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Determination of Triggering Condition of Vortex-Driven Acoustic
Combustion Instability in Rocket Motors
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Chung Shan Institute of Science and Technology, Lung-Tan 325, Tao-Yuan, Taiwan, Republic of China

A method to determine the suf� cient condition for the occurrence of acoustic combustion instability in solid
rocket motors with slotted-tube grain is proposed. The condition is obtained by comparing the frequency of the
shedding vortices at the entrance of the slots and the acoustic oscillation frequency in the upstream cylindrical
port. To obtain the vortex shedding frequency, a transient � ow analysis is conducted with the consideration of
grain-surface regression. The method is assessed by analyzing � ve practical solid rocket motors employing slotted-
tube grain in which acoustic combustion instability occurs in three cases, whereas the other two show no signi� cant
pressure oscillations.The results prove to be successful for all � ve motors. Furthermore, goodagreement is obtained
between the measurements and predictions, not only for the oscillatory frequencies but also for the occurrence
time.

I. Introduction

C OMBUSTION instability is widely encountered in the devel-
opment of solid rocket motors. The spontaneousgenerationof

pressure oscillations in rocket motors may cause signi� cant opera-
tional problems such as change of thrust-time histories, additional
acceleration loads on the motor components, and even failures of
the motor systems if the oscillations overwhelm operational char-
acteristics of the motor itself.

In general, the onset of combustion instability is determined by
a balance between the sources and sinks of the oscillatory energy.
The sink factors can be classi� ed to be nozzle exhaust, particulate
damping, � ow-turning damping, suppression devices, and motions
of the structureand propellantgrain. On the other hand, the primary
source factor is the response of the propellant-combustionzone to
acoustic–pressure(pressurecoupling) andacoustic–velocity(veloc-
ity coupling) oscillations.For certain modes of pressure oscillation,
instability occurs when the energy sources exceed the sinks. Based
on these concepts, a lot of effort1 ¡ 3 has been devoted to estimat-
ing the stabilityof combustionpressure.However, comparisonsbe-
tween the predictions and motor test data have shown signi� cant
discrepancies in many cases.4 The poor agreement usually resulted
from two causes. First, the individual energy source or sink factors
cannot be determined accurately especially for practical rocket mo-
tors. For example, the mechanism of velocity coupling is somewhat
controversial,5 and how unsteady motor internal � ow is established
by propellantcombustion is not clear.6 A similar problemfor energy
sink termsalsoexists.Second,anotheroscillatoryenergysourcefac-
tor due to vortex shedding in rocket motors was not considered in
earlier works.1 ¡ 3 Flandro and Jacobs7 � rst suggested that vortex
sheddingwould be an additionalpotential sourceof acoustic energy
in ducts and chambers. Brown et al.4 experimentallyexamined vor-
tex shedding phenomena in the full-scale Titan solid rocket motor
(SRM) and found periodic � ow separations could generate signi� -
cantacousticenergyin themotors.They pointedout that thepressure
oscillations occurred when the shedding frequency approximated
the classical acoustic frequency. Experiments conducted by Culick
and Magiawala,8 Dunlap and Brown,9 and Schadow and Wilson10

also demonstratedcoupling of the frequenciesbetween the periodic
vortex shedding and those of the acoustic modes of the chamber.
Recently, in the analysis of Titan IV solid rocket motor (SRM) up-
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grade, Dotson et al.11 found, even without inhibitors at the segment
interfaces, vortices were shed around the cavity between the center
and aft segments and resulted in pressure oscillations.Their obser-
vation also con� rmed the oscillation amplitudes were largest when
the frequenciesof acoustic mode and the vortex shedding matched.
It is known that the acoustic oscillations in a rocket chamber may
be generated by various sources such as combustion, pressure, and
� ow disturbances. In general, most of the acoustic oscillations will
be damped due to no continuous energy supply. However, in cer-
tain circumstances, the oscillatory energy will be sustained or even
ampli� ed if the acoustic waves are in phases with the periodic dis-
turbances. The mechanism of energy transferred from the vortex to
acousticwaves can be attributedto Rayleigh’s criterion.Apparently,
the occurrence of vortex shedding is inevitable in the motors with
abrupt changes in the internal dimensions of rocket motors, for ex-
ample, protrudingof inhibitorrings, discontinuityof grain transition
region,and other addeddevices such as baf� es. The vortex shedding
problem is most worrisome for the low-order pressure oscillation
modes12 and seems to be a dominant factor on the onset of acoustic
combustion instability. Therefore, it is necessary to establish anal-
yses capable of estimating combustion instability for rocket motors
with vortex shedding in their internal � ow� eld.

The mechanism by which the energy is transferred from vorti-
cal to acoustic was concluded to be impingement of vortices on a
solid surface at a suitable distance downstream of the shear layer
origin.11 ¡ 14 In general, the solid surface may be the nozzle entrance
or protruding inhibitors. Recent numerical analyses conducted by
Vuillot13 and by Kourta14 demonstratedthe � ow structureswith vor-
tex rollup, convection,and impingement in SRMs. Vuillot13 further
illustrated an acoustic coupling model and suggested that one way
to suppressvortexsheddingdriven oscillationsis to reduce the shear
layer critical frequency such that it is lower than the � rst acoustic
mode frequencyof the chamber.Based on this, the Strouhalnumber
characterizingvortex shedding behavior was modi� ed11,13,14 to be

Srl = f l / U (1)

in which l is the distance from the point of � ow separation to the
vorteximpingementpoint, f is thevortexsheddingfrequency,andU
is the freestreamvelocity. Insteadof port diameter Di or momentum
thickness h , application of length scale l in Eq. (1) implies that
the coupling of vortex shedding and acoustic feedback behavior
is determined by the � ow� eld downstream the separation point.
Dotson et al.11 argued that the freestream velocity U should be
modi� ed to be the vortex convectionvelocity by an arti� cial factor.
However, none of the variousde� nitions for Strouhal number could
be safely used alone to correlate the results in considerationof the
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oscillatoryenergy transfer.13 Static test data employed in the present
study also show (see Table 1) that no correlationexists between the
observed pressure oscillation frequencyand the � rst acoustic mode
frequencybased on the downstreamcharacteristic length l (close to
L2 in Table 1).

Another combustion instability phenomenon that merits atten-
tion is that of an axisymmetric ramjet combustor. In the numerical
study of interaction between acoustic waves and vortex structures,
Kailasanathet al.15,16 indicateda strongcouplingbetween theacous-
tic modes and the formation frequency of large vortical structures
near the entrance to the combustion chamber. They also found that
the entire� ow oscillatedat a low frequencythat correspondedto that
of a quarter-wave mode in the inlet. The frequency did not change
with the length of the combustor. Another numerical modeling17 of
ramjet combustion instability also emphasized the importance of
the inlet shear-layer instability. It is interesting that the same insta-
bility modes are obtained for both the solid rocket with slotted-tube
grain as shown in Fig. 1 and the axisymmetric ramjet15 ¡ 17 in spite
of some discrepancies between their geometries and � ow charac-
teristics. The upstream cylindrical port of a solid rocket chamber
can be compared to the inlet of an axisymmetric ramjet with vortex-
sheddingonset at the end of the port and the inlet, respectively.The
difference between these two cases is that the � ow in the inlet is of
constant � ux (under a certain operating condition), and the length
as well as the cross-sectional area of the inlet are not varied with
time, whereas the � ux in the upstream cylindrical port of a solid
rocket chamber is a function of position and time because there is
� ow blowing from the periphery of the port, and in addition, the
port length L and diameter Di vary with time due to grain-surface
regression. Furthermore, the effects of vortex shedding on internal
ballistics can be ignored in the earlier combustion period because
the � ow is con� ned in narrow slots, which hinders development of
vortices. As the slot dimension becomes larger due to grain-surface
regression, the vortex shedding phenomenon may play a more im-
portant role in combustion instability.

Table 1 Important parameters of test motors and their
corresponding acoustic and instability frequencies

Motor

Parameter 1 2 3 4 5

L / D 3.29 8.98 3.68 9.91 4.52
L1/ L2 1.63 0.44 1.45 2.84 2.48
Di/ D 0.23 0.25 0.26 0.43 0.45
Slot number 3 4 4 5 5
Transition curve type B C C C A
Weight fraction of aluminum 0.17 0.17 0.18 0.17 0.16

in propellant
Fundamental acoustic frequency 342 150 400 251 675

based on 2L
Fundamental acoustic frequency 276 245 338 170 474

based on 4L1
Fundamental acoustic frequency 450 108 491 482 1174

based on 4L2
Observed pressure oscillation 274 — 343 — 493

frequency

Fig. 1 Schematic SRM with slotted-tube grain.

The slotted-tube grain is usually adopted to increase the burning
surface of the booster phase or to attain the requirement of neutral
burning.Figure 1 is a schematic of a slotted-tubegrain, and Table 1
shows the corresponding dimensional parameters of � ve practical
SRMs employedin present study.As mentioned,the abruptchanges
in geometry at the transitionregion would generatevortexshedding.
In general, three types of transition curves (A, B, and C, as shown
in Fig. 1) can be found in motor design.

The acoustic waves propagated in SRMs are generally classi� ed
to be longitudinalmodes and transversemodes. In the present study,
the frequencies of the transverse mode are of the order of several
thousands hertz, which would be damped by the particulate phase
in the chamber. Therefore, only the longitudinalmodes of acoustic
waves are considered. As shown in Fig. 1, the axial characteristic
lengthsfor slotted-tube-grainrocket chamber include L , L1, and L2
in which, during the combustion period, L remains constant while
L1 and L2 vary slightly. In considerationof the acousticmode based
on the upstream cylindrical port length L1, the downstream end of
the port (also the interfacebetween L1 and L2) behaves like an open
endsuchthat thedominantacousticmodeof theupstreamportwould
be the quarter-wave mode.15 On the other hand, the acoustic mode
based on the downstream characteristic length L2 would be more
complex because the interface between L1 and L2 behaves as an
open end for the central freestream, but as a � xed end for the � ow
in slots. Similar problem also exists for the acoustic mode based
on the motor length L . Table 1 lists the analyzed frequenciesbased
on these three lengths of the � ve test motors. Fortunately, for each
case, it is not ambiguous to distinguish all of the � rst and second
longitudinalmodes fromeachother.As shown in Table 1, signi� cant
pressure oscillationswere detected in static test data of motors 1, 3,
and 5. It is found that the oscillatoryfrequenciescorrespondto those
of quarter-wave mode in the upstream port (wavelength is equal to
4L1 in Fig. 1).

According to the preceding discussion and the frequency analy-
sis shown in Table 1, a suf� cient condition for the vortex shedding
driving combustion instability is reached when the frequencies be-
tween the acoustic � eld of quarter-wave mode in the upstream port
and natural vortex shedding become close to each other. Thus, the
attention is concentrated on the acoustic and the vortex shedding
frequencies. By making use of the de� nition of Strouhal number
based on momentum thickness

Sr h = f h / U (2)

the natural vortex shedding frequencyat the entranceof the slotted-
grain section can be obtained if the axial velocity distributionat the
exit of the upstreamcylindricalport is known. The value of Strouhal
number Sr h for the axisymmetric mixing-layermode is about 0.015
(Ref. 18), and its theoretical value has been identi� ed to be 0.017
by Michalke.19 Although the preceding value of Strouhal number
is obtained in cold-� ow measurements or simulation, it is still valid
for reacting-�ow conditions15 (0.017 is used in present study).

The purposeof thepresentstudy is to developa numericalmethod
capableof determiningthe suf� cient conditionfor the occurrenceof
acoustic combustion instabilitydue to vortex shedding in the rocket
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motors. Static test data of the aforementioned � ve practical SRMs
with slot-tube grain are analyzed.

II. Theoretical Model
Figure1 is the schematicof an SRM with slot-tubegrain, in which

the transition curve and the number of slots (four in Fig. 1) may be
changed to meet the design requirement. Because attention is paid
to the � ow pro� le at the exit of the upstream cylindrical port, it is
reasonableto treat the � ow� eld as a homogeneous� ow such that the
energyequationand combustiondetailscan be ignoredin the follow-
ing modeling. Furthermore, because of the simplicity of the � ow (a
pipe� owwith wall blowing) the turbulentpropertiescan be regarded
as isotropic. In summary, the following assumptions are made:

1) The curvature of the head-end dome and the volume occupied
by the igniter are ignored.

2) The � ow temperature is assumed to be homogeneous and a
function of speci� c impulse. The combustor pressure (or gas den-
sity) is also assumedto be constant(averagedvalue) forneutralburn-
ing design or two piecewise constants for the design with booster
and sustainer phases. The burning rate (or grain-surface regression
rate) is approximately constant under the limited pressure range
such that the problem can be simpli� ed to be an axisymmetric and
transient one.

3) The � ow follows the ideal-gas law.
4) The � ow turbulence is described by the standard k– e model.
Accordingto the precedingassumptions,the governingequations

consist of the conservationof mass, momentum in conjunctionwith
the turbulence modeling equations for turbulence kinetic energy,
and its dissipation rate. The ideal-gas law is employed to determine
the � ow density.The equationscan be solved by the pressure-based
algorithm20 becauseof the low Mach � ow characteristicin the com-
putational domain.
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Ideal-gas law:

p = q RT (8)

where

Gk = l t 2
@u

@x

2

+
@v

@r

2

+
v

r

2

+
@v

@x
+

@u

@r

2

l eff = l + l t , l t = cl q k2 e , cl = 0.09, c1 = 1.44

c2 = 1.87, r k = 1.0, r e = 1.3

The solution of Eqs. (2–8) yields a time-varying velocity pro� le
at the upstream port exit. Thus, the momentum thickness can be
obtained by use of the de� nition18
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R1

0

u
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and the natural vortex shedding frequency at the entrance of the
slotted-grain section can be, in turn, determined from Eq. (2).

III. Numerical Method
The governing equations (3–7) in association with their corre-

sponding boundary conditions are sequentially solved by fully im-
plicitly schemes in time and space. Because the computational do-
main in the radial direction enlarges with time, a moving-boundary
grid system based on grain-surface regression rate is employed. To
keep the same grid spacing, the inner grid position is not adjusted
during time marching, but an additional radial grid is added if the
boundarygrid width exceeds a certain value. On the other hand, the
axial grid number may be reduced because the port length becomes
slightly shorter during the combustion period. In the present study,
the computational domain is discretized with a nonuniform, stag-
gered 60 £ 50 (axial by radial nodes) grid mesh. The time step is
chosen to be 10 ¡ 4 s to meet the requirementthat the Courantnumber
be less than one. Many iterations in each time step are required due
to the fully implicit schemes. The convergence criterion based on
the normalized mass residual is set to be 10 ¡ 6 .

IV. Results and Discussion
As mentioned,data from � ve practicalSRMs with slot-tube-grain

design are employed to validate the present analysis. Table 1 sum-
marizes several important parameters as well as the corresponding
acousticand instabilityfrequenciesof the � ve motors.The de� nition
of dimensional parameters is given in Fig. 1. With quite different
design requirements, the values of the dimensionalparameter of the
� ve test motors fall within a wide range. The motor length L varies
from one to several meters, and the motor diameters are of the order
of several hundred millimeters. It is noted that a high aluminum
weight fraction in the propellant is employed for all of the test mo-
tors so that the high-frequencyoscillations may be damped by the
particulate phase in the chamber. Thus a sampling rate of 1000 Hz
would be suf� cient to resolve the frequencies of interest.

To compute the vortex shedding frequencies, as stated earlier,
the computed � ow� eld includes only the upstream cylindrical port.
However, the impedanceat the discontinuitymay change the vortex
shedding frequencies.To investigate its effects, the computed � ow-
� eld has been purposely extended to cover the downstream region
(L2) for the case of motor 1. The two computed curves of vortex
shedding frequencies are shown in Fig. 2a in which vortex shed-
ding frequency1 is obtained from the simulationwith the computed
� ow� eld of only upstream port and vortex shedding frequency 2
represents the results from full � ow� eld calculation,respectively. It
is foundthat theeffectsdue to impedanceat the discontinuityon vor-
tex shedding frequency are insigni� cant because the discrepancies
between the two curves are quite limited. As shown in Fig. 2a, the
two curves of the vortex sheddingfrequencies1 and 2 intersectwith
the acoustic frequency curve at the corresponding points of (0.29,
295) and (0.28, 294). Thus, for the sake of brevity, the computed
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a) Pressure history and calculated frequencies

b) Frequency spectrum of pressure history

Fig. 2 Results of motor 1.

� ow� eld for the following cases of motors 2–5 includes only their
own upstream ports (vortex shedding frequency 1).

Figure 2a also shows the measured head-endpressurehistory, the
correspondingfrequency spectrum, and the analytic results for mo-
tor 1. Note that t in the following � gures is nondimensionlizedby
the correspondingmotor’s action time. As shown in Fig. 2a, signi� -
cant pressureoscillationtakes place at t = 0.32. The amplitudewith
respect to the average pressure is about 3%. The frequency spec-
trum shown in Fig. 2b exhibits a peak near 274 Hz, which agrees
quite well with the fundamentalacoustic frequencybased on 4L1 as
shown in Table 1. Thus, we � rst employ the data of motor 1 to assess
our method. In this case, single-phase thrust is designed such that
the ballistic parameters are taken to be their averagevalues, as men-
tioned in assumption 2. The grain blowing velocity and gas-phase
density are calculated to be 7.5502 m/s and 8.3526 kg/m3 , respec-
tively. Figures 3 and 4 show variationof the calculated axial center-
line velocity and momentum thickness with respect to t . It is found

Fig. 3 Calculated axial centerline velocity at the slot entrance of
motor 1.
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Fig. 4 Calculated momentumthickness at the slot entrance of motor 1.

Fig. 5 Calculated axialvelocity pro� les at the slot entrance of motor 1.

a) Pressure history and calculated frequencies

b) Frequency spectrum of pressure history

Fig. 6 Results of motor 2.

that the momentumthicknessincreasesalmost linearlywith time ex-
cept at the beginning.This is becausethe upstreamport diameterex-
pands linearlydue to the constantburningrate assumption,and sim-
ilarity between the velocity pro� les is reached after a short period,
as shown in Fig. 5. The calculated centerline axial velocity at the
port exit (see Fig. 3) becomes approximately inversely proportional
to t . The reason for this relation is, during grain-surfaceregression,
the burning surface is proportional to the port diameter but the port
cross-sectionalarea is proportional to the square of the diameter.

After themomentumthicknessand centralaxialvelocityat the en-
tranceof the slotted-grainsectionhavebeenfound,it is easy to obtain
the natural vortex shedding frequency from Eq. (2). As shown in
Fig. 2a, the calculatednatural vortex shedding frequencydecreases
rapidly.The dashed line in Fig. 2a represents the calculatedacoustic
frequency based on the quarter-wavemode in the upstream port. A
slight increase of the acoustic frequency can be found because the
port length becomes shorter during combustion.The two frequency
curves (vortex shedding frequency 1 and acoustic frequency) in-
tersect at t = 0.29 and f = 295 Hz, which is close to the measured
result, that is, t =0.32 and f near274Hz. Kailasanathet al.15,16 con-
cluded that vortex shedding would be sustained in the frequencyof
acoustic oscillation if both frequenciesbecome close to each other.
This is why the measured instability can sustain for a certain period
(from about t = 0.3 to 0.5) in spite of the continuousreductionof the
predictednaturalvortexsheddingfrequency.The simulationimplies
strong interactions between the acoustic wave and vortex shedding
if the vortex shedding frequencymatches that of the acoustic oscil-
lation. In other words, as a vortex sheds from the entrance of slots,
there follows a pressure disturbance propagating upstream into the
cylindrical port with sound speed. After propagation through one
wavelength,the disturbanceis just in phase with the sheddingof the
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a) Pressure history and calculated frequencies b) Frequency spectrum of pressure history

Fig. 7 Results of motor 3.

a) Pressure history and calculated frequencies b) Frequency spectrum of pressure history

Fig. 8 Results of motor 4.

next vortex. Thus, according to Rayleigh’s criterion, the oscillating
amplitude may be ampli� ed. This mechanism of the excitation of
acoustic modes by vortex shedding is similar to that proposed by
Culick and Magiawala8 as well as by Dunlap and Brown.9

Figure 6 shows the results of motor 2. Unlike motor 1, motor 2
is designed for the requirement of two-phase thrust. The division
of booster and sustainer phases is at t = 0.388. For convenience,
two piecewise constant combustor pressures are used in these two
phases.The correspondingwallblowingvelocitiesare equal to1.866
and 2.803 m/s for the booster and the sustainerphases, respectively.
The higher blowing velocity in the sustainer phase is due to the
much lower gas density (2.3864 kg/m3 compared to 6.5066 kg/m3

for booster phase). The discontinuousvariation of the vortex shed-
ding frequencyas shown in Fig. 2a resulted from the assumption of
piecewise constantballisticparameters in two phases. It is found the
natural vortex shedding frequency is near that of the acoustic oscil-
lation just after ignition,but the discrepancyenlargeswith time. The
static test data of motor 2 agrees with the present predicted results
because no apparent pressure oscillation and dominant frequency
are found during the combustion period.

Motor 3 is designed for a single-phase booster whose mean gas
density and blowing velocity are calculated to be 7.45 kg/m3 and
7.543 m/s, respectively.Figure 7 shows the results of motor 3. One
can observe signi� cant pressure oscillation occurs at about t = 0.2,
with a maximum amplitude about 3.6% of its magnitudeand a dom-
inant frequencyof 343 Hz. It is encouragingthat the two calculated
frequencylines, as expected,coincideat t =0.22 and f = 322. Sim-
ilar to motor 1, the pressure oscillations also sustain for a certain
period.

Motor 4 is also a single-phasebooster with mean gas density of
10.44 kg/m3 and gas blowing velocity of 3.19 m/s. The results of

motor 4 are shown in Fig. 8. With the maximum values of L / D
and L1/ L2 among the � ve test motors, the fundamental acoustic
frequencybasedon 4L1 yieldsa lowestvalue (170 Hz). No apparent
oscillation and frequency in the measured pressure record can be
observed during the total action time, as shown in Fig. 8a. The
analysis con� rms this result because the calculatedvortex shedding
frequencies are always higher than those of the acoustic mode.

Note that although no combustion instability was reached from
the precedinganalysis for both motors 2 and 4, one can observe op-
posite trends between the two calculated frequencies. This implies
that, to avoid the acoustic combustion instability in these SRMs
with internal vortex shedding � ow� eld, the natural vortex shedding
frequenciesshould be always largeror less than those of the quarter-
wave acoustic mode of the upstream port. In our experience, for a
motor predicted to be unstable, such as motor 1 or motor 3, it is
dif� cult to get rid of the combustion instability by a small adjust-
ment of motor dimensions. The reasons are limited shift in vortex
shedding or acoustic frequenciescannot avoid the crossing of these
two frequency curves.

The last case,motor5, is shown in Fig. 9. Also, it is a single-phase
boosterwith mean gas densityof 10.87kg/cm3 and blowingvelocity
of 4.098 m/s. Pressure oscillation is found within the early action
period with a dominant frequency at 493 Hz. Again, the present
analysis shows good agreementwith the measurements because the
two calculated frequency lines intersect at the point of t =0.18 and
f =480 Hz. Note the maximum oscillatory amplitude in motor 5
is less than 1.8% of its magnitude, which is much lower than those
that appeared in motor 1 and motor 3. As mentioned in Sec. I, in
the earlier combustion period the vortices are con� ned in narrow
slots, and their contribution to combustion instability may be less
signi� cant.
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Pressure history and calculated frequencies

Frequency spectrum of pressure history

Fig. 9 Results of motor 5.

V. Conclusions
A numericalmethod to determine a suf� cient conditionof acous-

tic combustion instability in SRMs with slot-tube grain has been
proposed. The basic concept is to compare the frequencies of vor-
tex shedding and quarter-wave acoustic mode in the upstream port
during the motor action time. To determine the vortex shedding
frequencies, the � ow� eld of the upstream cylindrical port of the
SRM with slotted-tubegrain is solved by consideringgrain-surface
regression. On the other hand, the acoustic frequencies are calcu-
lated based on the time-varying port length and the acoustic speed
in the chamber, which is a function of the speci� c impulse. The
method has been examined by analyzing � ve practical SRMs with
slot-tube grain in which acoustic combustion instability occurs in
three cases. The results indicate successful predictions for all � ve
motors. Furthermore, in the analysis of motors 1, 3, and 5, good
agreement is obtained between the measurements and predictions,
not only for the oscillatory frequencies but also for the occurrence
time.

The present study can only provide a suf� cient condition of trig-
gering acoustic combustion instability for SRMs with slotted-tube
grain. When instability occurs, how serious the oscillating ampli-
tude will become cannot be predicted by the present study. For
instance, although the acoustic combustion instability is predicted
to take place for motor 1, little can be asserted on the oscillation
amplitude (3% in this case). This issue is very dif� cult and deserves
further study.
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