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On 10 November 2022, measurements were made of the Atlas V JPSS-2 rocket launch from SLC-3E at
Vandenberg Space Force Base, California. Measurements were made at 11 stations from distances of 200 m
to 7 km from the launch pad. Measurement locations were arranged at various azimuthal angles relative to
the rocket to investigate possible noise asymmetry. This paper discusses preliminary results from this mea-
surement including overall levels, temporal and spectral characteristics, evidence of nonlinear propagation,
and potential azimuthal asymmetry effects.
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1. INTRODUCTION

In an era when the space launch industry is experiencing rapid growth, proper understanding of rocket launch
acoustics is of ever-growing importance'. With increased launch cadence and the construction of new launch facilities,
the understanding and modeling of rocket noise is vital to the design of rockets and payloads, pad and ground facilities
design, and environmental and community noise assessments. To this end, acoustical measurements of rocket launches
can inform noise models and regulations®. This paper gives an overview of one such measurement of a medium-lift
orbital rocket launch and explores some of the basic acoustic characteristics observed.

Since most launch vehicles in use today have multi-nozzle configurations, understanding the associated effects
on the acoustic radiation is important. This becomes particularly relevant when there is asymmetry in the nozzle
configuration which creates the possibility for plume shielding, resulting in the potential for azimuthal asymmetry in
the noise radiation. While the jet noise community has studied clustered jet effects widely, studies particular to rocket
noise have been sparse. Several numerical and experimental studies on supersonic jets have shown an effective
shielding of overall levels on the order of 2-3 dB in twin jets*.

Eldred et al.” proposed a model for the flow characteristics of multi-nozzle jet noise flows. For jets spaced closer
than 3 nozzle diameters, a two-zone model for noise production was proposed. The radiated noise was expected to
consist of single-nozzle type radiation originating from the portion of the flow upstream of where coalescence begins
and combined-nozzle type radiation originating farther downstream where the flows have effectively coalesced. This
results in a double-peaked spectrum, with the higher frequency peak corresponding to single-nozzle behavior and a
lower frequency peak corresponding to the combined flow. Kandula® successfully applied this model in conjunction
with the propagation methodology from Eldred® (NASA SP-8072) to predict sound pressure level spectra from a
clustered-nozzle rocket configuration. Potter and Crocker!? extended Eldred’s methodology to rocket noise but noted
its inherent limited characteristics; namely that the computation assumes a flow of constant density and that rocket
exhausts are much more extreme in temperature, velocity, etc. than turbojets.

The purpose of this paper is to document the acoustical measurement of the Atlas V JPSS-2 launch and to publish
relevant preliminary findings. An analysis of the ignition overpressure event is shown, with azimuthal variability in
peak levels being shown to correspond with the flame trench orientation. Maximum overall levels are shown, and a
simple method for predicting this parameter is shown to be accurate at all stations with an uncertainty of 2.5 dB.
Evidence of nonlinearity in signals is shown. Spectral characteristics are discussed. Evidence for and against azimuthal
asymmetry in launch noise due to the nozzle configuration is discussed, both in terms of maximum overall levels and
spectral peak frequency.

2. METHODS

A. LAUNCH VEHICLE

The Atlas V is a medium- to heavy-lift launch vehicle developed and operated by United Launch Alliance. A
diagram of the Atlas V rocket is shown in Fig. 1. It is the last member of the Atlas rocket family, which originated
with the SM-65 Atlas ballistic missile in 1957. As of this article’s publication, 97 Atlas V rockets have launched from
two launch facilities: SLC-3E at Vandenberg Space Force Base (VSFB) and SLC-41 at Cape Canaveral Space Force
Station (CCSFS). For this launch, the Atlas V vehicle was in the 401 configuration (four-meter fairing, no solid rocket
boosters, and one RL10C-1 engine on the Centaur upper stage). Thus, the entirety of the first-stage thrust was
generated by the RD-180 engine. The RD-180 engine, developed from the RD-170, is produced by NPO Energomash
and is a single-engine unit with two closely spaced nozzles of diameter D = 1.43 m, each with a combined maximum
thrust of 3.83 MN at sea level!!. The equivalent diameter of a single nozzle with the same exit area as the two nozzles
of the RD-180 is defined as D, = D+/2 = 2.02 m. The approximate center-to-center distance between the nozzles is
estimated to be approximately 1.63 m, which results in S/D = 1.14.
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Figure 1. Atlas V 401 rocket diagram. Base image credit: NASA/JPL-Caltech. Public domain.

For reference, an azimuthal coordinate system relative to the rocket nozzle configuration has been defined for this
analysis. A graphical overview of the coordinate system is presented in Fig. 2. The azimuthal angle ¢ indicates the
orientation of the observer relative to the nozzles. At ¢ = 0°, the observer sees the two nozzles broadside (Fig. 2b),
whereas at ¢ = 90°, the observer sees only one nozzle (Fig. 2c¢).

a) 0° b) c)

Figure 2. a) Orientation of rocket nozzles with the angle @ in the defined coordinate system. b) At ¢ = 09, the
observer sees two nozzles and cores broadside. c) At @ = 905, the observer sees one nozzle/core end-on.

B. MEASUREMENT

On 10 November 2022 at 01:49 AM PST (09:49 AM UTC), an Atlas V 401 rocket lifted off from SLC-3E at
Vandenberg Space Force Base, California, USA carrying the Joint Polar Satellite System (JPSS)-2 and Low-Earth
Orbit Flight Test of an Inflatable Decelerator (LOFTID) payloads. Measurements were conducted at 11 primary
stations, strategically placed around the rocket at radial distances ranging from 217 m to 7.2 km radially from the
launch pad. Figure 3 shows the layout of these measurement locations, with the rocket axes defined in Fig. 2 shown.
This measurement configuration is similar to a measurement conducted of the Atlas V Landsat 9 launch from the same
facility, discussed by Cunningham et al.'>. However, it should be noted that in the measurement by Cunningham et
al., the measurement axes were defined relative to the Mobile Service Tower. However, the vehicle was discovered
to be rotated by ~22° with respect to the building. This misalignment was noticed after the launch, and the axes were
corrected in this measurement to align with the rocket properly.

Proceedings of Meetings on Acoustics, Vol. 51, 040003 (2023) Page 3
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Figure 3. Map of measurement station locations at JPSS-2 launch. Station numbers and rocket axes are indicated.

A summary of each of the 11 measurement stations is reported in Table 1. The horizontal distance from the launch
facility to the measurement location is reported as d. The actual angle with respect to the rocket axes, ¢, is reported,
as well as the approximate angle ¢ (within ~+10°) for convenience in discussing similar angular site groupings.

Table 1. Station information with distances relative to the launch pad and angles in the described coordinate
system.

Station  d (m) @

1 217 2°
2 656 4°
3 2800 2°
4 1080 47°
5 2650 47°
6 283 89°
7 1118 87°
8 1368 79°
9 3625 82°
10 7250 24°
11 6430 31°

Measurements were made with a mixture of custom PUMA (Portable Unit for Measuring Acoustics) systems,
which consist of NI CompactDAQ data acquisition modules, a portable computer system running custom data
acquisition software, and batteries for power!*. Due to limited hardware resources at the time of the measurement,
GPS time clocks were unavailable for absolute time synchronization across stations at this measurement. In addition
to PUMA systems, Larson Davis 831C sound level meters were used at some locations, which recorded acoustic data
as an uncompressed WAV file at a sample rate of 51.2 kHz and which has been determined to be of sufficient fidelity
for rocket noise applications'*. All systems had microphones placed in a custom ground plate/windscreen setup,
referred to at BYU as a COUGAR (compact outdoor unit for ground-based acoustical recordings, see Anderson et
al.!%). Figure 4 shows the instrumentation setups at two representative stations. The COUGAR microphone setup can
be seen in each, along with the instrumentation box and portable weather monitoring equipment on tripods.
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Figure 4. (Left) Station 7 at 1.1 km. (Right) Station 6 at 283 m. In both images, the launch facility Mobile
Service Tower is visible, and within it is the rocket. Also visible in the foregrounds are the microphone
ground plate/windscreen setups, instrumentation boxes, and weather stations.

3. RESULTS

A. IGNITION OVERPRESSURE (IOP)

Ignition of the RD-180 engines on the Atlas V vehicle produces an ignition overpressure (IOP) event with a
characteristic signature. Waveforms containing the IOP are shown for stations 1-9 in Fig. 5. The IOP signature for the
Atlas V is unique; it produces a noticeable whooshing sound unlike IOPs observed on other vehicles such as the Falcon
9 and Space Launch System, which produce a more impulse-like signature. The unique behavior of this IOP is also
shared with the Antares vehicle launched from the Mid-Atlantic Regional Spaceport. It is possible that the
configuration of the flame trench could allow for strong resonances to be excited by the IOP event, producing the
characteristic sound. It is also worth noting that the Antares vehicle uses RD-181 engines, which are largely the same
as the RD-180 used on the Atlas V. Thus, the unique IOP signature of the Atlas V and Antares vehicles could also be
related to the engines themselves.
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Figure 5. Ignition overpressure (IOP) waveform signatures from stations 1-9.
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Figure 6 shows the peak sound pressure level (Lpy) associated with the IOP event at stations 1-9, relative to the
mean Ly, across these stations. All levels have been scaled for spherical spreading to 100D,. The direction of the
flame trench exit is indicated by the red dashed line. There is considerable azimuthal asymmetry in the scaled peak
IOP levels. Stations closest to the flame trench exit azimuth consistently have a higher Ly, than average, with station
8 being 16 dB greater than the mean L. Opposite the flame trench exit, there are consistently lower-than-average
peak levels, with the lowest being 14 dB lower than average. This indicates a scaled variability of 30 dB in the IOP
Lpk, which is considerable. Similar [OP asymmetry corresponding to the flame trench direction was noticed by Gee
et al.!® with the Space Launch System vehicle. This observation reinforces the understanding that significant [OP
directionality exists with flame trenches, which should be considered when designing launch facilities and evaluating
the environmental and ecological effects of rocket launches.
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Figure 6. Ignition overpressure (IOP) peak levels, relative to the average across all depicted sites, adjusted for
geometric spreading to 100D. (202 m) from the launch pad. The direction of the flame trench exit is indicated by
the dashed red line.

B. OVERALL SOUND PRESSURE LEVELS

Figure 7 shows the maximum 1-s averaged overall sound pressure levels (OASPL,,.,) as a function of distance to
the source (the distance being calculated assuming a peak overall directivity angle of 65°). Note that all levels reported
in this discussion are referenced to 20 pPa unless otherwise noted. Also shown are the OASPL,,,,, values adjusted for
ground effects (triangular blue markers) by provisionally subtracting 6 dB from the level. This is a reasonable
correction for the overall level as discussed by Hart et al.'’, since the majority of rocket noise energy is concentrated
at sufficiently low frequencies that typical ground surfaces essentially create a pressure-doubling effect at the
microphone.
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Figure 7. (Top) Maximum overall sound pressure levels as measured, compared with the prediction method of Eq.
(1). Also shown are levels adjusted for ground effects and an adjusted prediction. (Bottom) Difference between
measurement and prediction at each station.

Error
(dB re measured
o

Also shown in Fig. 7 are curves representative of a simple predictive method for OASPL,,, of a rocket. The
maximum overall sound pressure level of a launch vehicle at a given distance from the rocket may be approximated
by the expression

- MW 2
OASPLmax =10 10910 W - 20 l0g10(47TR ) + Qmax

= 0APWL — 20 l0g,,(47R?) + Quaxs

(M

where 7 is an acoustic efficiency (n = W, /W,,,) and W, is the mechanical power, taken to be approximately equal to
%TUe, where T is the total thrust and U, is the engine exit velocity. In Eq. (1), R is the distance to the source which is

the distance to the launch site. Assuming an overall angle of maximum radiation of 65°!, the relationship between
these variables can be expressed as R = d/ sin 65°.

This model, first applied to rocket noise by Mclnerny'®, combines three elements: the estimation of acoustic
power from the mechanical power of the rocket by assuming an acoustic efficiency, accounting for spherical spreading
(which gives the maximum overall sound pressure level for an equivalent monopole), and finally accounting for
directionality by adding on a maximum directivity index Q.. Historically, an efficiency of n = 0.5% has been
assumed with a maximum directivity index of Q,,.x = 8 dB. However, accounting for ground reflections and applying
a provisional decrease in measured pressures by a factor of two, the estimate for acoustic efficiency would then be
reduced by a factor of two as well, which yields n = 0.25%. This adjustment also affects the calculation of Q .,
which would become Q,,,,, = 5 dB. Using these adjusted values, the predicted maximum overall sound pressure levels
now match closely the measured data that has been adjusted for ground effects.

This model was also used earlier by Franken!® for turbojet noise, however, the geometric spreading term differed
by treating the radiation as a half-space problem (2mR?, hemispherical spreading) instead of a free-space problem
(4mR?, spherical spreading) due to the presence of the ground. It is worth noting that the formulation in Eq. (1) makes
no provision to correct for ground effects, but also treats the problem as free space (hence the 4mR?). If Eq. (1) is
adjusted to half-space, this changes the value of Q,,,, to be 5 dB instead of 8 dB. Since the acoustic efficiency is a
property of the source regardless of whether the half- or free-space problem is considered, we can conclude that =
0.25%. Hence, the maximum overall level without accounting for ground effects (half-space) becomes
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— Wn 2
OASPLmax,half =10 loglo W — 20 loglo(an ) + Qmax (2)
= 0APWL — 2010g,,(27R?) + Qg
and the maximum overall level accounting for ground effects (free space) is
— nWn 2
OASPLmax,free =10 loglo W —20 10910(47TR ) + Qmax (3)

= 0APWL — 2010g,,(4TR?) + Qs

In both cases, then, n = 0.25% and Q,,,x = 5 dB, which reflects these quantities being fundamental source properties
unaffected by the presence or absence of the ground.

The predicted values for OASPL,, ., underestimate the true level slightly on average. However, there is not a
consistent bias visible in the error between the measurement and the prediction in Fig. 7. Generally, the model predicts
OASPL,,,« accurately within a +£2.5 dB margin of error’. For a simplistic model that has no inclusion of propagation,
nonlinear, or terrain effects, this performance is satisfactory. McInerny previously applied the same model across 5
rocket launches (4 distinct vehicles) with a considerably larger relative error of £6.4 dB,

To investigate potential azimuthal asymmetry effects on the overall maximum level, Table 2 shows the measured
OASPL,,,.« at each station, as well as the OASPL,,,, scaled for geometric spreading to a common distance of 100D, =
202 m from the source. Also shown is the scaled OASPL,,,, values relative to the average. There appears to be no
apparent discernable bias in levels between @ = 0° and 90° that is greater than the variation observed in each angular
grouping.

Table 2. OASPLuax and OASPLuwax scaled for geometric spreading to a common distance of 100D..

Station d(m) R (m) o OASPLmax ~ OASPLmax dBre

(Scaled to average
100D,) OASPLmax
1 217 239 146.7 148.1 1.5
2 656 724 137.4 148.5 1.9
3 2800 3090 121.8 145.5 -1.1
4 1080 1192 132.6 148.0 1.4
5 2650 2924 121.5 144.7 -1.9
6 283 312 143.2 147.0 0.4
7 1118 1234 129.9 145.6 -1.0
8 1368 1509 128.0 145.5 -1.1
9 3625 4000 119.9 145.9 -0.7
10 7250 8000 112.8 144.8 -1.8
11 6430 7095 117.6 148.5 1.9

C. SPECTRAL CHARACTERISTICS

Representative third-octave band maximum launch noise spectra are shown in Fig. 8. The maximum spectra are
generated from the region where the noise is within 3 dB of the maximum overall level. Results are shown for the
mid-field (Fig. 8a) and far-field (Fig. 8b) at ¢ = 0° and 90°. The levels of each spectrum have been adjusted for
spherical spreading to a common radial distance of 100D, = 202 m. Visible in each spectrum is a high-frequency
slope corresponding roughly to =2 (-10 dB/decade in a one-third octave sense), which is understood to correspond
to acoustic shocks in the time domain®’. Noticeably, this slope rolls off in the far-field at around 2-3 kHz, whereas in

! Error max/min: +1.3/-2.5 dB, average (signed/absolute): -0.6/1.3 dB, rms: 1.6 dB; number of data points: 11.
ii Error max/min: +6.4/-4.7 dB, average (signed/absolute): 2.0/3.6 dB, rms: 4.0 dB; number of data points: 19.
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the mid-field, the shock-correlated slope continues through 20 kHz. This is evidence of the evolution and decay of
shocks from the mid- to far-field, where the shock strength has decayed as atmospheric absorption begins to dominate
at the higher frequencies?!.

Station 2,0°, 656 m
Station 7,90°, 1118 m

Station 3, 0°, 2800 m
Station 9, 90°, 3625 m

140 . . . . 140
g
120}
=
o 120}
N
o 100 }
om
Z 100}
= 80}
%)
80 { | { { 60 { { {
109 10! 102 10°  10* 109 10! 102 10°  10*

Frequency (Hz)
Figure 8. Spectra from 0°and 90 ° for a) mid- and b) far-field locations.
A noticeable feature in these spectra is the shifting in spectral peak frequency with azimuthal angle @. The peak

frequency at @ = 90° occurs at a higher frequency than @ = 0°. This is summarized in Table 3, where the peak
frequencies for all stations at ¢ = 0° and ¢ = 90° are shown.

Table 3. One-third-octave peak frequency for each station at ¢ = 0°,90°,

Station @  fpk
1 40

31.5
25
50
50
40

31.5

O 0 3 N W N

If these observed changes in peak frequency are related to single plume/merged plume behavior at ¢ = 90° and
0°, respectively, it would be expected that a Strouhal number scaling of the peak frequency could account for this
effect since a characteristic diameter is included in the nondimensionalization. The classical Strouhal number used in
jet noise is given by the expression

Sr =f£ X 4)

where f is the frequency, D, is a characteristic diameter (typically taken to be D or D; for jets), and U, is a characteristic
flow velocity (typically taken to be U, or U; for jets). If true merged-plume behavior is present at ¢ = 0° (observing

both plumes broadside), then the characteristic diameter should be D, = D, = D+/2. Likewise, for an observer at ¢ =
90°, only one plume is visible with the other being shielded from view, so the characteristic diameter is expected to
be that of just one nozzle D, = D. Using these different characteristic diameters in calculating the mean and median
peak Strouhal number for @ = 0° and 90°, the results in Table 4 show that for both the mean and median frequencies,
the calculated Strouhal numbers for @ = 0° and 90° are nearly identical. This suggests that the shift in peak frequency
does appear to be related to a change in characteristic diameter corresponding to single and merged-plume behavior.
While this link is promising, more data are needed to strengthen this hypothesis.
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Table 4. Mean and median one-third octave peak frequency at all sites for ¢ = 0°,90°. Mean and median
Strouhal numbers, computed using the indicated characteristic diameters are also shown.

(7] Mean(f,,) Median(fp) D, Mean(Sr,;)  Median(Srpy)
322 31.5 D, =DV2 0.0195 0.0191
429 45 D 0.0184 0.0193

While the peak frequency noticeably shifts, the portions of the spectra above and below the peak frequency do
not appear to shift to the same degree. Instead, at ¢ = 0° a lower frequency “bump” is added to the spectrum,
corresponding to the merged plume, which alters the peak frequency of the spectrum while keeping the remaining
portions of the spectrum largely the same. This is especially visible in Fig. 8a. Coltrin et al.*? noticed a similar
phenomenon in a laboratory experiment, where as merged plume behavior began to dominate, a lower-frequency peak
corresponding to the equivalent diameter appeared and began to dominate the single-nozzle frequency peak. This
addition of a lower-frequency spectral peak also mirrors the two-zone model for clustered jets by Eldred et al.” and
Kandula®, which predicts a double-peaked spectrum for clustered jet flows. It is worth noting that this model
incorporates no provisions for azimuthal variation. While the spectra shown in Fig. 8 do not appear to exhibit explicit
double-peaked behavior, this could be due to the peaks not being well separated. Since the nozzles are relatively
closely spaced on the Atlas V (S/D = 1.14), the radiation coming from the unmerged portion of the plume may be
relatively weak as the plumes merge rather quickly; thus at § = 0°, merged plume behavior with a lower characteristic
frequency may dominate the higher frequency peak corresponding to unmerged (single) plume behavior. Further
measurements are required to verify this theory.

4. CONCLUSION

An acoustical measurement of the Atlas V JPSS-2 launch has been conducted. Measurements were made at 11
stations, ranging in distance from 217 to 7250 m from the launch site at a variety of azimuthal angles. Significant
asymmetry of the ignition overpressure peak sound pressure level was observed. This asymmetry corresponded to the
flame trench orientation; the distance-scaled peak sound pressure level was observed to be up to ~30 dB higher at
locations near the flame trench exit azimuth than those opposite this direction.

A simple directional source model predicted the maximum overall sound pressure level at all 11 sites accurately
within £2.5 dB. This model, accounting for ground effects, assumed an acoustic efficiency of n = 0.25% and a
maximum directivity index of Q. = 5 dB.

During the launch, the maximum overall sound pressure level appeared to not correlate with the orientation of the
nozzles with respect to the observer. However, where two nozzles were visible to the observer, the spectral peak
frequency was lower. By applying Strouhal number scaling, the spectral peak frequencies were shown to correspond
to single-plume behavior where only one nozzle was visible and combined-plume behavior where two nozzles were
visible. This suggests that asymmetric clustered nozzle configurations may have different spectral characteristics
depending on the orientation of the observer with respect to the nozzles. Further research into different nozzle
configurations is warranted to quantify any possible effects.
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