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Effects of Periodic Atomization on Combustion Instability
in Liquid-Fueled Propulsion Systems
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A detailed understanding of the mechanism by which combustion instability occurs in liquid rocket
engines does not exist. This paper examines the speci� c role that atomization may play in combustion
instability. The effects of mean drop size, drop size distribution, and atomization periodicity are examined
explicitly with a combustion response model, whose results indicate that all of these effects are important.
It is shown that periodic atomization results in large variations in the magnitude of the pressure response
when the atomization frequency is within a factor of 10 of the acoustic oscillation frequency. These results
are consistent with an explanation of an empirical stability correlation, whereby the nonuniform and
unsteady production of drops is a controlling factor in the growth of combustion instabilities. Experi-
mental results from a subscale rocket combustor that support the importance of periodic atomization are
presented. Atomization was electromechanically forced at frequencies from 2000 to 8000 Hz to accentuate
the natural tendency for periodic atomization associated with impinging jet injectors. High-amplitude
pressure oscillations at frequencies corresponding to the forced atomization frequencies substantiate the
importance of periodic atomization. Pressure oscillation amplitudes approaching 10% of mean chamber
pressure were measured when the drivers were operating at near optimal conditions. A conceptual model
that is consistent with both these results and the empirical correlation is provided.

Nomenclature
a = sound speed
d = diameter
f = frequency or number distribution
h = sheet thickness
m = mass
m9 = unsteady vaporization rate
mÇ = mass � ow rate
p9 = unsteady pressure amplitude
R = response factor
S = ramb/rj

t = time
U = velocity
v = velocity
We = Weber number
x = axial distance from impingement point
a = spray angle
g = speci� c heat capacity ratio, cp/cy
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u = impingement half angle
l = wavelength
r = density
s = surface tension
f = phase angle or angular coordinate on the sheet
v = radial frequency

Subscripts
amb = ambient
atom = atomization
b = breakup
beat = beat
CL = centerline
coolant = coolant
d = drop
f = fuel
g = gas
inst = instability
j = jet
l = liquid
lig = ligament
o = initial or ori� ce
oxidizer = oxidizer
trans = transverse
1 = jet 1
2 = jet 2
10 = arithmetic mean
32 = Sauter mean

Introduction

F OR many launch applications the use of liquid (noncry-
ogenic) fuel is desirable. Liquid fuels, i.e., hydrocarbons

(HC), are much denser than hydrogen and easier to handle.
These attributes are particularly advantageous for the � rst stage
of a multiple-stage, low-cost system, for instance, or for
launch-on-demand applications. Usually, liquid oxygen (LOX)
is used in conjunction with liquid HC fuels. A major issue in
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the development of LOX/HC rocket engines is whether the
occurrence of combustion-generated pressure oscillations,
which could lead to catastrophic failure, can be avoided.

The initiation and growth of these pressure oscillations,
commonly referred to as ‘‘combustion instabilities,’’ are pri-
marily determined by the design of the injector. A good injec-
tor design provides oscillation-free operation and acceptable
thrust ef� ciency throughout the operating envelope. Histori-
cally, LOX/HC rocket engines have had thrust ef� ciencies of
3– 5% less than their hydrogen-fueled counterparts.1 This is not
because design strategies for ef� cient combustors are un-
known, but rather because the design strategies that lead to
very ef� cient combustion also tend to promote the occurrence
of high-frequency combustion instability in LOX/HC rocket
engines.

Instabilities can be classi� ed according to whether they oc-
cur as bulk mode oscillations or in resonance with the cham-
ber’s acoustic modes, as well as by the mechanisms by which
they are initiated and ampli� ed.2,3 Pressure oscillations that are
due to � uctuations in the propellant � ow rate are referred to
as injection-coupled instabilities. Injection-coupled instabilities
are ampli� ed when the � ow rate oscillations become coupled
with either bulk- or acoustic-mode chamber pressure oscilla-
tions. Eliminating injection-coupled instabilities (chug insta-
bilities) is accomplished by increasing the injection pressure
drop (by reducing the injection � ow area, or by increasing the
propellant � ow rate). Acoustic mode instabilities, which occur
at a higher frequency than chug instabilities, can also be be-
cause of injection coupling. Longitudinal-mode instabilities are
often injection coupled and are acoustic in nature with a pres-
sure antinode at the injector face. Injection-coupled instabili-
ties are well modeled with conventional time lag models and
are relatively easy to avoid or eliminate.

More problematic than the injection-coupled instabilities are
the instabilities that are intrinsically coupled to the combustion
processes. These intrinsic instabilities typically occur with liq-
uid propellants when the energy release density in the com-
bustor is increased; as the energy release density increases,
higher modes of combustion instability occur. To eliminate
these instabilities, the injection pressure drop is reduced or the
injector element ori� ce size is enlarged, both of which tend to
decrease energy release density and combustion ef� ciency in
a � xed volume combustor. This purposeful decrement of per-
formance to achieve combustion stability is the reason that
LOX/HC rocket engines such as the H-1 and F-1 have lower
combustion ef� ciencies than do hydrogen-fueled rocket en-
gines.

To develop effective design strategies for the elimination or
control of combustion instabilities, it is necessary to de� ne the
physical mechanisms that lead to the growth of these instabil-
ities. Most of the work to date on combustion instability mech-
anisms has been based on the premise that intrinsic instabilities
are controlled by vaporization. This premise is based explicitly
on the proposition that vaporization is the rate-limiting step in
spray combustion. The role of atomization has been dismissed
largely on the basis that atomization occurs so rapidly that it
could not be rate controlling.

Previous work conducted in our laboratory emphasized mea-
surements of a cold-� ow spray formed by impinging jet injec-
tors, which are commonly used with liquid propellants.4 The
measurements included atomization frequency and drop size
distribution. The experimental results were compared with an
empirical stability correlation for the highest sustainable fre-
quency of combustion instability in rocket engines that use
impinging jet injectors.5,6 It was found that atomization is a
periodic phenomenon that occurs on a time scale similar to
typical combustion instabilities. Furthermore, the atomization
frequency and the highest sustainable frequency of combustion
instability indicated by the empirical stability correlation in-
crease linearly with the ratio of injection velocity-to-ori� ce
diameter (U j/do). The measurements also indicated that the av-

erage drop size and the polydispersity of the drop size distri-
bution decreased with increasing Uj /do.

Although the impinging jet measurements indicated a clear
periodic nature to the atomization process, there was a de� nite
unsteady character evident as well.5,6 Even though an average
frequency was determined that was three to four times higher
than the highest sustainable frequency indicated by the empir-
ical correlation, some variation in the atomization frequency
occurred. It is argued that under such conditions, interactions
with the acoustic � eld of the combustion chamber will deter-
mine which frequency, if any, will intrinsically couple to the
combustion process.

To investigate this topic further, the present work considers
both theoretical and experimental approaches to gain further
insights. In the theoretical approach a model is developed that
allows the combustion response calculation that is a result of
the vaporization process when periodic atomization is in-
cluded. In the experimental approach a novel electromechan-
ical modulation technique is used to affect the atomization fre-
quency. This modulation results in a sharper periodic
atomization frequency compared with the previously studied
unsteady case. Although the modulation is applied to the liquid
� ow in the injector, it is argued that this approach preferen-
tially establishes a narrow frequency range for the periodic
atomization from among the broader atomization frequencies
occurring naturally. Thus, this approach still allows the ex-
amination of intrinsic combustion instability behavior.

Analysis
Model Description

The combustion response methodology is a standard ap-
proach for analyzing combustion stability.7 In this analysis the
changes in the combustion rate because of ambient oscillations
are calculated and integrated to determine the amount of the
heat release that occurs in phase with the pressure oscillation.
A large positive value of combustion response at a given fre-
quency indicates that a potential for a coupling between acous-
tic oscillations and heat release exists if the frequency corre-
sponds to an acoustic mode of the chamber; combustion
instability may then occur.

Usually the combustion response is approximated by the va-
porization response. The in-phase response factor R is de� ned
as

t td d

2R = m9p9 dt (p9) dt (1)E YE
0 0

where td is the drop lifetime. In the present implementation of
the combustion response analysis, an open-loop response is
calculated. Theoretically, a value of R of at least (g 1 1)/2g
; 0.9 is required to drive a longitudinal instability for the case
of concentrated combustion at the pressure antinode of a
closed chamber, where g is the speci� c heat capacity ratio of
the gas. In the present analysis, the Priem– Heidmann model
is used to calculate the vaporization rate.8

A standing transverse acoustic wave in a two-dimensional
chamber was considered in the analysis, thus, the pressure os-
cillates in a sinusoidal fashion:

p9 } cos(vt) (2)

The pressure oscillations are accompanied by out-of-phase
transverse velocity oscillations:

v } sin(vt) (3)trans

The maximum amplitude of the pressure oscillation was set at
0.1 times the mean chamber pressure. The order of the ampli-
tude of the transverse velocity oscillation associated with a
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Fig. 1 Comparison of atomization frequencies associated with
impinging jet injectors and combustion instability frequencies.

pressure oscillation of p9 is (a /g)p9. This condition corre-
sponds to a location in the chamber that is intermediate be-
tween a pressure antinode and a pressure node, where both
oscillations in velocity and pressure are present.

The combustion response analysis is a straightforward and
mechanistic means of predicting combustion stability charac-
teristics. Accurate accounting of the combustion processes is
the main dif� culty. Of all the component combustion pro-
cesses, atomization is possibly the most dif� cult to model ac-
curately. Consequently, most applications of the combustion
response analysis greatly simplify the atomization process.
Typically, an array of drops, all of the same size, is used to
represent the actual distribution of drop sizes and velocities.
The representative drop is injected continuously over one cycle
of the pressure oscillation. These injection rates range from
about 16 to 36 times per cycle.7,9 However, the effects of pe-
riodic atomization and drop size distribution should be in-
cluded in the analysis.

A phenomenological model of atomization for impinging jet
injectors was developed earlier and will only be brie� y re-
viewed here.10 The phenomenological model has three main
steps: 1) Fan formation and the appearance of impact waves,
2) fragmentation of the fan into ligaments and other large
structures, and 3) the disintegration of ligaments and large
drops into small drops that represent the quasiequilibrium end
state of atomization. Impact waves are observed to form di-
rectly following the impingement of the liquid jets and have a
characteristic length on the order of the jet diameter. These
waves are convected down the sheet at a speed equal to the
liquid jet velocity. Thus, the highest atomization frequency
predicted by this model corresponds to U/l ; Uj /do, and is
shown in Fig. 1 expressed in terms of a Strouhal number as
fdo/Uj ; 1. This highest atomization frequency is compared to
results from an empirical stability correlation of the highest
sustainable frequency of combustion instability (referred to as
the high-frequency cutoff) that can be driven by a given im-
pinging jet injector design. It is seen that the highest sustain-
able frequency of combustion instability is about 10 times less
than the highest atomization frequency. This will be shown to
have a major impact on the magnitude of the combustion re-
sponse. The fact that the atomization frequency and the highest
sustainable frequency of combustion instability are both de-
scribed by the same nondimensional parameter suggests a
strong coupling mechanism between periodic atomization and
combustion instability.

A model was developed that accounted for the processes
described in the preceding text.10 The average size of the lig-
aments, dlig, that are shed off the leading edge of the liquid
fan can be determined from the wavelength of the impact
waves l and the thickness hb of the sheet at the point where
the sheet breaks up as discussed in Ref. 10, i.e.,

d = 4lh /p (4)Ïlig b

where hb can be determined from11

2 3 2d sin u do o
h = = f (u) (5)b 24x (1 2 cos f cos u) 4xb b

A correlation for the dependence of l on xb from data obtained
in cold � ow studies10 yields

l/d = 0.687 1 0.1019(x /d ) (6)o b o

Furthermore, because xb also changes with ambient pressure,
a correlation was developed for xb as a function of jet condi-
tions and ambient pressure based on the product of the square
of the density ratio s = ramb /rj, and the jet Weber number Wej

10

2 20.102x /d = 13.56(We s ) (7)b o j

Equations (4– 7) can be combined to yield an equation for the
average diameter of a ligament shed off the liquid fan. Because
most drop size measurements have been taken at the centerline
of the fan, i.e., f = 0, the centerline ligament diameter was
calculated to be

d f (u)lig 2 0.102’ 0.22 [(We s ) 1 2] (8)Î jU F Gd po CL

The disintegration of the ligaments into drops was also treated
through a correlation for d32/dlig that relies on Eq. (8) and cor-
relations that exist for drop size as a function of impinging jet
geometry and � ow conditions12 (also see Ref. 10), and yields

d32 2 0.136= 1.008(We ) (9)g,lig
dlig

where Weg,lig is the ligament Weber number based on the gas
density. Finally, using Eqs. (6) and (7) to determine the wave-
length of the impact waves l, and the fact that the impact
waves travel along the sheet at a velocity U j, the atomization
frequency predicted by the model can be calculated (Table 1).

The combustion response analysis used here considers hep-
tane drops burning in an oxygen environment. The measured
size distribution for a water spray formed by impinging jets
was converted to a heptane spray size distribution by account-
ing for the property differences of ambient gas density, liquid
density, and surface tension by using the following correla-
tion12:

0.16 0.1d } s (r /r ) (10)d l g

The ambient pressure chosen for the study was 1.72 MPa (250
psia), which is approximately the nominal design pressure of
the combusting � ow tests that proceeded in parallel. The mo-
lecular weight of the products of heptane– oxygen combustion
is 30 kg/kmole and the ambient gas temperature was chosen
to be 3500 K. The resultant heptane drop size distribution used
in the combustion response analysis is shown in Fig. 2. Note
that the distribution was based on the measured water spray
and adjusted for property differences. Table 1 provides a sum-
mary of the cases considered in the combustion response anal-
ysis at the conditions employed in the analysis, including the
stability parameter do/U j, the high-frequency cutoff based on
the empirical stability correlation,5 and the atomization fre-
quency as calculated from an atomization model developed
earlier.

Results

The vaporization rates of the drops under nonoscillatory
conditions are shown in Fig. 3. The rates are normalized by
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Table 1 Study cases used in response analysis of heptane/oxygen combustion

Case
number

do/Uj,
seconds 3 105

High-frequency
cutoff, Hz

Atomization
frequency, Hz

d10,
mm

d32,
mm

1 2.59 3861 15,914 110 372
2 3.43 2915 11,529 133 389
3 4.10 2439 9,391 154 455
4 5.12 1953 7,272 182 472
5 9.98 1002 3,365 383 576

Fig. 2 Number distribution of heptane drops used in the com-
bustion response analysis.

Fig. 3 Normalized vaporization rate of a heptane drop.

the initial mass of the drop mo. The smallest mean-size drop
(case 1, d32 ; 372 mm) vaporizes within 12 ms, whereas the
largest drop (case 5, d32 ; 576 mm) takes about 25 ms to
vaporize. The drop undergoes a regime where the difference
between its velocity and the ambient gas velocity is a mini-
mum, and this regime is indicated most clearly by the local
minima in the vaporization rate. This regime, which occurs at
about 3 ms for the smallest drop (case 1) and at about 6 ms
for the largest drop (case 5), is the regime that Priem and
Guentert regarded as being most unstable because here the
drops are most susceptible to transverse velocity oscillations
associated with the unsteady � ow� eld.13

Three different approaches were used to calculate vapori-
zation response. The � rst approach is conventional and uses a
mean drop size (d32) to represent the spray. The continuous
atomization approximation is used. For the second approach,
the distribution of heptane drops shown in Fig. 2 is injected
continuously over the period of oscillation. For both ap-
proaches using continuous atomization, the time interval be-
tween each injection was 1/16 of the period of oscillation,
which is the value recommended in the ROCCID code.14 Each
of these approaches also uses the experimental data from Table
1 and Fig. 2 as input to the model. Because the drop size is
dependent on the atomization frequency, it is dif� cult to un-

couple the effects of drop size and atomization frequency.
Thus, the third approach is a parametric study of the effects
of periodic atomization on the combustion response of a single
drop of a given size when the atomization frequency is on the
same order as the pressure oscillation frequency.

Mean Drop Size, Continuous Atomization

Figure 4 shows the vaporization response of continuously
atomized drops with a diameter equal to the Sauter mean di-
ameter (d32) of the distribution. The frequency at which the
peak response occurs is inversely proportional to drop size,
and ranges from about 60 Hz for the 576-mm drop to about
110 Hz for the 372-mm drop. The magnitude of the peak re-
sponse is essentially independent of drop mean diameter and
is about 0.75. These results are consistent with many of the
response calculations reported previously that indicated re-
sponse magnitudes too low to drive an instability.7,9,15 The fre-
quencies corresponding to the predicted peak response mag-
nitude, which are dependent on the drop mean diameter, are
much lower than the high-frequency cutoff values indicated in
Table 1.

Size Distribution, Continuous Atomization

Figure 5 shows the vaporization response for the continu-
ously atomized distribution of drops. The peak vaporization
responses are attenuated by about 50% as compared to those
of the continuously atomized mean drop sizes. For case 1, the
case with the smallest mean drop size and the least disperse
distribution, the peak response is 0.32 and occurs at a fre-
quency of about 900 Hz. The peak response magnitude for
case 5, having the largest mean drop size and the most disperse
distribution, is 0.31 at a frequency of about 100 Hz. The mag-
nitude of the response is insuf� cient to drive an instability for
either the mean drop size-based or the distribution-based
method. The use of the drop size distribution rather than the
mean drop size also has an effect on the width of the response.

A comparison of the peak response frequencies predicted by
the combustion response model with the high-frequency cutoff
predicted by the empirical stability correlation (see Table 1)
reveals that either application of the response analysis tends to
underpredict the most ampli� ed frequency. It is important to
note that the empirical stability correlation does not necessarily
represent the frequency with the highest growth rate; rather, it
is the highest frequency of instability that has been observed
in practical combustors.

Effects of Unsteady Atomization

Calculations were also done where the atomization fre-
quency listed in Table 1 was used in conjunction with the drop
size distribution of Fig. 2. This is a more realistic case than
was considered in either of the prior two approaches. The cal-
culated combustion response magnitudes for this periodic at-
omization case were signi� cantly larger than for the case of
drop size distribution with continuous atomization. The com-
bustion response magnitude was also dependent on the phase
angle f between the pressure oscillation and the onset of pe-
riodic atomization. A parametric study of the effects of peri-
odic atomization was performed because the exact relationship
between atomization and the pressure oscillations can only be
assumed. Drops with diameters ranging from 10 to 100 mm
and atomization frequencies ranging from 5 to 15 kHz were
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Fig. 4 Vaporization response magnitude for continuously atom-
ized, mean-sized heptane drops as a function of ambient pressure
oscillation frequency.

Fig. 5 Vaporization response magnitude for continuously atom-
ized heptane drops with a drop size distribution shown in Fig. 2
as a function of ambient pressure oscillation frequency.

Fig. 6 Vaporization response magnitude as a function of ambient
pressure oscillation frequency and phase angle f.

Fig. 7 Peak response magnitude as a function of drop size and
atomization frequency for constant phase angle f.

Fig. 8 Frequency at peak response magnitude as a function of
drop size and atomization frequency for constant phase angle.

varied independently to evaluate their effects on the response
function.

Representative results of the calculated response magnitude
as a function of ambient pressure oscillation frequency and
phase angle are shown in Fig. 6 for the 50-mm drop size case.
For this case, the atomization frequency was 10 kHz. For all
cases with periodic atomization, the peak response factor was
signi� cantly greater than 1, even approaching a value of eight
for the 10-mm drop size case (not shown). Calculations indi-
cated that the peak response magnitude decreased with increas-
ing drop size. With increasing drop size, the peak response
frequency was also reduced. These results indicate the poten-
tially dominating effects of periodic atomization on response
magnitude and, thus, the growth of the instability.

The effects of periodic atomization and drop size on the
calculated peak response magnitude are shown in Fig. 7. The
phase angle f was held constant for these calculations. A com-
parison with the peak response magnitude calculated using
continuous atomization reveals that order-of-magnitude in-
creases in response magnitude are possible with periodic at-
omization. Large response magnitudes are calculated for small
drops (10 and 25 mm) at all values of atomization frequency.
For the larger drop sizes, response magnitude generally in-
creases with decreasing atomization frequency, although peak
response values remain above the continuous atomization
value. The effects of periodic atomization extend further into
the large drop size region as the atomization frequency is de-
creased.

The effects of periodic atomization on the peak response
frequency are considerably less signi� cant, as shown in Fig.
8. Again, the calculated values of peak response frequency

corresponding to continuous atomization are shown for com-
parison. Generally, the peak response frequency calculated
with periodic atomization is consistent with the calculated peak
response frequency for continuous atomization, although there
were some peculiar cases requiring further study where sig-
ni� cant differences occurred.

Experiments
Experiments were conducted to determine the conditions un-

der which periodic atomization could cause longitudinal-mode
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Fig. 10 Spray formed by electromechanically driven impinging
injector. Jets are perturbed out-of-phase at 2500 Hz.Fig. 9 Electromechanically driven injector assembly.

combustion instabilities in a model rocket combustor using
gaseous oxygen and liquid ethanol as propellants. The gaseous
oxygen entered the combustor through a cavity at the injector
plane. The experimental setup was composed of the model
rocket combustor, an impinging jet injector, piezoelectric driv-
ers, high-frequency pressure transducers, and associated � ow
delivery and data acquisition equipment. Details of the ex-
perimental setup are provided elsewhere.16

The chamber used in the combustion modulation tests is 10
in. long, and has a 50.4 3 50.4-mm (2 3 2-in.) internal cross
section. The frequency of the fundamental longitudinal mode
of the chamber was calculated to be 2200 Hz, based on a 250-
mm (10-in.) long combustor and gas properties calculated from
a one-dimensional chemical equilibrium program. The com-
bustor was instrumented with high-frequency pressure trans-
ducers at approximately 13.0 mm (0.5 in.) downstream of the
injection plane and at approximately 38.1 mm (1.5 in.) up-
stream of the start of the nozzle convergence. This allowed
dynamic pressure measurements near the two pressure anti-
nodes. The pressure transducers were calibrated in situ. The
linearity of each transducer was 0.363 mV/Pa (2.5 mV/psi).
The signal from the high-frequency pressure transducers was
sent to a data acquisition system at a rate of 50 kHz, and stored
on a personal computer for later analysis. The raw high-fre-
quency pressure signal was also sent to a fast Fourier transform
spectrum analyzer for real-time analysis of the power spectral
density (PSD) of the chamber pressure oscillations. The PSD
was monitored during the tests to evaluate the performance of
the electromechanical drivers and to guide the driver con� g-
uration.

An impinging jet injector was used, having an ori� ce di-
ameter of 1.0 mm (0.040 in.) and an included impingement
angle of 60 deg. The active injector element was based on
technology developed earlier,17 with the basic design of the
electromechanically driven injector assembly shown in Fig. 9.
The assembly, 0.152 m (6 in.) in length, is comprised of pie-
zoelectric drivers and a nozzle holder. The driver consists of
the piezoelectric transducers, a center bolt, and a piston. Fluid

enters the top of the assembly and travels through the hollow
center bolt to a � uid manifold, which is formed by the piston
surface and an ori� ce plate. A voltage applied to the transduc-
ers causes the piezoelectric material to expand, and the piston
is pushed toward the � xed ori� ce plate. As the voltage to the
piezoelectric goes to zero, the center bolt provides the restoring
force that draws the piston back to its original position. The
voltage signals are provided to the injector system by a func-
tion generator, a power ampli� er, and matching transformers.17

The function generator can supply any required signal form,
including noise.

The electromechanical drivers were incorporated into the in-
jector such that each of the two impinging jets could be driven
independently. This allowed different perturbation frequencies
to be imposed on the jets, as well as variations in the phase
angle between the signal to each jet. Figure 10 is an image of
a water spray formed by the driven impinging jet injectors at
atmospheric conditions. For the case shown in Fig. 10, the jet
velocity is 5.2 m/s, the included impingement angle is 60 deg,
and the ori� ce diameter is 1.0 mm (0.04 in.). The driving force
placed on each jet enhances the naturally occurring periodic
atomization associated with the impinging jets.

The signals to the electromechanical drivers were estab-
lished prior to starting the hot-� re test sequence, and left on
throughout the test. The drivers were run either at the same
frequency, or at different frequencies to produce a beat fre-
quency. Drivers run at the same frequency were run either in-
phase or out-of-phase with each other. In-phase driving yielded
the highest pressure oscillation amplitude in the combustion
tests.

The � exibility of the experimental con� guration allowed the
test conditions to be changed rapidly. Over 50 variations of
driving conditions/� ow conditions were tested. The lowest
driving frequency tested was 1800 Hz, and the highest driving
frequency tested was 8000 Hz. The most effective driving was
achieved at the highest � ow rate. Chamber pressure and the
oxidizer to fuel ratio (O/F) were held relatively constant for
all tests, at about 1.45 MPa (210 psia) and 1.7, respectively.
The chamber pressure was held constant for different � ow
rates by changing the nozzle throat diameter.

The frequency of the � rst longitudinal frequency was cal-
culated to be about 2200 Hz for all conditions. Later it was
measured to be about 1850 Hz. The stability parameter in Ta-
ble 2 is the value of the dimensionless parameter fdo/U j, where
f is the pressure oscillation frequency (the � rst longitudinal
frequency in this case, 2200 Hz), do is the ori� ce diameter (1
mm), and U j is the fuel injection velocity (see Table 2). The
empirical stability correlation indicated that the stability pa-
rameter must be less than about 0.1 for instability to occur.
Thus, cases C, D, and E would be capable of driving an in-
stability at the frequency of the � rst longitudinal mode. Case
D also satis� es the condition to drive a second longitudinal
mode ( f = 4400 Hz, fdo/Uj ; 0.1). Case E could nearly drive
a third longitudinal mode ( f = 6600 Hz, fdo/U j ; 0.12) as well
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Table 2 Combustion modulation test conditions

Operating
Parameters

Case

A B C D E

mÇ fuel, kg/s 0.019 0.025 0.031 0.056 0.070
mÇ oxidizer, kg/s 0.032 0.043 0.053 0.095 0.119
mÇ coolant, kg/s 0.0068 0.0068 0.0068 0.016 0.016
O/F 1.70 1.71 1.71 1.69 1.69
Pc, MPa 1.43 1.62 1.44 1.57 1.52
Dthroat, mm 8.76 9.55 11.3 14.6 16.6
f, Hz 2200 2212 2208 2213 2212
Uj, m/s 15 20 25 44 55
fdo/Uj 0.147 0.110 0.089 0.051 0.0378

Fig. 11 Pressure PSD. Peaks show � rst (1850 Hz), second (3700
Hz), and third (5200 Hz) longitudinal modes.

Fig. 12 Pressure PSD. Case E in which jets are driven at 7700
and 5800 Hz to produce a beat frequency of 1900 Hz.

Fig. 14 Time traces of chamber pressure corresponding to the
PSD of Fig. 14. The sampling rate is 50 kHz.

Fig. 13 Pressure PSD. Case E in which jets are driven at 5500
Hz.

the � rst and second longitudinal modes, and this was shown
to be the case in the experiments.

Results
A plot of the PSD for case E with no signal to the electro-

mechanical drivers is shown in Fig. 11. Signi� cant electronic
noise was measured below 600 Hz. Small peaks at about 1850,

3700, and 5200 Hz were measured, corresponding to the � rst,
second, and third longitudinal modes, respectively, and indi-
cating a highly damped chamber. A peak is also observed near
1000 Hz, whose source is not presently known. This peak is
observed in all of the results, but is signi� cantly smaller than
the larger pressure oscillations observed under conditions for
which driving is applied to the jets (see Figs. 12 and 13). It
was found that driving the jets near the � rst longitudinal fre-
quency did not produce signi� cant levels of chamber pressure
oscillations. This was primarily because of the low power out-
put of the piezoelectric drivers at frequencies below about
4000 Hz. However, it was possible to drive signi� cant � rst
longitudinal pressure oscillations by causing a beat atomization
frequency near 1900 Hz, as shown in Fig. 12. In this case, a
7700-Hz signal was sent to one of the jets, and a 5800-Hz
signal was sent to the other jet to produce the beat frequency
of 1900 Hz.

The highest levels of pressure oscillations were achieved
with high � ow rates and driving frequencies of about 5500 Hz,
with an in-phase signal provided to the jets as shown in Fig.
13. In this case, both the � rst and the third longitudinal fre-
quencies were driven. Chamber pressure time traces shown in
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Fig. 14 correspond to the plot of PSD shown in Fig. 13 (jets
driven at 5500 Hz in-phase). The length of the time slice
shown is 5 ms. As shown in Fig. 14, the amplitude of the
pressure oscillations for the transducer just downstream of the
injector is approximately 0.138 MPa (20 psi) peak-to-peak, or
10% of the chamber pressure. For the case of no driving, the
amplitude of the unorganized combustion noise (not shown) is
about 13.8 kPa (2 psi) peak-to-peak, or 1% of the chamber
pressure.

Summary
To evaluate potential mechanisms of combustion instability,

an analysis of the open-loop response of spray combustion to
ambient acoustic oscillations was performed. The vaporization
of heptane drops in an oxygen environment was considered.
Energy release was assumed to occur immediately after va-
porization. Experimental results provided a de� nition of the
spray (drop size distribution, mean drop size, atomization fre-
quency) for use as initial conditions.

When atomization occurred continuously, the response anal-
ysis results indicated that a wider distribution of drops reduced
the response magnitude. A monodisperse size distribution gave
the highest response magnitude. However, the response mag-
nitudes for both cases were still lower than the theoretical limit
necessary to drive an instability, which is consistent with most
previously published results. Calculated peak response fre-
quencies were considerably lower than the highest instability
frequency as represented by an empirical stability correlation
that has been proven to be accurate for combustors that use
impinging jet injectors.

The major effect of including periodic atomization was a
large increase in response magnitude. The response magnitude
for the cases studied was far above the theoretical limit for
driving an instability, and represented as much as an order of
magnitude increase over the response magnitude for the con-
tinuous atomization case. Generally, the inclusion of periodic
atomization did not have a major effect on the peak response
frequency.

It was shown that periodic atomization can cause large var-
iations in the response magnitude at acoustic oscillation fre-
quencies as low as 0.1 times the atomization frequency. The
increase in response magnitude was largest for small drops.
The practice of using arbitrary spacing between drop injection
(continuous injection or continuous atomization) yields re-
sponse magnitudes that are signi� cantly lower than are ob-
tained with realistic atomization frequencies. Although there is
evidence that oscillating ambient � ow� elds can signi� cantly
modify the atomization process, the precise mechanism
through which coupling occurs is unknown. The analyses pre-
sented here indicated that the phase shift associated with the
coupling process has an in� uence on both the peak response
frequency and the peak response magnitude. Future work
should examine the relationship between ambient pressure os-
cillations and atomization frequency.

The experimental results provided further evidence that at-
omization is a key mechanism in driving combustion instabil-
ities. Pressure oscillations at frequencies corresponding to the
� rst through third longitudinal modes were driven in a model
combustor using electromechanically driven impinging jets.
The ability to drive these very high-frequency pressure oscil-
lations is consistent with the results from an empirical stability
correlation. This experimental approach also allows, for the
� rst time, quantitative measurements of the fundamental spray
parameters that control the onset of instability.

A theory for a mechanism of combustion instability that is
consistent with the results of the analytical and experimental
studies presented earlier and the empirical stability correlation
can be provided. A reduction in the stability parameter (do/U j),
indicating an increased tendency toward instability, implies
a reduction in drop size and a reduction in the polydispersity
of the spray distribution. According to the analysis presented

earlier, however, these effects alone provide only a marginal
response magnitude. An additional effect caused by a reduction
in the value of the stability parameter is an increase in the
atomization frequency. The large variations in response mag-
nitude (which can be well above the theoretical limit for driv-
ing an instability), at acoustic oscillation frequencies near the
atomization frequency ( fosc ; 0.1 fatom) result in a large depo-
sition of energy into a frequency-coupled resonant mode. As
the stability parameter decreases, the atomization frequency
increases, as does the frequency of the most energized chamber
mode. The net result is an increase in the frequency range of
combustion instabilities that can be driven, as indicated by the
empirical stability correlation.
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