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ABSTRACT

The use of premix combustion in stationary gas turbines can pro-
duce very low levels of NO, emissions. This benefit is widely recog-
nized, but wrbine developers routinely encounter problems with
combustion cscillations during the testing of new premix combustors.
Because of the associated pressure fluctuations, combustion oscil-
lations mus: be eliminated in a final combustor design. Eliminating
these oscillations is often time-consuming and costly because there is
no single approach to solve an oscillation problem,

Previous investigations of combustion stability have focused on
rocket applications, industrial furnaces, and some aercengine gas
turbines. Comparatively lizle published data is available for premixed
combustion at conditions typical of an industrial gas turbine.

In this paper. we report experimental observations of oscillations
produced by a fuel nozz2le typical of indusirial gas trbines. Tests are
conducted in a specially designed combustor, capable of providing the
acoustie feedback needed to study oscillations, Tests results are pre-
senied for pressures up 1o 10 aimospheres, and with inlet air tem-
peratures o 588 K (600 F) buming natural gas fuel.

Based on theorciical considerations, it is expected that oscillations
can be charactenzed by a nozzle reference velocity, with operating
pressurc playing & smaller role. This expectation is compared (o
observed data, showing both the benefits and limitations of
characierizing the combusior oscillating behavior in terms of a
reference velocity rather than other engine operating parameters, This
approach to characterizing oscillations is then used to evaluate how
geomerric changes to the fuel nozzle will affect the boundary beiween
stable and oscillating combustion.

INTRODUCTION

Lean premix combustion is now accepted as a standard approach to
reduce NO, emissions from stationary gas turbine combustors. The
lean-premix (LPM) combustor is designed to avoid high-temperature,
sioichiometric combustion that produces NO, by the thermal mecha-
nism. With careful premixing of fuel and air, it is possible to achieve

both excellent NO, and CO emissions. Devclopment programs from
several mrbine vendors include various versions of the LPM concept
to achieve the lowest possible pollutant emisstons (Alsup et al. 1995).

Although premixing fuel and air can produce very low NO,
emissions, practical application of LPM combustion is restricted by
the problem of operating very close to the lean flammability limit.
Slight changes in operating conditions can lead to sudden flame
extinction, or to excessive CO emissions. This problem of flame static
stability is often addressed by adding a smaller pilot flame 1o anchor
the main premix flame. By operating the pilot flame closer o
stoiehiometric, the main flame can be maintained even during
momentary upsets. The drawback is thai the pilot contributes to NO,
emissions.

[n addition to static stability, LPM combustors must achieve dynamic
stabiliry, meaning the combustion mus? not oscillate. It has been
commeon experience that operation near the lean-extinction Jimit is
ofien accompanied by oscillating combustion. Oscillation must be
elimmated in a final combustor design because the associated pressure
fluctuations can shorten the engine component lifetime, Keller (1995)
discusses the significance of this problem, and points out that opera-
tion near the lean limit is especially prone to oscillation problems.
Near the lean limit, minor variations in fuel/air ratio lead to appreciable

" variations in combustor reaction rate. When these variations in reac-

tion rate couple to acoustic modes, significant pressure oscillauons can
occur with frequencies ranging from hundreds to thousands of Hertz.

Few studies of LPM combustion oscillation have been reported at
representative gas turbine conditions. In practice, the task of studying
{and eliminating) combustion oscillation in a gas turbine is com-
plicated by the specific acoustic response of a given combustor design.
Thus, no general trends have been proposed to describe the effect of
usual gas turbine parameters such as inlet air temperature, operating
pressure, and equivalence ratio. The effect of these parameters is not

* well understood. Consequently, tesis of proposed oscillation remedies

are complicated because it is difficult to specify an appropriate test
matrix.

Presented at the International Gas Turbine & Aeroengine Congress & Exhibition
Orlando, Florida — June 2-June 5, 1997
This paper has been accepted for publication in the Transactions of the ASME
Discussion of it will be accepted at ASME Headquarters until September 30, 1997

Z20z ¥snbny 9} uo 3senb Aq ypd yz-16-26-££0BI0IZ00N Y6680+Z/SE0VI0LZ00A/6698./.661 19/3pd-sBuipesooid/ 1 ©/610 awse uonosjoojenbipawse//:dny woy papeojumoq



https://crossmark.crossref.org/dialog/?doi=10.1115/97-GT-244&domain=pdf&date_stamp=2014-12-24

In this paper, we report observations of oscillations from a premix
combustor that s specially designed to study oscillations at gas turbine
operating conditions. Test results are presented for pressures to
10 atmospheres, with inlet air temperamres to S89'K (600 F). Results
are compared 10 expectations from a simple mode! for combustion
oscillations.

BACKGROUND

Previous studies of combustion oscillations have focused on vari-
ous technical applications. During the 1960s, considerable research
was devoled to solving the problem of combustion oscillations in
liquid rocket motors. An excellent review of this research was
published in 1972 by Harrje and Reardon. Recent progress in liquid
rocket combustion oscillations is described in the text edited by Yang
and Anderson (1995). Routine problems with oscillating combus-
tion during industrial burner development are discussed in the
textbook by Putnam (1971). Schadow and Gutmark {1991) sum-
marize a series of studies on the oscillations due to periodic vortex
shedding in dump combustor applications. Candel (1992) reviews the
oscillating mechanism in a number of burner applications.

Few previous studies have analyzed oscillations from prermixed,
swirl-stabilized flames that are typica! of modem gas wrbine com-
bustors. Sivasegaram and Whitelaw (1991) studied oscillating com-
bustion in swirl-stabilized flames, but the focus of the research was not
on the discrete-1one oscillations that are typical of LPM combustors.
Richards and Yip (1995} report preliminary data from a laboratory-
scale burner that incorporates swirl-stabilization and a pilot flame
similar to many gas turbine fuel nozzles. These authors showed that
some cscillations could be described by the time-lag approach
(described later). However, these lab-scale tests were limited to one
ammosphere pressure and ambient inlet air temperature. A smail num-
ber of articles report combustion oscillations at gas turbine conditions
(Mehta et al. 1990a, 1990b), but focus on iiquid-fueled aeroengine
applications.

The exact fearures of specific burner configurations introduce a
variety of mechanisms responsible for sustaining combustion oscil-
lations. Variations in heat release can result from changes in mixing,
changes in the supply of fuel and/or air, vortex shedding, or other
mechanisms. In a practical application, it is often difficult to identify
the mechanism responsihle for variations in the heat release because
several mechanisms can occur simultaneously, or may be dominant at
different operating conditions. For example, pressure disturbances in
acombustion chamber will change the instantaneous delivery of fuel
and air or both, and all of these will affect the heat release. To date,

_ there has been no general approach o account for the combined

variation of these and other parameters. Feiler and Heidran (1967)
proposed that stability behavior can be analyzed with a lincar combi-
nation of the various mechanisms, but this method ignores the interac-
tion between mechanisms.

No matter what the specific mechanism, all oscillations involve a
feedback between variation in the local heat release rate Q(t) and the
acoustic pressure field inside the combustor P(t). The weli-known
Rayleigh criterion (Rayleigh 1878) states that oscillations will be
likely if the changes in heat release are in phase with the acoustic
pressure disturbances. Conversely, oscillations are dampened if the
heat release fluctuations are out of phase with pressure oscillations. Tt
is necessary to integrate across the entire combustor volume to
evaluate the cumulative effect of local fluctuations because P and Q

are functions of both space and time. For clarity in this discussion, we
consider jusi the time dependence.

The Rayleigh criterion has been the cornerstone for the develop-
ment of many analyses of combustion oscillations. As early as 1956,
Merk developed a linear analysis for premixed combustion oscillations
that predicted stable and oscillating regions as a function of bumer
heat output. Merk proposed that heat release variation would result
from changes in flame structure produced by acoustic pressure
disturbances. The time delay between the pressure disturbance and
the heat release variation determined the phase, and therefore whether
the system was stable or likely to oscillate. In a similar fashion,
characterization of oscillating combustion in liquid rockets was also
recognized to depend upon a time delay (or time lag) between acoustic
pressure and the subsequent variation in heat release rate (Crocco and
Cheng, 1956). As explained by Hamrje and Reardon (1972), the time
lag and the gain of the system (denoted n) have been widely used
1o explain experimental data from rocket oscillations. Likewise,
Putnam's approach 1o solving oscillations in industrial bumers relies
on determining the time lag between P(t) and Q(1); ses Putnam
(1971).

Based on these carlier studies, it is reasonable to expect that oscil-
jations from LPM combustors can be characterized by a simpie time
lag approach. Figure 1 shows a schematic of the important processes
for a specific case, where a sinusoidal pressure disturbance produces
a sinusoidal variation in the air flow, but 180 degrees out of phase
with the pressure.  As shown, the time lag 1 is estimated as the
distance between the point of fuel injection and flame front divided by
the average axial velocity:

T= ALY, ()

where
L is the distance from the fuel injection point to the tip of the nozzle.

L’ is the distance from the 1ip of the nozzle 1o the flame front.

U, is the average velocity of mixture in the fuel nozzle.

In this example, a positive pressure fluctuation in the combustor
produces a momentary decrease in air flow. We assume that the fuel
supply is choked, so that the fuel flow rate does not change as the
pressure varies. Thus, the reduced air flow receives a proportionally
higher amount of fuel, creating a fuel-rich pocket. This richer pocket
will armive at the flame front with a time lag given by (1). If this
"extra" fuel produces an immediate increase in the heat release,
oscillations will be most likely when the peak of the pressure flue-
tation is in phase with the increased heat release; i.e., when the time
lag 14, is an integer multiple of the acoustic period. This criterion for
oscillations can be stated as:

(time lag)/(acoustic period) = 1,2, 3.... )]

Noting that the acoustic period is the reciprocal of frequency f, and
using (I), we have:

(time tag)(frequency}=1,2,3.. or, X
f(LALYU,,, =1,2,3.. 3)

This is a restatement of Rayleigh's criterion and again requires that
the heai release and pressure flucations should be in phase to pro-
rmote oscilladons. In practice, it is not necessary that the heat release

220z ¥snbny 9} uo 3senb Aq ypd 2-16-26-££0BI0IZ00N ¥668012Z/SE0VI0LZ00A/6698./.661 19/3pd-sBuipesooid/ 1 ©/610 swse uonosjoojeybipawse//:dny woy pepeojumoq




Fuel

|

P(t)

P )

Fuel Rich Pocket Produced - :
During Low Air Velocity : : ngg;::: '
Choked : :
Fuel Flow u() : :
Average > : /\ E
151 — : . L
Nozzle— i<< : : Nozzl !
. H : 8
Velllg’calty—- . . 5 : Velocity
Swm To Turbing — : '
Vanes Qf) /\ /\
: — l
TmeT =(L+LYigw : \/ Rgggtse
4 b
MESOZIIC

FIGURE 1. SCHEMATIC OF PROCESSES IN AN EXAMPLE OSCILLATION. IN THIS EXAMPLE,
THE PRESSURE P{t) CHANGES THE AIR FLOW. THE AIR VELOCITY U{t) IS
180 DEGREES OUT OF PHASE WITH THE COMBUSTOR PRESSURE, AND
PRODUCES A FUEL-RICH POCKET AT TIME t,. THIS POCKET ARRIVES AT THE

FLAME TO INCREASE Q{t) AT TIME t,.

and pressure be exactly in phase o drive oscillations. Some driving
will occur for heat release fluctuations that lead or lag the pressure by
as much as 1/4 of the acoustic cycle (Putnam 1971). Thus, there is a
range of plus/minus 0.25 around cach integer in the series (3) where
driving is possible, but driving is greatest for the integer values where
the pressure and heat release are exactly in phase.

The criterion (3) is specific to the example where positive pressure
produces an mumediate decrease in air ffow, and assumes that the fuel-
rich pocket produces an immediate increase in reaction rate when it
arrives at the flame front. In practice, other mechanisms for variable
heat relcase can complicate the eriterion for oscillations such that the
series expressed by (2) will have numeric values other than 1, 2, 3...,
cte. Richards and Yip (1995) show that a similar criterion can be
developed which accounts for the fuel system impedance, or can also
describe oscillations apparently linked to transport of tangeniial
velocity from the fuel nozzle swirl vane. Putnam (1971) analyzed
industrial burners and shows how to account for the geometry of the
flame front in determining the numeric serics,

Although the numeric series (3) will be different for different situa-
tions, the idea that oscillations can be characterized using the average
nozzle velocity provides a convenient starting point 10 analyze data
from gas turbine tests. In 2 gas wrbine, the fuel nozzle mass flow,
pressure, and inlet air temperature are all variables, This complicates
cvaluation of no2zle stability because tests must be conducted over a
wide range of parameters. In contrast, if equation (3) is valid, tests can
be conducted over a range of nozzle velocities, rather than indepen-
dent values of mass flow, pressure, or inet air temperature.

The proposed approach is complicated by the flame standoff dis-
tance L' Clearly, as the equivalence ratio rises, or as the inlet air tem-
peramure is increased, the premixed flame speed will rise, and the flame
standoff will decrease. The geometry of the flame will introduce
further complication in determining L'. Although these complications
are recognized, in this paper we will evaluate the stability behavior
of a fuel nozzle based on the simple concept of a fixed flame stand-
off. The experimental description is provided in the next section.

EXPERIMENTAL DESCRIPTION

A cutaway view of the experimental combustor is shown in Fig-
urc 2. Combustion facilities at the Federal Energy Technology Center
(FETC) can supply up w 1.4 kg/s (3 Ibm/s) of unvitiated inlet air at
temperatures up to 840 K (1050 F) and pressures up to 30 atmo-
spheres. The experiment described here is limited to pressures up to
10 atmospheres by certain components in the pressure vesse] design.
The facilities include gas sampling capabilities for major species such
as NO,, €O, and UHC. (Sce Halow ct al. 1994 for a complele
description of the facility capabilities.)

Preheated combustion air enters the combustor inlet plenum and is
diffused by a series of three perforated plates (not shown) located at
the left end of the plenum. Air passes through the premixing fuel
nozzle and into the combustion zone. The combustion zone is
enclosed by a water-cooled liner with 9.8 e¢m (7.80 in) inside
diameter. The water-cooled liner is fitted with a removable refractory
plug. The plug inside diamerer of 10.4 cm (4.10 in) forms an exhaust
"neck” that provides an acoustic response. The plug length is 22.9 cm
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FIGURE 2. CUTAWAY AND CROSS-SECTION VIEW OF THE EXPERIMENTAL COMBUSTOR.

(9.00 in). The combination of the combustion zone volume and the
mass of gas in the exhaust neck approximates a classic acoustic
Helmholtz resonator. As described by Richards et al. (1996), the
water-cooled walls and the refractory plug form a "hard" acoustic
boundary. The use of hard acoustic boundaries (as opposed to an
air<cooled liner) provides appreciable acoustic feedback, and there-
fore promotes the occurrence of oscillations near the natural fre-
quencies of the systems. The rationale for the acoustic design of this
test combustor is described in Richards et al. (1996). After the
refractory plug, cooling water is sprayed into the exhaust stream to

guench the combustion products that exhaust through a back-pressure
control valve.

The combustor dynamic pressure was recorded with a Kistler
Model 206 pressure transducer mounted outside the pressure vesscl.
This avoids the need to locate the transducer in a high-temperature
environment. To prevent signal distortion by the connecting tube, we
used the transducer connection described by Mahan and Karchmer
(1991) and Englund and Richards (1984). The transducer was
mounted on a small side branch of 4.8 mm (0.188 in) ID tube con-
nected to the combustor interior. The side branch was located 61 cm
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(24 in) from the combustor interior, with 10 m (33 ft) of terminating
tubing attached beyond the point of the transducer side-branch. In
other words, the transducer was mounted on a small side-branch of a
very kong tube. The long be approximates an infinite waveguide, so
that pressure signals are transmited down the waveguide bur dis-
sipated by the length of tbing beyond the side-branch. Mahan and
‘Karchmer (1991) show that this approach to signal measurement
produces litde signal distortion, and typically less than 1 dB attenua-
tion for frequencies below 1000 Hz.

The oscillating heat release was recorded using a fiber optic probe
1o view the emission from the clectronically excited hydroxyl radical
(OH*). For this radical, the radiaive decay to ground state occurs
approximately one microsecond after formation during combustion
reactions (Gaydon 1974). Because the cxcited state cxists only
momentarily during the combustion reaction, radiative emission
(310 nm) is a measure of the combustion heat release. Many sdies
have shown that OH* emission is proportional to heat release; see
Mehta et al. (1981), Keller and Saito (1987), Keller et al. (1990), and
Samaniego ¢t al. (1995) for more details. Here, we are concemed only
with the phase of the heat release relative to the pressure, so no
atternpt is made to calihrate the OH* signal to the actual heat release.
The fiber oplic probe used here was made from a sapphire rod
(1.6 mm) (0.063 in) inserted through the pressure vesse] in a standard
compression fiting using graphite ferrules. (See Richards et al. 1996
for details of the probe construction.)

The probe was located 2.54 cm (1 in) downstream of the fue! nozzle
exit plane, viewing across the combustor diameter in a conic region
with a 15-degree included angle. This viewing angle does no1 record
emissions from the entire flame region, but was taken as a repre-
sentative measure of the fluctuating heat release near the fuel nozzle,
The ends of the sapphire rod were polished to allow coupling toa UV-
transmissive fiber optic cable. The cahle was terminated at the focal
point of a UV transmissive lens, which allowed beam expansion io
254 mm (1 in). An interference filter (310 nm) and photomultiplier
tube (PMT) are used to record the signal from the fiber optic probe.
The PMT amplifier response was essentially linear over the range of
frequencies of interest (less than 2 kHz).

Boih the OH* and pressure signals were recorded using a TEAC
RD-135T digital tape recorder with 2 sampling rate of 12 kHz.
Signals were analyzed for frequency content, correlation, and root-
mean-square (RMS) values using standard signal analysis software
available on the TEAC recorder, or on a deskop personal computer.

The fuel nozzle was designed to quickly investigare geometric
changes in the nozzle design. The assembled nozzle is shown in
Figure 3. The nozzle consists of o series of rings stacked on three
threaded rods as shown. The nozzle centerbody is cantilevered from
a support ring attached to the end of the threaded rods. Up to the
maximum centerbody length, the threaded rods can be fitted with
various spacer rings 1o study the effect of different nozzle geometries,
Pilot fuel is injected through the centerbody on the nozzle axis. Pilot
fuel was used for ignition only, and not during the combustion tests
reported here.  Combustion air passes through the annular region
between the centerbody and surrounding rings. Eleven straight-blade
vanes generate switd in the nozzle annulus and provide mechanical
suppon for the centerbody. The vanes are set at 45 degrees to the
nozzle axis, and are 0.32 cm (0.13 in) thick, The main fuel is injected
by ¢ight fuel spokes manufactured from standard 0,32 cm (1/8 in)
stainless steel whing. Fuel is distributed to each spoke by an annular
passage inside the ring. Each fuel spoke has six 0.066 crn (0.022 in)

holes perpendicutar to the axis of the nozzle. These holes were sized
10 insure that the fuel supply would be choked at the point of fuel
injection during mos! operating conditions. Thus, oscillations pro-
duced by this fucl nozzle are not the result of fuel system acoustics.
We point out tha; practical fuel nozzles are typically not choked,
and therefore fue] system acoustics may be a consideration in com-
bustion oscillations. However, for development purposes, i1 is possible
to choke the fuel supply and to characterize other oscillating mecha-
nisms as done here. Cotnparison to the unchoked nozzle behavior will
then help identify the contribution of fuel system acoustics versus
other mechanisms. As explained carlier, the combined effect of
various mechanisms may complicate data inmerpretation, and this
complication was avoided by choking the fuel supply.
The fuel (naturat gas) was supplied from the local gas company, and
pumped 1o 4.1 MPa (600 psig) prior to metering and injection to the
fuel nozzle. The high fuel pressure allowed choking the fuel nozzle

- even at relatively Jow fuel flow rates, but suil allowing operation at

higher flow rates. The (nominal) fuel composition was 94% CH,, 4%
CH, 1% CH,, and 1% inerts and higher hydrocarbons, Equivalence
rz2lios reported here were established with 2 precision of better than
plus/minus 0.01 at cach operating condition. Fuel and air flow rates
are metered by standard orifice runs. The absolute accuracy of all
flow Yoops was bener than 97% compared to flow-proving per-
formed with somic nozzle flow meters.

Shih et al. (1996) have recently shown that the level of premixing is
an important consideration in characterizing combustion oscillations.
We recognized that tests conducted with inadequate premixing would
not be representative of LPM combustor design. To ensure that the
nozzle described in Fgure 3 produced 2 uniform flow of premixed fue)
and air, we conducted a series of cold-flow studies using CO, as a
tracer gas. Using the same nozzle velocity as in the hot-flow tests,
CO, was injected at the same volume flow rate as fuel used in the
acmal hot flow tests. A sampling probe made from 3.2 mm (0.125 in)
tubing was then used to traverse the exit plane of the nozzle. The
measured CO; concentraiion was essentially flat across the nozzle
face, indicating that premixing was complete. We mention that an
initial nozzle design incorporated vanes which were half the Jength
shown in Figure 3. The cold-flow premixing siudics showed that the
shorter vanes did not produce a uniform velocity downstream of the
vanes, and the resulting CO, concentration was not uniform. In
contrast, Lthe longes vanes used heve produced very uniform premixing.

Before studying the oscillating characteristic of the fuel nozzle, a
limited number of combustion test points were sampled for CO and
NO, emissions. These data are presented as further validation that the
fuel nozzle was indeed providing excellent premixing. Emissions
were measured in the exhaust stack, afier the combustion gases are
quenched by the spray cooling water. Stack temperature estahlished
by quenching was maintained at less than 477 K (400 F) 10 minimize
any post-quench reactions. The sampling probe (not shown in
Figure 2) was located more than 3 m (10 ft) from the quench point,
hut prior to the backpressure control valve. The sampling probe is a
6.4 mm (0.25 m) tube placed across the diameer of the exhaust stack,
with muhiple holes drilled along the length of the probe to ensure that
the cxtracted sample is a spatial avemage of the stack gases,
Measurements are reported on e dry basis corrected to 15% oxygen
after assuring mass closure from the flow loops versus the measured
CO, concentration. Figure 4 is a plot of NO, and CO emissions as a
function of equivalence ratio. The reported emissions are typical of
premixed bumer designs {Lovett and Mick 1995), and as expected,
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FIGURE 3. SKETCH ANO PHOTOGRAPHS OF THE FUEL NOZZLE. THE FUEL NOZZLE IS
COMPRISEQ OF VARIOUS "RINGS” WHICH CAN BE STACKEQ ON THE
THREADEO RODS TO PROOUCE OIFFERENT NOZZLE GEOMETRIES.
ELEVEN STRAIGHT-BLADE VANES (SET AT 45 OEGREES) PROVIOE SWIRL.
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FIGURE 4. NO, AND CO EMISSIONS (PPMV, CORRECTED TO 15% O,, DRY BASIS) AS A FUNCTION

OF EQUIVALENCE RATIO. EXPERIMENTAL CONDITIONS ARE 5 ATMOSPHERES

PRESSURE, 533 K (500 F) INLET AIR TEMPERATURE, 40 M/S REFERENCE VELOCITY.

ftame blowoff occurred for an equivalence ratio near 0.52. These
combustion data affirm the excelleni premixing observed in eold-
flow studies described above.

EXPERIMENTAL RESULTS

As explained above, oscillating characteristics of the nozzle were
recorded as a function of the nozzle reference velocity. The range of
various test parameters is shown below. Because of the desire to
choke the fuel supply at even relatively low fuel flows, some higher-
flow operating conditions were not accessible due o limits on the
maximum fuel supply pressure. Likewise, some low air-flow condi-
tions were inaccessible due to the minimum flow requirements of the
combustion air preheater.  Aside from these limitations, tests were
conducted at the following conditions:

Inlet Air Temperature: 533, 589 K (500, 600 F)

Pressure: 5, 7.5, 10 atmospheres

Equivalence Ratio: 0.59, 0.63, 0.67, 0.71, 0.77

Nozzle Velocity: 30, 40, 50, 60 m/s (98, 131, 164, 197 fus)

Over this range of parameters, oscillations with frequencies
ranging from approximately 190 Hz to 240 Hz were observed,
depending upon operating conditions. Figure 5 is an example of the
time history of one oscillation. The nozzle velocity is 30 m/s, with
other conditions indicated on the figure. The figure shows both the
history of the oscillating pressure and. the heat-release fluctuation as

measured by the flame OH* emission. The pressure signal was phase-
shified 10 account for the remote weansducer location by simply
accounting for the speed of sound traveling in the connecting tube.'
In accordance with Rayleigh's criterion, the pressure and OH* signals
are approximately in phase, driving significant oscillations. The "dual.
peak™ signal in the OH* time history shows that the heat-release fluc-
tuation includes some complex features that we did not investigate
further for this paper, but are the subject of current anatysis, The
spectra corresponding 10 both pressure and OH* signals show the
dominant frequency of 220 Hz, and the harmonic at 440 Hz.

Figure 6 is a plot of the same combustor signals as in Figure 5, bul
with a higher nozzle velocity (50 m/s). Here, the combustor is
cssentially steady. Notice the spectra show weak acoustic peaks at

! The infinite waveguide transmits the signal
from the combustor to the transducer side-
branch. The delay for this transmission is
sinply the length to the side branch, divided
by the speed of sound in the tube. We esti-
mated the speed of sound at the average tem-
perature of the combustion air supply because
the waveguide tube is bathed by the (heated)
air supply over most of its length. Based on
these assumptions, the delay is 1.4 ms.
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FIGURE 5. EXAMPLE OF OSCILLATION. TESTS CONDITIONS: 7.5 ATMOSPHERES,
533 K INLET TEMPERATURE, EQUIVALENCE RATIO 0.77, (AVERAGE)
NOZZLE VELOCITY 30 M/S. THE OH* SIGNAL REPRESENTS THE
OSCILLATING HEAT RELEASE. THE SPECTRA SHOW THAT THE
DOMINANT FREQUENCY OF OSCILLATION IS 220 HZ AT THIS
CONDITION. OTHER OPERATING CONDITIONS PRODUCED
APPRECIABLE RMS SIGNALS (I.E., GREATER THAN 0.5% OF THE
OPERATING PRESSURE) BETWEEN 180 AND 250 HZ.

150, 180, 215, 225, 269, and 454 Hz. This small signal is the result
of excitation of the natural acoustic modes by the air moving through
the combustor. A cross-correlation between the pressure and the OH*
signal confirmed that the signals were only weakiy correlated at this
condition, indicating that the combustion was not driving the weak
acoustic signal. Compared to Figure 5, these results demonstrate the
significant effect of nozzle velocity on suability.

Pressure and OH* signals were recorded over the range of operating
conditions. Figures 7 and 8 show the measured root-mean-square
(RMS) pressure as a function of nozzle velocity and equivalence ratio.
The vertical scale is the normalized RMS pressure expressed as a
peroent of the operating pressure. Figure 7 shows results for an inlet
temperature of 533 K (500 F) at pressures 5, 7.5, and 10 atmospheres.

Data points which could not be reached due to limits on the fuel
supply pressure are shown as having zero RMS, with an 'x’ placed
through the data point. Comparing the graphs, note that significant
oscillations are confined to nozzle velocities of 30 and 40 m/s, and are
most pronounced at the highest equivalence ratios. These same
general trends arc seen in the data for the 589 K (600 F) inlet
temperature shown in Figure 8. In Figure 8, the data points that were
not accessible due to the preheater minimum flow are also marked
with an 'x".

We point out that the higher inlet temperature cases do show a
modest reduction in RMS pressure along the 40 m/s velocity. In a
study of the effect of inlet air temperature, Janus et al. (1996) have
shown that changes in inlet temperature should move the stability
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ACOUSTIC EXCITATION OF RESONANT FREQUENCIES.

boundary to lower values of nozzle velocity. This behavior is
approximately evident when comparing Figures 7 and 8, but not very
distinct. More data, at a finer spacing of velocity, would be needed to
clearly capture this behavior.

Aside from the similarity in the general shape of the instability
regions, Figures 7 and 8 also show that the normatized RMS pressure
is approximately similar at different operating pressures. Forexample,
if we compare the data in Figure 7 at 40 m/s, 0.77 equivalence ratio,
the RMS pressure is a constant 5% for operating pressures of §, 7.5,
and 10 atmospheres. Thus, the actual RMS scales directly with the
operating pressure. This observation is consistent with results from
other stdies. Based on theoretical considerations, Narayanaswami
and Richards ( 1996) have shown that RMS pressure in an oscillating
{pulse) combusior will scale directly with pressure as long as the
nixing and chemical reaction rate in the combustor are not appreciably

affected by operating pressure. In an experimental study of pres-
surized pulse combustion, Gemmen et al. (1995) showed that the
normalized RMS pressure was only a weak function of operating
pressure, and the observed dependence was explained by modest
changes in the chemical reaction rate.

Thus, useful estimates of the expected RMS pressure ai various
operating pressures can be directly scaled from data at other operating
pressures.  For example, small-amplitude oscillations encountered
during low-cost atmospheric pressure tests should not be dismissed
during combustor development, because the acmal RMS may be
unacceptably large during pressurized testing. It is emphasized again
that this conclusion depends on the specific mixing and reaction
response to changes in operating pressure, and may need 10 be tested
experimentally in specific cases. Nevertheless, the data in Figures 7
and 8 show thatin thisnozzle {(which is typical of LPM combustor
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designs) the RMS can be approximately estimated by scaling from
various pressures.

The shape of the instability region for all plets in Figures 7 and 8
shows a surprisingly consistent series of trends, with a few interesting
exceptions. It is particulary instructive to compare the behavior of the
RMS versus equivalence ratio at a nozzle velpcity of 40 mvs.
Generally, the RMS reduces to 2 minimum at equivalence ratio 0.63,
but a notable exception occurs for the 10 atmosphere 533 K case
(Figure 7). Here, the RMS is very large, almost 5%. Why is this point
anomalous? A careful analysis of the time history at this operating
condition revealed that the limit cycle oscillation was unstable, and
would intermittently altemate between Jow and high RMS values. A
plot of the combustor pressure during several of these transitions is
shown in Figure 9, Natice that the oscillation amplitude cycles at a
very low frequency, 50 that the measured RMS pionted in Figure 7 is
really not a meaningful charactenization of the oscillation. This
behavior was observed during several tests occurring on different days
at this operating point, confirming that the results were not a peculiar
experimental antifact occurring during a single test.

This irregular oscillation apparently exists right at the boundary
between steady and oscillating combustion. Knoop et al. (1996) have
recently reported control of so-called hysteresis boundaries in step-
stabilized flame oscillatians. These hysteresis boundaries are difficult
10 characterize because the oscillating amplitude may depend on the
history of the combustor operation, so that slight disturbances cap
either stabilize or activate oscillations. Although it is not clear that
conditions associated with Figure 9 constitute a formal hysteresis
boundary,’ the irregular behavior of the combustor provides a caution
that unwitting operation near the oscillation boundary can lead to
significant problems. Very slight changes in nozzle velocity (due to
machining errors in new engines, or combustor seal wear in older
engines) can move the combustor from stable to oscillating com-
bustion. These types of boundaries should be identified in new com-
bustor 1esting, with appropriate nozzie changes 10 move the nozzle
velocily away from the irregular condition. Plots of comhustor
dynamics, as shown in Figures 7 and 8, arc useful for this purpose.

Oscillations produced by a simple time Jag should obey equation (3).
As already stated, we cannot precisely determine the flame standoff
distance L' and we cannot accurately account for the change in L' as
operaling conditions change. Recognizing these limitations, Figure 10
is a plot of equation (3) for al! the data presented jn Figures 7 andg 8.
We estirated thal the flame standoff was constant and equal to 2.5 cm
(1.0 in), and simply plotted all the RMS data as a function of the
nozzle velocity and observed peak in the frequency spectra. The
figure shows that significant oscillations were indeed confined to a
small range of the product (ime lag)x(frequency). When this product
is in the range 0.45 to 0.70, oscillations were observed. Cutside this
range, the RMS pressure was very small.

Figure 10 suggests that the oscillations observed here are indeed
described by a simple time Jag. When the time lag was the correct
fraction of the acoustic period, oscillations occurred. The time Jag was
changed by studying the effect of the nozzle velacity on stability. The
time lag can also be changed by increasing L, the length of the fuel
nozle. Accordingto (3), if we increase L, then oscillations given by

2 a hysteresis is identified as a subcritical
Hopf bifurcation point. See Strogatz {1994)
for a discussion of these issues.
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a specific constant will occur at a higher velocity. For example, we
showed in Figure 10 that the stability boundary occurred when the
product of frequency and transport time was 0.45. If we denote our
original nozzle geometry with subscript "a", and a second geometry
with subscript "b", then:

£, (L + LYU,,, = 0.45, )

and for a second nozzle geometry "b" we also have:
£, + LYU,,, =045 (5)

If we assume that the oscillating frequency is not changed appreciably
between the two nozzles, then along the stability boundary:

Upgr = Upga Ly + LV, + L) ©)

Thus, if we lengthen the nozzle, we should see the boundary between
stable and oscillating combustion move to a higher velocity.

We tested this hypothesis experimentally, We added a spacer ring
to our original fizel nozzle geometry (Figure 3) so that L was extended
by 1.9 cm (0.75 in). Again estimating L' = 2.5 cm (1.0 in), equa-
tion (6) predicts that the stability boundary at 40 m/s would move to
52 mfs. To confirm this prediction, we repeated some of the tests
shown in Figure 7.

Figure 11 is a plot of the same operating conditions as in Figure 7,
at 7.5 atmospheres pressure. Figure 11 shows that the oscillating
boundary has moved from approximutely 40 to 50 m/s nozzle velocity,
a5 predicted by equation (6). Also note that some of the data ac 30 m/s
has a small amplirude. For this nozzle length, the product of fre-
quency and transport lime at 30 m/s was 0.72. From Figure 10, this
is again the boundary between stable and oscillating combustion, and
we would expect that oscillations should be weak, or irregular.

For practical application, these results show the value of describing
the oscillations with a Gme Jag model. Reasonable predictions of the
cffect of changing nozzle geometry can be made after gathering basic
information on the oscillating behavior of the fuel nozzle. If plois such
as Figures 7 and 8 can be gathered from an engine or test stand, it may
be possible tomove the oscillating region out of the operating map by
changing the fuel nozzle length or nozzle velocity.

We caution that many Subtleties can complicate this approach. The
flame stand-off (L) can change abruptly with relatively minor changes
in nozzle geometry or operating conditions. Prior work on the flame
standoff distance (Ferguson and Keck 1979) may be qualitatively
helpful, but exact predictions of L' are complicated by the recognition
that the flame is not a flat surface. The acoustic response of the
combustor may include several modes so that various frequency-time
lag products need 1 be considered in defining the stability boundaries.
We have also artificially choked the fuel supply in this test combustor,
eliminating fuel-feed variation as a possible mechanism for variation
in heat release. Recognizing these limitations, the time Jag approach
provides a good starting point to understand more complex mecha-
nisms and to propose modifications o solve instability problems.

SUMMARY AND FUTURE WORK

In this study, we used a simple time lag model w experimentally
characterize combustion oscillations produced by a premix fuel nozzle.
The combustor was specially designed o provide an acoustic envi-
ronment suitable for investigating these oscillations. The fuel nozzle
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uses a modular design to allow rapid investigation of the effect of
nozzle geometry.

The time lag model suggests that the nozzle velocity should play a
determining role in oscillations. Thus, oscillation data were gathered
as a function of nozzle velocity, for pressurés of 5, 7.5, and
10 atmospheres, with inlet air temperatures of 533 K and 589 K
{500 F and 600 F). Results showed tha: the conditions which
produced oscillations changed only slightly with pressure and inler air
temperature. For many cases, the oscillation amplitude scaled directly
with pressure, This suggests that small oscillations encountered
during low-pressure testing may scale 10 unacceptably large oscil-
lations during higher-pressure operation. At the boundary between
stable and oscillating combustion, we observed some interminent
behavior where the oscillation amplitude would rise and fall over
several seconds. This irregular behavior emphasizes the need for
engineers to identify stability boundaries in new combustors and then
ensure that the regular operating conditions are well-removed from the
oscillating boundary. Using the approach described here, we were
able 1o characterize the stability boundary from the time Jag mode! and
then propose how changes in the nozzie geometry would affect the
boundary between oscillating and steady combustion. An experi-
mental test of this approach proved successful for this fuel nozzie and
combustor.

We close by noting that the experimental approach used here was
tested on just two fuel nozzle geometries. Although the fuel nozzle
and operating conditions were representative of current LPM com-
bustor design, more testing is needed to confirm the value of this
approach in a witder range of nozzle geometries, with multiple
combustor acoustic modes, or with multiple mechanisms driving the

13

variation in heat release. We are presently conducting additional
tests using variations on the fuel nozzle geometry (Figure 3) to evalu-
ate these issues. .
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