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6.6 Conclusion 122

Figure 6.9 Comparing spectra across the different launch phases. Indicated above each
sub-plot is the distance from the landing pad at which the measurements were made. The
legend contains the duration of each recording used to produce the spectra. For the launch
and landing noise, this was integrated over the 12 dB-down period of the signal while the
sonic boom used a constant 650-ms recording. The colors used in this figure correspond to
those used in Figs. 6.3 and 6.6.
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When considering the peak overpressure, the sonic boom is even more important. At distances
greater than 1–2 km from the landing pad, the sonic boom becomes the dominant peak-pressure
event of the entire flight. When compared to just the landing noise, the sonic boom overpressure
dominates the landing noise peak pressure at nearly all measured distances. At the measurement
stations greater than 7 km, the sonic boom overpressure is a full order of magnitude greater than the
landing noise peak pressure.

Comparing the spectra between the launch, sonic boom, and landing indicates that the sonic
boom has a peak frequency that is lower than the launch by an order of magnitude. Meanwhile, the
landing noise peak frequency shows no decipherable trend in the recordings used in this chapter. An
additional interesting feature is that the high-frequency spectral rolloffs in several instances agree
well between the three flight phases.

This chapter represents a preliminary analysis, and further analyses are needed to further study
and characterize sonic booms from reusable rockets. There remain many unanswered questions
regarding sonic booms generated by rockets upon landing. These questions are of both practical and
scientific interest. For example, the ability to model the triple-boom waveform has not been shown
yet (see Chapters 8–9), and current methodologies used rely on N-wave prediction methods. What
modeling techniques are necessary to capture the triple boom? Why are the shocks in nearest and
farthest measurement stations in the exact same positions within the waveforms? What is the effect
of the third shock on sonic boom perception or structural response? What are the effects of these
sonic booms on local communities and wildlife? Can any of these effects be reduced through sonic
boom minimization techniques? These questions are important to help encourage the further reuse
of space launch vehicles sustainably, and will only become more important as an increased number
of rocket landings occur each year.
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Chapter 7

Analysis of Three Rocket Flyback Sonic
Booms

Abstract
1The SpaceX Falcon-9 rocket is a partially-reusable vehicle with a first-stage booster that lands
propulsively after launch. As the booster falls toward the landing site, it produces a sonic boom.
These sonic booms have unique properties and, so far, the ability to model them using current
methods remains unclear. This paper presents findings from three Falcon-9 flyback sonic booms
and highlights some features and trends that will be important to future modeling efforts. At every
measurement location, a triple boom is recorded. This triple boom appears to propagate stably to at
least 25 km from the landing pad. Within 1–2 km of the landing pad, the calculated sonic boom
metrics tend to plateau. Outside 1–2 km of the launch and landing facility, the sonic boom is the
highest-pressure event of the entire flight, including the launch. The Perceived Level 1 km from the
landing pad is around 128 dB and at 25 km is around 87 dB. An appendix is included that discusses
the benefits and challenges of attempting to correct for hardware low-frequency rolloff using digital
pole-shift filtering.

1This chapter is derived from a paper published in the Proceedings of Meetings on Acoustics with the following
citation:

Anderson, M. C., Gee, K. L., Nyborg, K. (2024), “Flyback sonic booms from Falcon-9 rockets: Measured data and
some considerations for future models.” Proc. Mtgs. Acoust. 54(1): 040005. https://doi.org/10.1121/2.0001916

© 2024 Acoustical Society of America. This material is reproduced here with permission. Minor changes have been
made to fit within the context of this dissertation and to improve clarity and formatting. No conclusions or major results
have been changed.
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7.1 Introduction
To reduce costs and increase launch cadence, Space Exploration Technologies Corporation (SpaceX)
flies the partially-reusable Falcon-9 rocket (SpaceX, 2026). The Falcon 9 has two stages: a booster
that lifts the payload high into the atmosphere and a second stage that carries the payload to orbit.
After the booster stage of flight is complete, the booster falls back through the atmosphere to land
either on an ocean platform or back near the launch facility. Both the launch and landing phases of
the flight are shown below in Fig. 7.1. In this chapter, the term “launch” is reserved for the ascent
portion, the term “flyback” refers to the booster’s descent through the atmosphere toward the landing
location either on land or at sea, and the term “landing” indicates the brief powered descent right
before the booster touches down. The term “flight” encompasses the launch, flyback, and landing.

Figure 7.1 (Left) A SpaceX Falcon-9 rocket shortly after liftoff. (Right) A Falcon-9
first-stage booster landing. Credit for both photos: SpaceX (CC BY-NC 2.0 DEED License.
No changes made).

During the Falcon-9 booster flyback, the booster descends from heights over 100 km at supersonic
speeds, producing a sonic boom that can be observed for at least 25 km around the landing location
(FAA, 2020b; Durrant et al., 2023; Anderson and Gee, 2024). These sonic booms have three primary
shocks (often referred to as a “triple boom”), rather than the two normally associated with far-field
sonic booms (Maglieri et al., 2014). Durrant et al. (2022a) found that 8 km from the launch and
landing facility at Vandenberg Space Force Base (VSFB), the A-weighted sound exposure level
(ASEL) for the sonic boom over 650 ms was 99 dB while the ASEL for the 27 highest-amplitude
seconds of launch noise was 100 dB. Thus, while the sonic boom is brief compared to the launch
noise, the overall sound exposure between the two can be comparable in the far field. Durrant et al.
(2023) analyzed that same sonic boom measured at distances from around 0.3–14 km from the
launch and landing facility. They found that at the farthest measurement stations, the ASEL for the
sonic boom tended to be comparable to the ASEL over the 6 dB-down period of the launch noise.
Additionally, they discovered that at distances greater than about 1 km from the launch and landing
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facility, the sonic boom tended to become the highest-pressure event observed during the flight.
Similar results were found by Anderson and Gee (2024), with the sonic boom being observed 25 km
from the landing pad.

A Federal Aviation Administration (FAA) report from 2020 briefly discusses the sonic boom
modeling approaches used by SpaceX (FAA, 2020b). When using NASA’s PCBoom software in 2015
(Lonzaga et al., 2022; Page et al., 2023), SpaceX found that PCBoom tended to underestimate the
near-field peak overpressures unless they used precise atmospheric information. SpaceX had more
success using an adapted form of NASA’s 1122 simplified sonic boom prediction method (Carlson,
1978). This adapted method, named “SpaceX 1122” within the report, included “. . . expansion of
the geometry and simplifying relations to estimate the wave propagation to the ground”. The SpaceX
1122 method tended to overestimate peak overpressures near the landing site but was deemed better
overall. Their conclusion, as stated in the report, is

“SpaceX has measured and analyzed land landing overpressure data since 2015 and
continues to rigorously optimize their adapted 1122 [model] to provide the most
accurate and appropriate prediction for sonic boom data of a spacecraft vertical
landing. [PCBoom] has been used in several instances and unless calibrated to account
for precise atmospheric factors, this model can underpredict peak overpressures for
Falcon first stage boosters. SpaceX believes the adapted 1122 model represents the
most applicable overpressure predictions based on the accuracy of the results discussed
above and the previous approved use in environmental consultations. SpaceX believes
the precision would remain the same for the future Falcon 9 first stage booster landings,
with the highest peak overpressure remaining between 6-7 psf [1 psf = 47.88 Pascals].
Based on the precision of the data presented, similar re-entry trajectories with the same
vehicle would result in similar sonic boom magnitudes.” (FAA, 2020b)

Although the SpaceX 1122 model seems simpler than the PCBoom model and may work for
Falcon-9 peak overpressures, it may not generalize to other vehicles. Because the model appears to
be tailored to match measured Falcon-9 peak-overpressure data, other waveform parameters might
not be as accurately predicted. For example, the NASA 1122 model uses “. . . the assumption that
the pressure signal generated by the aircraft is of the far-field type, the classical N-wave.” (Carlson,
1978). Because the Falcon-9-booster flyback booms are not N-waves, any model based on NASA
1122 might not produce an accurate waveform shape. Predicting the triple boom may be particularly
challenging because, to the authors’ knowledge, no prediction of a triple-boom waveform from a
Falcon-9 booster currently exists in the public literature (see Chapters 8–9).

The purpose of this chapter is to begin moving towards a more physical understanding of
sonic booms produced by Falcon-9 rockets during flyback, in the hope that the global sonic boom
community can begin to understand the physics behind these unique sonic booms. As more
organizations fly and land reusable rockets, an understanding of the sonic booms produced will
enable more-accurate predictions for effects on the community, wildlife, and structures. Additionally,
future reusable rockets may incorporate more-precise predictions for sonic booms into the design
process. To move toward these goals, this chapter compiles three Falcon-9 sonic boom measurement



7.2 Measurements 127

campaigns performed at VSFB. These data can serve as a limited benchmark database for modeling
Falclon-9 flyback sonic booms. The measurements are discussed in Sec. 7.2. The boom duration and
shock positions are discussed in Sec. 7.3. Various sonic-boom metrics, including peak overpressures,
rise times, and the NASA human perception metrics (Loubeau and Page, 2018), are shown in
Sec. 7.4. A brief comparison to the launch noise is shown in Sec 7.5. Lastly, the Chapter Appendix
includes a discussion on the benefits and challenges of using digital pole-shift filtering to correct for
hardware low-frequency rolloff (Rasband et al., 2023; Marston, 2008).

7.2 Measurements
Brigham Young University (BYU) and California State University at Bakersfield (CSUB) completed
three measurement campaigns to analyze the noise from different Falcon-9 flights at Vandenberg
Space Force Base, CA. These measurements were performed during the SARah-1, Transporter-8, and
SDA Tranche-0B missions. The SARah-1 and Transporter-8 measurements have been documented
in greater detail by Durrant et al. (2023) and Anderson and Gee (2024) respectively, and the present
chapter builds on many of the similar analyses from those papers by including multiple measurement
campaigns. The SDA Tranche-0B measurement used the same types of hardware and microphone
configurations as the other measurements. Two representative field setups are shown in Fig. 7.2. The
microphone is inverted and placed above a convex, circular, plastic ground plate. The microphone is
protected from wind and rain by a domed windscreen. Other electronics are kept in a weather-robust
case. These setups have been specifically designed for rocket launch and sonic boom measurements
(James et al., 2020a; Gee et al., 2020) and have been used in many launch vehicle noise data
collection efforts (Hart et al., 2022; Cunningham et al., 2023; Gee et al., 2023; Mathews et al., 2023).
As shown in Fig. 7.3, measurement stations, some of which were repeated across different flights
to enable direct comparisons, were located between 0.3 and 25 km from the launch and landing
facility. Because the peak frequency for these sonic booms is around 2–3 Hz (Anderson and Gee,
2024), digital pole-shift filtering was applied to all the measured data to improve the low-frequency
responses (Rasband et al., 2023; Marston, 2008). The Chapter Appendix contains further details on
this process.

7.3 The Triple Boom
A unique feature of Falcon-9 booster flyback sonic booms is their triple-boom shape. Figure 7.4
shows waveforms measured during the three flights at two consistent locations. Although the
waveforms do not match perfectly between flights, they all have three main shocks. Perhaps these
triple booms could also be referred to as “M-waves”, which would closely connect them to classical
“N-waves” while still emphasizing their triple-boom shape.

The triple boom is measured at every location for the three flights. Although similar-looking
waveforms can be produced when an aircraft is accelerating along a flight track (Page et al., 2015),
such booms are produced only at a few locations, ruling out the possibility that the Falcon-9
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Figure 7.2 Example measurement station consisting of an inverted microphone placed over
a hard plastic ground plate and covered by a dome windscreen, with all other electronics
placed inside a weather-resistant case. Some locations also included small weather stations
mounted on tripods.

booster’s triple boom is the byproduct of sonic boom focusing due to acceleration. Another possible
explanation was given by a SpaceX spokesperson, saying,

“[The] first boom is from the aft end (engines) . . . [The] second boom is from the landing
legs at the widest point going up the side of the rocket. [The] third boom is from the fins
near the forward end.” (Johnson, 2016)

This explanation deserves closer inspection, as it invites questions that may highlight future
research needs. For reference, a schematic of the Falcon-9 booster during flyback is given in Fig. 7.5.
The convex curvature near the widest point along a supersonic body tends to produce a rarefaction
wave as discussed in Chapter 11 of Landau and Lifshitz (1987) and Chapter 9 of Anderson (2017),
rather than a shock wave. This would indicate that the widest point of the folded landing legs is
an unlikely source for a strong shock. However, perhaps the intended meaning is that the shocks
produced by various portions near the top and bottom of the folded landing legs do account for the
center shock. There are computational fluid dynamics simulations and wind tunnel experiments
that support this theory (Bykerk et al., 2022; Marwege et al., 2019). During propagation, these
shocks may coalesce into a single shock and account for the middle shocks seen in Fig. 7.4. As
for the grid fins, Durrant et al. (2022a) argue that a small shock located shortly before the third
shock could be caused by the grid fins while the final shock actually originates at the top of the
interstage. This small shock is observed at several locations in the three measurements presented
in this chapter, but not all. While there can be many theories for the triple boom origin, no full
simulations starting from vehicle geometry and including propagation have been published, making
it difficult to understand at present exactly what causes the triple boom.

The shock locations in the waveforms tend to be consistent at most measurement stations, as
demonstrated in Fig. 7.6. Subplot (a) shows the total boom duration, or the time from the first shock
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Figure 7.3 Measurement locations for the three flights. (Left) The full map. (Right)
A zoomed-in map showing the stations nearest the pads. Imagery credit: Earthstar
Geographics and Maxar.
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Engines

Folded Landing Legs Grid Fins

Interstage
Airflow During Flyback

Figure 7.5 A schematic of the Falcon-9 booster during the flyback. The engines face the
oncoming air. The landing legs remain folded until just before touchdown after the vehicle
is subsonic. The grid fins are located near the bottom of the hollow interstage. 3D model
adapted from Stanley Creative (2023) (CC BY 4.0 DEED License. Changes made).

1 10
Landing Pad Distance (km)

50

100

150

200

250

300

D
ur

at
io

n 
(m

s)

Total Boom Duration

(a)
1 10

Landing Pad Distance (km)

Shock 1-2

(b)
1 10

Landing Pad Distance (km)

Shock 2-3
(c)

SARah-1 Transporter-8 SDA Tranche-0B
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to the third shock, while subplots (b) and (c) show the time between the first and second shocks, then
the second and third shocks respectively. Most of the variability occurs between the first and second
shocks, while the second and third shocks appear to generally have a constant time difference. The
fact that booms measured 0.3 km and 25 km from the landing pad have nearly same duration is
surprising because sonic booms tend to elongate with propagation distance (Maglieri et al., 2014).
While the sonic booms do not originate at the pad, but rather at some higher altitude, the sonic boom
likely travels substantially farther to the farthest measurement stations than to the stations closer to
the landing site. It is possible that waveform freezing may help account for the consistent shock
locations (McLean, 1965; Hayes, 1967; Hayes et al., 1968; Cleveland and Blackstock, 1996).
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Figure 7.7 The sonic-boom peak overpressure in pounds per square foot as a function of
distance from the landing pad. The SpaceX data are digitized from FAA (2020b).

7.4 Metrics

7.4.1 Peak Pressure and Rise Time
Analyzing the peak overpressure data from these three flights enables a direct comparison with
measured SpaceX data (FAA, 2020b). This comparison is shown in Fig. 7.7. Farther than about
8 km from the landing pad, the sonic boom peak overpressures from these flights agree with the
SpaceX measured data. Closer to the landing pad, all sonic boom peak overpressures from these
three launches are consistently higher than the SpaceX data. The reason for this difference is
unknown, but could be due to different return trajectories at VSFB compared to the Florida launch
and landing sites, where the SpaceX data were obtained. It is also possible that the Falcon-9 booster
design or typical landing trajectory has evolved enough to account for the difference since the time
when these data were taken by SpaceX. Also noteworthy is the outlier at about 16 pounds per
square foot (psf), the waveform for which is shown in Fig. 7.4(a) above. This particular waveform
seems to have undergone turbulence-induced focusing, something common for other sonic booms
(Maglieri and Sothcott, 1990; Maglieri et al., 2014; Stout et al., 2021). Other waveforms from
these measurements show similar, less dramatic, signs of distortion. A study of how atmospheric
turbulence affects Falcon-9 sonic booms has only recently begun (Nyborg et al., 2024).

The rise times for these sonic booms are difficult to define. Typically, a sonic boom rise time is
calculated by using the time between 10% – 90% of the peak overpressure (Maglieri et al., 2011).
As illustrated in Fig. 7.8(a), this definition has problems when the shock does not reach 90% of the
waveform peak overpressure. This is a common occurrence for the Falcon-9 sonic booms measured
during these three flights, where the true peak overpressure arrives after a delay that can be around
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one to two orders of magnitude longer than the rise time of the shock. To work around this problem,
Fig. 7.8(b) shows the front shock rise time from 10% – 50% of the waveform peak overpressure,
denoted as the “half-rise time”. It is unlikely that this is the optimal approach to calculating the rise
time, but it is sufficient for the present analysis to begin observing trends.
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Figure 7.8 (a) An example waveform from SARah-1 at 8.7 km from the landing pad,
illustrating that the p90, or the point where the waveform reaches 90% of its peak
overpressure, occurs after the first shock. The point where 50% of the peak pressure (p50)
is obtained is used in part (b) where sonic-boom front shock half-rise time for the three
flights are shown as a function of distance from the landing pad.

For both the peak overpressures and front shock rise times, the data tend to plateau within about
1–2 km from the landing pad. This is also true for the metrics shown later in this chapter. A similar
trend was noted by Durrant et al. (2023), but because only the SARah-1 data were considered for
that paper, the sparsity of data resulted in the potentially-flawed conclusion that the sonic boom
had a slower, cylindrical geometric decay rate. While sonic booms are generally considered to be
cylindrical waves (Maglieri et al., 2014), the explanation by Durrant et al. (2023) used the launch
pad as the distance reference point. Because the sonic booms do not originate on the ground, but at
some higher altitude, the exact distance from the source is difficult to determine, complicating an
accurate estimation of the decay rate with distance. Thus the slower decay rate observed by Durrant
et al. (2023) is probably the byproduct of trying to fit the plateauing data, something difficult to
foresee without additional measurements. Perhaps the raytracing in PCBoom can be used in the
future to better estimate the distance from the source to the receiver. Then a more-complete analysis
of decay rate with distance can be performed.

Although not as rigorous as ray-tracing software, the plateau in the data can be qualitatively
explained by considering the vehicle trajectory (Anderson and Gee, 2024). When viewing the live
telemetry data (SpaceX, 2023), the booster tends to become subsonic while still a few kilometers
above the landing site. Therefore, the rays intersecting the ground near the landing pad must be
generated at these altitudes. Because all the locations near the pad are roughly equidistant from the
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source, the sonic booms that reach those locations will all have propagated a similar distance, which
could produce sonic booms with similar properties. For the farther measurement stations, the rays
are generated higher and have more horizontal range to cover before reaching these locations, which
could account for an overall decay in metric values with increased distance from the landing pad.
This explanation qualitatively accounts for the plateau in metric values near the landing pad and the
decay in metric values at farther distances.

7.4.2 NASA Sonic Boom Human Perception Metrics
NASA has determined several sonic boom metrics that tend to correlate with human annoyance
(Loubeau and Page, 2018). These are the A-, B-, D-, and E-weighted sound exposure levels (SEL), a
modified version of the Steven’s Mark VII perceived level of loudness (PL) (Stevens, 1972; Shepherd
and Sullivan, 1991), and the Indoor Sonic Boom Annoyance Predictor (ISBAP). The weighted SEL
metrics, and including the C- and Z-weightings for completeness, are shown in Fig. 7.9. These
metrics all tend to plateau at closer distances to the launch pad, as discussed above for the peak
overpressure and rise time. Because these metrics are frequently calculated, providing them in this
chapter enables comparisons to other sonic booms.
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Figure 7.9 Six different sound exposure level weightings for the sonic booms from the
three flights. The subplot titles denote which weighting is shown in each plot.
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NASA’s sonic boom metrics include two non-SEL measures, PL and ISBAP, which are both
shown in Fig. 7.10. Included in Fig. 7.10(a) is the NASA target value for the X-59 quiet supersonic
demonstrator (Doebler and Rathsam, 2020; NASA, 2026), indicating that the Falcon-9 sonic boom
PL values are still about 10 dB higher than the target X-59 value at distances up to 25 km from the
landing pad. Doebler and Rathsam (2020) performed several experiments to help readers mentally
calibrate the PL metric with other experiences. For example, a PL of 115 dB, about the same as
being 5–10 km from the landing pad, is equivalent to a firework exploding 500 ft away. Personal
experience by the authors indicates that this comparison would be accurate for fairly large fireworks.
Doebler and Rathsam (2020) also state that a PL of 125-130 dB, which occurs within about 2 km
from the landing pad, is approximately equivalent to a gunshot measured from 2 ft away (without
hearing protection). The authors have not come across X-59 targets for the other NASA sonic boom
metrics.

Although these metrics are commonplace in aircraft sonic boom analyses because of their
correlations with human perception, the authors know of no subjective studies of human or animal
response to these unique Falcon-9 triple booms. Additionally, the NASA-modified PL metric carries
with it the assumption of only two shocks (Shepherd and Sullivan, 1991), so its suitability for sonic
booms with three shocks is unclear. This same problem arises for the ISBAP, which uses the PL as
an input (Loubeau and Page, 2018).
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Figure 7.10 The (a) Perceived Level (PL) and (b) Indoor Sonic Boom Annoyance Predictor
(ISBAP) for the sonic booms from the three flights. Also included in (a) is the target PL for
NASA’s X-59 quiet supersonic demonstrator aircraft (Doebler and Rathsam, 2020; NASA,
2026).
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7.5 Comparison to Launch Noise
The sonic boom represents a noise source comparable to the launch. Figure 7.11(a) shows the peak
pressures for the launch and the sonic boom as a function of distance. Farther than 1–2 km, the
sonic boom is the highest-pressure event of the entire flight, and that trend persists to at least 25 km.
Figure 7.11(b) shows the ZSEL values calculated over the entire launch and the sonic boom. Farther
than about 5 km, the sonic boom ZSEL can be comparable to the launch ZSEL. In other words, at
those distances, the short 650-ms sonic boom recording can deliver as much sound exposure as the
entire launch that precedes it. The ASEL is calculated the same way and is shown in Fig. 7.11(c).
Farther than about 8 km, the sonic boom ASEL can be comparable to the launch ASEL, but not
in every case. However, it is worth noting that the ASEL is unlikely to truly capture the human
perception of either the launch or the sonic boom, considering that it essentially neglects the low
peak frequencies for both (Gee et al., 2023).
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Figure 7.11 Comparing the (a) peak pressure, (b) ZSEL, and (c) ASEL between the
launches and sonic booms. All three datasets have been combined for simplicity in these
plots. The launch distance is relative to the launch pad and the sonic boom distance is
relative to the landing pad.

7.6 Conclusion
The sonic booms produced by Falcon-9 boosters during flyback are unique compared to traditional
aircraft sonic booms. At every measurement location for three different flights a triple-boom shape
is observed. This unique triple boom appears to propagate stably with minimal shock movement or
coalescence within the waveform out to at least 25 km from the landing site. All sonic boom metrics
tend to plateau within 1–2 km of the landing site, and only decrease with distance for observers
outside this radius.



7.7 Chapter Appendix: Extending Measurement Bandwidth to Lower Frequencies 136

When considering the peak pressure amplitudes and total sound exposure during a flight, the
flyback sonic boom should be considered a major contribution. Farther than 1–2 km from the launch
and landing facility, which are nearly collocated at VSFB, the sonic boom peak overpressure exceeds
the peak pressures observed during the launch. Farther than 5 km from the facility, the ZSEL for
the sonic boom alone can be comparable to the ZSEL over the entire launch preceding the sonic
boom. Additionally, the sonic boom perceived level can exceed NASA’s current criterion estimate
for human annoyance at distances as far as 25 km from the landing site.

Much work remains to be done in the area of launch vehicle flyback sonic booms. Both NASA’s
PCBoom software and SpaceX’s modified NASA 1122 method have struggled to accurately predict
the peak overpressures near the landing site (FAA, 2020b). Perhaps this is related to the metric
plateau observed near the landing pad. Additionally, the ability to model a triple sonic boom
from a booster flyback has not yet been clearly demonstrated within the scientific literature (see
Chapters 8–9). So far, Falcon-9 sonic boom predictions and validations appear to have focused
primarily on peak overpressures. While this is a good start, sonic boom perception is influenced by
more than the peak overpressure alone, depending strongly on the shock rise times that determine
the high-frequency energy content (Loubeau and Page, 2018).

A thorough understanding of the sonic booms produced during flyback will be essential as
other organizations design and fly reusable launch vehicles. The ability to predict not just the peak
overpressure, but also the full waveform and spectrum, will enable more-accurate environmental
assessments. It may also become possible to intentionally alter the sonic boom shapes during
the vehicle design process to better accommodate the local environmental and community noise
criteria. As reusable rockets fly more frequently, research into the flyback sonic booms will enable a
more-reliable approach to understanding the effects on structures, wildlife, and communities.
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7.7 Chapter Appendix: Extending Measurement Bandwidth to
Lower Frequencies

Because the sound levels are highest near the launch and landing facility, quarter-inch microphones
were used at closer locations. However, these microphones roll off at higher frequencies than the
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half-inch microphones used at farther stations. Failing to accurately measure the low frequencies
results in a distorted waveform. By assuming a low-frequency rolloff shape, the waveform and
spectrum can be approximately restored using digital pole-shift filtering (Rasband et al., 2023;
Marston, 2008). A distorted waveform example from the Transporter-8 measurement is shown in
Fig. 7.12, where two different microphones were deployed at the same location. One of the channels
used a GRAS 47AC with a manufacturer-specified low-frequency cutoff of 0.09 Hz (GRAS, 2024b)
and the other channel used a GRAS 46BE with a manufacturer-specified low-frequency cutoff
of about 4 Hz (GRAS, 2024a). The GRAS 47AC channel, indicated in black in Fig. 7.12, most
accurately resolves the true waveform shape. The GRAS 46BE channel, indicated in pink, has
curved ramps between the shocks and tends to overshoot the peak pressures on the second and third
shocks. After applying digital pole-shift filtering, the GRAS 46BE channel better approximates the
GRAS 47AC measurement. This result is shown in green. Throughout this chapter, digital pole-shift
filtering has been applied to all the data to approximately account for the low-frequency rolloff of
both the microphones and data acquisition systems. In the future, the microphone responses can be
precisely measured and a more-accurate correction can be applied.

Digital pole-shift filtering with quarter-inch microphones is challenging. Experience working
with these microphones has indicated that the optimal cutoff frequency to use in the filter can deviate
somewhat from the manufacturer specifications. This was noted by Rasband et al. (2023) to a lesser
degree for half-inch microphones. For example, the published cutoff frequency for the GRAS 46BE
microphone is 4 Hz (GRAS, 2024a), but in Fig. 7.12, an assumed input cutoff of 2.6 Hz was used
to produce the green curves because it produced a closer match to the GRAS 47AC channel. To
study this further, Fig. 7.13 shows sonic boom measurements using a seven-microphone probe
deployed near the launch and landing facility during the SDA Tranche-0B measurement. These
channels used GRAS 46BD microphones on NI 9250 cards. Figure 7.13(a) shows the raw measured
data, with no attempt to correct the low-frequency response. Figure 7.13(b) shows the waveforms
after digital pole-shift filtering with the default parameters as inputs (0.43 Hz for the NI 9250 card
and 4.0 Hz for the GRAS 46BD). The low-frequency responses of the card and microphone were
brought down using digital pole-shift filtering to 0.13 Hz and 0.10 Hz respectively. The waveforms
are still somewhat distorted and don’t agree with each other. Figure 7.13(c) shows the results
after the input cutoff frequencies for the microphones have been tuned to produce a roughly-linear
expansion between the first two shocks.These tuned parameters produce closer agreement between
channels. The tuned cutoff frequencies, along with the peak overpressures, ZSEL, and ASEL for
each channel in each subplot are shown in Table 7.1. The peak overpressure and ZSEL show the
greatest sensitivity to the inputs, while the ASEL is hardly affected. This is because digital pole-shift
filtering only affects the lowest frequencies, so metrics that tend to omit the low frequencies are
not strongly impacted. The mean and standard deviations are also given in Table 7.1, providing an
estimate of the uncertainty in each case. To simplify the analyses, the manufacturer specifications for
cutoff frequency have been used throughout this chapter rather than custom-tailoring each channel.
The uncertainties are not large enough to negate the trends observed in this chapter.



7.7 Chapter Appendix: Extending Measurement Bandwidth to Lower Frequencies 138

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

-200

0

200

400

Pr
es

su
re

 (P
a)

(a)

100 101 102

Frequency (Hz)

105

110

115

120

125

ZS
EL

 [d
B

 re
 (2

0 
Pa

)2   
s]

(b)

GRAS 47AC GRAS 46BE (Raw Data) GRAS 46BE (After Filter)

Figure 7.12 An example of restoring the low-frequency content in a sonic boom measure-
ment. The colors represent channels using a GRAS 47AC (black), GRAS 46BE (pink),
and the same GRAS 46AE after applying digital pole-shift filtering (green). Both channels
used an NI 9250 card. (a) The waveforms. (b) The spectra.
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Figure 7.13 The effects of digital pole-shift filtering with different input parameters. (a)
No filter applied. (b) The manufacturer-specified cutoff frequencies are used. (c) The
cutoff frequencies have been tuned so the ramps between the first and second shocks are
approximately linear.
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Table 7.1 Metrics corresponding to all the waveforms in Fig. 7.13. Although those are
plots trimmed in time, the metrics were calculated over the full 650-ms windows. The
mean and standard deviation for each column is shown.

Peak Overpressure (Pa) ZSEL (dB) ASEL (dB)Channel Tuned
Cutoff (Hz) Raw Default Tuned Raw Default Tuned Raw Default Tuned

1 6.0 417.5 405.1 415.9 131.7 134.0 135.8 108.9 108.9 108.9
2 2.0 414.9 458.4 423.4 133.2 136.6 134.3 108.6 108.6 108.6
3 4.0 404.7 440.1 440.1 132.6 135.6 135.6 108.9 108.9 108.9
4 2.0 392.5 431.8 412.1 132.9 136.4 134.1 108.4 108.5 108.4
5 2.0 404.4 444.6 413.8 133.2 136.6 134.3 108.9 108.9 108.9
6 3.0 387.4 432.1 412.5 133.2 136.5 135.4 108.7 108.8 108.7
7 2.0 399.5 431.8 408.7 133.1 136.5 134.3 108.6 108.6 108.6

Mean 3.0 403.0 434.8 418.1 132.8 136.0 134.8 108.7 108.7 108.7
Stdev 1.5 11.0 16.3 10.7 0.6 1.0 0.7 0.2 0.2 0.2



Chapter 8

Initial Modeling of the Falcon-9 Triple Sonic
Boom

Abstract
1When the SpaceX Falcon-9 rocket booster descends through the atmosphere after a launch, it
produces a sonic boom with three shocks in the far field, rather than the usual two-shock N-wave.
In this chapter, the additional shock’s origin is explained using sonic boom theory, nonlinear
propagation modeling, computational fluid dynamics, and photographic evidence. The extra central
shock results from a forward-migrating compression wave caused by the grid fins merging with
a rearward-migrating rarefaction wave caused by the lower portions of the booster, including the
folded landing legs.

1This chapter is derived from a peer-reviewed letter published in the Journal of the Acoustical Society of America
Express Letters with the following citation:

Anderson, M. C. and Gee, K. L.“Why does the Falcon-9 booster make a triple sonic boom during flyback? An initial
analysis,” JASA Express Lett., Vol. 5, No. 2, 2025, p. 023601. https://doi.org/10.1121/10.0035649.

© 2025 Authors. This work is licensed under a Creative Commons Attribution (CC BY 4.0) license. Minor changes
have been made to fit within the context of this dissertation and to improve clarity and formatting. Additionally,
the computational fluid dynamics description has been updated to correct an error in simulation Mach number. No
conclusions or major results have been changed.
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8.1 Introduction
The SpaceX Falcon-9 rocket is the first orbital-class launch vehicle with a fully-reusable booster
stage (SpaceX, 2026). The 41.2-m long booster separates from the rest of the rocket while in the
upper atmosphere and then descends through the atmosphere toward a landing pad either on land or
at sea. Examples of a launch and landing are shown in Fig. 8.1(a) and (b) respectively. Because
the booster descends at supersonic speeds, it produces a sonic boom (Anderson et al., 2024c),
referred to as a “flyback sonic boom”. While most far-field sonic booms are N-waves (i.e., consist
of two shocks) (Maglieri et al., 2014), these booster-flyback sonic booms contain three primary
shocks (Anderson et al., 2024c; Anderson and Gee, 2024), as shown in Fig. 8.1(c) and (d). This
phenomenon is not unique to the Falcon-9 booster, as the SpaceX Starship Super Heavy booster’s
sonic boom also has shown three distinguishable shocks (Gee et al., 2024b). Understanding the
Falcon-9 triple sonic boom may therefore shed light on whether all reusable rocket boosters are
expected to produce a similar signature.

Such flyback sonic booms are high-amplitude acoustic events. Measured data from three
Falcon-9 flights have been published by Anderson et al. (2024c). For observers farther than
2 km from the launch and landing locations, the sonic boom peak overpressure exceeds the peak
pressures experienced during the launch. Within 2 km of the landing location, the sonic boom peak
overpressures are generally between 6–10 pounds per square foot (psf, with 1 psf = 47.88 Pascals).
This drops to 2–3 psf at 10 km, with the triple sonic boom being clearly measured as far as 25 km
from the landing pad, and likely persisting even farther.

In the modern space age, other organizations throughout the world are also developing reusable
vehicles that will use a similar flyback approach. Because this will result in an increase in the number
of sonic booms around the landing facilities, it is important to ensure that accurate launch vehicle
sonic boom models are developed and used. Sonic boom prediction software, like NASA’s PCBoom
software (Lonzaga et al., 2022; Page et al., 2023), has generally been designed and validated for use
with air-breathing, aerodynamic-lift-producing jet aircraft, rather than rockets and reentry vehicles.
Thus, these vertically-descending, rapidly-decelerating, blunt-body sonic boom sources provide a
unique opportunity to further understand sonic boom formation and propagation. Although some
organizations have used current models to produce prediction maps for Falcon-9 flyback sonic
booms (FAA, 2020b), such results only show final metric values, rather than full waveforms. This
leaves whether the physics are fully understood and modeled as an open question. Some evidence
suggests that models have been custom-tailored to match specific launch vehicles (FAA, 2020b).
This can be useful for predicting the sonic booms from a known vehicle under certain atmospheric
and trajectory conditions, but does not necessarily produce a model that can be confidently ported to
a new vehicle design or to other flight conditions.

Although there are many interesting features of Falcon-9 flyback sonic booms, this chapter’s
aim is restricted to determining why the booster produces a triple sonic boom rather than an N-wave.
Although the effects of maneuvers are important for sonic boom predictions (Lonzaga et al., 2022;
Maglieri et al., 2014), a maneuver-based explanation would not explain why a consistent triple
sonic boom is measured at all locations ranging from near the landing pad to 25 km from the pad,
and at all azimuths (Anderson et al., 2024c). Additionally, the triple boom cannot be due to the
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Figure 8.1 (a) A full Falcon-9 launch vehicle on ascent. (b) The booster stage shortly
before landing. (c) Triple-boom signatures measured 0.35 km from the landing pad during
three separate flights, measured in pounds per square foot (psf). The measurement colored
in black is conflated with other landing-related noise. (d) Triple-boom signatures measured
8.7 km from the landing pad during the same three separate flights, also in psf. Both (c)
and (d) were reproduced from data in Anderson et al. (2024c), with minor processing and
plotting differences here. [Credit for photographs (a) and (b): SpaceX (CC BY-NC 2.0
DEED License. No changes were made).]

exhaust plume from the engines during the landing burn, as the landing burn tends to occur after the
vehicle is subsonic (see SpaceX (2023) for an example). Thus, because the booster falls without
engines on during the majority of the time that the sonic boom is produced, an explanation based
on booster geometry is preferable. Such an explanation is demonstrated in this chapter using three
complementary approaches. It should be noted that because this is an initial analysis, the primary
goal is to see whether a triple sonic boom can be predicted in the far field, and the precise matching
of that sonic boom to measurements remains an important part of future work. The first method,
shown in Sec. 8.2, uses sonic boom theory coupled with nonlinear acoustic propagation modeling.
In Sec. 8.3, computational fluid dynamics (CFD) simulations are used to visualize the flow field near
the booster during flyback. In Sec. 8.4, photographic evidence from a booster flyback is used to
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visualize portions of the flow during an actual flight. Each method supports the conclusion that the
booster’s grid fins produce a forward-migrating shock wave that merges with a backward-migrating
rarefaction wave produced by the lower portions of the booster, including the folded landing legs.
This merging produces an additional central shock, explaining the triple boom signature.

8.2 Method A: Sonic Boom Theory and Nonlinear Propagation

8.2.1 Determining a Suitable F-function
Classical sonic boom theory can be used to provide estimates for sonic boom properties in the far field.
Because the Falcon-9 booster is not a simple geometric shape, many simplifying assumptions are
made, as will be discussed throughout this section. The pressure field surrounding an axisymmetric
body of revolution can be approximately described (Whitham, 1952; Gottlieb and Ritzel, 1988;
Maglieri et al., 2014) as

𝛿𝑝 =
𝑝𝑎𝛾𝑀

2
∞

(2𝛽𝑟0)1/2𝐹 (𝜒), (8.1)

where 𝛿𝑝 is the pressure change from ambient, 𝑝𝑎 is the ambient pressure, 𝛾 is the ratio of specific
heats, 𝑀∞ is the freestream Mach number, 𝛽 is equal to

√︁
𝑀2

∞ − 1, 𝑟0 is the radial distance away
from the projectile at which the pressure is to be determined, and 𝐹 (𝜒) is known as the “F-function”,
where 𝜒 = 𝑥 − 𝛽𝑟 is the location along Mach lines, with 𝑥 being the physical location along the
booster. The F-function describes the vehicle geometry in a way that translates into an acoustic
propagation field via Eq. (8.1). Following a recommendation from Carlson and Mack (1977) for
blunt bodies, the F-functions in this chapter are calculated along the coordinate 𝑥 instead of 𝜒. This
accounts for the fact that shock waves produced by blunt bodies do not initially travel along Mach
lines. Whether this assumption holds for intermediate features along an elongated blunt body like the
Falcon-9 booster is unclear, but for the current study it is assumed to be a reasonable approximation.
Applying this coordinate change, the F-function is defined as

𝐹 (𝑥) = 1
2𝜋

∫ 𝑥

0

𝐴′′(𝑥)
√
𝑥 − 𝑥

𝑑𝑥, (8.2)

where 𝐴′′ is the second derivative of the cross-sectional area as a function of distance along the body.
Note that the booster is assumed to be falling with zero angle of attack relative to the oncoming air.
In reality, the booster does have a non-zero angle of attack, which would produce a lift component
in the F-function definition. While the effect of this lift on the sonic boom is an important topic for
future study, only the simple case of a zero-degree angle of attack is considered here.

In this chapter, the booster is modeled as an axisymmetric body of revolution with protuberances
representing the landing legs and grid fins. While the vehicle is not completely axisymmetric,
the triple boom is observed at all azimuth angles relative to the landing location (Anderson et al.,
2024c), which leads to the assumption that the flow field blends azimuthally during propagation.
For simplicity, this blending is inherently accounted for by assuming an axisymmetric body from
the start.
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This modeling has two levels of detail. Figure 8.2(a) shows the booster modeled as a simple
cylinder of equal proportions to the booster. Both the original geometry (black) and a modified
geometry (blue) designed to better match an effective body shape are shown. Throughout this
chapter, this geometry is referred to as the “Cylinder”. The F-function for this geometry is shown
in Fig. 8.2(b). A more detailed approximation to the booster geometry is shown in Fig. 8.2(c),
including the folded landing legs, grid fins, and a small protuberance near the top of the booster.
Throughout this chapter, this geometry is referred to as the “Falcon 9”. The F-function for this
geometry is shown in Fig. 8.2(d).
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Figure 8.2 (Above) An annotated Falcon-9 booster model during flyback. (a) A cylindrical
geometry of comparable dimensions to the booster. The original geometry is shown in
black while the blue shows a slightly modified geometry according to principles discussed
by Gottlieb and Ritzel (1988). (b) The F-function for the cylindrical geometry at Mach 2.
(c) similar to (a), but for the Falcon-9 booster geometry. (d), similar to (b), but for the
Falcon-9 booster geometry at Mach 2. [3D model adapted from Stanley Creative (2023)
(CC BY 4.0 DEED License. Changes made).]

To account for the blunt shape of the booster during flyback (see Fig. 8.2), methods proposed by
Gottlieb and Ritzel (1988) are applied to ensure more accurate shock placement. Because the goal
is to model the far-field boom waveforms, it is assumed viable to accurately model only the general
flow field, rather than to accurately match every detail of the geometry, as the near-field details will
tend to disappear during propagation (Maglieri et al., 2014). There are three blunt features to which
corrections are applied: the bottom of the booster (where the engines are located), the grid fins
located near the top of the booster, and the actual top of the booster where there is an abrupt end to
the geometry. These are all visible in Fig. 8.2. Although some other portions of the booster may



8.2 Method A: Sonic Boom Theory and Nonlinear Propagation 145

also be considered blunt, the corrections that could be applied to these areas are assumed to have
minimal impact on the far-field signature.

At the bottom of the booster, there is a detached bow shock. To account for the standoff distance
between the shock and the body of the booster, an artificial body extension is added, ensuring that
the shock occurs at the proper location. This is done for both the Cylinder and Falcon-9 geometries
shown in Fig. 8.2. This extension can be represented by a cubic polynomial subject to the boundary
conditions specified by Gottlieb and Ritzel (1988). Using the highly-blunt Falcon-9 geometry, the
original recommendation provided by Gottlieb and Ritzel (1988) produces an updated geometry
that still greatly exceeded their suggested bluntness criteria. To correct for this, a related equation
intended for blunt features on other portions of the geometry was used and found to more closely
align with their bluntness criteria. This resulted in a larger standoff distance between the bow shock
and the bottom of the booster.

The grid fins on the booster represent the most challenging aspect of this geometry. The fins
allow airflow through the grid-fin structure while still producing a shock ahead of the fins. This can
be observed in wind-tunnel and CFD work by Bykerk et al. (2022). Although Gottlieb and Ritzel
(1988) did not consider blunt features that allow flow through, we treat it as a smaller protrusion than
the physical grid fins. As shown in Fig. 8.2(c), the grid fins are modeled as a solid protuberance
that extends about half as far as the physical grid fins. The shorter size ensures that airflow is not
altogether impeded while ensuring that a shock is still produced. To model the flow on the other
side of the grid fins, a linear taper in the geometry is used that returns the geometry radius to the
same as the booster. Future research should investigate the most appropriate treatment of grid fins in
sonic boom modeling.

For blunt features that face away from the flow such as the top of the booster, a different type
of extension is applied to the body. This extension accounts for the flow after the body and the
subsequent turbulent wake. The first portion of the extended geometry is a conical shape behind the
top of the booster. The cone tapers to an amount specified by Gottlieb and Ritzel (1988) and then
becomes a cylinder. This is used for both the Cylinder and Falcon-9 geometries in Fig. 8.2.

8.2.2 Propagation
After the F-functions have been converted to pressure disturbances via Eq. (8.1) (using 𝑟0 = 41.2 m,
or one body length away from the vehicle), they are propagated using the generalized Burgers
equation for cylindrical spreading (Hamilton and Blackstock, 2024):

𝜕𝑝

𝜕𝑟
=

𝛽

2𝜌0𝑐
3
0

𝜕𝑝2

𝜕𝜏
+ Ψ̄𝑝 − 1

2𝑟
𝑝 (8.3)

where 𝑝 is the pressure disturbance, 𝑟 is the propagation distance, 𝛽 is the coefficient of nonlinearity
taken to be 1.201 in air, 𝜌0 is the ambient density, 𝑐0 is the ambient sound speed, 𝜏 is the retarded
time, and Ψ̄ is an operator that acts on the pressure and represents the effects of atmospheric
attenuation and dispersion.

This equation is solved numerically using a hybrid time-frequency approach. The methods are
described more completely in Gee (2005) and Gee et al. (2008). Waveform distortion is calculated in
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the time domain via the Earnshaw solution while the geometric spreading, atmospheric attenuation,
and dispersion are calculated in the frequency domain. The method uses adaptive steps based on
the shock-formation distance (Anderson, 1974). When the steps are less than 1 mm, the method of
Pestorius (Pestorius, 1973; Hamilton and Blackstock, 2024) is used to determine shock location and
amplitude.

As the signatures are input into the equation, they are converted to functions of time using an
assumed mean sound speed of 343 m/s and are resampled to 20 kHz. The time arrays are then scaled
by 1/𝑀∞ to account for the fact that far from the vehicle, the waves approximately follow the Mach
lines and thus the shocks are closer to each other than if they all propagate normal to the geometry.
Additionally, when the initial pressure field calculated using Eq. (8.1) is input into Eq. (8.3), the
pressures are large. For the Cylinder geometry, pressures around one atmosphere are estimated at
one body length away from the booster (41.2 m). For the Falcon 9 geometry, the peak pressure
excursions are around 10 atmospheres at the same distance. Such pressures are clearly nonphysical,
as the rarefactions would be below vacuum pressure. This could be fixed by calculating the pressure
at a farther distance in Eq. (8.1), but the required distance to have the pressure excursions drop
to within one atmosphere would be around 100 body lengths, by which distance the near-field
source function produced via the F-function is no longer valid, as Eq. (8.1) does not account for the
nonlinear effects that would have substantially altered the flow field. Fortunately, when the signature
at one body length away from the booster is input into Eq. (8.3), the peak overpressures rapidly
decay to less than one atmosphere within the first 2 meters of propagation. Within the first 7 meters,
the peak overpressures decay to within 0.5 atmospheres. Thus, outside of the first few meters of
propagation, the flow field is assumed to be sufficiently accurate to capture the overall far-field sonic
boom shape when propagated, though the overpressures are not expected to be fully accurate. This
claim is substantiated by the similarity between the signatures produced in this section with the flow
fields shown using computational fluid dynamics in Sec. 8.3. For both the Cylinder and Falcon 9
cases in this chapter, the signatures calculated at one body length away from the booster are used.
As the purpose of this chapter is to describe the overall waveform shape in the far field, this is an
acceptable limitation. Future work should go toward accurately modeling both the waveform shape
and overpressures simultaneously.

As the Cylinder and Falcon-9 near-field signatures are propagated to the far field, the two
signatures evolve into, respectively, an N-wave and a triple boom. This propagation is animated
in Mm. 1. In this animation, the Cylinder geometry produces a shock followed immediately by
a rarefaction wave. This rarefaction wave ultimately migrates backward in the pressure signature
and merges with the recompression shock near the top of the Cylinder. Although an interesting
feature, we expect this rarefaction wave is not fully accurate. While the methods used here are
essentially laminar, studies of turbulent supersonic flow over forward-facing steps indicate that
turbulent separation can greatly complicate the flow field near the geometric discontinuity (Czarnecki
and Jackson, 1975; Murugan and Govardhan, 2016; Hu et al., 2022). Additionally, Gottlieb and
Ritzel (1988) suggest that inaccurate expansion waves can be generated near the front of blunt
geometries when using F-function methods. Krasnov (1970) also discusses the flow around a body of
revolution with a flat nose and shows that turbulence is an important consideration, forming a region
of separated flow followed by a reattachment shock. While the accuracy of this rarefaction wave
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remains under investigation, the Cylinder signature does evolve into an N-wave. It is thus concluded
that the far-field signature from a cylindrical geometry of equal proportions to the Falcon-9 booster
is an N-wave, though a relatively large propagation distance may be necessary for the N-wave to
fully develop from this geometry.

Mm. 1. Animation of both the Cylinder and Falcon-9 near-field signatures being
propagated out to the far field. Pressure axes are changed based on the waveform
amplitudes and are equal for both plots. The simulations were run at Mach 2.0. The
animation can be found at https://doi.org/10.1121/10.0035649.

While the Cylinder geometry produces a far-field N-wave, the Falcon-9 geometry produces
a triple boom that remains stable out to at least 25 km, as has been observed in measurements
(Anderson et al., 2024c; Anderson and Gee, 2024). Although the Falcon-9 geometry also produces
a rarefaction wave at the base of the geometry, it is of little consequence as the rarefaction wave
is almost immediately negated during propagation by a forward-migrating shock produced by the
folded landing legs. This shock then merges with the front shock of the waveform. The folded
landing legs also produce another, separate, rarefaction wave. As this rarefaction wave migrates
backward in the signature, it merges with a forward-migrating shock wave produced by the grid fins.
This produces a central shock that is more balanced and remains near the center of the signature.
Thus, it is concluded that the far-field signature from a Falcon-9 booster geometry is a triple sonic
boom.

To further illustrate and compare the changes in the waveforms with propagation distance, the
signatures at four different distances are shown in Fig. 8.3. As the two signatures propagate, the
Cylinder case produces an N-wave while the Falcon-9 case produces a triple sonic boom. These
results demonstrate that a triple sonic boom can be predicted in the far field based on the booster
geometry and that the triple sonic boom origin is likely related to the intermediate features of the
geometry, particularly the grid fins. Because there remains some ambiguity over the accuracy of
the rarefaction wave produced at the bottom of the geometry, the conclusion of this portion of the
analysis is that the central shock results from a forward-migrating compression wave caused by the
grid fins merging with a rearward-migrating rarefaction wave caused by the lower portions of the
booster, including the folded landing legs. Further studies are required to determine the precise
effects of the landing legs on the final far-field signature.

8.3 Method B: Computational Fluid Dynamics
The second method used to determine the triple-boom origin is computational fluid dynamics (CFD).
The results are shown in Fig. 8.4. For these simulations, two-dimensional unstructured meshes for
both the Cylinder and Falcon-9 geometries were produced in GMSH (Geuzaine and Remacle, 2024)
and the simulations were run in OpenFOAM (OpenFOAM, 2024). The simulations were run at
Mach 1.5 with the shockFluid solver for compressible flows. To reduce computational complexity,
the flow field was assumed to be laminar. Assuming symmetry, the flow was only computed on
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Figure 8.3 Propagation of the pressure signatures estimated at one body length from the
booster to distances of 0.5, 4, 10, and 25 km. These cases were run at Mach 2.0.

one side of the geometries, with a symmetryPlane boundary condition on the bottom. The portions
where the geometries were modeled used a zeroGradient boundary condition for the pressure and
temperature and a slip condition for the velocity. Flow entered through the left boundary and exited
through the top and right boundaries, which used waveTransmissive boundary conditions.

For the Cylinder geometry, three features persist at the edge of the computational domain.
These arise from the detached bow shock, a rarefaction occurring at the base of the booster, and a
recompression shock at the end of the geometry. Similar results were found in Sec. 8.2, where the
central rarefaction wave in that analysis ultimately merged with the rear recompression shock. It
remains unclear whether this rarefaction wave at the base of the geometry is accurate, as discussed
in Sec. 8.2. For now, the conclusion is that if a more-complex simulation were run, including
turbulence effects, this clear rarefaction wave would either not be present or would merge with the
other shocks during propagation. The far-field result would then be an N-wave. Further simulations
are required to verify this claim.

For the Falcon-9 geometry, three features also persist at the edge of the computational domain,
but the structure is different from the Cylinder case. The front shock comes from the detached bow
shock at the bottom of the booster. The rarefaction wave produced at the corner of the base of the
geometry is effectively negated by a shock wave produced by the base of the landing legs, as was
seen in Sec. 8.2. As also seen in Sec. 8.2, the folded landing legs produce rarefaction waves that
merge with a shock wave produced by the grid fins. Such a rarefaction wave produced in the vicinity
of the folded landing legs can be seen in near-field simulations by Charbonnier et al. (2022). The
trend for rarefaction waves to migrate backward in the shock system balances out the trend for the
shock wave to migrate forward, producing a balanced central shock. Lastly, similar to the Cylinder
case, a recompression shock occurs at the end of the geometry. In the Falcon-9 results, all three
major shocks are observed to mutually diverge at the edge of the computational domain, suggesting
that the three shocks will persist in the far field. While many of these same near-field flow effects can
be seen in the wind-tunnel measurements and simulations of of Marwege et al. (2022), Charbonnier
et al. (2022), and Bykerk et al. (2022), the relationship between the flow features produced by the
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folded landing legs and the grid fins cannot be easily deduced either because their models did not
include grid fins or their results did not contain details far from the model. Nevertheless, the fact that
similar near-field flow structures are found in the literature substantiate the claim that the simulations
in this chapter, although simplified, are sufficiently accurate for studying much of the overall flow
field. The conclusion of this section is the same as Sec. 8.2, that the central shock in the triple
boom is due to a forward-migrating shock from the grid fins merging with a rearward-migrating
rarefaction wave produced by the lower portions of the booster, including the folded landing legs.

Figure 8.4 Computational fluid dynamics simulations for both the Cylinder and Falcon-9
geometries in the near field. The simulations were run at Mach 1.5. The computational
domain for each was 280 × 100 m.

8.4 Method C: Photographic Evidence
The final piece of evidence to determine the triple-boom origin comes from a unique photograph
taken during the SpaceX NG-21 mission. While this analysis is not as technically rigorous, it
presents a unique way to validate the results in Secs. 8.2 and 8.3. The original photograph is
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shown in Fig. 8.5(a). Condensation clouds form in regions of low pressure, where the conditions
temporarily permit water in the air to condense (Campbell and Chambers, 1994). While the shocks
themselves are not visible, these condensation clouds highlight important flow features that can help
determine approximate shock locations. These features, illustrated in Fig. 8.5(b), point to the same
conclusion as Secs. 8.2 and 8.3. Because regions of fluid expansion tend to form between shocks,
approximate shock positions can be estimated. First, there must be a detached bow shock in front
of the leading edge of the geometry, denoted by the letter “A”. This shock cannot be seen in the
photograph, but its presence is inferred because all supersonic bodies have front shocks. Behind
this shock, a condensation cloud forms that persists up until the grid fins, where the cloud abruptly
becomes less pronounced. This suggests the presence of a strong rarefaction between the bottom
of the booster and the grid fins. The sudden change in the local pressure suggests the presence of
a shock located at the grid fins, denoted by the letter “B”. Following this, another condensation
cloud appears at the top of the booster geometry. This rarefaction is related to the recompression
shock (denoted by the letter “C”) expected at the end of all supersonic bodies. The final result is a
shock system with three distinct features. Although the shock system drawn here is approximate and
represents only the near-field fluid flow, the overall structure agrees with the results found using the
other methods in this chapter.

Figure 8.5 (a) Photograph of the descending booster during the NG-21 mission. (b)
The same photograph with annotations indicating approximate shock locations. [Photo
copyright: Ben Cooper (https://www.launchphotography.com). Used with permission.]

8.5 Conclusion
In this chapter, the Falcon-9 triple sonic boom has been explained. The first and third shocks are the
typical shock structures expected from a finite body relating to the front and rear of the geometry.
The extra, central, shock is formed by a combination of the grid fins and the lower portions of the
booster, including the folded landing legs. These lower portions of the booster produce a rarefaction
wave that tends to migrate toward the back of the shock system, while the grid fins produce a shock
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wave that tends to migrate toward the front of the shock system. When the two structures merge, a
balanced shock forms that shows relatively little motion within the signature. The relative strengths
of the rarefaction and shock waves determine the location of the final central shock within the sonic
boom signature.

This conclusion is reached using three different methods. In the first method, sonic boom theory
is used to produce an approximate near-field source function, which is converted to pressure and
propagated numerically via the nonlinear acoustic Burgers equation. When the booster is modeled as
a simple cylinder, an N-wave is produced in the far field. When the folded landing legs and extended
grid fins are included, a triple-boom signature is produced in the far field. The second method
uses computational fluid dynamics simulations to visualize the near-field flow around the booster,
which agrees with the results in Sec. 8.2. The third method uses a unique photograph taken during
a booster flyback where condensation clouds were visible around the booster. The condensation
clouds highlight regions of low pressure, which agree well with the other two evidences.

While exciting, more research considering these booster flyback sonic booms needs to be
completed. For example, simulations involving turbulent flow are needed to more accurately model
the near-field flow around the booster, which could help determine what parts of the vehicle could
be used to optimize the sonic boom signature. Although F-function methods can provide quick
predictions, their use for blunt rocket boosters during flyback needs to be further validated. We
suggest that near-field signatures from wind tunnel testing should be used as inputs into sonic
boom propagation software to obtain more-accurate predictions. Lastly, the practical effects on
structures, communities, and the environment from having a triple sonic boom should be investigated
to determine whether the additional shock produces any extra effects beyond those produced by an
N-wave.
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Chapter 9

Modeling the Falcon-9 Triple Sonic Boom
Over a Range of Conditions

Abstract
1In the age of commercial spaceflight, many organizations are designing rockets for reuse. Most
designs employ some form of propulsive landing either on land or at sea. The foremost among
these organizations is Space Exploration Technologies Corporation (SpaceX) with their Falcon-9
rocket. As such rockets return, they produce audible sonic booms over the surrounding areas. The
Falcon-9 booster’s sonic boom signature is unique, consisting of three primary shocks instead of
the two associated with traditional N-waves. This provides an opportunity to study sonic boom
formation from a unique geometry and to see whether the triple boom can be physically explained.
This paper considers F-function and computational fluid dynamics methods to model the booster’s
sonic boom under conditions ranging from Mach 1.5 to 2.5. Results support the conclusion of
Anderson and Gee (2025) [JASA Express Lett. 5, 023601 (2025)] that the central shock is the result
of a rearward-migrating rarefaction wave produced by the lower portions of the booster merging
with a forward-migrating compression wave produced by the grid fins. Although it is clear that
both the grid fins and the lower portions of the booster contribute to the central shock, the different
models disagree on their relative importance in producing the final shock.

1This chapter is derived from a paper published in the conference proceedings of the American Institute of Aeronautics
and Astronautics with the following citation:

Anderson, M. C. and Gee, K. L. (2025). “Modeling the SpaceX Falcon-9 Booster’s Triple Sonic Boom Using Multiple
Models and Conditions,” in 30th AIAA/CEAS Aeroacoustics Conference. https://doi.org/10.2514/6.2025-3081

The authors retained copyright for the published paper, and the material is reused here as part of this dissertation.
Minor changes have been made to fit within the context of this dissertation and to improve clarity and formatting. No
conclusions or major results have been changed to the portions that have been previously published. Two additional
chapter appendices have been added that do update and clarify some of the conclusions.
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9.1 Introduction
As the global launch cadence increases, sonic booms from rockets are becoming increasingly common.
Launch vehicles produce sonic booms on ascent and descent (Hilton et al., 1972; Henderson and
Hilton, 1974a,b; Maglieri et al., 2011), regardless of whether the descent is controlled or not.
Typically, these sonic booms occur over the ocean and seldom impinge on land. However, when a
rocket is intentionally flown back to land for reuse, it produces an audible sonic boom on land. These
sonic booms, sometimes referred to as “flyback booms” (Anderson et al., 2024c; Anderson and Gee,
2025b), can persist to distances at least as far as 25 km from the landing location (Anderson et al.,
2024c) and represent a phenomenon that will become more common as different organizations
pursue rocket reusability.

Having landed their Falcon-9 rocket hundreds of times, Space Exploration Technologies
Corporation (SpaceX) is the dominant organization producing reusable rockets (SpaceX, 2026). A
typical flight profile proceeds as follows (SpaceX, 2023): the two-stage Falcon-9 rocket lifts off
using the thrust of nine booster-stage engines. The booster lifts the upper stage and payload high
into the atmosphere before separating. While the upper stage and payload continue to orbit, the
booster stage either continues to coast downrange to a barge landing or reverses orientation and
reignites its engines to travel back to the launch site. After a coast phase lasting a few minutes, while
still around 50 km or higher in altitude, the booster ignites 1–3 engines for the “entry burn”, which
slows the booster before entering the thicker atmosphere at lower altitudes. Finally, after another
brief coast phase, the booster ignites 1–3 engines one more time shortly before extending its landing
legs and touching down softly on the landing pad.

While NASA and other agencies have studied the effects of traditional aircraft sonic booms on
structures and human response for several decades (Maglieri et al., 2014), little research has been
performed on these rocket flyback sonic booms. Aside from initial data collection and analysis
efforts (Durrant et al., 2022a, 2023; Anderson and Gee, 2024; Anderson et al., 2024c), another
important step is to attempt physics-based modeling of the unique features of these sonic booms.
For example, while most sonic booms tend toward N-wave shapes (with two shocks) (Maglieri
et al., 2014), Falcon 9 flyback sonic booms tend toward a triple-boom signature with three primary
shocks (Anderson et al., 2024c). The three shocks show little to no sign of evolution toward an
N-wave, and the total sonic boom duration remains nearly constant at all distances from the landing
location (Anderson et al., 2024c; Anderson and Gee, 2024). Although sonic boom signatures with
three primary shocks have been measured before (see several examples in (Maglieri et al., 2014)),
ensuring that the reasons for the Falcon 9 booster’s triple sonic boom are understood can provide
insight into future flyback boom predictions. For example, it is already known that the SpaceX
Starship Super Heavy booster also produces a triple sonic boom (Gee et al., 2024b). Understanding
the physics can help determine whether this is a universal feature expected from all rocket flyback
events.

Recent work by Anderson and Gee (2025b) indicates that the triple-boom signature is a direct
consequence of the booster’s geometry. Using Whitham’s F-function paired with numerical
propagation via the Burgers equation, they show that the center shock can be explained as the
product of a forward-traveling shock wave produced by the grid fins and a backward-traveling shock
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Figure 9.1 (a) A full Falcon-9 rocket shortly after liftoff. (b) A Falcon-9 booster moments
before a successful landing. (c) Sonic boom waveforms measured 0.35 km away from
the landing pad during three different missions. (d) Sonic boom waveforms measured
8.7 km away from the landing pad during the same three missions. [This entire figure
is reproduced from Anderson and Gee (2025b) without changes (CC BY-NC 4.0 DEED
License). Credit for photographs (a) and (b): SpaceX (CC BY-NC 2.0 DEED License. No
changes made).]

produced by rarefaction waves near the base of the booster, including the folded landing legs. The
resultant shock is more balanced and does not migrate as rapidly to merge with either the front or
rear shocks. The calculations were carried out using both a plain cylinder of equal proportions
to the booster and a cylinder with protrusions representing the folded landing legs and the grid
fins. While the plain cylindrical geometry produced a signature that ultimately evolved into an
N-wave, the signature from the more-realistic geometry became a triple boom in the far field. Simple
computational fluid dynamics (CFD) simulations and photographic evidence shown in Anderson
and Gee (2025b) support the results from the Whitham-Burgers approach.

The goal of this chapter is to expand on the work of Anderson and Gee (2025b) and this chapter
proceeds as follows. In Sec. 9.2, the near-field pressure signatures are estimated using F-function
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and CFD approaches. The propagation modeling is discussed in Sec. 9.3. In Sec. 9.4, the near-field
signatures are propagated to the far field. Section 9.5 then contains a summary of the conclusions
found in this chapter. Two appendices are also included that contain more CFD results and a
validation case for the propagation code.

9.2 Determining Near-field Pressures
The Falcon-9 booster shows little similarity to traditional aircraft. A schematic is provided in
Fig. 9.2, indicating some unique geometrical aspects of this vehicle. As the vehicle descends, its
engine section faces the oncoming flow. The grid fins near the top of the booster also represent a
unique flow feature not seen on traditional aircraft. These grid fins are used to control the booster
aerodynamically on descent and the flow around and through them is complicated (Charbonnier
et al., 2022).

Engines

Folded Landing Legs Grid Fins

Interstage
Airflow During Flyback

Figure 9.2 A Falcon-9 booster. Important parts of its geometry, along with the airflow
direction, are indicated. This figure is reproduced from Anderson and Gee (2025b) without
changes (CC BY-NC 4.0 DEED License). The original 3D model comes from Stanley
Creative (2023) (CC BY 4.0 DEED License. Changes made.).

In this section, approximate near-field pressure distributions are obtained via the Whitham
F-function (Maglieri et al., 2014; Whitham, 1952) and CFD. Each has trade-offs. The Whitham
F-function assumes first order flow details, which is unlikely to be strictly accurate for such a blunt
geometry. Meanwhile, due to the prohibitively high cost of three-dimensional simulations under the
resources allotted to the current analysis, the CFD models are two-dimensional and do not capture
the full three-dimensional flow field. Nevertheless, it is assumed that these methods all produce
near-field pressure distributions that are sufficient to permit a study of the overall waveform shape,
though the shock amplitudes and exact positions are not expected to be perfectly accurate. It is
strongly recommended that future wind-tunnel tests and three-dimensional CFD simulations be used
to determine the full pressure distribution around the booster. Similar tests have been performed
before (Bykerk et al., 2022; Marwege et al., 2019; Charbonnier et al., 2022), but the focus was on
vehicle loads and not on sonic boom prediction.
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9.2.1 Whitham F-function
The first-order theory (Maglieri et al., 2014; Whitham, 1952) for the flow field around a supersonic
projectile estimates the pressure field according to

𝛿𝑝 =
𝑝𝑎𝛾𝑀

2
∞

(2𝛽𝑟0)1/2𝐹 (𝑥), (9.1)

where 𝛿𝑝 is the pressure change from ambient, 𝑝𝑎 is the ambient pressure, 𝛾 is the ratio of specific
heats, 𝑀∞ is the free-stream Mach number, 𝛽 is the quantity

√︁
𝑀2

∞ − 1, 𝑟0 is the distance from the
vehicle, and 𝑥 is the lengthwise location along the geometry. The quantity 𝐹 (𝑥) is known as the
“F-function”, and it represents the specific geometry being modeled. Strictly speaking, the coordinate
𝑥 should be replaced with 𝜒 = 𝑥 − 𝛽𝑟0, but it is assumed that 𝜒 ≈ 𝑥 for the current analysis because
blunt objects tend to produce shocks that do not initially propagate along the far-field Mach lines
(Carlson and Mack, 1977).

Modifications to the Booster’s Blunt Geometry

Although F-function methods were originally developed for use with slender bodies, Carlson and
Mack (1977) noted that the slender-body theory still tends to work well when applied to blunt
geometries for the purpose of sonic boom prediction. To further improve predictions, methods
proposed by Gottlieb and Ritzel (1988) are applied in this chapter to improve shock placement
around the blunt geometries.

The Falcon-9 booster has three primary blunt features: the bottom where the engines are located,
the grid fins jutting out from the side of the booster, and the top of the booster where the geometry
abruptly terminates. As for any supersonic blunt body, a detached bow shock is expected at the base
of the booster. To account for the standoff distance between the shock and the body of the booster,
an artificial body extension is added to the bottom, ensuring that the shock occurs at the proper
location. This extension can be represented by a cubic polynomial

𝑔(𝑥) = 𝑎𝑥3 + 𝑏𝑥2 + 𝑐𝑥 + 𝑑, (9.2)

subject to boundary conditions. At the tip of the extension, the extension radius (𝑅0) goes to zero
and the slope goes to

𝑅′
0 = 𝛽

(
3(𝛾 + 1)2

4𝑀2
∞

)−1/4

. (9.3)

However, this produces a new tip that still exceeded the bluntness criteria used by Gottlieb and
Ritzel (1988). Therefore, a later definition in Gottlieb and Ritzel (1988), designed for blunt features
along the body, was used and found to produce a tip that was closer to meeting the bluntness criteria.
This definition is

𝑅′
0 =

2
𝛾 + 1

𝛽2

𝑀2
∞
. (9.4)



9.2 Determining Near-field Pressures 157

This definition of 𝑅′
0 was used to produce new effective tips for the blunt geometries. Additionally,

the extension must match the radius (𝑅1) and slope (𝑅′
1) of the booster body where it joins the

booster. The final constraint is that the extension must be of length

Δ𝑥 =
3𝑅1

2𝑅′
0 + 𝑅

′
1
, (9.5)

which is then converted into a coordinate for the tip of the extension (𝑥0). Lastly, the extension base
should be located at the same location as the bottom of the booster (𝑥1). With all of these conditions
in place, the cubic polynomial coefficients representing the extension can be solved for via
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For blunt features that occur after the front of the geometry (like the grid fins on the booster),
the process is largely the same, with a few small changes. The required slope at the point where the
extension touches the body is calculated via Eq. (9.4) and the standoff distance is

Δ𝑥 =
3(𝑅1 − 𝑅0)
2𝑅′

0 + 𝑅
′
1
, (9.7)

which is then converted into the coordinate 𝑥0. The grid fins in this chapter are modeled exactly as
in Anderson and Gee (2025b), treating the grid fins as smaller protuberances to allow airflow past
them while still producing a shock.

For blunt features that face away from the flow, like the top of the booster, a different type
of extension is applied to the body. This extension accounts for the flow after the body and the
subsequent turbulent wake. The first portion of the extended geometry is a conical shape that gets
smaller with distance behind the top of the booster. The initial radius of the cone must match the top
of the booster and the length of the cone is

𝐿 = 2𝑅(1.83 − 0.186𝑀∞), (9.8)

where 𝑅 is the radius of the booster. The conical geometry does not come to a point at this distance,
but rather reaches a radius of

𝑅𝑤 = 𝑅(0.950 − 0.150𝑀∞), (9.9)

where 𝑅𝑤 is the radius of the turbulent wake. After this point, the turbulent wake in this chapter is
modeled simply as a constant cylindrical body extending behind the booster.

The modified geometries are shown in Fig. 9.3 for (a) a plain cylinder that represents a Falcon-9
booster without landing legs or grid fins and (b) a cylindrical body that contains protrusions
representing the booster’s folded landing legs and extended grid fins.
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Calculating the F-function

The Whitham F-function 𝐹 (𝑥) is defined as (Whitham, 1952; Maglieri et al., 2014)

𝐹 (𝑥) = 1
2𝜋

∫ 𝑥

0

𝐴′′(𝑥)
√
𝑥 − 𝑥

𝑑𝑥 (9.10)

where 𝐴′′(𝑥) is the second derivative of the cross-sectional area as a function of distance 𝑥 along the
body. Strictly speaking, the cross-section should be taken along slices at the Mach angle, but Carlson
and Mack (1977) suggest that for blunt bodies it may be more appropriate to use slices that are
normal to the geometry as the initial shocks around a blunt body tend not to immediately propagate
away at the far-field Mach angle. In this chapter, 𝐴′′(𝑥) is calculated normal to the geometry. The
final F-functions are shown in Fig. 9.3.
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Figure 9.3 The Falcon-9 booster modeled in two levels of detail. (a) The booster modeled
as a simple cylinder. (b) The booster modeled as a cylinder with protuberances representing
the folded landing legs and the grid fins. The geometry modifications were calculated at
Mach 2.0.

The F-functions in Fig. 9.3 are then converted into pressures via Eq. (9.1) (with 𝑟0 = 41.2 m)
and the results are shown in Fig. 9.4. Immediately, a problem becomes obvious in the predicted
pressure magnitudes. The negative pressure magnitudes drop below 1 atmosphere, a phenomenon
that is not possible in real fluid flow at an ambient pressure of 1 atm. Additionally, some positive
pressure values appear improbably large. This was also noted in Anderson and Gee (2025b), where
it was observed that shock formation and decay rapidly decreased these pressure amplitudes to



9.2 Determining Near-field Pressures 159

more-realistic values within the first few meters of propagation. Thus, although further investigation
into the physicality of F-function results for descending rocket boosters needs to be performed, it is
assumed in this chapter that the propagated results will be good enough for determining the overall
waveform shape after propagation. However, the final pressure amplitudes are unlikely to be fully
accurate.
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Figure 9.4 The calculated pressures around the (a) Cylinder and (b) Falcon-9 geometries
at Mach 2.0 at a linearly-propagated distance of 𝑟0 = 41.2 m.

9.2.2 Computational Fluid Dynamics (CFD)
Another method to obtain the pressures in the flow field surrounding a supersonic vehicle is CFD.
For the results in this chapter, two-dimensional unstructured meshes for both the Cylinder and
Falcon-9 geometries were produced in GMSH (Geuzaine and Remacle, 2024) and the simulations
were run in OpenFOAM 11 (OpenFOAM, 2024). The simulations were run with the shockFluid
solver for compressible flows. Assuming symmetry, the flow was only computed on one side of
the geometries, with a symmetryPlane boundary condition on the bottom. Further details for each
boundary condition are given in Table 9.1. For these simulations, a 𝑘-𝜔 Shear Stress Transport
(SST) turbulence model was used. The initial estimates at the boundaries were solved via the
following equations (SimScale, 2025; Direct, 2025):

𝑘 =
3
2
(𝑈𝐼)2, (9.11)

𝜔 =

√
𝑘

𝐶
1/4
𝜇 ℓ

, (9.12)
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𝜈𝑡 =
𝑘

𝜔
, (9.13)

where 𝑘 is the turbulent kinetic energy, 𝑈 is the freestream velocity, 𝐼 is the turbulence intensity
(taken to be 0.05 throughout this chapter), 𝜔 is the specific turbulent dissipation rate, 𝐶𝜇 = 0.09,
ℓ is the turbulent length scale (taken to be 0.25 m throughout this chapter), and 𝜈𝑡 is related to the
turbulent viscosity. Calculated values are tabulated in Table 9.2 alongside other flow parameters.

Table 9.1 Boundary conditions used in the CFD simulations. The inlet was located on the
left boundary and the outlet on the top and right boundaries.

inlet outlet vehicle bottom
alphat calculated waveTransmissive compressible::alphatWallFunction symmetryPlane

k fixedValue waveTransmissive kqrWallFunction symmetryPlane
nut calculated waveTransmissive nutkWallFunction symmetryPlane

omega fixedValue waveTransmissive omegaWallFunction symmetryPlane
p fixedValue waveTransmissive zeroGradient symmetryPlane
T fixedValue waveTransmissive zeroGradient symmetryPlane
U fixedValue waveTransmissive noSlip symmetryPlane

Table 9.2 Flow properties for each of the simulations.

alphat
(kg/m s)

k
(m2/s2)

nut
(m2/s)

omega
(1/s)

p
(kg/m s2)

T
(K)

U
(m/s)

M = 1.5 0 975 4.27 228 1e5 300 (510, 0, 0)
M = 2.0 0 1734 5.70 304 1e5 300 (680, 0, 0)
M = 2.5 0 2709 7.12 380 1e5 300 (850, 0, 0)

There are two main benefits to using CFD to obtain near-field pressures rather than relying
on F-function methods. First, blunt portions of the geometry can be modeled directly without
needing to make assumptions about shock location and strength. Second, the grid fins can be more
appropriately modeled. Meshes for the Cylinder and Falcon-9 geometries are shown in Fig. 9.5,
including a close view of the grid fins. The fins are modeled using seven diamond-shaped elements
to approximate the number of struts used in the physical grid fins. This approximation allows for a
better simulation of the flow through the fins and the shock structure produced by the fins. This is
an improvement over what was done in Anderson and Gee (2025b), where the same geometry used
for F-function analysis was used in the CFD analysis.

Simulations were run at Mach 1.5, 2.0, and 2.5, and zoomed-in pressure fields shown in Fig. 9.6.
In the near field, the Cylinder produces a triple sonic boom consisting of the bow shock followed
by a rarefaction wave which steepens into a shock and then ending with the wake shock. This
same overall structure is observed at all three Mach numbers. In constrast, the Falcon-9 geometry
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produces many more near-field shocks at each Mach number, and those shocks can be seen beginning
to coalesce with distance from the booster. While these are zoomed-in results, the full calculated
domains can be seen in Chapter Appendix A.

Finally, the CFD results can be used to extract pressures along lines parallel to the geometries. To
be thorough, pressures were extracted along three different lines corresponding to different distances
from the geometries (10, 20, and 41.2 m). The freestream pressure was then subtracted and the
amplitude effects of cylindrical spreading were then approximately accounted for as

𝛿𝑝 = (𝑝 − 𝑝∞)
(
1.85
𝑟0

)1/2
, (9.14)

where 1.85 m is the booster radius and the one-half power corresponds to cylindrical spreading.
The final near-field pressure signatures obtained through the CFD methods are shown in Fig. 9.7.

Several similarities and differences can be found between these results and those presented using
F-function methods in Fig. 9.4. For example, the pressures here are substantially smaller than those
in Fig. 9.4, and the rarefactions are not of comparable amplitude to the compressions, as is the case
in Fig. 9.4. However, both the CFD and F-function methods agree that the initial bow shock is
followed by a rarefaction wave associated with the airflow turning around the blunt lower portion of
the geometry. Such negative pressures following the positive pressures induced by blunt bodies have
been observed previously Shrout et al. (1971), as well as for cases where the tip is pointed but still
has a corner or rounded region afterwards (Carlson et al., 1965; Shrout et al., 1971). As shown in
Fig. 9.7, this rarefaction wave tends to migrate rearward at farther propagation distances. In the
Falcon 9 case, it merges with a forward-migrating shock produced by the grid fins. In the following
sections, nonlinear propagation modeling is employed to determine how these near-field signatures
evolve during propagation to the far field.



9.2 Determining Near-field Pressures 162

Figure 9.5 Portions of the meshes used throughout the CFD simulations. (Top) the mesh
for the Cylinder cases. (Middle) the mesh for the Falcon 9 cases. (Bottom), a closer view
of the mesh near the top of the Falcon 9, including the grid fins modeled using narrow
diamonds.
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 9.6 Zoomed-in pressure fields for each of the CFD runs. (a) Cylinder, Mach 1.5. (b)
Falcon 9, Mach 1.5. (c) Cylinder, Mach 2.0. (d) Falcon 9, Mach 2.0. (e) Cylinder, Mach 2.5.
(f) Falcon 9, Mach 2.5. For the Falcon-9 simulations, a model has been superimposed on
the results to aid with visualization. The color ranges are from 20 kPa (blue) to 180 kPa
(red), with 100 kPa being the freestream pressure.
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Figure 9.7 The estimated near-field pressure signatures from the CFD simulations across
Mach numbers and at three different distances from the geometries. Some extra pressure
disturbances after the signatures are visible for the M = 1.5 cases. These were caused by
minor reflections off the top boundary.
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9.3 Propagation Modeling
The Generalized Burgers Equation (GBE) (Hamilton and Blackstock, 2024; Lonzaga et al., 2022)
models the effects of nonlinear distortion and can be expressed in lossless form for cylindrically-
spreading waves as

𝜕𝑝

𝜕𝑟
=

𝛽

2𝜌0𝑐
3
0

𝜕𝑝2

𝜕𝜏
− 1

2𝑟
𝑝. (9.15)

Here, 𝑝 is the pressure disturbance, 𝑟 is the propagation distance, 𝛽 is the coefficient of nonlinearity
taken to be 1.201 in air, 𝜌0 is the ambient density, 𝑐0 is the ambient sound speed, and 𝜏 is the retarded
time. The GBE is commonly used to study sonic boom propagation in modern software packages
like PCBoom (Lonzaga et al., 2022). In this chapter, this equation is solved numerically as follows:

1. The shock formation distance is solved for via (Hamilton and Blackstock, 2024)

𝑟shock =
𝜌0𝑐

3
0

𝛽
𝑑𝑝

𝑑𝜏
|max

. (9.16)

2. The step length is determined by
Δ𝑟 = 𝜂𝑟shock, (9.17)

where 0 < 𝜂 < 1 is the step size parameter.

3. The waveform distortion is calculated via the Earnshaw solution (Hamilton and Blackstock,
2024),

𝜏distort = 𝜏 −
𝛽Δ𝑟

𝜌0𝑐
3
0
𝑝. (9.18)

4. The waveform is resampled back onto the original time array. This step provides numerical
damping, which prevents the formation of discontinuities or triple-values waveforms.

5. The geometric spreading is accounted for by

𝑝 =

(
𝑟𝑖−1
𝑟𝑖

)1/2
𝑝. (9.19)

6. The process is repeated until the final propagation distance is reached.

To convert the pressure signatures from distance units to time units, the distance units are divided
by the assumed ambient sounds speed of 343 m/s and the waveforms are resampled to 20 kHz.
Additionally, the time units are then divided by the freestream Mach number 𝑀∞, which models the
fact that in the far field the waves propagate normal to the shock fronts and not parallel to the source
geometry.
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9.4 Results
The near-field pressures obtained in Sec. 9.2 were propagated using the nonlinear propagation
algorithm detailed in Sec. 9.3. The results using the F-function approach are shown in Fig. 9.8.
The near-field pressures were calculated at three different Mach numbers (1.5, 2.0, and 2.5) and
propagated to four different distances (0.5, 4.0, 10, and 30 km), enabling a comparison across a
range of initial conditions and propagation lengths. Across all considered conditions, the F-function
approach predicts that the Falcon 9 geometry will produce a triple sonic boom. There is a trend for
the central shock to be located closer to the first shock as Mach number increases. Meanwhile, the
Cylinder geometry is predicted to produce a triple sonic boom at closer distances and lower Mach
numbers. For farther distances and higher Mach numbers, the Cylinder predictions tend toward
N-waves.

The results from propagating the CFD near-field signatures are shown in Fig. 9.9 using the same
format as Fig. 9.8. The input pressure signatures were the ones at 41.2 m in Fig. 9.7. According
to the CFD results, both the Cylinder and Falcon-9 geometries are expected to produce a triple
sonic boom at all distances and across all three Mach numbers. As a general trend, the Falcon-9
geometry produces a central shock that occurs shortly before the central shock predicted for the
Cylinder. This is due to the forward-migrating shock originating from the grid fins merging with the
rearward-migrating rarefaction wave produced near the base of the geometry. This merging tends to
slow down the overall migration of the central shock to either the front or the back of the waveform.

To increase confidence that the CFD results are physically meaningful, Fig. 9.10 compares a
CFD prediction (M = 1.5, r = 10 km) with three representative measured signatures at 8 km away
from the landing pad for three different missions. Although the central shock’s amplitude is smaller
in the simulated results than the measured results, its relative position within the waveform agrees
well. Additionally, in both the simulated and measured waveforms, there is a small shock occurring
shortly before the larger third shock. According to the CFD results, this small shock is produced by
a rarefaction wave formed after the air flows through the grid fins and is observable in Fig. 9.6. This
same feature is also seen in the laminar CFD simulations in Anderson and Gee (2025b) and was
discussed as possibly originating from the grid fins by Durrant et al. (2022a). Thus, it is concluded
that the origin of this small shock is the rarefaction wave produced after the air flows through the
grid fins. The forward-migrating shock wave produced just ahead of the grid fins merges into the
central shock (increasing the central shock’s amplitude some amount) while the rarefaction wave
produced just behind the grid fins fails to merge with the rear shock by 8–10 km of propagation.
Thus, it is concluded that the grid fins produce a forward-migrating shock wave that contributes to
the far-field central shock and a rarefaction wave that can form a small minor shock before the rear
shock in the final signature.

It is also important to note the discrepancy in pressure amplitude between the simulated and
measured results. The measured signatures (Fig. 9.10(b-d)) were subject to pressure doubling due
to the measurements being made on the ground, while the simulated signature (Fig. 9.10(a)) is free
field. Were the simulated waveform to be measured on the ground (and thus experience pressure
doubling) the pressures would be about seven times as great as those actually measured. Thus,
although the overall waveform shapes appear to be accurate, the pressures are not.
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Figure 9.8 Propagated signatures using the Whitham F-function as input. The Mach
number is constant within columns and distance increases between rows.
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Figure 9.9 Propagated signatures using the CFD results at 𝑟0 = 41.2 m with the booster
used as input. The Mach number is constant within columns and distance increases between
rows.
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Figure 9.10 Comparison between the CFD results and measurements around 10 km.

While it is clear that the grid fins produce a compression wave and the lower parts of the booster
produce a rarefaction wave, it is not clear which dominates the formation of the central shock or if
they both contribute equally. The reason this is not clear is that the F-function and CFD methods,
which both have pros and cons as discussed in Sec. 9.2, disagree on the relative importance of these
two features. The F-function method indicates that the grid fins are required to produce the triple
boom. However, the CFD method suggests that while the grid fins play a role in determining the
final central shock location and amplitude, they may not be required for producing a triple boom.
The true physical answer likely lies somewhere between the results from the F-function and CFD
methods.

9.5 Conclusion
While most sonic booms tend toward N-waves with two shocks, flyback sonic booms from Falcon 9
rocket boosters have a triple sonic boom signature. Measured data (Anderson et al., 2024c) show
that these triple sonic booms persist out to at least 25 km. These triple sonic booms are not fully
modeled in current environmental assessments, where N-wave methods are used to predict sonic
boom levels (Anderson and Gee, 2024; Anderson et al., 2024c). Previous work (Anderson and
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Gee, 2025b) describes the extra, central, shock as being a combination of a rarefaction wave from
the base of the vehicle and a shock wave from the grid fins. The purpose of the analyses in the
present paper are to expand on the work of Anderson and Gee (2025b) and include a broader range
of conditions and propagation distances.

In this chapter, near-field source functions are generated via the Whitham F-function (Whitham,
1952) and computational fluid dynamics (CFD). These near-field signatures are then propagated
via the nonlinear generalized Burgers equation (GBE) out to distances as far as 30 km. The GBE
propagation code was validated against an analytical solution for an N-wave and showed agreement
within 2% for peak overpressure and shock location (see Chapter Appendix B).

Two approximate geometrical models for the Falcon-9 booster were used throughout the analyses.
The lower-fidelity model represents the booster as a simple “Cylinder”. The higher-fidelity model,
referred to as the “Falcon 9”, included protrusions for the folded landing legs and grid fins. In the
F-function method, the grid fins were also modeled as a small protrusion that allowed air to flow
past while still producing a shock. In the CFD method, the grid fins were modeled as several thin
diamond airfoils roughly approximating the number of struts used by the physical grid fins. This
allows a more realistic approximation to the flow behavior through the grid fins.

Both the F-function and CFD methods, after propagation, predict that the Falcon-9 booster
should produce a triple sonic boom. The lower portions of the geometry (i.e., the base of the
rocket and the folded landing legs) produce a rarefaction wave that tends to migrate backward in the
waveform during propagation. The grid fins produce a forward-migrating shock wave. These two
features merge toward the middle of the waveform and account for the central shock. This agrees
with the conclusion in Anderson and Gee (2025b).

However, the results become more complicated for the Cylinder. The F-function method predicts
that the rarefaction produced by the base of the geometry is sufficiently strong to migrate backward
and fully merge with the tail shock. On the other hand, the CFD results predict that this same
rarefaction wave has a lower amplitude and is not sufficiently strong to migrate fully toward the rear
of the waveform and merge with the tail shock. Thus the CFD near-field signature, after propagation
via the GBE, predicts a triple sonic boom for both the Cylinder and Falcon-9 geometries.

The final conclusions of this chapter can be summarized as follows. The first shock in the
triple-boom signature is the bow shock expected at the front of all supersonic bodies. The second
shock is a combination of a rearward-migrating rarefaction wave produced at the base of the
geometry and a forward-migrating shock wave produced by the grid fins. The relative importance of
the rarefaction wave and the shock wave is an open question because their strengths vary between the
F-function and two-dimensional CFD results. The final shock is the tail or “wake” shock produced
at the top of the geometry. Additionally, a minor shock often appears shortly before the final shock
in measured data. This shock is successfully modeled in the CFD results as being produced by a
rarefaction occurring after the flow passes through the grid fins.

While these results validate several findings in Anderson and Gee (2025b), there remains much
work to be done in the emerging field of flyback sonic booms from reusable rockets. The current
results suggest that a triple sonic boom could be produced even without grid fins (see Chapter
Appendices C and D), something that could be validated by studying sonic booms produced by rocket
boosters with less obtrusive fin designs (e.g., Blue Origin’s New Glenn rocket and RocketLab’s
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Neutron rocket). If a deep enough understanding of the physics behind these rocket flyback sonic
booms is developed, then perhaps design changes could be incorporated to optimize the boom
shape. Additionally, all this research has assumed the vehicle axis is perfectly aligned with the
freestream, while actual rocket boosters tend to be angled somewhat relative the to the freestream.
Thus, the effects of breaking the axisymmetry assumption need to be studied, including the effects
of lift. Finally, the effects of having three primary shocks vs an N-wave have not yet been studied on
structures, wildlife, or communities.
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9.6 Chapter Appendix A: Further CFD Results
The zoomed-in CFD results shown in Sec. 9.2 enable a better view of the flow near the vehicle. It is
also useful to see the flow throughout the entire domain. This can help validate the propagation results
from a qualitative perspective, as the shock coalescence can also be observed in the computational
domain for the CFD calculations. The full-domain results for the Cylinder are shown in Fig. 9.11
and the same results for the Falcon 9 are shown in Fig. 9.12. In all cases, the top boundary failed to
perfectly transmit waves, and so partial reflections are visible. In some cases throughout this chapter,
especially at lower Mach numbers, these reflections are visible in the signatures (e.g., Fig. 9.7 at
Mach 1.5 and Fig. 9.9(b)). Of course, these minor pressure disturbances after the sonic boom are
not physical.

In Sec. 9.4, only the pressures along the line parallel to and 41.2 m from the geometries
were used for propagation. For completeness, Fig. 9.13 shows the results for propagating the
Falcon-9 near-field pressures at 10, 20, and 41.2 m to the same four propagation distances shown
in Sec. 9.4. Although there is some dependence on which initial distance is chosen, the results
remain qualitatively the same, without any change to the final conclusions in this chapter. Although
not shown, the results using the Cylinder simulations are also qualitatively the same when using
different input distances.

It is important to also note that the propagation model assumes “weak” shocks, in which the
pressure excursions are an order of magnitude less than ambient pressure (Hamilton and Blackstock,
2024). Extracting the signature farther from the geometry tends to better meet this assumption, with
the caveat that the simulations are two-dimensional and shock coalescence in two dimensions will
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occur faster than in a three-dimensional case. Strong shock extrapolation methods like those used in
Hicks et al. (1972b) and Garcia et al. (1973) could be employed in the future to further improve the
final signatures.

(a)

(b)

(c)

Figure 9.11 CFD results for the Cylinder over the full computational domain at (a) Mach 1.5,
(b) Mach 2.0, and (c) Mach 2.5.
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(a)

(b)

(c)

Figure 9.12 CFD results for the Falcon 9 over the full computational domain at (a) Mach 1.5,
(b) Mach 2.0, and (c) Mach 2.5.
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Figure 9.13 Comparing the propagated signatures for the Falcon 9 using three different
distances for the near-field pressures. This is to roughly assess the uncertainty in the final
results due to the choice of near-field distance.


