic oscillations and noise.
A comparison shows that the PDF with a single peak at p'=0
in Fig. 3 has evolved into a bimodal PDF with peaks at nonzero
pressure amplitudes in Fig. 5. The absolute value of the pressure at
which these peaks occurroughly correspondsto the amplitudeof the
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Fig. 5 Probability density functions of combustor pressure during un-
stable operation (in = 11.8 g/s, ¢ =0.89, f =630 Hz, i =26 and 31 m/s
in Figs. 5a and 5b, respectively).
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Fig. 6 State-space evolution of combustor pressure during unstable

operation (n=11.8 g/s, ¢ =0.89, f=630 Hz , i =31 and 33 m/s in
Figs. 6a and 6b, respectively).

limit cycle. More insight into the characteristics of the limit-cycle
oscillations can be obtained by examining their phase portraits at
two different instability amplitudes (see Fig. 6). Purely sinusoidal
oscillations exhibit elliptical phase orbits. Figure 6 shows that in
the lower amplitude case the orbit is nearly elliptical, whereas in
the larger-amplitude case the shape is somewhat distorted as a re-
sult of the generation of harmonics of the fundamental instability
frequency by nonlinear processes.

Note also the scatter in the data in Fig. 6. This data scatter shows
that the pressure oscillations do not exactly repeat themselves from
one cycle to the next, i.e., they show that there is cycle-to-cycle
variability in the limit-cycle oscillations. Such variability can arise
from either 1) the nonlinear processes controlling the low-DOF
oscillations (see also Refs. 8 and 10) that are the subject of this

investigation or 2) background noise (e.g., turbulent fluctuations).
Extensive analysis of the data has not given any indications that
this cyclic variability reflects a deterministic, low-dimensional sys-
tem dynamic. For example, extensive examination of the data has
shown thatthe deviationsare uncorrelatedfromone cycle to the next
(see also data in Ref. 11; it should be noted, however, that another
study'? has reported that the variability is correlated from one cy-
cle to another). These results suggest that the cyclic variations arise
from background disturbances with correlation times that are short
relative to the period of oscillations,i.e., processes that may be ide-
alized as random forcing insofar as their effect on the self-excited
oscillations that are of interest are concerned.

Further evidence that this cyclic variability does not reflect the
presence of chaotic oscillations or a low-dimensional strange at-
tractor is provided by examination of the “dimension” of the pres-
sure oscillations. The value of this dimension essentially reflects
the number of degrees of freedom of the system. For example, a
system executing the periodic orbit p’(t) = A sin(wt) has a dimen-
sion d of one, and a system executing oscillations composed of two
independent modes generally has a dimension of two. Turbulent
fluctuations are often typified by a large number of degrees of free-
dom, and purely random processes have an infinite dimension. An
orbit with a fractionaldimensional (e.g., d = 1.3) typically displays
complex behavior that may be indicative of chaotic oscillations.”-!*

The underlying dimension of our pressure data was estimated
using the Grassberger-Procaccia correlation dimension.” Because
the algorithm for determining this dimension has been discussed
extensively in the general dynamical systems literature’ and in
the specific context of combustion instabilities®!° it will be
only briefly discussed here. The basic steps in the determina-
tion of the correlation dimension of a time series record com-
posed of m data points are as follows: 1) define an n+ 1
dimensional vector I1(¢) of the pressure at delayed times 7, e.g.,
OO =[p'®Op' t+1)pt+21t)p(t+nt)]; 2) determine the Eu-
clidean distance r;; between the vector defined by the ith and jth
row of I1(z), e.g., the distance |, between the data points at t = ¢,
and 1, is

Ty = \/(P(tl) —p)?+(pti+ 1) —pll+1))2+--- (2)

3) define a quantity R that ranges in value between the minimum
and maximum values of r;;; 4) for a given value of i, determine
the number of values N;(R) of j for which r;; < R; 5) define the
correlation sum C(R):

1 m
C(R)=— N;(R 3
(R) = — Z (R) 3)
6) finally, define the pointwise correlation dimension d(R):
log,, C(R
d(R) = &0 ) @)
log,, R

For the procedure to converge, the value of the embedding di-
mension n must be sufficiently larger than the underlying dimen-
sion d. For our data a value of n >4 was found to yield good
results. Figure 7 plots the typical dependence of the pointwise
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Fig. 7 Dependence of the pointwise Grassberger-Procaccia correla-
tion dimension upon scale (& =17 m/s, in = 11.8 g/s, ¢» = 0.89).
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Fig. 8 Dependence of the autocorrelation of the combustor pressure
upon the number of cycles for the operating conditions shown in Fig. 6a.

correlation dimension upon R. The figure shows that the corre-
lation dimension has a constant, integer value of d & 1 in the range
—1.3 < log;((R/rmax) < —0.3, i.e., over one order of magnitude of
R /7. This and other similar results imply that the combustor
pressure is executing a one-dimensionalorbit.” This result provides
additional evidence that the cyclic variability does not reflect the
presence of a low-dimensional strange attractor. Noise in the data is
the cause of the steady rise in the dimensiond with decreasingradius
R. The calculated dimension value is inaccurate below a value of
log,y R/rmax ~ —1.7 becaused approachesthe value of the imbed-
ding dimension (n =4) that was used to obtain this result. A more
accurate determinationof d at smaller scalesrequiresa considerably
larger imbedding dimension n.

Before concludingthis section, the features of the autocorrelation
C(7) of the pressure under unstable conditions are presented and
compared with the autocorrelations of data obtained under stable
conditions. A typical plot of C(7) is presented in Fig. 8. Compari-
son of Figs. 4 and 8 reveals two common features shared by these
autocorrelations: 1) the oscillatory characteristics of C(z) and 2)
the rapid drop in C(7) from its initial value of one after one cycle
(because of noise in the data with short correlation times). In view
of the preceding discussion, it is likely that the noise in the pressure
signal which is responsible for the rapid drop in C(7) in Fig. 8 is
also responsible for the cyclic variability shown in Fig. 6.

Comparing the dependenceof the envelopeof C(t) upon the time
delay 7 reveals a qualitative difference between these curves, how-
ever. Specifically, the envelope of C(r) monotonically decreases
in Fig. 4 and remains relatively constant in Fig. 8. This constant
amplitude envelope of C(7) shows that the oscillations are highly
correlated with one another during an instability at least over the
first 100 cycles of oscillation.

There has been some discussion in the combustion instability
literature on distinguishing between low-amplitude, self-excited
oscillations and those oscillations exhibited by a linearly stable
combustor driven by noise (e.g., Ref. 14). The discussion in the
preceding paragraphs suggests that the qualitative differences be-
tween the pressure autocorrelationsof the two systems can be used
to distinguish between the two situations.

Dependence of the Instability Amplitude
upon Combustor Parameters

Correlation of the Instability Amplitude

Having discussed several of the qualitative features of the pres-
sure time series data, we next consider the important factors that
determine the steady-state limit-cycle amplitude. Extensive data
have been published that present the dependence of the instabil-
ity amplitude upon operating conditions and geometric parameters
in lean, premixed gas turbine combustors, e.g., see Refs. 1-3 and
6. However, no correlation of the amplitude has been determined
that would describe its simultaneous dependence upon several rele-
vant parameters, such as pressure, equivalenceratio, or fuel injector
location. Although we have not found any such universal correla-
tion either, we have found that the combustor inlet velocity plays a
very significant role in determining the instability amplitude over
the entire parameter space studied in our combustor (i.e., equiv-
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Fig. 9 Experimentally determined dependence of the maximum pres-
sure amplitude upon the mean inlet velocity (i = 6.1-21.1 g/s, ¢» = 0.65-
1, £=100-700 Hz, p = 1-10 atm, inlet length = 104-164 cm).

alence ratio=0.65-1, combustor pressure = 1-10 atm, combustor
inletlength= 104-164 cm, instabilityfrequency = 100-700Hz, and
reactants mass flow rate =6.1—-21.1 g/s, see also Ref. 5); see Fig. 9.
Figure 9 plots the dependence of the maximum pressure amplitude
upon the inlet velocity, e.g., if pressure oscillations with amplitudes
of 0.5, 1, and 1.5% of the mean were measured in the 10-12 m/s ve-
locity range, then the 1.5% value is plotted in the figure. The figure
shows that over the entire parameter space the maximum normal-
ized pressure amplitude is a monotonically increasing function of
the inlet velocity, i.e.,

P/ Plmax < Ul ©)

Thus, although the instability amplitude may take a whole range of
values at any given inlet velocity, these data show that it takes on
larger values at higher velocities.

This result suggests that the inlet velocity plays a significant role
in determining the amplitude at which the instability saturates. As-
suming that the acoustic pressure p’ and velocity u’ are approxi-
mately proportional, this result also suggests that u’ /i is an impor-
tant nondimensional parameter which controls the amplitude of the
limit-cycle oscillations. These observationssupport the conclusions
of several theoreticalstudies’ !>!® thathave suggested that u’ /i type
nonlinearitiescontrolthe nonlineardynamicsof unstable gas turbine
combustors.

By further pursuing this observation, some insight into the im-
portant physical processes that saturate the limit-cycle amplitude
can be obtained by examining which of them exhibit a nonlinear
dependenceupon u’/u. For example, it is known from other studies
that u’/u is an important parameter that controls the nonlinear re-
sponse of a flame front'® and the reactive mixture composition® !¢ to
flow perturbations.Thus, these data suggestthatcombustionprocess
nonlinearitiescan play a role in saturating the instability amplitude.
In the same way u'/u is an important parameter controlling the non-
linear damping of acoustic waves at a rapid flowfield expansion (see
Ref. 17 and references therein), suggesting that nonlinearboundary
conditionscould also play an importantrole in the nonlineardynam-
ics of the combustor. Finally, it is known that it is the parameters
u'/c or p'/p, not u'/u, which control the lowest-order nonlinear
response of gas dynamical processes to flow perturbations.!® Thus,
this result suggests that gas dynamic nonlinearities do not play a
significant role in the limit-cycle oscillations of our combustor.

Relationship Between the Instability Frequency and Amplitude

The datapresentedin the prior subsectionshowed thatthe inlet ve-
locity playsan importantrolein the limit-cycleamplitude,i.e., thatit
has a strong influence upon the nonlinear characteristics of the sys-
tem. Previous studies of the instability mechanismin this combustor
have shown that the inlet velocity also plays an importantrole upon
the conditions under which instabilities occur and their frequency
(through its affect on the time required for the reactive mixture to
convect from the fuel injection point to the flame), i.e., that it also
has a strong influence upon the linear characteristics of the com-
bustor. Specifically, it has been suggested on experimental > and
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Fig. 10 Experimentally determined relationship between instability
frequency and inlet velocity (i = 6.1-21.1 g/s, ¢ = 0.65-1, = 1-10 atm,
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Fig. 11 Dependence of instability amplitude upon frequency of in-
stability (in=6.1-21.1 g/s, ¢=0.6-1, p=1-10 atm, inlet length=
104-164 cm, i = 10-60 m/s).

theoretical' grounds that the following expression approximately
describes the conditions under which the combustor is unstable™®:

I‘convcc[/T = (L/ﬁ)f = Cn (6)

where C,, is a function of combustor geometry. Assuming that L and
C, are constants, manipulation of Eq. (6) shows that the frequency
of the destabilizedcombustormode is proportional to the mean inlet
velocity, i.e.,

fou @)

Thus, Eqs. (6) and (7) predict that higher frequency combustor
modes will be excited at higher inlet velocities. This dependence
can be seen in the data (see Fig. 10). Figure 10 clearly shows that,
in general, low-frequency instabilities are excited at low inlet ve-
locities and high-frequency instabilities are excited at higher inlet
velocities. The slope of the least-squaresline through the datacan be
predicted quite accurately from purely theoretical considerations?

These data show that the inlet velocity has a significant effect
on the linear (conditions under which instabilities occur and their
frequency) and nonlinear (amplitude of oscillations) characteristics
of the combustor.If we combine the resultshown in Fig. 9 and Eq. (5)
(i.e., '/ Plmax < ) with the resultshown in Fig. 10 and Eq. (7), (i.e.,
f ocu), we obtain the interesting and rather counterintuitive result
that the maximum amplitude of the instability is proportional to its
frequency,i.e.,

P/ Pluwax < f ®)

In other words, the preceding results and Eq. (8) suggest that larger-
amplitude instabilities will occur at higher frequencies, a trend that
isclearly exhibitedin our data (see Fig. 1 1). Because acousticdamp-
ing processes increase with frequency of oscillation (e.g., both vis-
cous damping and radiation losses increase as the square of the
frequency), one might expect that, in general, the largest-amplitude
instabilities will occur at the lowest frequencies. The preceding dis-
cussion and Eq. (8) provide a clear explanation for the counterintu-
itive trend shown in Fig. 11, however. Although clearly this trend
couldnotcontinueto arbitrarilyhigh frequencies,these datastrongly

suggest that the inlet velocity affects both the linear and nonlinear
characteristics of the instability.

Characterization of Bifurcations

This section discusses the qualitative features of the experimen-
tally observed bifurcations in the combustor’s stability characteris-
tics. Recall that a bifurcation refers to a qualitative change in the
dynamics of the system with a change in a system parameter. In
this section we are referring to the bifurcation where the fixed point
at [p'(®)p'(t+ )] =[0 0] shown in Fig. 2 becomes unstable and
“repels” the pressure orbit toward a new, stable limit cycle, such
as is shown in Fig. 6. Such bifurcations can be classified as either
sub- or supercritical’ (see Fig. 12). This figure plots the dependence
of the oscillatory amplitude upon a system parameter that controls
the system’s stability (this could be, for example, the inlet velocity,
combustor pressure, etc.). As shown in these examples, when the
systemundergoesa sub- or supercriticalbifurcation,the steady-state
amplitude of the oscillationschanges abruptly and continuously, re-
spectively, with changes in parameter values. Hysteresis occurs in
systems with subcritical bifurcations. This hysteresis can be seenin
Fig. 12b by noting that the parameter value where the amplitude of
the oscillations discontinuously changes depends upon whether the
system parameter is increasing or decreasing. Finally, systems with
subcritical bifurcations that are operating under linearly stable con-
ditions can become unstableif they are excited with large-amplitude
disturbances.For example, reference to Fig. 12b shows that the sys-
tem is linearly stable when the system parameter lies between —0.5
and O but, if disturbed with sufficient amplitude, will jump up to
the stable, oscillatory branch. This behavior is often referred to as
“triggering” in the combustion instability literature.'®

Both of these bifurcations have been observed in our combustor
under different operating conditions. Figures 13 and 14 illustrate
typicalexamples of observed super- and subcritical bifurcations. Al-
though both types of bifurcationshave been observed and discussed
in several prior experimental and theoretical studies, we present
these data because they show that both types of bifurcations can
occur in the same combustor at different operating conditions. It
was generally observed that supercritical bifurcations occurred un-
der higher inlet velocity, lower mean combustor pressure (e.g., 1-
5 atm) operating conditionswhere the excited instability frequencies
were in the 400-700 Hz range. Conversely, subcritical bifurcations
were more often observed under low inlet velocity, high-pressure
conditions where the excited instabilities were in the 100-200 Hz

— Stable = = [nstable
] Supercritical
2
=
E
<
-1 -0.5 0 0.5 1
a)

Subcritical

Amplitude
=R\

utt—— ‘
-1 -0.5 0 0.5 1
b) System Parameter
Fig. 12 Dependence of oscillatory amplitudeupon a system parameter

that affects its stability characteristics (e.g., mean inlet velocity) for sub-
and supercritical bifurcations.
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range. The fundamentally different nature of the bifurcations shown
in Figs. 13 and 14 suggests that the important system nonlinearities
in unstable combustors can also fundamentally change with operat-
ing conditions. This resultshows thatnonlinearmodels that describe
the combustor dynamics under certain operating conditions may not
work at others.

The arrowsdrawnin Figs. 13 and 14 indicatehow the pressuream-
plitudechangeswithinlet velocity. Note the hysteresisin the stability
boundary in Fig. 14, i.e., the velocity at which the system changes
its stability characteristicsdepends upon whether it is increasing or
decreasing. Also, the vertical arrows indicating the bifurcation point
are drawn in the figure with a broad width to indicate that the exact
bifurcation point varied from test to test. We postulate that this vari-
ability in bifurcation point is caused by the effects of background
disturbancesthat cause the combustor’s instantaneous state to fluc-
tuate between stable and unstable when the system s operating very
near the “mean” stability boundary. Indeed, the following behavior
was often observed when the combustor was operated near the sta-
bility boundary of a subcritical bifurcation point: if the velocity
was changed to a value close to the stability boundary, the pressure
would initially continue to oscillate in a low-amplitude, somewhat
random fashion for a certain amount of time. However, at some in-
stant later the pressure amplitude would suddenly increase before
reaching a steady state with large-amplitude, coherent oscillations.
Two examples of this behaviorare illustratedin Fig. 15. It should be
emphasized that the operating conditions were not changed over the
time period during which data were taken during this test. Rather,
the sudden jump in pressure amplitude shown in the figures oc-
curred spontaneously. This result suggests that background com-
bustor noise can destabilize the system under “nominally” stable
conditions. Depending upon the exact operating point, the length of
time that typically elapsed before the jump in amplitude occurred
could range from a few seconds to several minutes.

Comparing the transient characteristics of the oscillations in
Figs. 15a and 15b shows that they are completely different. For
example, the oscillations smoothly and monotonically increase in
Fig. 15a, whereas they first jump up rapidly, then stay relatively
constant, and then smoothly increase in Fig. 15b. Observations of
these transitions in several other tests revealed that this transient
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Fig. 15 _ Dependence of combustor pressure amplitudeupon number of
cycles (in = 16 g/s, = 0.85, f =204 Hz, ii = 14.1 and 14.4 m/s in Figs. 15a
and 15b, respectively).

period could differ markedly from test to test at the same operat-
ing conditions, suggesting that it has some intrinsically stochastic
characteristics. Note also the “beating” of the pressure oscillations
in Fig. 15a before the amplitude suddenly increases. As shown in
Fig. 15b, however, the sudden jump in pressure amplitude was not
always preceded by this beating phenomenon.

As just discussed, linearly stable systems with subcritical bifur-
cations can exhibit triggering, i.e., they can become unstable if dis-
turbed with sufficient amplitude. This triggering phenomenon was
also observed in some of our tests under similar conditions as those
inFigs. 14 and 15. Such triggering was manifested by the combustor
transitioning from stable to unstable after a sudden change in op-
erating conditions or temporary reignition of the pilot fuel-oxygen
flame.

Conclusions

This paper has presented time series data of combustor pressure
oscillationsthat were measuredin a gas turbinecombustorsimulator.
It has been shown that these limit-cycle oscillations vary from cycle
tocycle,butalsohavea componentthat exhibitssignificant temporal
coherence.Based upon dynamical systems and statistical analysis, it
was suggestedthatthe cyclic variability was caused by forcing of the
system by backgroundnoise. It has also shown that the inlet section
velocity not only plays a role in the linear stability characteristics
of the combustor (as shown in prior studies’ %), but also affects the
amplitude of the limit-cycleoscillations. Finally, it has presented the
nature in which the combustor transitions from stable to unstable
operation and shown that the characteristics of this bifurcation can
affect the amount of hysteresis in the system’s stability boundaries
and its sensitivityto backgrounddisturbancesunderstable operating
conditions.

In closing, this paper has only presented an analysis of steady-
state time series data. It seems likely that further insight into the
characteristics of the system could be obtained by examining its
transient dynamics, e.g., analyzing the time series data in Fig. 15a
between 3200-4400 cycles.
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