JOURNAL OF PROPULSION AND POWER
Vol. 13, No. 6, November-December 1997
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This paper describes a study of the frequency dependence of a secondary combustion process response
(SCPR) produced by a gaseous fuel injector actuator that was developed for the control of unstable
combustor oscillations. Initially, two different approaches are presented for determining the SCPR; one
uses pressure data measured in a short combustor and the other uses direct measurements of the global
combustion zone radiation in a long combustor. The results of both approaches are in good agreement
and show that the fuel injector actuator produces a significant SCPR over a 0-800 Hz frequency range.
The results also show that the phase lag of the SCPR increases almost linearly with the frequency,
suggesting that a pure time delay plays a role in the mechanisms that control the SCPR. Additional
studies presented in the paper investigate the dependence of the SCPR on the characteristics of the fuel
actuator and the main injector geometry. These show that the SCPR strongly depends on the location of
the modulated fuel stream injection relative to the location of the primary combustion process, and that
a larger SCPR is obtained when the secondary, modulated, fuel stream is injected directly into the

primary combustion zone.

Nomenclature

= speed of sound, m/s

= specific heats at constant pressure and volume,
J/(kg K)

= specific internal energy, J/kg

specific enthalpy, J/kg

nozzle flow rate constant, mz\/E/(ms), Eq. (3)

mass flow rate, kg/s

pressure, n/m’

rate of heat addition or removal, W

gas constant, J/(kg K)

temperature, K

volume, m*

specific heat ratio

density, kg/m’

= time constant, s, Eq. (7)
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Introduction

OMBUSTION instabilities in propulsion systems and

rocket motors occur when the combustion process excites
one or more natural acoustic modes of the system.' Such in-
stabilities are generally driven by a feedback-type interaction
between the flow and combustion process oscillations; energy
supplied by an oscillatory combustion process excites one or
more natural acoustic modes of the combustor whose oscilla-
tions are responsible for the periodicity of the combustion pro-
cess. Because combustion instabilities may result in failure of
the combustor and/or mission, considerable resources aimed at
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preventing the occurrence of such instabilities have been ex-
pended over the years. Until recently, these efforts primarily
investigated passive control approaches. These included mod-
ifications of the combustion process by, for example, changing
the injection system to reduce the magnitude and/or change
the frequency dependence of the combustion driving, increas-
ing the combustor’s damping by the addition of acoustic liners,
preventing the excitation of unstable combustor modes by the
addition of injector face baffles, and changing the acoustic
properties of the combustor to shift its acoustic modes fre-
quencies away from frequencies where significant combustion
process driving occurs. Unfortunately, the development of pas-
sive control approaches was generally costly and time consum-
ing, and they often failed to adequately damp the instability.
Furthermore, a given passive solution is generally only appli-
cable to a specific system over a limited range of operating
conditions and may fail or make things worse when applied
to a different combustor. The failure of passive control systems
to provide satisfactory solutions has stimulated interest in de-
veloping active control systems (ACS) for controlling unstable
combustors. These efforts started with theoretical investiga-
tions of the subject in the 1950s,> * and were followed by the
demonstration of the feasibility of active control of combustion
instabilities in the 1980s.5'°

A typical actively controlled combustor consists of the com-
bustion chamber, a sensor that detects the instability, an ob-
server that determines the state of the system, a controller that
modifies the observer’s output to provide a control signal for
the actuator and an actuator that perturbs the system in a con-
trolled manner. Ideally, such an ACS offers flexibility that per-
mits its application in different systems, and it should perform
effectively over a wide range of system operating conditions.
In addition, the ACS should be capable of controlling the per-
formance of systems whose behavior is not fully understood.
Finally, it must be significantly less expensive and more de-
pendable than existing approaches for suppressing combustion
instabilities. While the development of such ACS was not pos-
sible in the past because of the unavailability of needed com-
ponents and computer capabilities, recent developments of
novel materials, microelectronics, and powerful microproces-
sors have provided the components and computing power
needed for the development of effective ACS for unstable
combustors.
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Fig. 1 Schematic of the developed ACS.

The ACS investigated under this program (Fig. 1) damps
combustor oscillations by modulating the injection rate of a
secondary fuel stream into the combustor, generating a sec-
ondary, periodic, combustion process whose objective is to at-
tenuate the unstable combustor oscillations or prevent their
occurrence. According to Rayleigh’s criterion,'” the perfor-
mance of the ACS is optimized when the oscillatory energy
that it adds to the system is 180 deg out of phase with the
local pressure oscillations.

The developed ACS is based upon an observer that can rap-
idly identify the frequencies, amplitudes, and phases of the
excited combustor modes, which are generally not known in
advance, and a fast fuel actuator that modulates a secondary
fuel stream to produce combustion process heat release oscil-
lations within the combustor. The feasibility and performance
of this ACS were initially investigated using numerical simu-
lations," and subsequently demonstrated on an unstable gas
rocket setup."

Effective application of the investigated ACS in the closed-
loop control of combustion instabilities requires knowledge of
the gain and phase shift that the controller must add to each
unstable combustor mode to generate combustion process heat
release oscillations out of phase with the unstable mode pres-
sure oscillations. Because each unstable mode oscillates at a
different frequency and these frequencies may span a wide
range, the frequency dependence of the phase shift and gain
that the controller must add to the unstable modes must be
known over a wide frequency range. Unfortunately, the char-
acteristics of the secondary combustion process cannot be ac-
curately modeled to predict the frequency dependence of its
phase shift and gain because of their nonlinear dependence
upon complex fluid mechanical and combustion processes.
Therefore, these quantities must be experimentally determined
in open-loop tests. The objective of the open-loop tests is to
measure the phase delay between the combustion process heat
release and actuator control signal oscillations and the ratio of
the amplitudes of the combustion process heat release and con-
trol signal oscillations, which is referred to as the gain. To-
gether, the measured phase shift and gain describe the second-
ary combustion process response (SCPR). The remainder of
this paper describes the manner in which the open-loop tests
were conducted, their results, and the dependence of SCPR
upon the actuator and injection system characteristics.

Experimental Facilities

A schematic of the gas rocket motor setup that was used to
test the developed ACS is shown in Fig. 2. It consists of a
primary reactants (air and methane) feed system, a secondary
fuel (methane) injector actuator, a combustor section, a nozzle,
a control panel, and a computer-based controller of the sec-
ondary fuel actuator. The setup also includes transducers and
a photomultiplier that measure the combustor pressure and re-
action rate, respectively, and a LabView® system capable of
high rate, sample and hold data acquisition.

A proximity sensor, made by Turck, Inc., was used to mea-
sure the actuator’s motion. It was found that this sensor pro-
vided a very high resolution [comparable to that of a linear

variable differential transformer (LVDT)] without being af-
fected by the strong magnetic field fluctuations that were gen-
erated by the actuator. However, the proximity sensor response
to changes in the actuator’s movement was not instantaneous
because of an electronic filter embedded in its signal condi-
tioner. This delay was experimentally determined, in the rele-
vant frequency range (0- 1000 Hz), by comparing the response
of the proximity sensor and an accelerometer to white noise
excitation, and was subsequently accounted for in the data re-
duction procedure.

A primary stream of reactants, consisting of premixed air
and methane at ambient temperature, was introduced into the
combustor through orifices (or a circumferential slot) on the
injector plate located on the upstream end of the combustor.
The air and methane were separately introduced into a mixing
port through calibrated, choked, orifices that provided means
for measuring and controlling the flow rate of each reactant
by setting the pressure upstream of each orifice to a desired
value. The flow through the injector plate was choked to pre-
vent feedback between the combustor pressure fluctuations and
reactants supply lines flows. The reactants were injected at an
outward orientation relative to the combustor axis, thus stabi-
lizing the primary combustion zone near the combustor walls.
Under typical operating conditions, the combustor pressure,
premixed reactants line pressure, and fuel and air supply line
pressures were 45, 90, and 200 psi, respectively. The combus-
tor pressure was always sufficient for choking the exhaust noz-
zle. The supply pressure to the secondary fuel injector was 450
psi. Under this operating condition, the flow rates of the pri-
mary reactants and secondary fuel were 10 and 0.1 g/s, re-
spectively, resulting in a total combustor power output of 55
kW.

The combustor was made of segments with an i.d. of 1.44
in. and its length could be changed by adding or removing
sections of pipes with a large length to diameter ratio to pre-
vent the excitation of transverse modes. This provided a ca-
pability for the investigation of axial mode instabilities having
different frequencies; high-frequency instabilities are excited
in short combustors and vice versa. At its shortest length, the
combustor’s fundamental mode frequency was around 1800
Hz, while the fundamental mode frequency of its longest con-
figuration was 200 Hz. During operation, the combustor was
immersed in a bath of running water to cool its walls.

As shown in Fig. 2, the axis of the investigated combustor
was skewed to allow installation of a window through which
the total (integrated) CC radicals’ radiation from the combus-
tion zone could be passed to the photomultiplier. The photo-
multiplier was equipped with an optical filter with measured
peak at 5166 A and 40 A full band width at 50% transmission,
for capturing the 5165 A peak in the Swan band of the CC
emission radiated by the hydrocarbon flame.” The measured
radicals’ radiation was used to determine the dynamic response
of the global combustion process heat release, as will be dis-
cussed later. A second, side-view window, near the injector,
was used to visualize the combustion zone.

The actively controlled secondary fuel injector actuator in-
troduced an oscillatory fuel flow into the combustion zone.
High-pressure fuel was supplied to the actuator and forced
through an annular orifice between the outer wall of the nee-
dle’s base and its seat before flowing through the injection
cavity and the injection orifices into the combustor (Fig. 2). A
magnetostrictive actuator, made by Etrema Inc., was attached
to the needle and used to oscillate the needle along its axis in
response to changes in an electric control signal. The oscilla-
tory, axial motion of the needle produced periodic changes of
the annular cross-sectional area between the needle’s base and
its seat, resulting in a controlled, modulated, secondary fuel
flow rate through the annular orifice. The acoustic impedance
and pneumatic resistance of the secondary injector’s elements
that carried the fuel from the supply line to the combustor were
sized to maximize the fuel flow rate oscillations at the injec-
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Fig. 2 Schematic of the developed gas rocket setup.
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Fig. 3 Schematic of the investigated injectors: a) INJ1 and b)
INJ2 configurations.
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tor’s exit and to minimize the effect of the combustor pressure
oscillations upon the injector’s performance over a wide fre-
quency range. Injector performance calculations predicted that
the injector can produce fuel flow rate oscillations amplitudes
of the order of 0.2 g/s over a 0-1,000 Hz frequency range.
Such fuel amplitude oscillations can produce 20-kW peak-to-
peak heat release rate oscillations if they are fully converted
into heat release oscillations.

The electric signal to the actuator consisted of a steady and
oscillating component, which controlled the magnitudes of the
steady and oscillating flow rates through the fuel injector ac-
tuator, respectively. Both signals were generated in the control

computer, separately amplified, and then combined into a sin-
gle control signal that was fed to the actuator.

Two different actuators and injection systems were devel-
oped and tested under this program. The actuators were similar
in design (Fig. 2) but the annular cross-sectional area of the
second actuator was between two to three times larger than
that in the first actuator. Each injection system (Fig. 3) supplied
the combustor with a primary stream of premixed reactants
and a secondary fuel stream that was used to control the in-
stability by generating a secondary, oscillatory, combustion
process within the combustor. For further reference, the small
and large actuators will be denoted as ACT1 and ACT2, re-
spectively, and the injection systems shown in Fig. 3 will be
denoted by INJ1 and INJ2, respectively. The investigated in-
jector/actuator configurations, whose performances are dis-
cussed later in this paper, will be described by the notation
INJi/ACTi, where the index i = 1, 2 describes the injector and
actuator used in the study. It should be pointed out that the
ACT?2 actuator, which was developed later in the program,
could be retrofitted to both injection systems, whereas the
ACTI actuator could be only installed on the INJ1 injector.

Open-Loop Response Studies

This section describes the open-loop studies that investi-
gated the frequency dependence of the phase delay between
the combustion process heat release and actuator control signal
oscillations and the gain, i.e., the ratio of the amplitudes of the
combustion process heat release and control signal oscillations.
Together, the measured phase shift and gain describe the
SCPR.

A critical issue in the investigation of the SCPR is whether
the developed fuel injector actuator can excite combustion pro-
cess heat release oscillations with amplitudes larger than those
generated by the periodic combustion process that drives the
instability. If the developed fuel injector actuator could not
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excite heat addition oscillations of sufficient magnitude within
the combustor, it may not be able to adequately attenuate a
fully developed combustion instability. On the other hand, if
the amplitude of the heat release oscillations excited by the
ACS is larger than the amplitude of the periodic combustion
process that drives the instability at its limit cycle, then damp-
ing of the instability by the ACS is assured.

Two approaches for determining the SCPR frequency de-
pendence were used in this study. The first used a very short
combustor whose fundamental longitudinal acoustic mode fre-
quency was around 1800 Hz, which was significantly above
the upper limit of the frequency range of the open-loop studies.
Consequently, the operation of this combustor was quiet over
the investigated frequency range and the magnitudes of the
oscillations driven by the fuel injector actuator were signifi-
cantly above the combustor noise level. When tests were con-
ducted with the short combustor, high-frequency reaction rate
and pressure oscillations driven by an inherent combustor in-
stabilities could be readily observed in the measured pressure
and radiation data, and were clearly distinguished from the
single frequency oscillations driven by the fuel injector actu-
ator.

The short combustor consisted of a straight pipe with a side-
view window next to the injector face. The latter was similar
to the one shown in Fig. 2, and was used to measure CC
radicals radiation from the combustion region. This window
could not view, however, the whole combustion region, and
the measured radiation only provided a qualitative description
of the characteristics of the secondary combustion process 0s-
cillations. Consequently, the characteristics of the SCPR in this
combustor were determined from measured dynamic pressure
data and a theoretical relationship between the pressure and
reaction rate oscillations. The relationship that relates the pres-
sure and heat release oscillations in the short combustor is
derived next.

Neglecting kinetic energy terms, the energy equation for a
short combustor with uniform properties can be expressed in
the following form:

d
EJ pe dV = Geonp + M h, + Hiphy — H h, — G (1)
\%

where the terms from left to right are the rate of change of the
combustor internal energy, oscillatory heat release, air and fuel
enthalpy fluxes into the combustor, enthalpy flux exiting the
choked nozzle, and the combustor heat loss, respectively. As-
suming a perfect gas behavior and a compact, choked, nozzle,
the following relationships can be derived:

d VC,\ d
S peav=|—) £ )
dr |, R | dt
i.h, = (Kyp! N'T,)C, T, 3)

Substituting Egs. (2) and (3) into Eq. (1), assuming that each
dependent variable consists of a steady component and a small
amplitude perturbation, e.g., p = p + p’, neglecting the oscil-
lating component of the heat loss term ¢, in Eq. (1), and
linearizing the resulting energy equation yields the following
linear energy equation:

n <

w2, LA T
mC,T, p CZm dt \ p 2T,

where C, is the speed of sound at the nozzle entrance. If the
convection time of a gas particle from the combustion region
to the exit nozzle is much larger than the period of the oscil-
lations, then one may assume that the temperature perturba-
tions generated by the secondary fuel oscillations in the com-
bustion zone are smeared out before reaching the nozzle. In

the short configuration of the combustor, the convection time
was about 50 ms, which is an order of magnitude larger than
the 5 ms period of, say, 200-Hz oscillations. With this simpli-
fication, the temperature and pressure oscillations at the nozzle
entrance could be related by the following linearized isentropic

relationship:
. Y \P

Substituting Eq. (5) into Eq. (4) yields the following linear
form of the energy equation:

ﬂllﬂ

2 G _p 4 (P
=L feww P, (S (E 6)
3y —1mC,T, p dr \p

where

2y Vp
T="0 -
3y — 1 C%m

)]

for determining the heat release ¢.m Oscillations from mea-
sured pressure oscillations at high frequencies.

The second approach for determining the SCPR employed
the combustor shown in Fig. 2. As discussed earlier, this com-
bustor is equipped with a window on the slanted combustor
section that transmits most of the combustion zone radiation
to a photomultiplier. In a lean premixed, constant stoichiom-
etry flame that does not produce soot, one can assume that the
radicals’ radiation intensity is proportional to the heat release
rate. However, when the change in the heat release rate is
because of a change in the flame’s stoichiometry, as in the case
when secondary fuel was injected into the premixed reactants
flame, such a straightforward relationship between the com-
bustion heat release and the radicals’ radiation may not exist.
Consequently, before the combustion heat release, oscillations
could be related to the measured variations in the measured
global radicals’ radiation, the increase in the global flame ra-
diation caused by an increase in the secondary fuel injection
rate had to be first studied under steady operating conditions.
This study revealed that in the lean stoichiometric range of
interest, the radicals’ radiation from the flame increased nearly
linearly with the secondary fuel rate. Using this result and
assuming that the combustion efficiency was not affected by
the introduction of the secondary fuel injection, it was con-
cluded that the measured change in the radicals’ radiation in-
tensity was proportional to the change in the combustion pro-
cess heat release rate. The steady state correlation was
subsequently used to determine the dynamic response of the
combustion process to the actuator’s modulation of the sec-
ondary fuel injection rate.

The combustor shown in Fig. 2 was considerably longer
than the short combustor that was used in the first SCPR study.
Consequently, several longitudinal acoustic modes of the com-
bustor could be excited within the range of investigated SCPR
frequencies, e.g., the fundamental mode frequency of this com-
bustor was 370 Hz. Consequently, the characteristics of the
pressure oscillations excited by the fuel injector actuator
strongly depended upon the closeness of the secondary fuel
modulation frequency to an acoustic mode frequency of the
combustor. For example, the secondary heat oscillations could
not excite a significant pressure response when operated at an
antiresonant frequency of the combustor. Therefore, a model
that relates a single acoustic pressure measurement to the char-
acteristics of the heat release oscillations, as was done in the
first approach using Eq. (6), could not be used. Also, it is
impossible to determine in this combustor the characteristics
of the secondary heat release oscillations at or near resonant
frequencies. This is so, because at these frequencies the heat
release oscillations are strongly affected by inherent instabili-
ties of the combustor as well as by the driving of the secondary
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fuel modulations, and it is impossible to separate these two
effects to determine the SCPR from the measured radiation
data. Consequently, the SCPR was determined in the second
approach from direct global flame radiation measurements
only at frequencies sufficiently removed from the combustor
resonant frequencies where the combustor acoustics did not
significantly contribute to the oscillatory reaction rate.

Results and Discussion

In the experiments discussed in the following section, the
total flow rate changed between 7-10 g/s, but the stoichiom-
etry remained the same. The total equivalence ratio of the com-
bustor was 0.8 (fuel lean) with 0.6 contributed by the primary
premixed reactants, and 0.2 by the mean, secondary fuel. The
various analog signals that included the actuator current and
displacement, combustion chamber pressure, PMT radiation,
and mean secondary flow rate were simultaneously sampled at
5000 Hz by the LabView® data acquisition system. No pre-
conditioning had been applied to the sampled signals.

Figure 4 shows an example of the time dependence and
spectra of the pressure and CC radiation signals measured in
the combustor shown in Fig. 2, when the secondary fuel in-
jection rate was modulated at 610 Hz. Figure 4b shows that
the pressure spectrum is dominated by spikes representing
three unstable combustor modes at 370, 740, and 1110 Hz. In
general, if a single mode is driven by an unstable combustion
process, the amplitudes of its harmonics are smaller than the
amplitude of the driven, lowest frequency, mode. The pressure
spectrum in Fig. 4b indicates that this was not the case in this
experiment as the amplitudes of the higher frequency spikes
are larger than the amplitude of the fundamental mode. It
should be noted that the pressure transducer was located near
the aft end of the combustor where the amplitudes of all axial
acoustic modes (which were the only ones excited in this large
L/D combustor), were maximum. Thus, differences in the mea-
sured magnitude of the pressure spikes could not be attributed
to the effect of sensor. Consequently, the results shown in Fig.
4b strongly suggest that these modes were independently
driven by the combustion process.

An examination of the pressure spectrum in Fig. 4b also
shows a small, but clearly distinguishable, spike at 610 Hz,
the frequency of the secondary fuel modulation. In contrast,
Fig. 4d indicates that only one, large-amplitude, 610-Hz spike

0 0.01 0.02 0.03
a) time(sec)

Volt

o] 0.01 0.02 0.03
c) time(sec)

is present in the CC radiation spectrum. The dominance of the
spike of the driven heat release oscillations in the CC radiation
spectrum indicates that under this test condition the fuel injec-
tor actuator readily excited heat release oscillations whose am-
plitude is significantly larger than those that drive the large-
amplitude pressure spikes at the resonant frequencies (Fig. 4b).

Figure 4b shows that a fast Fourier transform (FFT) can be
used to identify a small-amplitude, periodic, pressure signal
near large-amplitude spikes. It was found, however, that an
FFT analysis cannot accurately determine the phase of such a
small-amplitude signal. Unlike the determination of the am-
plitude, the determination of the phase is highly sensitive to
the frequency at which the FFT integral is evaluated. Because
the FFT evaluation is performed at a discrete number of fre-
quencies, it may not be performed at the exact frequency of
the secondary combustion oscillations, thus increasing the like-
lihood of inaccurate phase determination.

To accurately determine the amplitude and phase of the sec-
ondary heat release oscillations, the following ensemble-av-
eraging technique was used:

1) The input to the actuator (usually a current) was chosen
as a reference signal.

2) Measured data points were correlated with the reference
signal by referencing the time of each data point to a specific
phase in the period of the reference signal, thus collapsing all
of the measured data points into one period.

3) A moving, narrow-width (much smaller compared to the
cycle span), window was used to obtain the ensemble average
of the time dependence of the collected data over the period
of the reference signal. It should be noted that the time de-
pendence of the calculated average is not always sinusoidal.

4) The ensemble-averaged line was curve-fitted with a si-
nusoidal signal to obtain the corresponding amplitude and
phase of the measured data.

Figure 5 presents typical results obtained with this data re-
duction approach using data measured in the test discussed in
Fig. 4. The top to bottom plots on the left side of Fig. 5 show
measured data points describing the actuator control signal
(current), actuator needle displacement, combustor pressure,
and combustion process CC radiation, respectively. The cor-
responding plots on the right side of Fig. 5 show the ensemble
averages of the collected data points (solid lines) and the si-
nusoidal curves that were fitted to the ensemble-averaged
curves (dashed lines).
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Fig. 4 Time dependence and spectra of the combustor pressure (above) and CC radicals radiation (below) measured in an open-loop

experiment in the combustor shown in Fig. 2.
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Fig. 5 Measured and ensemble-averaged data describing the actuator current needle, displacement, combustor pressure, and CC radi-
cals radiation obtained in the open-loop experiment whose results are presented in Fig. 4. Dots describe ensemble data, solid lines describe
ensemble-averaged quantities, and dashed lines describe the sinusoidal curve fits.

As discussed earlier, unlike the actuator current, pressure,
and CC radiation, which were measured by sensors with prac-
tically no time delay, the proximity sensor that measured the
actuator’s needle displacement utilized an electronic filter that
introduced a significant phase lag and attenuation to the mea-
sured data. This phase lag and attenuation, which were deter-
mined in advance by comparing known input signals at various
frequencies to the sensor’s output, were accounted for in the
data reduction procedure by providing the determined sinu-
soidal signal with a phase lead and a gain relative to the cal-
culated average curve.

Figure 5 shows that both the measured CC radiation and
pressure data form clouds of points. However, while the CC
radiation cloud exhibits a sine-like shape, such a pattern is not
readily apparent in the thick cloud of pressure data points. This
difference between the pressure and radiation data is reflected
in the presence of high-frequency components in the ensemble
average of the pressure data, and the practically sinusoidal
shape of the ensemble average of the CC radiation data, which
nearly coincides with its sinusoidal curve fit.

The previously described data reduction procedure was ap-
plied to the data measured in the open-loop tests to obtain the
frequency dependence of the phase and gain of the previously
described variables and, in particular, the transfer function be-
tween the needle displacement, which closely mimics the fuel
injection modulation, and secondary combustion process heat-
release oscillations.

The frequency dependence of the gain and phase delay of
the secondary combustion process heat release oscillations
generated by the fuel injector actuator were independently de-
termined by the previously discussed approaches; that is, the
one that used measured pressure and Egs. (6) and (7), and the
one that directly determined the combustion heat release rate
from the CC radiation measurements. The results are compared
in Fig. 6. The excellent agreement between the two SCPRS
that were determined based upon different approaches in two
different combustors strongly suggests that the frequency re-
sponse of the heat addition oscillations generated by the de-
veloped fuel injector actuator is practically independent of the
acoustic properties of the combustor. Figure 6a shows that the
gain decreases with frequency, while Fig. 6b shows that the

phase decreases linearly with frequency. The implications of
these trends are further discussed later in this paper.

Subsequent studies investigated the dependence of the SCPR
upon the injector and actuator characteristics. Figure 7 shows
the measured frequency dependence of the phase and gain of
the secondary combustion process heat release of two different
injector/actuator configurations that consisted of each of the
two developed injectors Fig. (3), and the larger fuel injector
actuator (i.e., configurations INJ1/ACT2 and INJ2/ACT2). The
frequency dependence of the SCPR of the INJ1/ACT2 config-
uration was determined for various magnitudes of the actua-
tor’s needle displacement.

Figure 7a indicates that the phase delay between the heat
release and actuator displacement oscillations increases mon-
otonically with the frequency in a nearly linear manner. It
should be noted that such linear frequency dependence of the
phase is generated by pure time delay. It should be also noted
that the short cavity that transfers the fuel from the actuator’s
orifice to the combustor could only contribute a negligible
phase delay because its length was small with respect to the
acoustic wavelength in the excited frequencies range. It is most
likely that the monotonic increase in the phase between the
actuator’s motion and the measured radiation oscillations in-
dicates a pure time delay because of the mixing of the sec-
ondary fuel with the combustor gas prior to its reaction with
the excess oxidizer in the combustion zone.

Figure 7a shows that all of the measured phase data can be
closely correlated by a single curve, suggesting that both in-
jectors produce a practical identical time delay between the
fuel injection rate and the corresponding secondary combus-
tion process heat release oscillations. This is a surprising result
because it was not expected that different injectors would pro-
duce an identical time delay.

Figure 7b shows the frequency dependence of the injectors
gain; that is, the ratio of the amplitudes of the combustion
process heat release and the actuator’s needle displacement
oscillations. The scatter in the data points in Fig. 7b shows
that the gain depends upon the amplitude of the needle’s dis-
placement, whose magnitude is indicated next to some of the
data points obtained with injector INJ1. Examination of these
data shows that the gain is larger for smaller needle displace-
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Fig. 7 Frequency dependence of the a) phase difference between
heat release and actuator displacement oscillations for two differ-
ent injector/actuator configurations, and b) the gain of the heat
release with respect to actuator displacement oscillations for two
different injector/actuator configurations.

ment amplitudes. The reason for this amplitude dependence is
explained next.

The developed fuel injector actuator provides the combustor
with a fuel flow consisting of a mean and an oscillatory com-
ponent. The mean flow rate is maintained at a set value by a
mean flow rate controller that sends a slowly varying signal to
control the mean position of the needle and, thus, the mean

area of the actuator’s annular orifice and mean fuel flow rate.
In addition, the actuator receives a high-frequency signal that
sets the needle into high-frequency, back-and-forth, axial os-
cillations that periodically vary the actuator’s orifice cross-sec-
tional area, resulting in a periodic secondary fuel injectionrate.
As long as the periodic variation of the orifice’s area is smaller
than its mean area, the periodic change in the orifice’s cross-
sectional area does not interfere with the mean flow rate
through the actuator (Fig. 8a). As the amplitude of the actua-
tor’s needle displacement oscillations increases, a threshold
amplitude that forces the actuator’s orifice to momentarily
close at the instant of maximum needle displacement is
reached. When the amplitude of the needle’s displacement os-
cillations becomes larger than this threshold value, the orifice
remains closed during a portion of the cycle, resulting in an
increase in the mean fuel flow rate (Fig. 8b). This forces the
actuator’s mean flow rate controller to further close the actu-
ator orifice, resulting in additional truncation of the fuel flow
rate oscillations Fig. (8c). This discussion indicates that the
amplitude of the fuel flow rate modulation cannot exceed the
magnitude of the mean fuel flow rate.

During the portions of the cycle when the orifice is closed
(Figs. 8b and 8c), the magnetostrictive actuator that is attached
to the needle continues its upward motion. The amplitude of
this movement is measured by a proximity sensor and used to
determine the SCPR gain, which is defined as the ratio of the
amplitudes of the heat release and needle displacement oscil-
lations. Thus, as the needle displacement amplitude becomes
larger than the threshold value that closes the fuel injector, the
magnitude of the gain decreases because its denominator in-
creases while its numerator remains constant at its maximum
value. This explains why larger gains are reported in Fig. 7b
for lower needle displacement amplitudes.

Figure 9 shows the dependence of the ratio of the amplitude
of the combustion process CC radiation oscillations and the
mean CC radiation on the needle’s displacement amplitude at
a frequency of 540 Hz for three different injector/actuator con-
figurations. These results show that the amplitude of the CC
radiation oscillations reaches a limiting value at a given needle
displacement amplitude and cannot increase beyond this lim-
iting value as the needle displacement is further increased.

To better understand the results of Fig. 9, we should consider
the two main processes that control the interaction between the
secondary combustion process heat release and needle dis-
placement oscillations. First, consider the variation in the fuel
flow modulation amplitude in response to the needle’s dis-
placement oscillations. As discussed in the preceding text, the
amplitude of the fuel modulation cannot exceed the magnitude
of the mean flow rate. Consequently, to increase the amplitude
of the fuel flow rate modulation would require increasing the
magnitude of the mean flow rate. To illustrate this point, the
behavior of the two actuators that were used in this study is
qualitatively described in Fig. 10, where the expected depen-
dence of the amplitude of the secondary fuel injection rate
modulation upon the amplitude of the actuator’s needle dis-
placement is plotted for the large and small actuators operating
with two different mean flow rates. Figure 10 indicates that
while the ACT2 actuator with the larger orifice provides larger
amplitude fuel flow rate modulations for a given amplitude of
the needle’s displacement oscillations, both actuators can pro-
vide the same maximum fuel flow rate oscillations amplitudes
if they provide the same fuel mean flow rate.

Another factor affecting the amplitude of the combustion
process heat release oscillations is the efficiency of converting
the secondary fuel injection rate modulations into combustion
process heat release oscillations. Intuitively, one would expect
that the ratio of the amplitudes of the combustion process heat
release and secondary fuel injection rate oscillations would
depend upon the injector design. Examining the configurations
of the two investigated injectors (Fig. 3) shows that the INJ1
injector supplies the secondary fuel stream directly into the
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Fig. 9 Dependence of the ratio of magnitudes of the oscillating
and mean heat release radiation upon the amplitude of the actu-
ator’s needle displacement at a frequency of 540 Hz.

center of the primary combustion zone, whereas the INJ2 in-
jector apparently injects the secondary fuel upstream of the
primary combustion region, possibly enabling the secondary
fuel to fully or partially mix with the premixed, primary, re-
actants flow before reaching the combustion zone. This pre-
mixing process apparently tends to decrease the magnitude of
the attained secondary combustion heat release oscillations.
Consequently, the INJ1 injector is expected to provide a more
efficient conversion of the fuel injection rate modulation into
combustion process heat release oscillations than the INJ2 in-
jector.

On the basis of the previous discussion, one would expect
that configurations INJ1/ACT2 and INJ2/ACT1 will produce
the largest and smallest secondary combustion process heat
release oscillations for a given needle displacement, respec-
tively, while configurations INJ1/ACT1 and INJ2/ACT2 will
produce heat release oscillations that fall between these limits.
These expectations are supported by the results in Fig. 9,
where it is shown that for a given amplitude of the actuator’s
needle displacement, the amplitude of the secondary heat re-
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Fig. 10 Qualitative description of the dependence of the fuel
modulation amplitude upon the needle displacement for two dif-
ferent actuators and mean flows.

lease oscillations decreased in the following order: INJ1/
ACT2, INJ1/ACT1, and INJ2/ACT2.

The previous discussion and Figs. 9 and 10 indicate that the
smaller ACT1 actuator could provide the same maximum fuel
flow rate and heat release oscillations as the larger ACT2 ac-
tuator if it could be driven with a larger maximum needle
displacement amplitude. This explains why the two configu-
rations INJ1/ACT1 and INJ1/ACT2 that used the same injec-
tor, but different actuators, attained the same maximum sec-
ondary heat release magnitudes (Fig. 9). It is noteworthy that
the maximum amplitude of heat release oscillations that can
be excited by the INJ2 injector is significantly smaller than
those excited with the INJ1 injector, even when the INJ2 in-
jector used the larger ACT2 actuator.

Summary and Conclusions

This paper presents the results of an investigation of the
frequency response of the SCPR produced by a fuel actuator
that was developed for active control of combustion instabil-
ities over a 0-800 Hz frequency range. At low frequencies,
below the combustor fundamental resonance, the SCPR can be
evaluated from pressure data, and at high frequencies it can
be determined from direct measurements of the global com-
bustion zone radiation. However, when the SCPR is deter-
mined from direct radiation measurements, the experiments
must be conducted at frequencies sufficiently removed from
the natural acoustic modes of the combustor to assure that the
measured SCPR is not affected by acoustic effects.

The measured data indicate that the phase lag of the SCPR
monotonically increases with frequency in an almost linear
fashion. This suggests that a pure time delay is involved in the
mechanism that controls the SCPR. This kind of phase lag
behavior poses difficulties in classical linear control ap-
proaches.

Additional studies of the dependence of the SCPR upon the
characteristics of the injection system and actuator were con-
ducted. Their results show that the SCPR strongly depends
upon the location of the modulated fuel stream injection rel-
ative to the location of the primary combustion process. Spe-
cifically, larger amplitude heat release oscillations were ob-
tained when the secondary, modulated, fuel was injected
directly into the primary combustion zone. Also, it was shown
that the incorporation of a mean fuel rate controller into the
fuel injector actuator limits the amplitude of the fuel modu-
lations developed by the fuel actuator.
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