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Comment On Dotson et al. “Structural
Dynamic Analysis of Solid Motor

Resonant Burning”

R. O. Hessler∗ and R. L. Glick†

T HIS Article stresses the importance of motor pressure oscilla-
tion amplitudes in defining structural design load criteria for

small, economical launchers. It also associates the pressure oscilla-
tions with combustion instability and vortex shedding. The purpose
of this Comment is to present additional perspectives and research
bearing on the problem.

Classical combustion instability theory1 considers inviscid, ir-
rotational flow in a stationary, rigid chamber containing homoge-
neous propellant and solely acoustic perturbations to obtain the tran-
sient solution for the motor acoustic modes. The transient solution
contains no information about the amplitudes of oscillations in a
motor, only whether such oscillations as might exist would grow
or decay.

In reality, the flow is rotational, containing flow noise in the form
of turbulence and vortices. A motor in flight is accelerating, and
the case and propellant are nonrigid and vibrating. The propel-
lant is commonly heterogeneous and often metallized, both caus-
ing combustion noise. When classical theory is extended to include
these additional perturbations, the classical transient solution is aug-
mented by a forced solution exactly analogous to that for structural
vibrations.2 Each of the nonacoustic perturbations acts as a forc-
ing function to cause finite steady oscillations, even if the acoustic
modes are rock-solid stable. Given empirical or analytical models
for the forcing functions, the forced solution can be used to predict
the time-varying spectra of motor pressure oscillations and, there-
fore, the force input to the airframe.

The extended theory indicates that motor acoustics are respon-
sive to vibration of the motor’s internal acoustic boundary and will
consequently interact with the structural modes of the case and the
flight vehicle or static firing stand. Because the compliance of the
supporting structure is markedly different between flight and static
firings, and because flight operation includes additional nonacoustic
forcing functions due to vehicle buffeting and maneuvering, motor
pressure oscillations should be expected to differ between flight
and static firings. Furthermore, acceleration and vibration of the
propellant burning surfaces can significantly affect the propellant
burning rate and the surface retention, agglomeration, and combus-
tion of metal additives,3,4 which will affect the acoustics. Although
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the difference between static and flight environments (or between
heavyweight and flight-weight motor cases) is generally considered
small, very significant differences between static and flight acous-
tic behavior have been observed in several motors.5 Consequently,
reliance on static firing data alone to set structural design loads in-
volves potentially significant risks, particularly as spin or transverse
maneuvering accelerations are increased.

The extended theory indicates that the convected pressure pertur-
bations associated with the passage of vortex or turbulence centers
act as forcing functions to cause pressure oscillations, even in sta-
ble motors. The low-pressure distribution about a center of rotation
tends to be hyperbolic, nonsinusoidal, and, therefore, rich in har-
monics. Consequently, the presence in pressure spectra of harmon-
ics unrelated to acoustic or structural mode frequencies should be
considered probable evidence of vortex causation.

Analyses of log-magnitude spectra of motors during successive
episodes of vortex-induced oscillations often indicate the simulta-
neous presence of multiple harmonics with fundamentals usually
much lower than the axial mode frequencies, which suggests that
the vortex generation frequencies are often quite low. This, in turn,
suggests that the decreasing-frequency tracks observed in the Peace-
keeper motor (Ref. 6, Fig. 3) represent the passage of fourth and fifth
harmonics of the vortex frequency through the locale of the acoustic
mode frequency.

There is also considerable evidence of more than one system of
vortexes being generated concurrently (indicated by the presence of
multiple sets of harmonics near the modes at the same time during
larger episodes).7 This suggests seeding of broaderband vortices at
downstream discontinuity locations by narrowband vortex systems
generated at upstream discontinuities.

Analysis of observed harmonic relations in monolithic motors
with lengths to 4 m indicates a correlation of vortex generation
frequencies with port velocity U and diameter D at the discontinuity
causing a particular vortex system:

fv = Sr (U/D) (1)

This relation differs markedly from Eq. (2) of Ref. 6, which is based
on the length from a causative discontinuity to the nozzle. However,
several types of vortex phenomena have been reported,8−10 so that
the two relations may represent different types.

Two forms of variations in motor fast Fourier transform magni-
tudes are observed the square-root normal distribution character-
istic of normally distributed time-domain variables and variations
in the time when a vortex harmonic crosses a mode. Propellant
temperature effects will cause harmonics of a vortex system cor-
related with Eq. (1) to cross the modes systematically at variable
times.

Lower motor temperature reduces propellant burning rate and
extends motor burning time, causing vortex-mode crossings to oc-
cur at later absolute times. Therefore, comparisons between motors
should be made on normalized pressure–time scales.11,12

Lower temperatures also dilate the motor port area because of pro-
pellant shrinkage, which tends to reduce vortex frequencies more
than axial mode frequencies, causing vortex-mode crossings to oc-
cur at earlier normalized time. The port area dilation distorts propel-
lant surfaces, dependent on propellant modulus, which varies widely
among propellants, between propellant mixes, and with propellant
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age. Because the distortions are most variable near grain disconti-
nuities, appreciable variation of vortex-mode crossing times should
be expected.

The vorticity available for vortex formation arises primarily from
the mean flow mass addition loss, the rotation of the inflow from
burning propellant surfaces toward the nozzle. Although the mass
addition loss is usually small relative to the mean flow, the potential
rotational energy is usually large relative to the acoustic energy and
is often the larges: nonacoustic perturbation. Consequently, motor
temperature effects on vortex-mode crossing times also cause vari-
ations of the potential vortex strength and, ultimately, variations
of pressure oscillation amplitudes. Although the vorticity can not
be eliminated because the mass addition loss is always present,
the propensity of the vorticity to form into vortices can be greatly
inhibited by deliberate design to avoid internal flow discontinuities
and maintain accelerating flow.13,14

The acoustic–structural analogy enables application of structural
analysis tools (such as the use of Burg’s method in modal analysis)
to the motor acoustics problem to extract estimates of both acous-
tic mode properties and forcing function properties.11,15 Systematic
correlation of acoustic behavior with propellant temperature and
static and flight accelerations that use this cross-disciplinary ap-
proach appears to offer a productive path to better understanding of
the variations of pressure oscillation amplitudes, vortex formation,
and flight effects.
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Reply to Technical Comment
from R. O. Hessler and R. L. Glick

K. W. Dotson∗

The Aerospace Corporation,
Los Angeles, California 90009-2957

T HE interest in Ref. 1 shown by these two readers is appreciated.
As mentioned in Ref. 1, although solid rocket motor pressure

oscillations have been studied for decades, the impact of these os-
cillations on structural integrity has received little attention. Three
major points in the Comment are addressed in this reply.

First, Hessler and Glick2 note that the frequency of vortex gen-
eration in motors up to 4 m in length has been observed to be in-
versely proportional to the motor internal diameter, not to an axial
motor distance, as indicated by Eq. (2) of Ref. 1. The model in
Ref. 1 postulates that the initiation of vortices at a propellant grain
discontinuity and their subsequent “impingement” on a protrud-
ing inhibitor, or on the motor nozzle, constitutes a feedback loop.3

Therefore, the time required for a vortex to travel this axial distance
and for the sound thus generated to reach the initiation point defines
the period of the vortex shedding. Harmonics of the correspond-
ing frequency are sometimes also evident in pressure oscillation
spectra.

Theoretical models and numerical simulations subsequently pub-
lished by Anthoine et al.4,5 generally support this form of aeroacous-
tic coupling for motors with large length-to-diameter ratios and re-
cessed nozzles. However, in Refs. 4 and 5 it is shown that sound
is generated not by impingement or destruction of the vortex at the
nozzle entrance but rather by deviation of the vortex path caused by
the nozzle recess. The data presented in Ref. 1 for the Peacekeeper
solid rocket motor demonstrate that this feedback model, with a
dependence on axial motor distance, may also explain pressure os-
cillations in single-segment motors that have a cavity forward of the
nozzle throat.

The fact that frequency correlations with motor diameter have also
been observed2 suggests that a general relationship linking vortex
shedding with both axial motor distance and motor diameter prob-
ably exists. The correlation with axial motor distance [Eq. (2) of
Ref. 1] appears to model approximately the phenomenon for seg-
mented motors with large length-to-diameter ratios (such as those
used for the Titan IV, space shuttle, and Ariane 5 launch vehicles)
but may not be applicable for motors that are not in this class.

Second, Hessler and Glick2correctly stress the importance of pro-
pellant temperature in the structural dynamic analysis of solid rocket
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motor pressure oscillations. The times when the vortex shedding and
acoustic mode frequencies coincide do indeed systematically vary
with propellant temperature, and this is evident in both Peacekeeper
and Titan IV solid rocket motor upgrade (SRMU) spectra.1,3 This
point was not discussed in Ref. 1 because structural design loads
were only sought for a nominal propellant temperature.

In Ref. 3, the timescales of the Titan IV SRMU pressure
oscillation measurements were dilated for tests conducted at
hot-propellant temperatures and were contracted for tests conducted
at cold-propellant temperatures, to yield a family of four static firings
with a nominal web action time. In Ref. 1, all 17 of the Peacekeeper
test motors used for the loads predictions were conditioned to the
same propellant temperature. Peacekeeper static firings conducted
under extreme temperatures were not included in the forcing func-
tion set because of the effects of temperature on the pressure oscilla-
tion amplitude and frequency variations. Because 17 cases comprise
a reasonable population for statistical loads analysis, it was deemed
unnecessary to include hotter and colder static firings through the
use of timescaling, such as that employed for the Titan IV SRMU.
Spectral analyses were also conducted to confirm that the changes
in vortex stage number for the 17 Peacekeeper static firings were
consistent. The time intervals used for the statistical analysis of
the pressure oscillation amplitudes (Table 1 and Fig. 6 of Ref. 1)
were selected based on inspection of the frequency trends for the
17 static firings. In summary, the results presented in Ref. 1 are not
compromised by propellant temperature effects.

Third, Hessler and Glick2 point out that the propulsion system
and the launch vehicle structure may interact. Consequently, they
caution against reliance solely on static firing pressure oscillations
in the development of forcing functions for flight loads predictions.
Some published test data show that propulsion–structure interac-
tions may exist and may have adverse effects. Carr et al.6 concluded
that an instability in retrograde rocket motors observed during a
drop test of the Mars Pathfinder was caused by coupling of the mo-
tor pressure oscillations with structural vibration of the backshell
structure. Harris and Wong7 also found that structural vibration can
affect pressure waveforms measured during pulse testing. However,
the motors tested in both studies are very short, 0.83 and 0.51 m
(Refs. 6 and 7), with respect to launch vehicle motors.

The theory presented by Deur and Hessler8 accounts for the ef-
fects of structural motion on motor pressure oscillations. In Ref. 8,
it is shown that, when the equations of motion are linearized, motor
chamber vibration acts as a force that excites the motor’s acoustic
modes. However, this force is coupled with the perturbational acous-
tic pressure and, hence, generally alters the effective frequency and
damping values of the acoustic modes. The solid rocket motor, there-
fore, may experience an interaction between oscillatory pressure and
structural acceleration that can lead in some cases to self-excitation
of the propulsion–structure system. An independent causative force
such as combustion noise is required to initiate the acoustic and
structural responses, which, under stationary conditions, eventually
converge to a limit-cycle state.

The term forced oscillation is generally applied only if the ex-
ternal forces are independent of the resulting motion. The use of
forced oscillation rather than self-excitation appears to have caused
confusion in this field and has led some investigators9 to conclude
that all of the forcing functions developed by Deur and Hessler8 are
uncoupled from oscillatory pressure.
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Propulsion–structure interaction in launch vehicles with liquid
rockets is called pogo and can have disastrous consequences in
flight.10 Stability analyses are conducted to establish the feed sys-
tem design such that pogo in liquid rockets is avoided under a wide
range of dispersed conditions.11 For reasons that can currently only
be speculated, it does not appear that any medium or large launch
vehicle has experienced a catastrophic event induced by feedback
between structure and the solid rocket motor thrust.12 Neverthe-
less, the writer agrees with Hessler and Glick2 that the potential for
propulsion–structure interaction in launch vehicle motors should
be assessed and that the existence of an interaction may call into
question the sufficiency of static firing pressure oscillations for the
development of loads analysis forcing functions.

It does not appear that flight data have been used to investigate
rigorously if propulsion–structure interactions exist for launch ve-
hicles with solid rocket stages. Provided that adequate instrumenta-
tion is available, the frequency, amplitude, and phase of flight motor
pressure and structural accelerations can be computed to establish if
feedback between motor vibration and thrust occurs. Such data anal-
yses are very useful for establishing the existence of liquid rocket
pogo.13 As a result of the Comment, an investigation of propulsion–
structure interaction in the Titan IV SRMU has been initiated. The
findings from this data analysis will be presented at an upcoming
AIAA conference.14
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