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This study investigates far-field rocket noise from three static firings of the Northrop Grumman GEM 63
motor. In addition to determining the peak directivity angle from measurements, this paper considers the
overall sound pressure level, spectra, and skewness of the pressure time derivative. Although there is
temporal variability in overall level during each firing, linked to variation in thrust and possibly wind, the
peak directivity during the maximum thrust period is located around 62-63° for all three firings.
Additionally, the analysis shows that nonlinear acoustic propagation effects remain significant around the
peak directivity direction at distances around 1.5 km. Overall levels, spectral high-frequency content, and
derivative skewness are greater at larger angles when there is wind with an upstream component.
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1. INTRODUCTION

With the renewed interest in space exploration from governments and private businesses, the
number of launch vehicles, launch pads, and the frequency of launches around the world will
continue to increase, and potential impacts should be studied. The current understanding of the
fundamental physics of rocket exhaust plumes is somewhat limited and still based in part on Apollo
Program-era understandings'-? with relatively few studies returning new experimental data from
full-scale rocket measurements and vehicle launches. The rocket noise literature shows some
historical discrepancies in peak directivity angles being somewhere between 50-75° relative to the
plume.?? In NASA SP 8072 the peak radiation from a “standard chemical rocket” was described
as 50-55° from the direction of the plume.! The National Aeronautics and Space Administration
(NASA) made measurements to update the peak directivity for the reusable solid rocket motor
(RSRM) as part of the Ares program®” and also found the peak radiation angle to be around 55°,
but it was ultimately determined that the measurement arc was not taken in the far field. The
measurements also did not account for the main source location being about 18 nozzle diameters
(18D) downstream of the nozzle.® James et al.’ reanalyzed the measurements by adjusting the
angles to account for a frequency-dependent source location. With the adjusted angles the peak
directivity was predicted to be around 64°, which fits the angle predicted by the convective Mach
number of the plume.” However, the literature appears to lack a far-field measurement that clearly
shows this peak directivity angle of ~65° for a large solid fuel booster. The primary purpose of
this paper is to show that, in the far field, the peak directivity angle for overall sound pressure level
(OASPL) radiated from a large solid-fuel rocket motor is in the vicinity of 65°. Additionally, the
analysis shows that nonlinear acoustic propagation effects remain significant around the peak
directivity direction.

Brigham Young University (BYU) has previously made other noise measurements of static
motor tests held at Northrop Grumman Innovative Systems’ (NGIS) facility located in northern
Utah, near Promontory, UT.!%!3 Some of these tests focused on near-field source localization and
others on far-field characteristics. However, although near-field vector intensity measurements'!
indicated a directivity angle greater than 60° for most of the frequency range, none of these
measurements contained a sufficient number of far-field microphones to experimentally confirm
the far-field peak directivity. These measurements of the Northrop Grumman GEM 63 motor,
compiled from three separate firings, help accomplish this purpose and allow for some comparison
across tests. This paper discusses the measurement setups, as well as other important features
relevant for data analysis, such as the local meteorology and surrounding terrain.

2. DATA COLLECTION SETUPS

The GEM 63 solid-fuel booster (shown in Figure 1) has a casing diameter of 1.6 m (63.2”), a
length of 20.1 m (792.2”), and a nozzle exit diameter of 1.49 m (58.8”). Designed for the Atlas V
launch vehicle, the motor provides a maximum of 1.65 MN (370,835 1bf) of thrust and burns for
97.6 seconds under nominal conditions in a vacuum.!* Figure 2 shows the GEM 63 firing in the T-
6 test bay, as observed from one of the measurement sites. The first of the recorded firings occurred
in September of 2018 and the second and third recorded firings took place in April and October of
2019, respectively.
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Figure 1. Picture of GEM 63 motor from NGIS catalog.’
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Figure 2. Firing of the GEM 63 motor at the NGIS facility.

Acoustic pressure waveform measurements were taken at an average distance of approximately
1 mile (1.6 km) from the rocket motor (see Tables 1-3) along a two-lane highway outside of the
NGIS facility. Instead of relying on long cable runs from a central station, each station was run by
one of BYU’s Portable Units for Measuring Acoustics (PUMA).!®> The data were recorded onto a
Surface Pro that controlled a National Instruments data acquisition (DAQ) system, as shown in
Figure 3. Depending on the capabilities of the DAQ module, the sampling frequencies were 50
kHz, 51.2 kHz or 102.4 kHz. Each station was time-synchronized using an IRIG-B GPS Clock to
allow for future correlation analyses. Small meteorological units were included at a few stations
for recording meteorological data such as temperature, humidity, wind speed and direction, and
atmospheric pressure. The general measurement setup was the same for each of the three
recordings, with some variation in station placement to focus on different areas. Regardless of the
variations, the microphones used in this analysis were 1/2" type 1 free-field or pressure
microphones from GRAS Sound and Acoustics or PCB Piezotronics with comparable acoustical
responses.

Proceedings of Meetings on Acoustics, Vol. 39, 040004 (2021) Page 3



M. S. Bassett et al. Far field peak directivity for three GEM 63 static firings

Figure 3. Example of a PUMA setup.

One of the main objectives of the measurement in September was to confirm the shape/location
of the main radiation lobe of the sound propagated into the far field. This was accomplished using
eleven different measurement stations, spanning from 40° to 110° from the plume direction (red
line) as shown in Figure 4. Terrain shielding prevented stations at and upstream of 80° from having
complete line of sight to the motor. The red line shows the direction of the exhaust plume and
represents 0°. Based on the results from September, the April recording aimed to focus on an area
spanning a smaller region of 50-83° to get a better resolution of the peak angle of the main radiation
lobe (See Figure 5). The October recording stayed within the smaller span of angles but shifted
slightly to cover 45-75° (See Figure 6).

Figure 4. Layout of the measurement setup for September 201 8 as shown on Google Earth.

Table 1. Distances from the rocket nozzle to the measurement stations in September 2018.
Shaded columns indicate stations that had limited (light) or no (dark) line of sight to the motor
from the recording station.

](fm“;m"e 156 | 144 | 137 | 136 | 135 | 138 | 142 | 1.49 | 159 | 1.79 | 2.51
Angle 110 | 100 | 90 | 8 | 80 | 70 | 65 | 60 | 55 | 50 | 40
(degrees)
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Figure 5. Layout of the measurement setup for April 2019 as shown on Google Earth.

Table 2. Distances from the rocket nozzle to the measurement stations in April 2019. Shaded
columns indicate stations that had limited line of sight.

g(‘rilt)ance 135 [ 135 | 137 | 138 | 144 | 145 | 147 | 149 | 152 | 154 | 159 | 1.62 | 1.73 | 1.78
Angle 83 | 80 | 72 | 70 | 635 (625|615 60 | 585|575 55 | 54 | 51 | 50
(degrees)
Y G ~ P mi. ANl & %
Figure 6. Layout of the measurement setup for October 2019 as shown on Google Earth.

Table 3. Distances from the rocket nozzle to the measurement stations in October 2019.

](ﬁn“;‘nce 136 | 138 | 14 | 142 | 145 | 149 | 1.54 | 1.59 | 1.73 | 1.78 | 2.05

Angle

75 70 67 65 | 625 | 60 | 575 | 55 51 50 45
(degrees)
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3. RESULTS/DATA ANALYSIS
A. WAVEFORMS

Comparing the OASPL and pressure from the different stations as shown in Figure 7, we see
some variations in the profiles. Some of these changes are caused because the measurement
stations are located across different sections of the main radiation lobe. Other changes are due to
the terrain effects around the test site. Figure 2 shows that the site of the testing bay is elevated
from the measurement sites, and that the ground is rough with elevation changes between the
recording site and test bay. Despite these differences, the profiles all have the same general shape,
which matches well against the thrust profile of the motor, as seen in Figure 8. The first section
ramps up for the initial firing and stays there for about 30 seconds, after which it dies down before
slightly ramping back up for after the launch vehicle passes through maximum dynamic pressure.
Analyzing smaller sections of time helped to focus on areas where the profile was mostly
consistent. To define these smaller sections, the OASPL was calculated for each file. Then 20
seconds of data (represented by the section contained between the vertical green lines in Figure 7)
were taken starting 10 seconds past the first instance that the SPL came within 6 dB of the

maximum OASPL.
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Figure 7. Time waveforms from three separate stations during the September firing. The
vertical green lines show the 20 second section that was used for analysis.
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Figure 8. OASPL from three September stations compared to the nominal Nozzle Centerline
Thrust for the motor being cooled to 40 °F.

B. DIRECTIVITY

Plotting the distance-corrected OASPL from the first channel of each station across the three
recordings, as shown in Figure 9, a peak can be seen around 60° to 65°, particularly for the
September recording. Because the stations were at difference distances from the sound source,
spherical spreading corrections were used to calculate the OASPL at a distance of 100D. This
correction seems to have over-estimated the levels at 40° to 45° because they were significantly
farther from the source than the other stations. Stations between 80° to 110° have limited or no
line-of-sight to the motor during the firing so their levels drop faster than what is expected from
the literature. A quadratic curve fitting of the OASPL versus angle, with available points between
50° and 80° from each recording, found all three peaks to be between 62° and 63°. This agrees
with predictions based on calculations involving the angle of the nozzle plume and the convective
Mach number.’ (The convective Mach number for the GEM 63 is assumed to be similar to that of
the RSRM.) As previously mentioned, the measurement setup from April aimed to focus on angles
where the OASPL peaks. The expected result for April would have been to get a higher resolution
of a main radiation lobe that maintained the same general shape, level, and relative position as
measured in September. The actual results show that the shape widened, the highest peak lowered,
and levels increased at angles further from the plume direction. October also had a widened range,
though it seems to have done so more evenly to both sides compared to September.

Regarding OASPL at 100D, the levels appear to be 143-144 dB. These levels approximately
agree with the RSRM predictions by James et al.” suggesting the similarity between these motors.
Additionally, these distance-scaled levels can be compared with those predicted using a graphical
curve by Greska et al. for different convective Mach numbers. Given the Oertel convective Mach
number of approximately 2.3,° Greska et al.'® predicts a maximum OASPL at 100D along the peak
directivity angle of 144 dB. Mathews et al.'”'® showed a datapoint representing the predicted’
RSRM levels of 143 dB and further compared the Greska et al. model to Falcon 9 launch data.
These measurements represent an additional point of comparison for the Greska et al. model for
these high convective Mach number jets.
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Figure 9. Comparison in directivity between firings using the OASPL, distance-corrected to
100D, from the first channel of every station.

C. WIND DIRECTION/TEMPORAL DIFFERENCES

Because all measurements were made with the same rocket motor and the test setups between
the three firings were not significantly different, the question arises if there were any measured
conditions during each test that could explain the differences in the shape of the directivity lobe.
Looking at the weather data, April had somewhat strong wind (4.4 m/s) that blew upstream,
relative to the plume direction, while September’s wind was less than half of that (1.8 m/s) and
blew more downstream. It seems reasonable that this change in wind may provide an explanation
for the change in directivity lobe shape. Namely, the wind in April altered the sound directivity,
causing the slight drop at 60-65° and the increase in OASPL at stations farther upstream.

D. SPECTRA

The comparison of spectra in Figure 10 shows differences between firings for three different
stations. The spectra for each measurement at 50° are consistent across most frequencies. At the
60° and 70° stations, there is a more noticeable difference in the spectra. Up to 100-200 Hz, the
spectra follow a similar trend. At higher frequencies, the levels are noticeably higher in September
at 60° but then at 70° higher levels in this frequency band occur in April. This shift correlates with
the wind during April.
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Figure 10. Comparing the spectra between similar stations across the firings.

E. DERIVATIVE SKEWNESS

Derivative skewness (dSk) is a measure for shock content and the perception of the
psychoacoustic phenomenon known as crackle. Increased dSk values correlate to greater energy
at higher frequencies, so the shift in higher frequencies could be caused by a shift in the directivity
of dSk. A dSk value above 3 is perceived as having crackle, with values above 9 containing
persistent and intense crackle.!” As shown in Figure 11, the dSk peaks for all these firings are far
above the threshold for intense crackle. Because the shocks that contribute to dSk propagate
nonlinearly, a spherical distance correction dSk cannot be used to allow direct comparison between
stations at different distances. Also, sampling frequency can affect dSk values,?’?! with higher
sampling frequencies better capturing shock rise time, so the data was resampled to 51.2 kHz for
consistency between all the channels. The shape of the peak in dSk for April is slightly different
than that of September, which seems to correlate with the change in wind speed and direction from
upstream to downstream with the plume.

Proceedings of Meetings on Acoustics, Vol. 39, 040004 (2021) Page 9



M. S. Bassett et al. Far field peak directivity for three GEM 63 static firings

100 | October 2019 1
— April 2019
80 September 2018 7
x 60F -
(7p]
g
40 F .
20 F -
O 1 1 1 1 1 L
110 100 90 80 70 60 50 40

Angle (Degrees)
Figure 11. Derivative skewness (dSk) between three firings from the first channel of each
station after resampling it to a common frequency of 51.2 kHz.

4. CONCLUSION

Unlike historical measurements and modern mid-field measurements that described a
directivity angle of 50-55°, these GEM 63 measurements were able to detect the main radiation
lobe of a solid rocket motor in the far field. The September test, with low wind, showed peak
directivity at 62° to 63°, which fits prior predictions using the convective Mach wave number.
Distance-scaled levels also approximately match those for the same convective Mach number. A
pronounced shift can be seen in the dSk directivity between April and September that correlates
with the high frequency directivity shift that was noted between the April and September tests.
The shift can be attributed to a difference in meteorological conditions, particularly an increase in
wind speed and change in wind direction. Future work with these and other GEM 63 measurements
will investigate more into the temporal behavior of the firings, particularly in connection with
meteorological and terrain effects.
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