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Nearfield directivity analysis during the NG-19 launch
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In August 2023, the Antares 230 launched successfully for the NG-19 resupply mission to the
International Space Station. Acoustic measurements were taken at various locations around the launch
pad, ranging from 60 to 200 m away from the vehicle. The analysis focused on azimuthal and polar angles
to investigate the vehicle’s sound directivity during the launch. Spectral data were evaluated as functions
of frequency, angular position around the pad, and orientation relative to the vehicle. A spatio-spectral
analysis was conducted to interpret the data effectively. Initial findings reveal that maximum sound levels
are associated with wider angles relative to the plume for stations closer to the source. The peak frequency
at all stations was observed to be between 20 and 60 Hz, which is common for vehicles of this size.
Although proximity to the rocket complicates distinguishing between angles, making directivity analysis
challenging, a spatio-spectral analysis best reveals the spectral features of the noise.
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1. INTRODUCTION

This paper will discuss several aspects of rocket acoustics observed in the acoustic data col-
lected during the Antares 230+ launch in August 2023. More specifically, this paper will show how
traditional interpretations of the sound power spectrum, peak directivity angle, and source region
are impacted when measurements are made near the launch pad and flame trench. To begin, each
of these quantities will be briefly discussed.

Total sound power is an important metric for acoustic characterization and comparison between
launch vehicles. It does not inherently depend on distance but is most easily computed when
measurements are made far away from the source to ensure that the sound flux is entirely outward.
A deeper look into sound power comes from calculating the sound power spectrum when the sound
power spectrum is divided into individual power values for each frequency. Again, it is a useful tool
for comparison between launch vehicles, especially when normalized and plotted against Strouhal
number. The common normalization factor is D, /U.W,,4., where D, is the nozzle diameter, U, is
the exit velocity and W,,,,, is the maximum sound power.!

Another key aspect of launch acoustics is rocket noise directivity, which describes the direc-
tional distribution of sound energy emitted during operation. Understanding the directional prop-
erties of rocket noise is crucial for predicting the areas experiencing the most intense acoustic
loads and developing protective measures for payloads and ground support equipment. Polar di-
rectivity describes the angle at which the peak acoustic radiation occurs relative to the exhaust
plume. Previous rocket acoustics studies have demonstrated that the polar angle giving the peak
level is typically observed at an angle near 70° from the exhaust plume, a phenomenon attributed
to Mach wave radiation.>* A method for quantifying this behavior uses the convective Mach num-
ber, which incorporates the exhaust velocity—dependent on nozzle dimensions—to predict the
jet’s directional radiation lobe.’ Experimental validation of this method has been achieved through
controlled studies involving both jet engines and rocket systems. However, jet-based experiments
have typically been conducted under idealized conditions, where the jet remains stationary, and the
surrounding environment is free of elements that could introduce distortions, scattering, or reflec-
tions. Rocket acoustics studies rarely have this luxury and instead will often make measurements
away from buildings and other structures to avoid the effect of reflections and scattering. Thus, the
effect that being near the pad has on the peak directivity angle is not entirely known. Naturally,
near field effects may also impact measurements when equipment is in the vicinity of the plume.

A third concept that is important for understanding rocket acoustics is the location and am-
plitude of the acoustic source within the plume. Though some discrepancies exist in the older
literature,® the dominant location of the source is within the supersonic region. The generally
accepted source position range is defined in terms of effective nozzle diameters and ranges from
6-30 D, downstream, depending on frequency.” For acoustic models far away from the plume, a
compact region located at 18D, has been used with good accuracy.? This range of accepted values
assumes an undeflected, fully-formed plume. The source location for a fully or partially deflected
plume has not been exhaustively studied.

To collect the data used for this analysis, five measurement stations were placed at various
distances and angles around the pad, as shown in Fig. 1 and listed in Table 1. The stations used
GRAS 46BG or 46BD 1/4” microphones placed 1/4” above a circular ground plate. The micro-
phones were oriented downward close to the ground to minimize the effect of ground reflections
and then covered with a windscreen to minimize the influence of wind noise. Measurements were

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025). Page 2
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taken at a sample rate of 102.4 kHz over the duration of the launch. This measurement configura-
tion has been successfully used in other rocket acoustics studies and is described in more detail by
Cunningham et al® or Anderson.’
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Figure 1: (left) Aerial map of the station locations surrounding the launch pad, along with
maximum measured levels. (right) Illustration of the polar angle that begins after 18 effective
nozzle diameters (D.) emerges from the flame trench.

nch Pad

Table 1: Maximum overall sound pressure level (OASPL,,..) for each station along with the
approximate orientation and distance to the vehicle.

Station

Orientation Distance (m) OASPL, .«

1

N B~ W

S
W
NW
NE
SW

2. SOUND POWER SPECTRUM

60

100
192
193
209

148.3 dB
144.9 dB
140.6 dB
141.9 dB
140.6 dB

Sound power calculations were made from each of the five stations to assess consistency across
location. The procedure used to calculate the sound power, as outlined in Kellison and Gee,!0

should yield the same overall sound power for each station, assuming all of the assumptions of the
method are met. The results indicate an average sound power level of 191.5 dB + 0.8 dB across the
five measurement stations. The acoustic efficiency of the rocket is then estimated to be between
0.37% - 0.53%. This is a wider range of acoustic efficiency values than is typically reported and is

directly due to the variability in the levels measured at each station.

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025).
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The variation is explored further by calculating the sound power spectrum. Fig. 2 (left) shows
the sound power spectra with reasonable similarity between each station. The stations all have
a peak frequency near 30 Hz, with slightly varying amplitudes. Station 4 clearly shows a small
boast in peak magnitude compared to the other stations. Since sound power should not depend on
distance away from the source, nor its location relative to the rocket, these differences suggest that
some of the underlying assumptions for sound power calculation might not hold. However, when
the sound power spectrum is non-dimensionalized, as shown in Fig. 2 (right), all 5 stations col-
lapse very well over the majority of Strouhal numbers. The largest variations are seen at Strouhal
numbers below 0.006. This indicates that each station is a sufficient distance from the vehicle
for the assumptions of sound power to be reasonably valid, except at very low frequencies. The
sound power spectrum model given by Eldred in the NASA report SP-8072 is also plotted in Fig. 2
(right).! The peak Strouhal number of the model (S?=0.018) matches well with the measured data
but is at a lower normalized level. Also, the measured spectra decrease with frequency at a faster
rate than the model.
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Frequency (Hz) Strouhal Number (fd_/U )

Figure 2: (left) Sound power level (PWL) spectra as a function of frequency for all five stations.
(right) Normalized PWL spectra (W /Wy - Ue | D.) as a function of Strouhal number (f D, /U,).

3. DIRECTIVITY RESULTS

For directivity calculations, it is important to note that a far-field point source assumption is
typically used. For these calculations, the source location is set 18D, downstream of the nozzles.
Since the stations are not necessarily in the far-field, the distributed nature of the source may be
evident.''"'® This is acknowledged, but the computations will still be useful as a comparison, and
to see how this point source impacts directivity calculations. As the source is deflected and remains
inside the flame trench for the first few seconds during launch, the directivity calculations will not

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025). Page 4
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begin until after the acoustic point source has reached the level of the deck, as shown in Fig. 1.
The station positions and maximum OASPL are also shown in Fig. 1 for reference.

A. DETERMINATION OF PEAK ANGLE

As an introduction to our noise analysis, Fig. 3 (left) shows how the max levels at each station
differ and at what times relative to liftoff the highest levels occur. When the effect of distance is
removed from each station by normalizing to a common distance (chosen arbitrarily to be 100 D.),
important distinctions between stations can be seen (see Fig. 3 (right)). First, the spectra do not
collapse to a common shape or level. Station 1 is the biggest outlier, having a max level several
dB lower than stations 3 - 5. This indicates that the noise does not obey the same spreading laws
at all the stations despite the sound power spectra being similar. This is likely caused by station 1
being close enough to the deflected plume that significant extended source effects are present. This
could also be an indication of a directional lobe or some other form of asymmetry in the acoustic
data. However, the results in Fig. 3 (right) are not enough to be conclusive and additional analysis
are necessary.

150 T T 150 v
—Station 01 — Station 01
— Station 02 145 F —— Station 02|
140} — Station 03| ——Station 03
= —— Station 04 =140 —— Station 04|-
o i — Station 05/ | a —— Station 05
% 130 5
o o 135 -
N N
? 120 L 130
2 2
= ~125
i 110 i
w »n 120
100
115
90 110 . .
0 10 20 30 40 50 0 10 20 30

Time (s re liftoff) Time (s re liftoff)

Figure 3: (left) Sound pressure levels as a function of time referenced to liftoff. The dis-
tance from the center of the launch pad to each station is shown in Table 1. (right) Distance-
normalized sound pressure levels as a function of time reference to liftoff.

The peak directivity angle was found to be around 70° relative to the plume using trajectory
data. This is in-line with measurements from similar rockets.'* To examine this more closely, the
OASPL from Fig. 3 were plotted against the altitude angle, the angle from each station to the 18 D,
downstream on the rocket nozzle, and normalized by distance (see Fig. 4). The data in the figure
starts near 90°, indicative of the rocket resting on the pad prior to liftoff. As the rocket increases in
altitude, the angle decreases and the angle where the SPL is highest indicates the peak directivity
angle. It is apparent in Fig. 4 that the peak angles do not match for each station. Station 5 shows a
peak angle near 70°, whereas stations 2, 3 and 4 have a peak angle of roughly 60°. The SPL values

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025). Page 5
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for station 1 are not characteristic of rocket noise at all, with the levels from 85° to 35° all being
within 3 dB. Also of note is that station 2 has an uncharacteristically wide angular peak, centered
around 60° but stretching £10°. The fact that the peak levels are being sustained over a wide range
of altitude angles may be simply due the non-compact nature of the source. However, since the
sound power estimates seemed to collapse, it could also be a result of pad or trench effects. Clearly,
the expected 0, = 70° is not lining up with the data in the initial time after ignition.

145 : =
—— Station 01
——Station 02
——Station 03
140+t — Station 04
—— Station 05

SPL (dB re 20uPa)
o
(6}

RN
w
o

125 : . : .
100 80 60 40 20 0
Angle (Degrees)

Figure 4: Overall sound pressure level at various angles relative to the rocket plume for each
Station.

B. SPATIO-SPECTRAL ANALYSIS

A different way to investigate this behavior is through spatio-spectral analysis. Spatio-spectral
methods have been successfully applied to characterize the near-field directivity of jet noise un-
der controlled conditions. The technique is similar to time-frequency spectrograms but uses space
instead of time (using the relationship between time, vehicle location and plume angle) to deter-
mine the spatial and spectral properties of the noise field. In this manner, directional trends in the
acoustic data can be examined.”>"!” Given their effectiveness in jet noise studies, spatio-spectral
methods will be used to investigate this data set for evidence of launch pad and trench effects.

Figure 5 displays the spatio-spectral plots for three stations, with contour lines indicating a 3
dB reduction in levels. The deepest red portions of the figure indicate the frequency and angle at
which the noise level is highest for that station. At Station 1, a band of high sound levels ranging
from 25 to 60 Hz are evident between 40° and 70°. The maximum value occurs around 40 Hz
as the vehicle reaches 50°. Again, this does not follow the commonly-accepted characteristics of
rocket noise. Station 4 records its highest amplitude in the region between 25 and 40 Hz and for
angles ranging from 57° and 63°. A small noise hot spot also occurs at 40 Hz and 50°. As a note,
stations 2 and 3 are not shown due to their similarity to stations 1 and 4, respectively. The spatio-

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025). Page 6
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spectrogram for station 5 is similar to station 4 but has levels shifted to higher angles and higher
frequencies. A distinct maximum level occurs at 50 Hz and 67°.

Statin 01 Stati_on 04 Stati_on 05

Frequency (Hz)

Figure 5: (Top) Spatio-spectral plots for three stations where the contour lines define decreasing
3 dB increments from the maximum level, and (bottom) spectra slices at 50, 60, and 70°.

Since the expected peak directivity angle is 70° , it is significant that several of the stations
show the highest peak to be at 60°. By looking at the 60° slice of the spatio-spectra, it is easier
to determine the frequency content at that angle (bottom-middle of Fig. 5). The 50°and 70°slices
are also shown as a reference. These slices show that station 1 can have a difference up to 8 dB
compared to the other stations for certain frequencies and angles. This suggests that there might
be directivity differences or pad effects that are happening more severely at station 1 than the other
stations. The plume impinging on the deck could also play a bigger role at station 1 due to its
proximity to the trench.

Another explanation for why the peak directivity angles differ from each other is that the as-
sumed source location (i.e. 18 D.) is incorrect during these early times. Due to the proximity to
the vehicle, a point source assumption is certainly not completely valid. Instead, the source would
be seen at the stations as an extended region rather than a point. Additionally, relatively small
changes in the source position could account for the differences, such that using 18 D, inherently
biases the results. The inconsistent behavior between stations could also come from different pad
or trench effects where one or more of the station have unique contributions to the sound from
reflections, scattering or other disturbances of the surrounding structures. This seems particularly
true for station 1.
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4. EXPLORATION OF SOURCE REGION

While earlier sections presented measured directivity angles and spatio-spectral characteristics,
they were limited by the assumption of a source position within the plume. This section assumes
instead that the Mach wave radiation angle is maintained during liftoff. Specifically, the peak
directivity angle is assumed to stationary such that it can be estimated using formulations based on
rocket flow parameters, namely the jet velocity. A basic model for the convective Mach number
will be used, which has been shown to be accurate for estimating the peak directivity angle of
several supersonic jets and rockets.” These comparisons help evaluate whether observed angular
trends are consistent with established far-field theory or indicate more complex near-field behavior.

A simple definition of convective Mach number (M,.) will be used:

M, = =%, (1)

where c is the ambient sound speed and U.. is the convective velocity of the jet. U, is often estimated
to be 70% of the centerline velocity of the jet. The peak directivity angle is then found using

— ( Alf) | @)

It has recently been shown that M, ~ VM, where M is the jet acoustic Mach number.’ Thus,
with only knowledge of the jet velocity and the ambient sound speed, 6, can be estimated. Using
this simple formula and a sound speed ¢ = 340 m/s, we obtain a peak directivity angle of 70.6°.
Although the ambient speed of sound varies with altitude and temperature, the overall effects of
these deviations on 6, are relatively small.

As a note, a more advanced form of the convective Mach number could be used, such as the
so-called Oertel convective Mach number:

M.
cj+c

3)
Here, c; is the speed of sound within the plume and Uj is the fully expanded jet velocity (see Ref.
[5] for details). Using this form of M, yields a predicted angle of 69.7°, less than 1° different
than when using the simpler form of M.. However, the value to use for ¢; is not straightforward
to estimate with high accuracy. Thus, using the Oertel convective Mach number to estimate 0,
adds additional uncertainty and therefore isn’t necessarily more accurate than using the simple
definition of M..

While these formulations are generally intended for predictions beyond approximately 250D,
downstream, ' ! the farthest recording station (station 5) is 218 D, and produces a measured peak
angle of approximately 70° using farfield integration. By assuming the Mach wave radiation does
not change during liftoff, we can estimate some aspects of the extended nature of the source.
Essentially, this portrays an “apparent” or “effective” source region as a function of frequency
which is created by the complex effects of the pad and flame trench. When the effective source
region differs for each station, this indicates that the pad and trench effects depend on location.
Based on the previous analysis, this is the expected behavior. When the effective source region
from each station collapses, there are two possibilities: 1) the pad and trench effects are negligible
or 2) the pad or trench effects are the same for each station.

Proceedings of Meetings on Acoustics, Vol. 56, 040006 (2025). Page 8
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Figure 6 shows the distance normalized SPL as a function of normalized height rather than
angle. This shows exactly how far the vehicle has risen during the max levels and can be used
to determine the effective source region by determining the height of the rocket during which the
SPL is within 1 dB of the maximum level. Table 2 shows the estimates of the effective source
region for each station. The results for Station 1 are quite different than the other stations, likely
due to its proximity to the trench. Since the deflected plume acts like a second nozzle oriented
90°from the rocket, it strongly influences the noise and creates acoustical characteristics that are
not traditionally seen in rocket noise. Stations 2 - 5 appear to have more traditional values, though
station 2 differs somewhat from 3 - 5. Thus, the pad and trench effects at station 2 are different
than stations 3 - 5 possibly due to it being nearly 100m closer to the pad than 3 - 5. Interestingly,
stations 3 - 5 show similar source regions even though they are on opposite sides of the pad. This
suggests that when far enough away, the effects of the pad and trench blend together such that their
overall effect does not strongly depend on the position of the station.

160 r r
— Station 01

- — Station 02 |
© — Station 03
%_ 150+t Station 04 |1
o — Station 05
(\] i
e \
m 140 I
S
|
(al
»m 130

120

0 20 40 60 80 100
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Figure 6: The maximum SPL for a single microphone from each station as a function of
normalized altitude of the rocket. The level is distance normalized to 100 D..

Table 2: “Effective” extended source region given in jet diameters downstream of the nozzle. A
constant peak directivity angle is assumed and the amplitude is normalized by distance.

‘ Station 1 Station 2 Station 3 Station4 Station 5
Source Begins (D,) 0 7 17 16 15
Source Ends (D,) 6 22 50 50 35

The results from this section suggest that early-time rocket noise (i.e. within approximately 15
s of liftoff) cannot be adequately described near the pad using a fixed point source model. While
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being near the pad does not effect the sound power spectrum, it does impact the maximum sound
pressure level as shown using spatio-spectral analysis. Additionally, assuming a fixed point source
leads to a peak directivity angle that depends on microphone position and cannot be accurately
predicted with standard methods. There are a number of factors which could cause the point
source model to fail including nearfield effects, plume impingement effects and launch structure
effects (including the flame trench).

By assuming consistent undeflected behavior of the plume, Mach wave radiation could be
estimated using a simple prescribed theory. With this assumption, the aggregate effect of all of
the complicated early-time factors can be lumped together into an effective source region which
depends on the position of the station. It is possible that the effective source region could then be
used for early-time modeling of the noise, though additional work would be necessary to validate
this approach.

5. CONCLUSION

This paper summarizes the acoustic results from the Antares 230+ NG-19 launch in August
2023. The acoustic stations were placed between 60 - 209 m from the pad such that pad and flame
trench effects were evident. The sound power spectrum collasped for all of the stations but the
peak directivity angle and extended source region are shown to dependent on location. Thus, a
fixed-point model cannot be used to accurately describe the noise in the initial seconds after liftoff.
Spatio-spectral analysis was used to identify directional sound radiation inconsistencies between
stations. An apparent sound region was then presented to account for all of the effects which
influence the sound field right after launch. These results underscore the need to treat near-field
directivity as distinct from far-field approximations.

To conclude, we assert that common metrics used to describe far field rocket noise measure-
ments should not be used to on rocket noise data collected near the pad without careful scrutiny.
Future work should aim to refine nearfield models of rocket noise, leveraging spatio-spectral meth-
ods and trajectory-based localization to improve predictions of launch-induced acoustic environ-
ments during the early stages of the launch.
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