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Liquid-fueled active instability suppression and the associated scaling issues were investigated in a model ramjet
dump combustor that was operated between 70 kW and 1.3 MW output conditions. When the secondary fuel injec-
tion was pulsed and its timing was controlled, pressure oscillations were suppressed. The controller performance
was adversely affected by reducing the � ow residence time, but the correlation was modest. The amount of pulsed
fuel, on the other hand, had a signi� cant effect on the controller performance, which suggested the existence of a
critical fuel � ux. To maintain control authority for instability suppression, a fuel amount in excess of the critical
fuel � ux was required for the secondary injection. In the scale-up experiments, when the Sauter mean diameter
of fuel droplets was decreased from 40 to 10 ¹m, the critical fuel � ux was lowered from 8% of the total fuel � ux
to about 2%, which indicated that it was a strong function of fuel droplet size. Last, a novel control approach was
demonstrated using pulsed fuel injection that was closed-loop controlled at the second harmonic of the instability.
This showed that instabilities could be suppressed with closed-loop control even when the frequencies are outside
the actuator’s repetition capability.

I. Introduction

B ECAUSE future propulsion systems will be subjected to
rapidly evolving environmental regulationsas well as increas-

ingly demanding combustion performance requirements, an ad-
vanced combustion control system that can shorten the combus-
tor development time and improve performance will be desirable.
An active control approach that relies on proper timing of fuel in-
jection is an attractive idea because timing adjustment using elec-
tronics is becoming increasingly convenient. In contrast, geometry
modi� cation, required in passive control approach, is often time
consuming and can be expensive to develop. Some of the interest
in active-combustion-control(ACC) approach stems from potential
� exibility in performance,which ACC could providewithout costly
changes in hardware.

Past studieson ACC havebeenmotivatedby undesirablecombus-
tor behavior that includes combustion instabilities,1¡10 poor burn-
ing ef� ciency,8¡13 limited operational range,8¡10;14 and excessive
production of pollutants.8;12;13;15¡17 These studies have contributed
greatly to the present understandingof fast-responseACC, but sev-
eral technologicalchallengesstill remain before the ACC technique
can be implemented to practicalpropulsionsystems.One such chal-
lengeis to use liquid fuel for controland to minimize the fuel amount
by directly pulsing it into the combustion chamber. Such a control
has been dif� cult to obtain,and the physicalprocesseshavenot been
well understood.18;19

Liquid fuel was seldom utilized in the previous ACC studies be-
cause it was not only dif� cult to actuate liquid-fuel injectionat high
frequencies, but the combustion delays associated with liquid-fuel
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atomization, droplet heating, vaporization, and burning processes
made such control extremely slow for dynamically controlling the
combustion processes. As a result, until recently,18¡22 the use of
liquid fuel was con� ned to either steady injection processes13 or
upstream addition of prevaporized fuel,4;7 which limited the ACC
� exibilityassociatedwith temporal responsiveness.The goal of this
project was to make ACC more practical for propulsion systems by
using pulsed liquid-fuel injection directly into the combustor and
demonstrate ACC scale-up at higher output levels.

Combustion instabilities in propulsion systems and the associ-
ated physical mechanisms were reviewed by Culick.23 Extensive
reviewson active instabilitysuppressiontechniqueswere conducted
by McManus et al.,24 Candel,25 Yang and Schadow,26 and Schadow
and Yang.27 Also, Zinn and Neumeier28 provide an overview of re-
searchanddevelopmentalneedsforpracticalapplications.To reduce
the amplitudeof undesirableoscillations,one may control the phase
of � uctuating heat release so that the heat release oscillations inter-
fere destructivelywith pressureoscillations.For instance,according
to Rayleigh’s criterion29 (also see Ref. 30), acoustic energy density
is reduced if pressure � uctuations p0 and heat release � uctuations
q 0 satisfy the proper phase relation such that

ZZ

#T

p0q 0

Np
dt d# < 0

where the double integral is taken over an instability period T and
over the combustor volume # . One simple way to achieve heat
release oscillations with controllable phase is to pulse the fuel
injection.

Recent advances in active control and liquid-fuel-actuator tech-
nology have provided an ideal background for extending ACC to
liquid-fueledcombustors.Because local � uctuationsof heat release
are affected by instantaneous distribution of fuel droplets in that
area, one needs to control how the fuel droplets are dispersed in-
side the combustor as well as modulating the global fuel � ux into
the combustor. In this experiment, pulsing liquid fuel directly into
the combustor effectively controlled temporal fuel � ux. To con-
trol fuel dispersion, periodic interaction between fuel droplets and
large-scale � ow features was utilized. To ensure good interaction
with � ow structures, the droplet Stokes number must be suf� ciently
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small.18;31¡35 The injectiontiming is an important controlparameter
becausethe severityof the interactionwas sensitive to the initial slip
velocitybetweendroplets and � ow. Needless to say, the fuel-droplet
size must be very small to obtain fast combustion response as well.

II. Experimental Setup and System Components
Combustor

Experiments were performed in a model ramjet dump combustor
(shown in Fig. 1). Air was provided to the combustor from high-
pressure storage tanks through a long inlet pipe. A choked ori� ce
was used to meter theair� ow rateand to de� ne theupstreamacoustic
boundary of the inlet. During a typical run, which lasted anywhere
from several minutes to an hour, the air� ow rate was held steady by
manually maintaining the upstream regulated pressure within 2%
of the intended value. Ethylene was injected into the inlet air� ow
at a location suf� ciently upstream of the dump plane to guarantee
complete premixing. The ethylene � ow rate was also held constant
usinganotherchokedori� ce, and the � ow rate was again maintained
within 2%. The premixed ethylene–air� ow entered the combustor
by expanding over the dump plane. At the dump plane, liquid fuel
was injectedin a pulsatingmanner to controlactivelythecombustion
dynamics.In contrastto theupstreampremixed� ow, whichwas held
constant,thecontrollerfuel � uxwas rapidlymodulatedin time using
on–off type actuators. At the downstream end of the combustor, a
long-radius exhaust nozzle was utilized to control the combustor
pressure.

Active instabilitysuppressionexperimentswere performedusing
three different controller fuels and at several operating conditions,
which resulted in natural instabilities. Table 1 lists the dimensions
of the dump combustor along with the type of liquid fuel used in the
controller. Table 2 lists the speci� c � ow conditions associated with
each con� guration in which instabilities occurred. Time-averaged
values were used to report the controller fuel � ux. Finally, Table 3
shows some of the pertinentparameters in the experiments.The role
of these parameters will be discussed later in the paper. The case

Table 1 Dump combustor con� gurationsa

Liquid
Con� guration fuel L inlet Lcomb Leff Dnozz Lnozz

1 Ethanol 58.5 10.2 11.7 1.29 1.85
2 Heptane 25.8 12.4 12.4 0.615 1.85
3 Heptane 25.8 12.9 12.9 0.862 1.32
4 Heptane 25.8 8.9 8.9 0.615 1.85
5 JP-10 20.2 15.4 16.8 1.36 1.81
6 JP-10 20.2 13.3 14.8 1.27 1.81

aAll dimensions are in terms of Dinlet D 42 mm.

a) Schematics

b) Con� guration 5

Fig. 1 Axisymmetric dump combustor setup.

number in Tables 2 and 3 corresponds to the combustor con� gura-
tion, and the ensuing letter indicates a particular � ow condition that
the con� guration was tested at.

Actuators

One of the most important components in ACC is the actuator
used to affect instantaneouscombustionheat release.After evaluat-
ing several types of high-frequencyfuel injectors,we initially chose
a set of off-the-shelfautomotive fuel injectors that provided a good
mechanical response at high frequencies as well as a high volume
� ow rate. A square wave with adjustable duty cycle was used to
drive the injector electronic control unit (ECU) extending the fre-
quency response beyond 1 kHz. However, these injectors produced
relativelycoarse droplets that were clearlynot suitable for fast com-
bustion response applications.To reduce droplet size, a swirl-based
atomizer with 300-¹m exit diameter36 was � tted at the fuel jet exit.
In this close-coupled con� guration, the automotive fuel injectors
were used as a high-frequency solenoid valve for fuel � ux control
while the atomizers improved the overall atomization characteris-
tics even at high frequencies. In typical cases using actuators 1, the
Sauter mean diameter D32 ranged between 40 and 50 ¹m on the
basis of photographicdroplet sizing under similar conditions18 and
empirical analysis for a similar class of atomizers.37 The results in
Secs. III and IV were obtained using these actuators.

Later, a different actuator (actuator 2) was utilized to reduce the
fuel droplet size even further. A set of prototype fuel injectors that
used air-assistedatomization was used to reduce D32 below 10 ¹m.
The reduction in D32 , which resulted in faster combustionresponse,
improved the combustion control. According to the manufacturer
speci� cation, these injectors required a very small amount of atom-
izing air, less than 1% of the air needed for stoichiometric reaction
of the injector fuel � ux. The results of the experiment using the
new improved actuators will be presented in Sec. V along with the
droplet size measurements.

Sensor

For closed-loopoperation,Kistlerpressuretransducerswith high-
frequency response, on the order of 100 kHz, were utilized. One
pressuretransducer,which was mountedat one inlet diameterdown-
streamof thedump plane,was used for feedback.Althoughthe pres-
suresignalstaken fromother locationsalong thecombustorand inlet
were also effective, no attempt was made to optimize the pressure
transducer location. In most cases, pressure oscillations were ob-
served at frequencies close to the quarter-wave mode of the inlet
with varying phase of pressure oscillations along the inlet duct. In
contrast, pressureoscillationphase along the combustorwall stayed
nearly constant.

Controller

For open-loop control, the controller fuel was pulsed at frequen-
ciesother than the instabilityfrequency.In somecases, this approach
effectively shifted the dominant oscillation frequency to other fre-
quencies with more benign levels of oscillations. In some other
cases, particularly when the injection frequency was close to the
instability frequency or its harmonics, the dominant frequency be-
came less coherentor was affectedby beats. However, in most other
cases, an open-loopinjectionsimply producedan independentpeak,
which was superposed on the frequency spectrum. For these cases,
becauseanopen-loopapproachwas notveryeffective,the secondary
fuel injection had to be closed-loop controlled for suppressing the
oscillation amplitude.

For closed-loop control, the approach we had taken was to pulse
the liquid fuel at the instability frequencyor at the harmonicsof the
instability frequency and adjust the timing using a simple closed-
loop circuit. Because our emphasis was on extending active control
to liquid-fueled combustors, a simple phase-delay approach was
utilized instead of more sophisticated control methods such as an
adaptive technique38 or model-based designs.39¡41 Figure 2 shows
the ACC system that was used to control the fuel injection schedul-
ing in the dump combustor. Combustor pressure oscillations were
detected by the pressure transducer. The pulsed injection timing
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Table 2 Average � ow conditions during naturally unstable operations

Flow rate, g/s Unstable conditions

Case Air Ethylene Ethanol Heptane JP-10 Á NPcomb=Pexit f , Hz p0
rms= NPcomb

1A 45 1.0 0.75 —— —— 0.47 1.02 34§1 0.008
1B 45 1.3 0.75 —— —— 0.58 —— 35§1 0.005
2 120 3.3 —— 0.62 —— 0.51 2.20 87§2 0.042
3A 150 5.1 —— 0.73 —— 0.59 1.59 98§2 0.092
3B 200 7.0 —— 0.65 —— 0.57 2.06 96§1 0.089
4 120 3.3 —— 0.63 —— 0.51 2.17 95§1 0.054
5A 270 11 —— —— 2.2 0.72 1.39 120§3 0.076
5B 270 11 —— —— 1.1 0.69 1.38 120§3 0.11
5C 270 11 —— —— 0.55 0.66 1.33 122§3 0.095
5D 610 25 —— —— 2.2 0.66 2.67 125§5 0.13
5E 610 25 —— —— 1.1 0.63 2.72 125§5 0.21
5F 610 25 —— —— 0.6 0.61 —— 125§5 ——
6 270 11 —— —— 2.2 0.74 1.44 120§3 0.11

Table 3 Characteristic parameters for two-phase reacting � ow

Relative amount
of suppression± p0
natural ¡ p0

control

p0
natural

²Power Sauter mean
output, Reynolds diameter, Stokes Flow residence Pulsed power

Case kW number ¹m number time, ms fraction

1A 66 7.7 £ 104 50 0.21 16 0.30 0.78
1B 82 7.7 £ 104 50 0.21 16 0.25 0.81
2 180 2.0 £ 105 39 0.28 15 0.15 0.67
3A 270 2.5 £ 105 36 0.27 8.8 0.12 0.66
3B 360 3.4 £ 105 38 0.30 8.4 0.08 0.60
4 180 2.0 £ 105 39 0.31 11 0.15 0.45
5A 630 4.4 £ 105 10 0.034 5.6 0.15 0.71
5B 580 4.4 £ 105 10 0.034 5.5 0.079 0.66
5C 560 4.4 £ 105 10 0.034 5.3 0.041 0.61
5D 1280 1.0 £ 106 10 0.035 4.7 0.072 0.52
5E 1230 1.0 £ 106 10 0.035 4.8 0.037 0.49
5F 1210 1.0 £ 106 10 0.035 4.8 0.019 0.11
6 630 4.4 £ 105 10 0.034 5.1 0.15 0.82

Fig. 2 Liquid-fuel actuation system and a simple phase-delay closed-
loop control.

with respect to the combustorpressure signal was digitally adjusted
using a Wavetek Variable Phase Synthesizer. The liquid fuel was
supplied through a set of pulsed injectors that were evenly spaced
along the circumference of the inlet at the dump plane. The initial
injection angle was � xed at either 45 or 90 deg with respect to the
air� ow direction depending on the type of injectors used.

III. Active Control Operation (Case 1)
ACC using pulsed liquid-fuel injection is more complex than the

correspondingapproachusinggaseousfuel.Whereasvortexdynam-
ics in the shear � ow is easily manipulatedby gaseous fuel actuation
that generatesacousticwaves and controls turbulentmixing, liquid-
fuel droplets are less affected by acoustic waves. Furthermore, be-
cause of nonuniform time delays associated with burning of poly-
disperse fuel sprays, modulating only the global fuel � ux may or
may not result in controlled oscillations of local heat release. Con-
sequently, other mechanisms were needed in addition to periodic
modulation of the total fuel � ux into the combustor.

a) b) c)

Fig. 3 Fuel droplet dispersion as a result of interaction with vortex:
a) planar Mie-scattering images of air� ow without fuel injection, b)
Mie-scattering intensity of fuel droplets with injection timing at ¿fuel =
¿vortex , and c) ¿fuel = ¿vortex + T/4.

In the present experiment, a new approach was utilized that re-
lied on timing-dependent droplet dispersion behavior. As a result
of pulsed sprays interactingwith periodic � ow structures,42 the fuel
droplet dispersion behavior was sensitive to the timing of fuel in-
jection that determined the initial slip velocity between fuel and
air� ow. Figure 3 shows fuel droplet dispersionpattern as a function
of the injection timing and vortex development phase in a simu-
lated nonreacting combustor � ow.18 The images were obtained us-
ing phase-lockedplanar Mie-scattering technique (see Ref. 43) and
were phase averaged to � lter out random motion associated with
turbulence. The fuel droplets injected ahead of the vortex shedding
(Fig. 3b) were subjected to the accelerating� ow associatedwith the
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Fig. 4 Pressure oscillation
spectral amplitude as a func-
tion of injection timing; two
straight lines show the am-
plitude levels for uncontrolled
cases.

Fig. 5 Onset of active insta-
bility suppression by adjust-
ing the timing of pulsed fuel
injection (case 1A).

vortices, which resulted in rapid dispersion into the recirculation
zone. On the other hand, when fuel was injected after the vortex
shedding (Fig. 3c), the droplets clustered in the core of the jet � ow.

Because this method provides some control over spatial distribu-
tion of fuel droplets, it may be possible to control the phase of local
heat release oscillations. The method was � rst tested previously44

under relatively low combustoroutput conditions(cases1A and 1B)
that produced strong pressureoscillationsat 35 Hz in the vicinityof
the lean-mixture � ammability limit. To suppress these oscillations,
the closed-loop controller of Fig. 2 with actuator 1 was applied.
Figure 4 shows the average spectral amplitude of pressure oscil-
lations as a function of the phase delay assigned to the ECU. To
assist the phase lock, the pressure signal was � ltered between 25
and 40 Hz using a Butterworth bandpass � lter. The actual phase
delay with respect to the pressure signal is also shown in the top
abscissa. The oscillationamplitude was maximum when the pulsed
injection started at phase ¼=2 after the vortex shedding, and it was
minimum when the start of the injection was synchronizedwith the
vortex shedding. The maximum amplitude in these cases was very
close to the natural oscillation amplitude without the control. For
cases 1A and 1B, the sound pressure level was reduced by 12 and
15 dB, respectively. The phase relation was not affected by small
changes in operating conditions.

Figure 5 shows the transient behavior of the combustor pressure
as the proper phase-delaywas applied at time t D 0. When the start
of the fuel injection cycle was timed with the vortex shedding pro-
cess, oscillation amplitude was quickly brought under control. To
apply the phase lock and the proper timing of fuel injection,a small
amplitude of oscillationsneeds to be maintained. The rms pressure
amplitude under active control was, however, well below 0.5% of
the combustor pressure. The combustor pressure spectrum showed
that all of the harmonics as well as the fundamental mode were
effectively reduced in this case.44

IV. Scale-Up Tests (Cases 2–4)
Similar experiments were extended to higher output power lev-

els by increasing the � ow rates and changing the liquid fuel from
ethanol to heptane (cases 2–4) Whereas the change in fuel type
stemmed from the effort to use more energetic fuel, the combustor
con� gurations were selected for their naturally developed instabili-
ties. The same actuator system was utilized throughoutthe scale-up

a)

b)

Fig. 6 Relative amount of instability suppression as a function of
a) rated power output and b) inlet � ow Reynolds number.

Fig. 7 Effect of � ow resi-
dence time on the amount
of relative amplitude re-
duction.

experiments in cases 1–4 because the fuel actuation characteristics
is critical for liquid-fueledactive control, and those used in con� g-
uration 1 were well proven. In a similar manner as before, pulsed-
fuel-injection timing was adjusted with the closed-loop controller
for each case. While holding the controller fuel � ux constant, the
overall combustor power output was raised by increasing the total
mass � ux. Although it was possible to suppress the oscillation am-
plitude by as much as 15 dB at lower output conditions, the present
control system was no longereffectivebeyond360-kWoutput. This
appearedto be related to the reductionin secondaryfuel � ux amount
relative to the total fuel � ux. At the 360-kW condition, the relative
amount of time-averagedfuel � ux into the controllerwas about 8%
of the total fuel � ux.

Figure 6 shows the amount of relative reduction in peak spec-
tral amplitude as a function of the rated power output and the in-
let � ow Reynolds number. With the exception of case 4, all other
data followed a general trend that indicated the diminishing con-
trol effectiveness with � ow scale. To elucidate the possible cause
of this behavior, the effect of � ow residence time was � rst exam-
ined. Because large fuel droplets in pulsed sprays would require a
long induction time before releasing heat, they are especially sus-
ceptible to the decrease in � ow residence time. Figure 7 shows that
the relative amplitude reduction was generally lower with reduced
residence time. However, the data were widely scattered in the plot,
and it was dif� cult to draw a conclusion based only on the � ow
residence time consideration. Because large droplets tend to not
follow the carrier � uid � ow closely, the � ow residence time would
not be a good measure of the droplet residence time. This may ex-
plain the peculiar behavior associated with the short combustor in
case4. Clearly, reducingthecombustorlength,which proportionally
decreased the droplet residence time, appeared to be more detri-
mental to the control effectiveness than increasing the inlet � ow
speed.

Another explanation was provided by considering the relative
contribution of heat release from the pulsed fuel injection. The
relative amount of instability amplitude suppression was plotted as
a function of the relative amount of controller fuel, which is de� ned
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Fig. 8 Effect of pulsed fuel
ratio on the amount of rela-
tive amplitude reduction.

Fig. 9 Active control effec-
tiveness as a function ofpulsed
fuel ratio.

as the ratio between the time-averaged potential heat release from
the controller fuel � ux and the overall heat release from the total
fuel amount.Because the same actuator system was utilized in all of
the experiments, this ratio was subject to change as the steady � ux
of the primary fuel was increased in the scale-up tests or as the type
of the controller fuel was changed in the actuator system. Figure 8
shows the dependenceof the controlled amplitude reduction on the
relative controller fuel ratio. The data were compared for similar
length combustors that includedall but the case 4 condition.The re-
sultingrelationshipwas quite similar to thedependencyonReynolds
number, indicatingthe importanceof the relativecontrollerfuel � ux
on the potential amplitude reduction.

Figure 9 shows another measure of the control effectiveness on
the fuel ratio in terms of the total number of oscillation cycles re-
quired to bring the amplitude to the � nal controlled level. Because
polydispersecharacteristicsof typical fuel sprays make it inef� cient
to convert pulsed fuel � ux into correspondingpulsed heat release, a
relatively large amount of pulsed fuel would be required to gener-
ate periodic heat release. As the fuel ratio was lowered to 0.08, the
controller became only marginally effective requiring many cycles
to bring down the oscillationamplitude.Again, the result correlated
well with the fuel ratio, which suggested that about 8% or more of
the total fuel � ux had to be controlled to make ACC effective in
this case. However, it is likely that the critical amount of pulsed fuel
would be a functionof the actuator characteristicsincluding the fuel
droplet size.

V. Effect of Droplet Size Reduction
Atomizing Actuator and Further Scale-Up

Fuel droplet size is an important factor in liquid-fueledACC be-
cause it affects the degree of interactionwith � ow structures,which
in turn determines the characteristicdispersion. Also, more impor-
tant, the droplet size establishes the temporal response character-
istics of heat release. For instance, it is well established that the
characteristic heating time for small fuel droplets is proportional
to the droplet diameter, whereas the vaporization rate follows the
so-called D2 law.45;46 This implies that the characteristicdelay time
associated with heat release would be closely related to the droplet
diameter.Therefore,it is reasonableto expectthat thecriticalamount
of fuel needed for the controller would be a function of the droplet
size as well as the fuel type.

In an effort to reduce the relative amount of fuel needed for ACC,
the characteristicdroplet size was reducedusing new actuators.The
performance of the new actuators (injector 2) was investigated as a
functionof frequencyand duty cycle. Figure 10 shows the results of
the droplet sizing experiment using a Malvern Mastersizer. There
was roughly a factor of four reduction in fuel droplet size from the
earlier case, which made it possible to investigate the in� uence of

Fig. 10 Average droplet size of JP-10 sprays pulsed with the new ac-
tuators as a function of duty cycle and frequency: D pfuel = 150 psig and
D pair = 100 psig.

the characteristic droplet size on ACC effectiveness. Whereas the
new atomizing actuator produced very � ne droplets, its frequency
responsewas limited to 150 Hz. For most cases shown in this paper,
the actuator was operated at 20% duty cycle.

Further scale-up tests were conducted,and the controller fuel was
changed to JP-10, which was considered a more practical fuel. In
the last series of tests involving cases 5 and 6, the combustor ther-
mal output was raised to the 1.3-MW condition. Because excess
stress on the combustor wall was evident due to the high amount
of volumetric heat release combined with a high level of instabil-
ities, the total test duration for each run was limited to no more
than 3 min. A typical test run for highest output cases consisted
of establishing a limit cycle in the � rst 150 s followed by a brief
period of data collection.Despite such a precaution, the combustor
was occasionallydamaged after a particularly intense instability or
a slightly extended period of operation. As a result, the combustor
con� guration had to be changed a number of times. Also, to mini-
mize the test duration and the number of tests, the data were often
collected at predetermined � xed phase-delay settings without run-
ning a complete system identi� cation procedure,which yielded the
optimum controller setting experimentally.

Although no additional effort was made to optimize the control
parameters, the data clearly showed that substantial reduction in
instability amplitude was possible even under relatively high ther-
mal output conditions. Also, the controller performed effectively,
despite that the � ow residence time was made much shorter and
that the relative controller fuel � ux was broughtbelow the 8% level.
The most critical change in these cases appeared to be due to the
reduction in controller fuel droplet size.47

Controller Fuel Amount (Case 5)

Closed-loop ACC was applied to suppress the oscillations in
case 5A. Figure 11 shows the combustor pressure spectra using
various controller settingsbut under the identical � ow conditionsin
the time-averaged sense, including the same equivalence ratio and
the same power output. In Fig. 11a, pressure spectra for conditions
with and without liquid-fuel injection are compared. The baseline
premixed case, which is shown for reference, used an additional
amount of ethylene, which was equivalent to the controller fuel
amount in liquid-fuel injection case. The comparison shows that
the advantage associated with direct liquid fuel injection would
be rather limited unless the controller fuel was injected at the
proper timing. Figure 11b shows that fuel injection at the proper
timing reduced the peak amplitude substantially. Instability sup-
pression was very effective even though the combustor power out-
put was very high (630 kW) and the � ow residence time very
low (5.6 ms). Such results were expected in this case because a
relatively large amount of fuel (15%) was supplied through the
controller.

Figure 12 shows the variation in oscillation amplitude as a func-
tion of the ECU phase for three slightly different conditions.When
the numberof injectorswas reducedby a factorof two each time, the
amount of controller fuel was reduced systematically in cases 5B
and 5C. The control effectiveness was affected relatively little by
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a) With and without liquid fuel injection

b) Closed-loop controlled injection with
various injection timings

Fig. 11 Combustor pressure spectra for case 5A.

Fig. 12 Spectral amplitude
variation as a function of
pulsed injection timing for
cases 5A–5C.

this change. Although the data were obtained only at four prede-
termined phase settings, they were consistent with the earlier plots
showing the typical phase dependence. The data were � tted with
sinusoidal curve � ts to show that the control characteristics,includ-
ing the optimum phase condition, remained relatively unchangedin
this case. Both the relative amount of suppression and the proper
phase setting remained similar, even when the controller fuel � ux
was reduced well below 8% of the total fuel � ux, which, in the
earlier experiments using injectors 1, was the critical fuel amount.
In case 5C, the controller fuel � ux was only about 4% of the total
fuel � ux, yet the control appeared to be quite effective. It appears
that the control effectivenesswas clearly enhanced by reduced fuel
droplet size. To reduce the controller fuel � ux even further without
affecting the fuel atomization characteristics, the steady fuel � ux
had to be increased once again.

In cases 5D–5F, the combustor power output was scaled up to
nearly 1.3-MW condition while holding the actuator conditions
constant. Thus, the relative amount of controlled fuel � ow was de-
creased, respectively, to 7.2, 3.7, and 1.9% of the total heat release
potential. Figure 13 shows the relative amount of instability sup-
pression using 0-deg ECU phase setting. Whereas the data showed
a small shift in the level of controlled suppressionbetween 600 kW
and 1.3 MW conditions, indicative of the poorly optimized phase
settings, the controller action was again effective for most condi-
tions except in case 5F. When the controlled injection amount was
reduced to 1.9%, � ameout was often encountered especially under
the improper phase setting. Because the operating condition was
very close to the � ammability limit, it was dif� cult to deduce the

Fig. 13 Maximum reduc-
tion in spectral amplitude
from four injection timings
as a function of relative fuel
amount.

Fig. 14 Transfer function between combustor pressure and injector
driving signal.

critical fuel � ux more precisely. However, even under different in-
jection timing, the instability was in general not very respondent
to the injection phase shift in case 5F, and the oscillation ampli-
tude changed very little. This indicated that, with the new actu-
ators providing the given atomization characteristics, the critical
fuel � ux for suppressing the instability was around 2% of the total
fuel � ux.

Actuation at Harmonic Frequencies Using
Alternating Injection (Case 6)

Although the new actuator (actuator2) worked effectively for the
most conditions considered so far, its frequency response was lim-
ited to 150 Hz. Within its frequency-responseband, the actuatorwas
effective in modulating combustion heat release. Figure 14 shows
the experimental transfer function between the combustor pressure
signal and the ECU signal. Within the operating range of up to
150 Hz, the responseappears to be very good. For higher frequency
actuation, an alternating injection approach can be utilized.

An experiment on alternating injection control was conducted
with the con� guration 6 combustor. Two pairs of injectors were
driven at 180-deg out of phase with 20% duty cycle, which pro-
duced an equivalent effect as one pair of injectors driven at twice
the frequency with 40% duty cycle. When this approach was used,
apparent frequencyresponsewas extended by a factor of two. Also,
this made it possible to explore open-loop injection control to fre-
quencies beyond 150 Hz.

With the open-loop injection control, an interesting result was
obtained particularly when the apparent injection frequency was
close to the higher harmonics of the fundamental instability mode
frequency. Figure 15 compares the pressure spectra between the
baseline and the condition at which alternating open-loop injection
was performed at 109 Hz with a correspondingfrequency-doubling
effect at 218 Hz. Apparently, the active forcing at frequenciesclose
to the second harmonic of the instability promoted acoustic energy
transfer from the 120-Hz instability mode to the injector driven
mode at 218 Hz maintaining relatively low-amplitude oscillations
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Fig. 15 Combustor power
spectra for case 6 with open-
loop alternating injection
at 109 Hz that resulted in
equivalent effect as 218-Hz
actuation.

Fig. 16 Power spectra for
closed-loop controlled alter-
nating injection with effec-
tive actuation near 240 Hz.

a)

b)

Fig. 17 Comparison of combustor pressure traces for case 6: a) un-
der baseline operation with natural instability and b) with closed-loop
injection control.

Fig. 18 Rayleigh’s criterion
when the main frequencies
of pressure oscillation p0 and
controlled heat release oscilla-
tion q 0 are harmonics.

at both frequencies.However, as the injection frequency was made
even closer to the second harmonic frequency,oscillationamplitude
eventually became large at the second harmonic frequency.

Closed-loopcontrolledinjectionat twice the instabilityfrequency
is also very effective under certain conditions. Figures 16 and 17
show the pressuretracesand spectra that indicateeffectivereduction
of oscillation amplitude. In most cases involving high-amplitude
combustion instability and control, neither the pressure oscillation
signalnor the controlledheat releasebehaveas puresinewaves.This
makes it possible to use periodic heat release oscillations at one of
the harmonic or subharmonic frequencies for controlling pressure
oscillations at the fundamental frequency. Figure 18 illustrates this
point. Even though the primary frequencycomponentsare different
for p0 and q 0, the integral of their product is not identically zero

due to the presenceof harmonic contents.Because an integralof the
productof p0 and q 0 is related to the change in acousticenergy in this
case, a closed-loop ACC can be applied with pulsed fuel actuation
at frequencies other than the instability frequency.

Such a characteristic adds to the practicality of applying ACC
in realistic systems because some of the available actuators may
have a limited repetition rate. Provided that the injection duration
is short enough to produce a sudden pulse of heat release, sub-
harmonic fuel injection can be used for controlling high-frequency
oscillations.48;49 Simply stated, if a burst of heat release can be pro-
duced at every other negative pressure cycle, the net product of p0

and q 0 will be negativeover multicyclesleadingto gradual reduction
in total acoustic energy.Needless to say, this type of control strategy
could also be used to extend the lifecycle time for actuators.

VI. Summary
An experimentalstudyon liquid-fueledactive instabilitysuppres-

sion was conductedusing a closed-looppulsed fuel injectionwhose
timing was adjusted with a simple phase delay. First, a demonstra-
tion experiment was performed in a model ramjet dump combustor
operating at about 70-kW output level, where it developed natural
instabilities.The results showed that combustion instabilitiescan be
successfully suppressed using properly designed pulsed liquid-fuel
injection. Two sets of scale-up experiments were performed taking
the nominal output of the combustor � rst up to 360 kW and then up
to 1.3 MW. The relative amount of instabilitysuppressionwas com-
pared as a functionof variousparameters at optimizedfuel-injection
timing. The results indicated that there was a minimum amount of
pulsed fuel � ux, which was required to obtaineffective suppression.
In the � rst set of experiments, effective instability suppression was
obtained if the time-averagedamount of pulsed fuel � ux was greater
than about 8% of the total fuel � ux. In the subsequent set of experi-
ments, the average fuel droplet size was reduced by a factor of four
by utilizing a new set of air-assisted fuel injectors for liquid-fuel
actuation. The results showed that the critical amount of controller
fuel � ux was reducedwhen a � ner spray was used.The limiting fuel
� ux in the latter case was about 2% of the total fuel � ux.

The experimentswere conductedover a wide range of combustor
output conditions ranging between 70 kW and 1.3 MW. The re-
sults showed that liquid-fueledactive instability suppressionwould
be applicable even at higher output combustors provided that the
controller fuel � ux exceeded a critical amount. The quantitative re-
sults as well as some additional observationsare summarized in the
following.

1) The critical amount of controlled fuel � ux for effectively sup-
pressingthe instabilitycan be loweredby enhancingthe atomization
of fuel droplets. In the experiments,when pulsed heptane sprays of
40-¹m Sauter mean diameter D32 were used as the controller fuel,
the minimum required fuel � ux was in the neighborhood of 8% of
the total fuel � ux. On the other hand,when pulsed JP-10 sprayswith
D32 of about 10 ¹m were used, the minimum fuel � ux was lowered
to a new limit, which was approximately 2% of the total fuel � ux.

2) When multiple injectors are used, they can be phase delayed
from each other resulting in an increase in the apparent frequency
response.This will make the actuatorsystem more practicalbecause
actuators with limited frequency response can be applied.

3)Combustioninstabilitycanbe activelycontrolledwith a closed-
loop controlledfuel injectionat frequenciesother than the instability
frequency. In the present experiment, closed-loop controlled injec-
tion at the second harmonic frequency was demonstrated for sup-
pressing the instability at the fundamental frequency. The results
are encouraging because they offer more � exibility in applying a
closed-loopcontrollerwith fuel injection frequenciesdifferent than
the instability frequency.
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