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Presenter Notes
Presentation Notes
Hello my name is Joel Lonzaga from NASA Langley Res Center. My talk is about recent efforts in advancing sonic boom modeling for space launch operations both in software tool development and acquiring funding support. This picture shows the Space Launch Complex 4 used by SpaceX in Vandenberg SFB in CA.
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 Background of PCBoom
= NASA developed and Wyle’s PCBoom

« PCBoom issues reported by industry users
= |naccurate carpet placement
= Peak overpressure underprediction

« Collaboration with SpaceX
= Bug fixes and fidelity improvements - PCBoom 7.5.1 Beta

* Interagency agreement with the Space Force
= Validation of PCBoom 7.5.1
= Assistance in building Space Force boom mitigation capability

- Efforts related to large launch vehicles
= Starship
= Support for KSC spaceport


Presenter Notes
Presentation Notes
For the outline of this presentation, first I will discuss the background of PCBoom. Then I will talk about key issues reported by industry users and how those issues prompted a collaboration with SpaceX that led to the development of PCBoom 7.5.1 beta. Next, I will highlight the interagency agreement that NASA has established with the Space Force to validate PCBoom 7.5.1 and to assist Vandenberg SFB in building a sonic‑boom mitigation capability. I will also discuss on-going efforts related to boom prediction for large launch vehicles, including Starship sonic boom modeling and support for KSC spaceport safety assurance.



Background: NASA’s PCBoom

* Maintenance and release by NASA Langley
* Origin from Wyle’s PCBoom code base
« Winged-aircraft enhancements since 2017
* In-house modeling upgrades validated with F-18 data
» Doppler effects of wind on
* Nonlinearity
» Atmospheric absorption
« Computational speedup
« Enhanced Burgers solver vs PCBurg
« 2-3 orders of magnitude faster
« To be validated with X-59 acoustic data
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Recent Enhancements to NASA’s PCBoom Sonic Boom
Propagation Code

Joel B. Lonzaga*
NASA Langley Research Center, Hampton, Virginia 23681

This paper presents the recent updates the author has made to PCBoom sonic boom
propagation code on its computational efficiency, predictive capability, and file operations.
The updated version has recently been released and has a Burgers’ equation solver, which is
computationally more efficient than that in the older version by 2 to 3 orders of magnitude.
The updated version also enhances the accuracy of the sonic boom propagation prediction
by accounting for the full wind effects on the shock wave propagation. Predictions from
the updated PCBoom are compared with predictions from the older version and with data
from flight tests. Other upgrades and changes that have been made in the latest version
include support for Unix-like operating systems, bug fixes, and generation of new types of
output files that allow for better manipulation of PCBoom-generated data.
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Presenter Notes
Presentation Notes
NASA’s PCBoom code is maintained and released by NASA Langley, building on its origin from Wyle’s PCBoom code base while incorporating extensive winged‑aircraft enhancements developed since 2017. The latest public release version is PCBoom 7.6.0, which you can request through the provided qrcode on the upper right-hand corner. While PCBoom 7.6.0 is now available to the public, its accompanying User’s Guide is not yet ready for public release. Over the past several years, I and my team at Langle have introduced a series of in‑house modeling upgrades, validated using F‑18 acoustic data to ensure accuracy. These upgrades include refined treatments of Doppler effects of wind on nonlinearity and atmospheric absorption. These physics-based upgrades are published in the shown 2019 AIAA Aviation paper with a qrcode that you can scan to download. A major advancement is the Enhanced Burgers solver, which replaces the older PCBurg solver and delivers a 2–3 orders of magnitude faster performance. This updated PCBoom is now positioned for the upcoming X‑59 acoustic validation, where its improved fidelity and speed will support next‑generation low‑boom research.
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Background: Wyle’s PCBoom

« Development History — Originally developed at NASA Langley Reseasch Ceree “I;YlG
Wyle by K. Plotkin et al. beginning in the 1990s Hempron, VA 25661 Iaboratories
* Funding Sources — Supported through Air Force
and NASA funding Wyle Report
 NASA-released versions PCBoom Version 6.6

Technical Reference and User Manual

« PCBoom 6.6 — released in 2010
« PCBoom6.7b — released in 2016
- Starting version of NASA's PCBoom oS NN AeT

Job No. T57777

December 2010

« Space Launch Capabilities — Includes
space-launch modeling features not present in

Prepared by:

NASA's PCBoom [Ref. 1] Kemneth ] Piodn
 Environmental Use — Applied in an

environmental assessment study performed under = =

contract to SpaceX for compliance with FAA's

regulations

Ref. 1: Bradely et al. (2018), “User Guides for Noise Modeling of Commercial Space Operations - RUMBLE and PCBoom”.


Presenter Notes
Presentation Notes
I mentioned that NASA’s PCBoom originated from Wyle’s PCBoom, which Plotkin and others began developing in the 1990s. The development was sustained through Air Force and NASA funding, enabling decades of incremental improvements. Under a NASA funding, the Wyle-developed PCBoom 6.6 was released by NASA in 2010, while PCBoom 6.7b is the last Wyle‑developed version released by NASA in 2016. PCBoom 6.7b is the starting version of NASA’s PCBoom, with one notable caveat that it has some missing space‑launch modeling features that are present in the Wyle-release PCBoom. These capabilities were applied in an environmental assessment study performed under contract to SpaceX for compliance to FAA’s regulations on the impact of Falcon 9 sonic booms around Cape Canaveral.



Industry Partner Requests For PCBoom Support

SpaceX Boom-Related Finding Adapted from an FAA Report [Ref. 2]

« Falcon 9 Boom Findings — PCBoom underpredicts Falcon 9 peak overpressure [Ref. 2]
« SpaceX 1122 Model — Developed by SpaceX for sonic boom prediction
— Documented in NASA TP-1122 [Ref. 3]

A Federal Aviation
Administration

Inltlal NASA-SpaceX Engagements (Oct 2020, May 2021) Final Environmental Assessment and
NASA CCSC-1 — Collaboration for Commercial Space Capabilities, Phase 1 Finding of No Significant Impact for

» Participants —LaRC (Lonzaga), JSC (CLDP-Falcon 9 manager), SpaceX SpaceX Falcon Launches at Kennedy

« PCBoom Improvement — Joint effort to improve PCBoom sonic boom predictions Space Center and Cape Canaveral Air

« Launch Vehicles — Focus on Falcon 9 and Starship Force Station

« PCBoom Discussions — Reviewed NASA's PCBoom code and limitations

July 2020

FuII NASA-SpaceX Collaboration, 2025 (CCSC-2)
NASA CLDP Funding — Supported under NASA's Commercial LEO Development Program
 LaRC-AFRC support — Joint effort between Langley and Armstrong
» Initial Objective — Provide operational support for running PCBoom
* Falcon 9 Boom Modeling — Model Falcon 9 sonic booms from VSFB
* Long-Term Objective — Improve PCBoom underprediction for Falcon 9

Other Space Launch Providers
« Additional Partners’ Needs — Requests for PCBoom support and sonic boom modeling

Ref. 2: FAA Report (2020), www.faa.gov/sites/faa.gov/files/space/environmental/nepa_docs/Falcon _Program EA Appendices 508.pdf
Ref. 3: Carlson (1978). “Simplified Sonic Boom Prediction,” Report, NASA-TP-1122.


Presenter Notes
Presentation Notes
From that environmental study, SpaceX found that Wyle’s PCBoom underpredicts sonic boom peak overpressure, which prompted them to develop the SpaceX 1122 sonic‑boom prediction model. This model was adapted from the NASA Technical Paper 1122, which first proposed the highly simplified, windless boom model. This series of events led to the initial NASA–SpaceX engagements in 2020 and 2021, conducted under NASA CCSC‑1 framework with participation from me, the CLDP-Falcon 9 manager from JSC, and SpaceX team of engineers. The collaboration was focused on improving PCBoom predictions for Falcon 9 and Starship and included PCBoom discussions to identify its limitations.

[animation] By 2025, the partnership expanded into a full NASA–SpaceX collaboration under CCSC‑2, funded through the NASA CLDP program and supported jointly by LaRC and AFRC. The Initial Objective  was to provide operational support for running PCBoom, which explains the participation of AFRC PCBoom users. However, the work rapidly morphed into extensive PCBoom debugging and enhancements for modeling Falcon 9 sonic booms from Vandenberg, for which I am the only developer in the team. The long‑term objective was to improve PCBoom underprediction of sonic booms from Falcon 9. Beyond SpaceX, other launch providers have requested PCBoom assistance and sonic‑boom modeling support as well, reflecting a broader need across the launch industry for accurate, validated boom‑prediction tools.



Enhanced Burgers Solver in NASA’'s PCBoom

NASA’s PCBoom Suite

« Main Program (FOBoom) — Primary sonic boom
propagation engine
* Legacy Burgers Solver — lossless solver
« Enhanced Burgers Solver — lossy solver
« Developed in-house

* Post-processors including
« PCBurg — Old lossy Burgers solver; slow
« PCBFoot — Processor of the Lossless Burgers
Solver output for metric calculation

* Lossy Burgers Solvers (Enhanced & PCBurg)
» Capturing: Nonlinearity and atmospheric absorption

Performance Characteristics

* Enhanced Burgers speedup — 100-1000 x faster than
PCBurg

» Lossless solver tradeoff — Fast but ignores absorption

PN

PCBFoot

&

Main PCBoom Program

N

Legacy
Burgers
Solver

Enhanced
Burgers
Solver

Nonlinearity
& Absorption

Burgers Equation: Z—Z =
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Nonlinearity
& absorption



Presenter Notes
Presentation Notes
NASA’s PCBoom is a suite built around FOBoom, the main sonic‑boom propagation program, supported by the lossless Legacy Burgers Solver and the modern Enhanced Burgers Solver. Both solvers numerically solve for the acoustic pressure using the Burgers equation shown in the bottom part of the slide, which is the only equation discussed in this presentation. The right-hand side of the equation contains the nonlinear term and the absorption term, the latter of which is ignored by the lossless Legacy Burgers Solver. The Enhanced Burgers Solver contains those physics-based enhancements developed in-house. There are post‑processing tools that include PCBurg, which is the older lossy solver that runs very slowly, as well as PCBFoot, which is a processor of the output of the Legacy Burgers Solver. The lossy Burgers solvers capture nonlinearity and atmospheric absorption, with the Enhanced Burgers Solver delivering 100–1000× speedup over PCBurg. The lossless solver tradeoff is speed at the cost of ignoring absorption.
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SpaceX - ldentified Issues: Inaccurate Modeled Carpet

Issues in PCBoom 7.5.0

* Ventura microphone clusters — X __,gi:auﬂeﬁcsnewggg)' ' '
Microphone arrays in Ventura, CA recorded
sonic-boom signatures 450N B Banta Barbara .. s 5

oy

« Oxnard microphone clusters — Additional Jf ot & . vod (A

. e yenwuray U i
clusters in Oxnard, CA also captured boom Rp—— o ) 11
0.Oxnard, CA
events oAIX , &
~» —s 10.5 %
()]

+ Legacy Burgers Solver — PCBoom 3 %
modeling predicted these sensors were far § SNP - § g . | ©
outside the boom carpet Q. o

/’ o
. Fnhanced .Burgerf Solver —issues a3o45'N - ,,” | Mo
segmentation fault” errors Novosee ¢ *

Fix to the Legacy Burgers Solver

« Solver is sensitive to propagation time step, 0N Lok {
which is user-specified 10 mi | | ST e

120°30'W 120°W 119°30'W 119°W
Longitude

* User-provided step was too small

« Code modification — automatic step sizing


Presenter Notes
Presentation Notes
During the course of the NASA-SpaceX discussions, issues in PCBoom 7.5.0 were identified while modeling with microphone clusters in Ventura County and Oxnard in CA. Both clusters recorded sonic booms from a Falcon 9 launch. For reference in the figure, Los Angeles is farther to the SE of Oxnard, CA and will be shown in the next slide. The legacy Burgers solver incorrectly indicated that these sensors were far outside the boom carpet as shown in the figure, while the Enhanced Burgers solver produced segmentation‑fault errors. The root cause in the Legacy Burgers solver is due  to propagation time‑step sensitivity, where the user‑provided step size was too small. A code modification now assigns the time step automatically, which stabilizes the legacy solver thereby resolving the issue.


.

SpaceX - ldentified Issues: Model Underprediction

Issue

Santa Barbara microphone clusters —
Microphone arrays in Santa Barbara, CA
recorded sonic booms with peak overpressure
around 1.5 - 2 psf

Ventura microphone clusters — Microphone
arrays in Ventura, CA recorded around 0.5 - 1
psf peak overpressures

Oxnard microphone clusters — Additional
clusters in Oxnard, CA also captured booms
with peak overpressure of 0.25 - 0.5 psf

PCBoom 7.5.0 Legacy Burgers Solver
prediction — PCBoom models indicates peak
overpressures of 0.1 - 0.2 psf

Cause: Unknown (for Legacy Burgers Solver)

Fix: Enhanced Burgers Solver was fixed
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Presenter Notes
Presentation Notes
Using a suitable time step, the Legacy Solver now indicated that the Ventura and Oxnard microphone clusters were within the sonic boom carpet. However, the same measurements from the Santa Barbara microphone clusters showed peak overpressures of 1.5–2 psf, while the Ventura clusters recorded peak overpressures of 0.5–1 psf and the Oxnard clusters measured 0.25–0.5 psf. In contrast, the PCBoom 7.5.0 legacy Burgers solver predicted only 0.1–0.2 psf, revealing a significant underprediction. The cause remains unknown, but the Enhanced Burgers solver was fixed to improve boom‑propagation modeling.


B
Limited Release of PCBoom 7.5.1 Beta

Solver Fixes
* Propagation time-step automation — Time-step . ] ] , ,
handling fully automated to prevent unstable 35°N |

user-defined values

8016

X —[aunch Site (VSFB)

 Enhanced Burgers Solver —Updates are tied to
* Long-distance propagation — Long distance 34°30'N
leads to large cumulative nonlinear effects

a Barbara ]
®  santa Clarita
oVentura, CA

Simi Valley

o
o

« Strong nonlinearity at high altitude —
Large altitudes produce strongly nonlinear
waveform evolution b/

3 _
¥ tos-Angeles
34°N e 9°E

Latitude

o
N
(@) ]
Pmax (psf)

Preliminary Results
* Outputs from the Enhanced Burgers Solver 33°30'N
compare well with measured peak overpressures

0.1

» Discrepancy less than 50% of the measured 20 km |

° 20 mi
values 33N 2Omi |
120°30'W 120°W 119°30'W 119°W 118°30'W 118°W

Longitude

Esri, TomTom, Garmin, SafeGraph, FAO, METI/NASA, USGS,

| Bureau of Land Management, EPA, NPS, USFWS



Presenter Notes
Presentation Notes
Those fixes in PCBoom on stabilizing numerical issues and improving boom modeling were shared with SpaceX as PCBoom 7.5.1 beta. The propagation time‑step automation update prevents unstable user‑defined values, while the updates to the Enhanced Burgers solver address challenges tied to long‑distance propagation, where cumulative nonlinear effects grow large, as well as nonlinearity at high altitudes, where high altitudes produce strong nonlinear waveform evolution. Preliminary results show that the outputs from the updated Enhanced Burgers Solver compare reasonably well with measured booms in terms of the peak overpressure. The overall discrepancies are typically less than 50% of the measured values, where the predicted peak overpressure in Santa Barbara is approximately 1.5 psf, in Ventura approximately 0.75 psf, and in Oxnard approximately 0.3 psf. All are consistent with the measured peak overpressures.
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Additional Technical Difficulty For Ascent Booms

* Improved peak-overpressure prediction — Modeling

updates predicts peak overpressures well

 Waveform-shape mismatch — The modeled
waveform shape does not match measurements

* N-wave modeling behavior — PCBoom
continues to generate the boom as an N-wave

« Measured waveforms — Actual recorded
waveforms typically resemble a blast wave

PCBoom initial signature
+ —

ao ob I

~

Distance or time

Measured booms from ascending launch vehicle
Adapted from [Ref. 4]

Overpressure,
Ap, N/m2 0.5
. -] SEec =

Conditions at which booms were generated
(a) Station 1

Velocity=1035 m/s, altitude=28,956 m

(b) Station 2

Velocity=1091 m/s, altitude=30,480 m

(c) Station 3

Velocity=1138 m/s, altitude=31,821 m

i — — —— -

Velocity=1262 m/s, altitude=35,204 m

15.8 sec

Velocity=1663 m/s, altitude=45,537 m

Ref. 4: Henderson and Hilton. “Sonic-Boom Measurements in the Focus Region during the Ascent of Apollo 17,” NASA TN D-7806, 1974. 10


Presenter Notes
Presentation Notes
While recent modeling updates show that PCBoom now predicts peak overpressures well, a waveform‑shape mismatch remains. PCBoom continues to generate the boom as an N‑wave such as that shown in the figure on the left, while measured waveforms typically resemble blast‑wave shapes, instead as shown in the figure on the right. This discrepancy highlights the need for continued refinement of the source shape and nonlinear propagation modeling.


Deployment of PCBoom on SpaceX Compute Infrastructure

SpaceX HQ and VSFB Visit

Custom PCBoom Build — Built a custom PCBoom
executable optimized for SpaceX’s supercomputing
environment

« Limited Testing — supervised testing effort
performed by a SpaceX team of engineers

 Future Collaboration Discussion — Discussed
next-phase sonic-boom modeling and mitigation
strategies

« Vandenberg Operations Insight — Learned about
SpaceX operations at Vandenberg SFB

« SpaceX HQ Tour — Technical and facility tour at
SpaceX Headquarters

 VSFB Launch Site Tour — On-site tour of SpaceX’s
Vandenberg launch facilities

-]



Presenter Notes
Presentation Notes
The improved prediction works better than SpaceX had anticipated, and so they wanted me to help install PCBoom 7.5.1 on their compute platform.  Since this platform is unique, I was invited to travel to the SpaceX HQ in Hawthorne, CA to build a custom PCBoom executable optimized for SpaceX’s supercomputing environment. The build was followed by limited testing that I supervised  and carried out by a SpaceX team of modelers to verify functionality and performance. Additionally, the visit provided an opportunity for future collaboration discussions focused on next‑phase sonic‑boom modeling and mitigation strategies and their operations at Vandendenberg. As a bonus, the team gave me a tour of their HQ building and facilities that showcase their engineering and manufacturing capabilities which was awesome. Unfortunately, I wasn’t able to take pictures of the amazing workshop they have set up inside their HQ building, as I was only allowed to take pictures of their Falcon 9 display outside their building. On the second day, we drove to Vandenberg, which is about 3-4 hours drive West-NW of Los Angeles, for a tour of their launch site.
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Future Sonic Boom Prediction and Mitigation Efforts

Reimbursable Interagency Agreement with VSFB

* Multiyear Agreement — “Sonic Boom Launch Capacity Improvement Study”

« Sonic Boom Capability — NASA supporting VSFB in a sonic boom prediction and
mitigation capability

« SpaceX Model Validation — Funding for validation of the PCBoom enhancements

made for SpaceX.
 Improved Launch Boom Accuracy — Resources dedicated to improving prediction

accuracy for space launch sonic booms

e==1P Joint Modeling with SpaceX for Starship
- a8 - NASA CCSC-2 — Conducted under NASA's Commercial Collaboration for Space

g™ Capabilities 2 framework
il © NASA CCP Funding — Planned to be funded through NASA's Commercial Crew Program

Support for KSC Spaceport Sonic Boom-Related Safety Assurance
* Prediction & Mitigation Need — Identified need for a sonic boom prediction and
mitigation strategy
* Funding Support
— Multiple conversations for boom modeling
— Boom measurements currently underway

12
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Presentation Notes
As an extension of the NASA-SpaceX collaboration for falcon 9 sonic boom, SpaceX also wanted to predict and mitigate sonic booms from Starship. This joint modeling effort was planned with funding from NASA CPP (or Commercial Crew Program) and was initiated after the 2025 government shutdown. However, progress is on-hold following a SpaceX schedule shift, due to structural upgrades to Starship, but the collaboration remains positioned to resume once vehicle configuration is finalized.

[next slide] Another effort I initiated last year is Langley’s support for KSC spaceport sonic‑boom safety assurance. This is in response to KSC’s need to use PCBoom for sonic boom prediction and mitigation due to increasing launch activity with large launch vehicles. Since PCBoom is not fully mature for this function, they’ve agreed to seek and provide funding support to jumpstart the boom‑modeling capability. While boom modeling activity hasn’t yet started, vibration studies and boom measurements are underway to characterize structural response and refine operational safety assessments.


Summary

NASA's PCBoom initially underpredicted peak overpressures approximately
by a factor of 10 for ascent launch vehicles

NASA's PCBoom was improved for Falcon 9 during the ascent phase
« Collaboration with SpaceX through NASA's CCSC - 2

* Prediction is now within 50% of measured values

Validation will be conducted through funding from the Space Force

Other sonic boom-related efforts include
« Collaboration with SpaceX to characterize sonic booms from Starship

« Support for KSC-spaceport to assess impacts of sonic booms from large
launch vehicles

13
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