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Measurement and Analysis of High-Frequency
Pressure Oscillations in Solid Rocket Motors

P. M. J. Hughes*
Energy, Mines and Resources Canada, Ottawa, Canada
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During the operation of a solid propellant rocket motor, a high-frequency, finite-amplitude pressure
oscillation may develop which is superimposed on the large, time-average chamber pressure. A number of novel
techniques to isolate the high-frequency pressure signal from the near-D.C. chamber pressure are described. The
hardware to do this consists of off-the-shelf instrumentation modified to give the required characteristics. The
software package which is used to display and analyze these high frequency signals is also discussed here. This
package will allow the editing and display of the signal in the time and frequency domains and the application of

such analytical tools as the fast Fourier transform.

Introduction

N unstable rocket motor is characterized by a finite-
amplitude pressure oscillation superimposed on the
larger, near-D.C. chamber pressure. To better understand
rocket motor instability and to improve on the prediction of
its occurrence, high-resolution pressure data are required
from the unstable firing of rocket motors. With these data
and the appropriate analytical tools, the rocket motor
designer can identify the source of the disturbance in the
motor which causes the anomalous behavior and take the
steps to eliminate it. Similarly equipped, the theoretician
studying the instability can determine empirical constants
(such as modal growth rates) or verify his theories.
The high-frequency pressure oscillations are superimposed
on the large, near-D.C. chamber pressure and so may be lost

in the noise if conventional signal handling techniques are-

used. A novel technique has been developed!** to separate the
high-frequency wave from the near-D.C. chamber pressure
and to analyze the resulting signal. The hardware and soft-
ware developed for this report were intended for use with
piezoelectric type gages; however, with the appropriate
modifications, any high-frequency gage system can be used.

The paper is divided into four parts. The first part deals
with the problems which may arise when attempting to isolate
the small-amplitude wave for analysis. The second part is a
comparison of the various techniques undertaken to resolve
the problem. The third section describes briefly the computer
system developed to analyze the resulting signals. Finally, the
last part demonstrates the application of the analytical tools
to the pressure signals of some problem motors.

This measurement and analysis technique has been applied
to centrally perforated rocket motors with relatively large
length-to-diameter ratios. The propellant used was a
hydroxyl-terminated polybutadiene binder with ammonium
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perchlorate as an oxidizer. The unstable waves studied include
both longitudinal nonlinear and transverse acoustic modes.
Notwithstanding the above, the measurement and analysis
technique described in this paper could be applied to any
measurement situation where a low-amplitude, high-
frequency signal of interest was superimposed on a large,
near-D.C. signal.

The Problem in Separating the High-Frequency
Pressure Signal from the Near-D.C. Signal

The acoustic instability itself is sinusoidal in nature and
ranges from 50 to 500 kPa in. amplitude. This pressure
disturbance is superimposed on the time averaged chamber
pressure varying from 14 to 35 MPa. Because the frequencies
of these waves are tied to the port geometry, the acoustic
frequencies range up to about 40 kHz. Furthermore, as the
combustion process proceeds, a particular frequency of in-
terest may tend to shift. Therefore, it is necessary to deter-
mine not only the actual value of this disturbance frequency,
but also its temporal variation, which is of equal importance.

To carry out any kind of study on the signals, it is necessary
to digitize them and then perform a fast Fourier transform on
the data. The maximum sampling rate obtainable on a
standard minicomputer (without direct memory access),
including data transfers to disk, is about 15,000 samples per
second. However, for 40 kHz signals, using antialiasing
filters, and for 80 db alias suppression, the desired sampling
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Fig.1 Schematic of test motor.
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Fig. 2 Chamber pressure as measured at the head end including the
near-D.C. component.

PRESSURE
(MPa)

9
0.0 1.4
TIME (s) AUTHOR

Fig.3 Chamber pressure using the gated technique.
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Fig. 4 Chamber pressure using the very short time constant (VSTC)
technique.
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Fig. 5 Optimum setup for high- and low-frequency data acquisition.

rate is 120,000 samples per second. Consequently the signals
must be recorded on FM magnetic tape and slowed down 8 to
16 times during playback for digitization.

The near-D.C. portion of the signal must be eliminated
from the pressure signal for two reasons. First, since the
signal of interest is about 40 db below the near-D.C. signal,
the acoustic information would be lost in the noise of the tape
recorder, as the signal-to-noise ratio for FM tape recorders is
normally about 47 db at 60 ips. Furthermore, the 12 bit A/D
converter could provide, at most, seven bits of resolution for
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Fig. 7 Demonstration motor layout (dimensions in cm).
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Fig. 8 Chamber pressure using the VSTC technique.

the acoustic signal if it were scaled for the high-amplitude,
near-D.C. signal. The piezoelectric transducer in-
strumentation must, therefore, be modified to eliminate the
near-D.C. signal. This elimination step must be done without
introducing additional noise or distortion since the resulting
signal will be further amplified.

Special Hardware for High-Frequency Data Acquisition

Two approaches were attempted to permit isolation and
amplification of the signal of interest.!* One of these, known
as the gated technique, consisted of resetting a standard
piezotron amplifier [e.g., Sundstand S04E (5)] each time a
predetermined threshold value (in the + ve or — ve direction)
was attained. This then established a new zero reference for
the output signal. The gated method has been reported® as
having been used successfully for other applications. The
other technique involved a modification? of a standard
piezotron amplifier. The feedback resistor (10°Q) on the
medium time-constant setting of the Sundstand 504E am-
plifier was changed to 105Q = 5%, resulting in a time constant
of 2x10~* seconds. This method is called the Very Short
Time Constant (VSTC) technique.

To determine the utility of each of the proposed methods,
the two measurement techniques were applied to the pressure
signals from a rocket motor firing. The rocket motor layout is
shown in Fig. 1. The pressure was measured at one of the
sidewall port locations. A description of the operating
characteristics of the motor is given in the literature”™!; it is



MAY-JUNE 1984

AMPLITUDE
(dB)

PRESSURE OSCILLATIONS IN SOLID ROCKET MOTORS 263

RANiE.

40
FREQUENCY (kHz)

Fig. 9 Three-dimensional display of the power spectrum of the

unstable portion of Fig. 8.

TIME (s)

FREQUENCGCY (kHz)

Fig. 10 Contour map of Fig. 9 (the floor at -23 db).

M
Recorder

T -Piezoelectric transducer (eg. Kistler
701-A)
HIC -High guality cable (high impedance

31 m long)

DC AMP -Long time constant DC charge
amplifier

CcC -Coupling capacitor (typ. 1000 pf)

OP AMP -Operational amplifier input impedance
1Meg

Fig. 11 Modified setup for high- and low-frequency data
acquisition.

sufficient to say that the motor can be fired in such a way as to
allow a high-frequency instability to propagate in the com-
bustion chamber. This high-frequency wave is superimposed
on the near-D.C. chamber pressure (see Fig. 2).

The signal from the gated circuitry is shown in Fig. 3. The
influence of the near-D.C. signal is reduced and the high-
frequency signal can be amplified 2.5 times more than without
gating. However, the signal is not suitable for direct
automated analysis due to its sawtooth carrier. Furthermore,
as much as 1 to 2 ms of the signal is lost during the reset
period.

The modifications to the amplifier for the VSTC technique
gave a low frequency cutoff at either 320 or 800 Hz,
depending on the range selected on the amplifier (50 or 20,
respectively). Since the resulting amplifier has first-order
characteristics, the phase distortion is nearly constant at 180
deg for the frequencies of interest. The VSTC signal measured

during the firing is shown in Fig. 4. The signal amplification
improved by a factor of eight for the high-frequency signal as
compared to that using an unmodified amplifier. Thus, the
VSTC was deemed the preferred approach, and the hardware
setup of Fig. 5 was found to be the best configuration to
extract a high-frequency, low-amplitude signal for subsequent
analysis.

Computer Aided Data Acquisition and Analysis of the
Pressure Signal

A variety of computer programs in both Fortran and
Machine Language were developed to digitize and then to
manipulate the data (such as to apply a fast Fourier tran-
sform) in order to analyze the high-frequency information.
The software package was developed to run on the DEC PDP-
11/34 computer with an AD11-KT A/D converter, KW11-K
programmable real-time clock, RKO06 disk system (two
drives), and an FP-11 floating-point processor as a support
for Fortran IV Plus (2). The programs were developed to run
in three phases, as indicated in Fig. 6.

The first phase consists of building a parameter file where
all the signal channels are described. The description includes
transducer sensitivities, cable lengths and capacitances,
theoretical calibration constants, and others. The second
phase then performs the calibration and signal digitization.
The calibration is necessary to determine the static and
dynamic characteristics of the system as well as its zero level.
The sampling program runs as a privileged task, servicing
only the interrupts of the A/D converter programmable
clock, ignoring even the system clock. The program takes all
the CPU time for itself, locking out all other users, and uses
only the disk transfer services of the RSX-11M operating
system.? Once the raw data is digitized, it is converted to real
pressure or acceleration values by using information from the
calibration and from the parameter file.

The third processing phase of the software package consists
of an interactive data analysis and display program.’ In this
phase, the operator can choose from a long menu of com-
mands to edit or display portions of the signal. It is also
possible to perform a fast Fourier transform (FFT) on any
part of the signal, with a choice of windowing functions and
display modes in the frequency and time domains.

Demonstration of the Technique

The utility of the VSTC technique has been demonstrated in
a number of rocket motor firings to date. During the unstable
operation of the motor shown in Fig. 7, the VSTC technique
was applied to the pressure as measured at the head end. This
pressure signal is shown in Fig. 8 as it would be presented
using the data analysis and display program. The pressure is
shown inverted in this figure. Figure 9 is a three-dimensional
display of the FFT of the unstable portion of the pressure
signal. Frequency, in kHz is shown along the horizontal axis,
amplitude in dB is shown along the vertical axis, and time in
seconds along the third axis into the page. The temporal
variations of the power spectrum can best be visualized by
plotting the three-dimensional data of Fig. 9 in the form of a
contour map. This is done in Fig. 10. In this figure, frequency
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Fig. 13 Power spectrum (FFT) of the signal from the accelerometer
near the nozzle during instability.
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Fig. 14 Contour map of Fig. 13.

in kHz is shown along the horizontal axis and time in seconds
along the vertical axis. The contour lines are lines of constant
amplitude in dB. It was with the aid of the display and
analysis programming that radial acoustic disturbances were
identified in this rocket motor (the contour lines above 20
kHz).

Whereas a suitable hardware setup has been determined to
eliminate the near-D.C. signal (Fig. 5), the three-phase data
acquisition analysis package can be modified to study signals
from firings using other hardware arrangements. A number
of rocket motor firings were carried out using the in-

Fig. 12 Rocket motor layout (dimensions in cm).
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Fig. 15 Contour map of the power spectrum of the accelerometer
signal near the head end.
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Fig. 16 Contour map of the power spectrum of the pressure signal
during unstable operation.

strumentation schematic of Fig. 11. By creating a parametric
file containing dummy constants and then simulating the
calibration signals with a signal generator, an analysis was
performed on the digitized data from these firings. Naturally,
the absolute pressure values are not obtainable; however, this
poses no problem since the relative amplitude of the spectral
peak was of primary interst in these tests.

Figure 12 is the layout of a rocket motor fired with the
instrumentation schematic of Fig. 11. A piezoelectric pressure
transducer was mounted in the head end and two ac-
celerometers were bonded to the casing at 90 deg to each
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Fig. 18 Anomalous and normal pressure-time curves for burning
rate motor.

other. The motor was pulse-driven into the nonlinear type of
instability and the resulting pressure and vibration signals
were analyzed. Figure 13 shows the frequency domain display
of the unstable vibration signal for the accelerometer closest
to the nozzle. A shift can be seen towards higher frequencies.
Figure 14 is a contour map of Fig. 13, and the trend is more
easily seen. The signal measured by the accelerometers has
been identified'? as the free radial vibration (ringing) of the
casing in the wake of the shock wave. The trend to higher
frequencies is simply the variation of the natural frequency of
the casing as the propellant is consumed. The frequency
values, their trends, and source were isolated and identified
with the aid of the Fourier transform and display programs.
An estimation!? of the variation of the casing ringing
frequency is also shown in Fig. 14.

By once again using the Fourier transform analytical
package of the software, two failure modes were identified?
for the motor of Fig. 12. Figure 15 shows the variations of an
acoustic mode in the port of the rocket motor and of the
casing ringing frequency as measured by an accelerometer. At
roughly 1.1 s these frequencies coincided and the motor
failed, due to fatiguing of the casing!? as a result of excitation
at its natural frequency. A second failure mode was identified
with the aid of the computer techniques. Figure 16 is a con-
tour map of the pressure signal in the frequency domain of a
similar rocket motor. At the point marked ‘‘ 4+’ on the graph
the casing dynamics (the solid line) and the port acoustics (the
dashed line and the peaks at about 32 kHz) were
hypothesized!? to coincide. The motor became acoustically
unstable and the casing burst at 0.64 s.

In the firing of small burning rate motors (Fig. 17),
anomalies were noticed in the pressure-time curves (Fig. 18) as
measured at the head end. By using the measurement setup of
Fig. 11 and subsequent signal analysis, these anomalies were
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Fig. 19 Contour map of the power spectrum of the unstable portion
of the burning rate motor pressure signal (‘‘a’’ of Fig. 18).
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Fig. 20 Contour map of the power spectrum of the uiistable portion
of the burning rate motor pressure signal (‘‘b”’ of Fig. 18).

identified as either radial acoustic (Fig. 19) or longitudinal
nonlinear (Fig. 20) instabilities.

Conclusion

The development of the hardware and software techniques
reported here has greatly enhanced the ability to identify the
phenomena involved in the anomalous behavior of rocket
motors. Whereas the VSTC hardware technique appears to be
the best for the signals of interest, the software is flexible
enough to be able to handle data from modified in-
strumentation. The modifications to be incorporated in the
software package in the future include digital filtering
subroutines and cross-correlation technigues.
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