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EFFECTS OF EXPERIMENTALLY MEASURED PRESSURE OSCILLATIONS
ON THE VIBRATION OF A SOLID ROCKET MOTOR

By James A. Schoenster and Harold B. Pierce
Langley Research Center

SUMMARY

This report presents results of firing a Nike rocket against a backstop for the pur-
pose of obtaining pressure fluctuations in the rocket case and determining their relation-
ship to structural vibrations of the case. Special care was required to obtain the pressure
fluctuations which are superimposed on the much higher (several orders of magnitude)
static pressure which generates the thrust of the rocket. Vibrations of the case were
obtained at the nozzle end and the forward thrust face of the rocket motor. Oscillatory
data obtained from this firing are random in nature and advantage was taken of this con-
dition to use not only the basic random-vibration analysis techniques but also the higher
order correlation function coefficient to study the structural behavior.

Results from analysis of the data show that for the Nike rocket, very small pres-
sure fluctuations can cause significant vibrations in the structure. A previously reported
phenomenon of high responses at frequencies above 10 kHz was also observed and was
determined to be an oscillation decreasing in frequency with time before completely dis-
appearing at about 1 second of burning time. The vibration of the rocket case is probably
related primarily to longitudinal structural modes at frequencies below 500 Hz, whereas
at frequencies above 500 Hz the measured vibration was dependent on local structural
conditions.

- INTRODUCTION

The combustion of the propellant in a solid rocket motor is a major source of
dynamic loads to both the rocket motor and the payload. Surveys of work in the struc-
tural dynamics of solid-propellant rockets (refs. 1 and 2) indicate that although much
work has been conducted into the interaction of combustion and mechanical vibrations,
the problem is far from being resolved. Significant progress has been made in analyti-
cal techniques combining combustion effects with dynamics of vehicle (refs. 3 and 4);
however, the results from this work were analytically evaluated for combustion times
less than one-fourth of the entire burn time of a rocket motor and have not been verified
experimentally. Some work (ref. 1) has also been directed toward understanding and
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suppressing various forms of potentially destructive acoustic instabilities when they are
found during the development of new solid rocket motors. Once structural integrity of a
new motor is assured, little effort is expended in establishing environmental specifica-
tions based on residual pressure fluctuations unless some problem develops with a vehi-
cle using this motor. Measurements of the vibratory response during the combustion
period have been made on vehicles using such rocket motors as the Nike M88, X-248,
Sidewinder-Arcas, and the third stage of Minuteman (refs. 5 to 8). Some of the measured
vibrations have been associated with acoustic chamber pressure oscillations through a
similarity in frequencies (refs. 6 and 8) but no direct relationship between magnitude of
pressure fluctuations and magnitude of vibration response has been established, primarily
because of the lack of detailed measured pressure fluctuations. Although there is a sig-
nificant amount of difficulty in obtaining such measurements, as indicated in references 5
and 9, the chamber pressure fluctuations and the understanding of their relationship to
structural vibrations is very significant in developing reasonable and adequate environ-
mental specifications (for example, ref. 10).

As part of a continuing program at Langley Research Center to develop techniques
for predicting vibration environments — which includes measurements on a rocket fired
in a unique test stand (ref. 5) and on the same vehicle in flight — a solid-propellant Nike
rocket was fired against a backstop. The purpose of this report is to present results from
this test showing the relationship of the chamber pressure fluctuations during combustion
and the structural vibrations resulting from these fluctuations, particularly the transmis-
sion of dynamic loads through the case structure. Statistical estimate parameters are
used to analyze and discuss the results.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and cal-
culations were made in U.S. Customary Units.

B bandwidth, Hz

{ frequency, Hz

g acceleration of gravity, 9.807 m/sec2

k number of statistical degrees of freedom
m maximum number of time-lag values



n sample size (number of items in a sample time history)

p(x) probability-density function

R gas constant

RX(T),Ry(T) autocorrelation function of x and y, respectively
RXY(T) cross-correlation function

T record length, seconds

T, absolute temperature, K

t time, seconds

x,x(t),y,y(t) amplitude, g units or N/m2

v sbeciﬁc heat ratio

€ sample interval, seconds

A wavelength, cm

pxy('r) correlation function coefficient

0y root-mean-square value, g units or N/m?2
T time lag, seconds

APPARATUS AND TEST CONDITIONS

Description of Rocket Motor in Test Stand

A Nike type M88 solid-propellant rocket motor was the test vehicle. The rigid
backstop and horizontal test stand in which it was fired are shown in figure 1. The rocket
motor was attached to the backstop through a thrust cone and load cell. The rocket motor,
thrust cone, and load cell are shown in figure 2 before the rocket motor was moved for-
ward and bolted to the thrust cone. The rocket motor was supported at three positions
along its length by vee-blocks. The vee-blocks (figs. 1 and 3) prevented lateral or verti-



cal motion of the motor but permitted longitudinal expansion of the motor during firing by
means of rollers in contact with the motor case (fig. 3).

Description of Instrumentation

The instruments used in the horizontal ground firing were of three types: pressure
transducer, vibrometer, and load cell. Listed in table I are the linear frequency range,
the linear amplitude range, and the calibrate factors for each of the instruments. All
data obtained from these instruments were recorded on an FM magnetic tape recorder
and each instrument is numbered according to its tape channel number.

Pressure transducers.- Four pressure transducers were used in the test. One was

a strain-gage type used to measure the time history of the overall chamber pressure, and
the remaining three were acceleration-compensated crystal pressure transducers ranged
to measure only the fluctuations in chamber pressure. Strain-gage pressure transducer 4
was installed in a fixture as shown in figure 4, and the assembly was mounted on the dome
of the rocket motor as shown in figure 2. In addition to the heat protection provided by
the length of path from the transducer to the interior of the motor, further protection was
provided by an 0.8-mm- (0.03-inch-) thick layer of room-temperature-vulcanized rub-
ber (RTV) bonded to the diaphragm of the pressure transducer. ‘

Two of the crystal pressure transducers, numbered 11 and 13, were located on the
forward dome of the rocket motor at the same radial distance from the center line of the
motor but 180° apart (fig. 2). The third, crystal pressure transducer 9, was located on
the convergent portion of the motor nozzle (fig. 3) exactly in line with dome transducer 13.
Pressure transducers 11 and 13 were each mounted in a fixture of the type shown in fig-
ure 5. This assembly is shown approximately twice normal size as it is mounted in the
rocket motor dome. A boss was added to the exterior surface of the dome and machined
s0 that when the transducer mounting fixture was torqued in place, the sensing portion of
the transducer assembly was flush with the interior surface of the rocket motor dome.
The transducer mounting fixture protected the transducers from the temperature environ-
ment at the rocket motor dome and also provided the electrical isolation desirable when
the transducers were used with charge amplifiers. At the nozzle, the high-velocity flow
made the rocket motor environment more severe than at the dome, and it was necessary
that pressure transducer 9 be protected by the fixture shown in figure 6. The additional
protection required for transducer 9 lowered its linear frequency response to 2500 Hz as
compared with 5000 Hz for transducers 11 and 13 (table I). A procedure similar to that
used for transducers 11 and 13 was used to mount transducer 9 in the nozzle.

Vibrometers.- Vibrometers 1 and 3 were mounted at the nozzle end of the rocket
motor (fig. 3). Vibrometer 1 was mounted on the fixture holding pressure transducer 9,
and vibrometer 3 was mounted in a longitudinal direction against a block bolted to the aft



end of the rocket motor. Vibrometers 5 and 7 were mounted at the dome end of the rocket
motor, with vibrometer 7 being mounted on pressure transducer 13 (fig. 2). Vibrometer 5
is not clearly shown in figure 2, but it is mounted in a longitudinal direction in a cutout in
the thrust cone which, during the firing, is bolted to the thrust face of the rocket motor.

All vibrometers were crystal accelerometers mounted on thermal-electrical isola-
tion studs and were used with charge amplifiers. This vibration measurement system was
checked on a calibration shaker to 10 kHz and the amplitude response was down 1.2 dB at
that frequency.

Load cell.- Load cell 6 was of the strain-gage type. It is shown in figure 2 mounted
to the forward end of the thrust cone and is oriented to measure the thrust of the rocket
motor against the backstop.

Data-Analysis Techniques

Experimental data were analyzed by using five methods of interpretation: (1) time
history; (2) power spectral analysis; (3) autocorrelation function, which at zero time delay
is the mean-square value; (4) amplitude histogram; and (5) cross-correlation function
and correlation function coefficient. The procedures used in the first four methods are
described in references 5 and 10, with the major estimate parameters listed in table II.
The fifth method, cross-correlation function and correlation function coefficient, is used
to study the linear dependence between two signals. The cross-correlation function may
be described by the equation

Ryy(7) = lim ‘YT x(t) y(t+7) dt (1)
T Y0
where
ny('r) cross-correlation function
T record length
x(t) time-dependent variable
y(t) time-dependent variable
T time lag
t time



By using the cross-correlation function and the autocorrelation function for both
variables x(t) and y(t), the correlation function coefficient is described by the equation

() - 7 @)
P (T) = ———=

3 Ry Ry(0)

where

pxy(T) correlation function coefficient

Ryxy(7) cross-correlation function

R (0) autocorrelation function of x evaluatedat 7=0

Ry(O) autocorrelation function of y evaluatedat 7=0

The value of the correlation function coefficient is bounded by limits of
-1= pxy(T) =1 for stationary random vibration of linear systems. The value of the
correlation coefficient is either +1 or -1 for completely correlated signals and zero for
completely uncorrelated signals. If the correlation coefficient has a value other than +1
and there is reason to believe the signals are correlated, then one or more of three possi-
ble conditions exist: (1) uncorrelated signal noise occurring in either the input or the out-
put measuring systems or in both; (2) nonlinear system relationship between the two sig-
nals; (3) additional inputs to either of the signals which are uncorrelated to the initial
input. The effect of any one of these three conditions is to reduce the magnitude of the
correlation function coefficient. Although additional computations can be performed to
evaluate the effect of each of the preceding conditions, this study only investigates rela-
tionships indicated by the correlation function coefficient. The additional computations
are quite extensive and require a quality of data not available from this test. Further
information on both the cross-correlation function and correlation function coefficient
may be found in such sources as references 11 and 12.

The maximum value of the correlation function coefficient was calculated for several
combinations of signals in octave bandwidths of frequency. Octave bandwidths of frequency
were selected for two reasons: (1) It was an objective of this test to investigate the trans-
mission of loads through a structure as a function of frequency and (2) it is necessary to
use octave bandwidths or less to obtain useful values of the cross-correlation coefficient
in structural vibration. An objective of the test, mentioned in reason (1), was to deter-
mine the effect on the structure of the pressure oscillations at the aft end of the vehicle
relative to the pressure oscillations at the forward end of the vehicle. The second rea-
son for selecting octave bandwidths follows from a study of cross correlation in structural
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vibration (ref. 12), where it was determined, both theoretically and experimentally, that
information can be obtained from one-octave-band analysis which is not available in
broadband correlations. It was demonstrated that the velocity of propagation of flexural
waves in a structure (dispersive waves) varies with frequency which causes shifts in the
correlation peaks.

A normal-distribution curve is superimposed on the plots of amplitude histograms.
The probability-density function for a normal distribution with a zero mean value is

1 zs.)z
e

plx) = Ox\2m
where
p(x) probability-density function
Oy root-mean-square value
X amplitude

The maximum value of the histogram is normalized to the maximum value of the
normal-distribution probability-density function, and the root-mean-square value of the
variable is used to match the experimental data to the calculated curve. The normal-
distribution probability-density function is plotted from minus four times the root-mean-
square value to plus four times the root-mean-square value.

RESULTS AND DISCUSSION

The results from firing the rocket motor are presented in figures 7 to 14. Listed
in table II are the data-analysis estimate parameters for two time periods during the
burning of the rocket motor. Measurements from the load cell, pressure transducers,
and vibrometers are presented on oscillograph records for the entire burn time in fig-
ure 7. Records with higher resolution than those shown in figure 7 were used to obtain
some of the results presented in this report. The vertical lines connected by arrows in
figure 7 show the time periods which were analyzed, and at the bottom of the figure, the
figures showing the results are indicated. Results of data analysis from vibrometers 1,
3, 5, and T and pressure transducers 9 and 13 covering the time 0.2 to 1.0 second after
ignition, henceforth referred to as burn time, are shown as power spectral density in fig-
ure 8, autocorrelation function in figure 9, and amplitude histogram in figure 10. Results
of data analysis from vibrometers 1, 3, 5, and 7 and pressure transducers 11 and 13



covering bﬁrn time 1.4 to 2.2 seconds are shown as power spectral density in figure 11,
autocorrelation function in figure 12, and amplitude histogram in figure 13.

Presented in table IIT are the correlation function coefficients for several combina-
tions of transducers analyzed in the octave bandwidths of 250 to 500 Hz, 500 to 1000 Hz,
1 to 2 kHz, and 2 to 4 kHz for burn time 1.2 to 2.2 seconds and a sketch of the vehicle
showing the relative position of each of the transducers. A tabulation of the statistical
parameters used in this analysis is presented also.

Results from a power spectral analysis of data covering burn times 0.3 to 0.7 sec-
ond and 0.7 to 1.1 seconds from vibrometers 1, 3, 5, and 7 and pressure transducer 13
are presented in figure 14.

It should be noted the ordinate scales on both the power spectral density plots and
the autocorrelation function plots are set by the calibrate factor for each transducer and
the analysis time period and are, thereby, unique to each plot.

Thrust and Static Pressure

Total burn time of the rocket was 3.6 seconds. The maximum thrust level, 207 kN
(46 500 1b), occurred just before the decay of the thrusting period, about burn time 2.4 sec-
onds (fig. 7). The minimum value of thrust before decay is 189 kN (42 500 1b), about burn
time 0.6 second. The oscillation at the beginning of the force trace is believed to be a
reaction of the support structure to the initial impulse and not a variation in the thrust
since there is no indication of this oscillation in the pressure trace. The chamber pres-
sure, transducer 4, reached a maximum value of 7.267 MN/m2 (1054 psi) at burn time
0.2 second and a minimum value of 6.723 MN/m2 (975 psi) at burn time 0.6 second. The
trends of thrust and chamber pressure traces are generally similar.

Dynamic-Data Analysis

Fluctuating pressures.- The traces shown in figure 7 from the two pressure trans-
ducers at the forward end of the rocket motor and the one pressure transducer at the noz-
zle end of the rocket motor were from signals filtered by using a 10-Hz high-pass filter.
Therefore, the trace shows a zero deflection when a change in the static pressure causes
the instrumentation system to exceed its capabilities. This situation may be observed in
the output of pressure transducer 11 from 0.1 to 0.6 second, the output of pressure trans-
ducers 11 and 13 from about 2.6 seconds to the end of the firing, and the output of pres-
sure transducer 9 from about 1.4 seconds to the end of the firing.

During burn time 0.2 to 1.0 second, the recorded pressure oscillations were con-
siderably higher than during the later analysis time period. Power spectral analysis of
pressure transducer 9 data (fig. 8) shows maximum responses of 1.1 x 109 (N/mZ)Z/Hz
(2.3 x 1073 (psi)2/Hz) in the O to 1.8 kHz range and the 12 to 12.4 kHz range. Power
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spectral analysis of pressure transducer 13 data (fig. 8) shows a maximum response of
2 x 104 (N/mz)Z/Hz (4 x 10-4 (psi)2/Hz) in the 10 to 10.4 kHz range with a secondary
peak of 3.2 X 103 (N/mZ)Z/Hz (6.8 x 1079 (psi)z/ Hz) in the 1.2 to 1.6 kHz range. The
autocorrelation function for pressure transducer 9 (fig. 9) indicates an rms pressure of
32 kN/m?2 (4.6 psi), 0y = Rx(0), and the amplitude histogram (fig. 10) shows the pres-
sure amplitudes to be approximately normally distributed. The autocorrelation function
for pressure transducer 13 (fig. 9) indicates an rms pressure of 9.5 kN/m2 (1.4 psi)
and the amplitude histogram (fig. 10) shows the pressure amplitudes to be approximately
normally distributed.

Interpretation of the measurements from pressure transducer 9 must include two
considerations. First, a significant number of the amplitudes exceeded the linear cali-
brated range of +33.5 kN/m2 (+4.86 psi), and second, the frequency content of the signal
exceeded the linear frequency response of the transducer. Although the amplitude histo-
gram did not show any significant effect, confidence in the measurements must be reduced
considerably. The measurements from pressure transducer 13 within the linear operat-
ing range of the transducer (table I) are satisfactory; however, a significant amount of
data exceeded the upper frequency limit. The value of the amplitude of these high-
frequency components cannot be considered accurate measurements.

During burn time 1.4 to 2.2 seconds, data from pressure transducers 11 and 13
were primarily within the linear range of the measurement systems. Power spec-
tral analysis of pressure transducer 11 data (fig. 11) shows a maximum response of
1.1 x 103 (N/mz)z/Hz (2.3 x 10-5 (psi)z/Hz) in the 0 to 400 Hz range and again in the
1.8 to 2.2 kHz range. Power spectral analysis of transducer 13 data show a maximum
of 1.7 x 103 (N/m2)2/Hz (3.5 x 10-9 (psi)Z/Hz) in the 0 to 400 Hz range and the next
highest level about 20 dB down from the peak. The autocorrelation function for pressure
transducer 11 (fig. 12) indicates an rms pressure of 1.1 kN/m2 (0.16 psi) and the ampli-
tude histogram (fig. 13) shows the amplitudes to be normally distributed. The autocorre-
lation function for pressure transducer 13 (fig. 12) indicates an rms pressure of 1.1 kN/m2
(0.16 psi) and the amplitude histogram (fig. 13) shows the amplitudes to be normally
distributed.

Filtering of the pressure oscillation signals from pressure transducer 13 dur-
ing burn time 0.2 to 1.0 second with a 5-kHz low-pass filter yielded an rms pressure of

2.3 kN/m2 (0.34 psi). Although the spectrum amplitudes are not in good agreement for
the 0.2 to 1.0 second and the 1.2 to 1.4 second time periods, the root-mean-square values

when filtered are of the same order of magnitude and the frequencies (i.e., 0 to 400 Hz and
1.0 to 1.6 kHz) at which peaks are observed are common to both spectrum shapes.

Fluctuating vibrations.- The vibration levels observed during burn time 0.0 to

1.2 seconds are considerably higher than those observed from 1.2 seconds to burnout



(fig. 7). Although this rocket support and test system are considerably different from
that used in reference 5, the higher vibratory levels were in the same frequency range of
10 kHz as was observed in reference 5. The maximum power spectral level occurred on
vibrometer 1, which is mounted directly behind pressure transducer 9, and reached

0.21 g2/Hz in the 10 to 10.4 kHz range (fig. 8). During the analysis time period 1.4 to
2.2 seconds the highest power spectrum level is also on vibrometer 1 and reaches a peak
value of 0.12 g2/Hz at 1.9 kHz (fig. 11). The amplitude histograms for the two time seg-
ments analyzed (figs. 10 and 13) indicate a normal distribution for all the measurements
with peak values generally three to four times the root-mean-square values. The maxi-
mum level of vibration observed, 31.5gr~ms, was on the nozzle end of the vehicle during
burn time 0.2 to 1.0 second. This level of vibration dropped to 7.4g.. ..o, with the disap-
pearance of the high-frequency components, during burn time 1.4 to 2.2 seconds.

Correlation function coefficient.- The maximum correlation function coefficient was

determined, by using equation (2), for several combinations of measurements (table III).
In the bandwidth 250 to 500 Hz, correlation coefficients of 0.84 between vibrometers 5 and
7 and 0.51 between vibrometers 3 and 5 indicate a strong vibration interaction at these
locations. Such interaction indicates that the vibration at these locations is related by a
linear transfer function. The longitudinal modes of a linear system would represent such
a transfer function.

The coefficient between the vibrometers decreases with increasing frequency which
indicates that the motion at these locations is less dependent on the vehicle modes and is
related more to the local conditions. The coefficient between vibrometers 3 and 5 has
dropped to 0.35 in the bandwidth 500 to 1000 Hz, whereas between vibrometers 5 and 7,
which are physically closer together than vibrometers 3 and 5, the coefficient is still a
relatively high value of 0.69. Analysis at the higher frequencies, 2 to 4 kHz, continues
to show the trend of the reduced correlation with the value of 0.13 between vibrometers 3
and 5, a value indicating almost complete independence or a nonlinear relationship.

Since the measurements from pressure transducer 13 and vibrometer 7 were made
at the same location, the relatively low correlation function coefficient throughout the
frequency range of analysis was not expected. However, a post-test calibration of the
pressure transducer in its mounting indicated that the phase response varied slightly
with frequency when compared to an accelerometer. This could account for the low
correlation function coefficient.

A relatively high correlation coefficient of 0.54 was calculated between pressure
transducers 11 and 13 in the 250 to 500 Hz range. However, the value of 0.32 in the 500
to 1000 Hz range and 0.32 in the 2 to 4 kHz range is in an uncertain area of interpreta-
tion. The value of 0.49 in the 1 to 2 Hz range is a fair to good degree of correlation. The
apparent frequency dependency of correlation may be explained by inspecting the power-
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spectral-density plots for these transducers (fig. 11). The pressure spectrum drops
noticeably in the 500 to 1000 Hz range and then increases in the 1 to 2 kHz range only to
fall off again in the 2 to 4 kHz range. The low values of the coefficient may be due to the
lower values of pressure being affected by uncorrelated background noise of the system
whereas the higher pressure levels are less affected. These data would suggest that the
pressure spectrum across the dome is relatively well correlated over the analyzed fre-
quency range.

High-Frequency-Data Analysis

A power spectral analysis of the high-frequency vibrations that occur during the
first 1.2 seconds of burn time was conducted by dividing this time period into two seg-
ments, 0.3 to 0.7 second and 0.7 to 1.1 seconds. The bandwidth of analysis was 80 Hz,
twice that used in the prior analysis. Since the time increment of analysis is halved and
the bandwidth is doubled, the confidence level is the same for this spectral analysis as it
is for the earlier analysis. A comparison of the frequency spectrum for vibrometers 1,
3, 5, and 7 during the two time periods (fig. 14) shows that the low-frequency vibration
(i.e., 0 to 8 kHz) remains relatively the same. The spectrum during burn time 0.3 to
0.7 second has significant response in the 12 to 14 kHz range for all the vibrometers; how-
ever, this response disappears during burn time 0.7 to 1.1 seconds. Although vibrome-
ters 5 and 7 do not show an increase in response in the 10 to 12 kHz range, vibrometers 1
and 3 do show such an increase at these lower frequencies at the later burn time. Inves-
tigation of measurements from pressure transducer 13 yields results similar to those for
measurements from vibrometers 1 and 3, that is, no change in the spectrum at the lower
frequencies and the maximum response (during burn time 0.3 to 1.1 seconds) decreases
from a frequency range of 12 to 14 kHz to 10 to 12 kHz. Since the measurements from
pressure transducer 9 severely overdrove the system, it was not investigated further.
This reduction of the frequencies of major input indicates that the source of this vibration
is changing. A possible explanation for the source of this vibration is that the lateral slots
in the grain form an acoustic chamber which, as the grain burns, increase in size and
reduce the frequency of the chamber. This would not explain the sharp disappearance of
the vibration. However, by using the formula

PO

A
where
f frequency, Hz
y specific heat ratio
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g acceleration of gravity

R gas constant
Ty absolute temperature
A wavelength

and any consistent set of units, frequencies in the range of 12 to 14 kHz at a temperature
of 2478 K (40000 F) would develop in a chamber approximately 8.6 cm (3.4 inches) long.
The long dimension of the inside slot in the grain is 9.1 cm (3.6 inches). In addition, as
the grain burns, the slot dimension increases and causes the resonant frequency of the
gaseous medium in the slot opening to decrease. Although this explanation does not prove
that the high frequencies are generated in the slots in the grain, it does indicate that these
frequencies could be a function of the grain geometry.

CONCLUDING REMARKS

A Nike rocket motor, instrumented to obtain dynamic measurements, was fired
against a backstop. The rocket reached a maximum thrust of 207 kN (46 500 1b) and
burned for 3.6 seconds.

Root-mean-square pressure oscillations in the rocket chamber, on top of the static
pressure of 7.267 MN/m2 (1054 psi), reached a maximum value of 32 kN/m2 (4.6 psi) at
the nozzle end of the rocket and 9.5 kN/m2 (1.4 psi) at the forward dome. These maxi-
mum oscillations occurred during the first 1.2 seconds of burning and included significant
components in the 10 to 12.4 kHz frequency range. The high-frequency components dis-
appeared after 1.2 seconds of burning time and the rms pressure oscillations at the for-
ward dome dropped to 1.1 kN/m2 (0.16 psi). If initial pressure data are filtered to allow
only the frequency components below 5 kHz to be analyzed, the rms pressure oscillation
at the forward dome is 2.3 kN/m2 (0.34 psi).

The vibrations developed from the pressure oscillations yielded a similar frequency
spectrum (i.e., high response in the 10 to 12.4 kHz range which disappeared after the first
1.2 seconds of burning). The vibration reached levels as high as 31.5¢,.ms during the first

'1.2 seconds but in the absence of the high-frequency components dropped to 7.4g,., -
Although no explanation for the disappearance of these high-frequency components was
determined, it appears that these frequencies are associated with the geometry of the
grain used in the Nike rocket.

Statistical analysis of the random data indicated that the responses follow a normal
distribution with peak values generally three to four times the root-mean-square values.
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Relatively high values of the correlation coefficient for the vibrometers at frequencies
below 500 Hz indicate that the motion is primarily dependent on the longitudinal modes of
the total vehicle. As the frequency increases the correlation coefficient decreases until,
in the frequency range from 2 to 4 kHz, the vibration of the structure is relatively inde-
pendent of linear modes of the total vehicle and depends primarily on the local structural
characteristics.

Similar correlation studies of the oscillations at two locations on the forward dome
indicate that the pressures on the dome are relatively well correlated over the range of
0.25 to 4 kHz.

Langley Research Center
National Aeronautics and Space Administration,
Hampton, Va., October 12, 1972.
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TABLE II.- DATA-ANALYSIS ESTIMATE PARAMETERS

Time from ignition,

Parameter sec
0.2to 1.0 1.4 to 2.2

Record length,sec . . . . . . . . .. .. .. 0.8 0.8
Power spectra:

Frequency range, Hz . . . . . . . . . . .. 0 to 20 000 | 0 to 20 000

Bandwidth, B,Hz . .. ... ... .. .. 40 40

Degrees of freedom, k. . . . . . . .. .. 64 64

90% confidence interval,dB . . . . . . . . +2.5 +2.5
Amplitude histogram:

Sample interval, e, pusec . . . . ... .. 25 50
Autocorrelation function:

Sample interval, e, usec . . . . ... .. 25 - 50

Number of time lags, m . . . . . ... .. 99 99

Sample size,n . . . .. . . .. ... ... 32 x 103 16 x 103

Degrees of freedom, k. . . . . . . .. .. 646 323

Bandwidth, B,Hz . .. ... .. ... .. 401 200

90% confidence interval,dB . . . . .. . . +0.036 +1.2




TABLE III.- CORRELATION FUNCTION COEFFICIENTS AND

STATISTICAL PARAMETERS

EI‘ime from ignition, 1.2 to 2.2 sec:'

3
1 X

5
x|

=

13
11

Transducer Correlation function coefficient for frequency range, Hz, of —
combination 250 to 500 500 to 1000 1000 to 2000 2000 to 4000
11 and 13 0.54 0.32 0.49 0.32
7 and 13 29 22 37 30
5 and 7 84 69 29 33
3 and 5 51 35 19 13

Statistical parameter

Value of parameter for frequency range, Hz, of —

250 to 500 | 500 to 1000 | 1000 to 2000 | 2000 to 4000
Time,sec . . . . . . . .. .. 1.0 1.0 1.0 1.0
Bandwidth, B,Hz . . . . . .. 40 80 80 200
Degrees of freedom, k 80 160 160 320
Sample interval, e, usec . 250 125 50 12.5
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Rocket motor dome
Figure 4.- Pressure transducer 4 in protective fixture
(shown approximately twice normal size).
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Pressure transducer

Rocket motor dome

Inner -mount E%

Outer mount —\

O-ring RTV
Figure 5.- Pressure transducers 11 and 13 in dome mounting
(shown approximately twice normal size).
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Cavity

Port

Figure 6.- Pressure transducer 9 in nozzle mounting
(shown approximately twice normal size).
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"Force, Pressure,

Acceleration, g units

Pressure, kN/m2
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MN/m?2

Pressure transducer 4/

0..._
Z 1411 L Thrust (load cell 6) g

Vibrometer 1 -

o+
-100- '
+100 Vibrome‘ter 3
o
-100
+100[" . Vibrometer 5 S
o e ——
-100- |
+100F Vibrometer 7
O— g
-100-
Pressure transducer-9
e —

Pressure transducer 11
+16E
-16

Total burn

time
, Pressure transducer 13
-16 : r 7 I 1

MAAAAARAAANAAARAAANANAAAANAAANAAAAAANARA Y

0 1 2 3 4
Fig. 14 Time, sec
lfFigs. 8 to 10 | Figs. 11 to 13 |
i T I 1

Figure 7.- Oscillograph records from Nike backstop firing. (Vertical lines show
analysis times. Figures showing analysis results are listed at bottom
of figure.)
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Figure 8.- Power-spectral-density measurements for burn time 0.2 to 1.0 sec.
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Power spectra, gz/ Hz

Power spectra, gz/ Hz
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Figure 8.- Continued.
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Power spectra, (N/mz)Z/Hz

Power spectra, (N/m?‘)z/Hz
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Figure 8.- Concluded.
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Autocorrelation function, g2

Autocorrelation function, g2
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L | 1 | i |
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3

o
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Delay time, 7, sec

Figure 9.- Autocorrelation functibn for burn time 0.2 to 1.0 sec.
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Figure 9.- Continued.
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Autocorfelation function, (kKN/ m2)2

Autocorrelation function, (kN/ mz)2
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Figure 9.- Concluded.
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Normalized occurrence

Normalized occurrence

Amplitude histogram
— — — Normal distribution
curve

o, = 31.5g

10— Vibrometer 1
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4o, 0 +Hao,
Normalized amplitude
1 — Vibrometer 3 o, = 15,0g

L | |
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Normalized amplitude
Figure 10.- Amplitude histogram for burn time 0.2 to 1.0 sec.
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Normalized occurrence

Normalized occurrence

Amplitude histogram
—— — — Normal distribution
curve

0, = 8.5g

Vibrometer 5

Normalized amplitude

o =21g
Vibrometer 7 X

Normalized amplitude

Figure 10.- Continued.
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Figure 10.- Concluded.
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Figure 11.- Power-spectral-density measurements for burn time 1.4 to 2.2 sec.
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Figure 11.- Continued.
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Power spectra, (N/m2)2/Hz

Power spectra, (N/m2)2/Hz
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Figure 11.- Concluded.
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Autocorrelation function, g

Autocorrelation function, g2
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Figure 12.- Autocorrelation function for burn time 1.4 to 2.2 sec.
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Autocorrelation function, gz

Autocorrelation function, g2
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Figure 12.- Continued.

-3



Autocorrelation function, (kN/m?")2

Autocorrelation function, (kN/mz)2
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Figure 12.- Concluded.
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13.- Amplitude histogram for burn time 1.4 to 2.2 sec.
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Figure 13.- Continued.
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Figure 13.- Concluded.
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Figure 14.- Power-spectral-density measurements for

burn times 0.3 to 0.7 sec and 0.7 to 1.1 sec.
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Figure 14.- Concluded.
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