Combustor Design, Analysis and
Testing |

Papers Presented at the AIAA SciTech Forum and Exposition
2024

Orlando, Florida, USA
8 — 12 January 2024

Volume 1 of 2

ISBN: 979-8-3313-0443-0



Printed from e-media with permission by:

Curran Associates, Inc.
57 Morehouse Lane
Red Hook, NY 12571

proceedings

.com

Some format issues inherent in the e-media version may also appear in this print version.

The contents of this work are copyrighted and additional reproduction in whole or in part
are expressly prohibited without the prior written permission of the Publisher or
copyright holder. The resale of the entire proceeding as received from CURRAN is
permitted.

For reprint permission, please contact AIAA’s Business Manager, Technical Papers.
Contact by phone at 703-264-7500; fax at 703-264-7551 or by mail at
12700 Sunrise Valley Drive, Suite 200, Reston, VA 20191, USA.



TABLE OF CONTENTS

VOLUME 1

COMBUSTOR DESIGN, ANALYSIS AND TESTING I

Investigations of Multi-Zonal Modeling Strategy for Rocket Combustion Dynamics..........c.cccvvvverveniennns

Cheng Huang, Ashvin Hosangadi, Charles Merkle

Liquid Rocket Engine Combustion Simulations with Radiation Heat Transfer ..............cccccoovvviiiiiiicnnn,

Matthew E. Harvazinski, Ranjan Mehta, Vinod Venugopalan

Low-Order Modeling of Combustion Instability: A Comprehensive Analysis of the BKD Test Case........

Paolo Zolla, Alessandro Montanari, Marco Grossi, Francesco Nasuti, Wolfgang Armbruster,
Michael Borner, Justin Hardi

Exploration of Finite-Rate Chemical Kinetics and Impacts on Common Hypergolic Rocket

Bipropellant CoOmDBINAtIONS. ........viiieirierierinesie et enreenreeneeneaneesneenneenneens

Clayton Birchenough

Flamelet/Progress Variable Formulation with Pressure Variations for Modeling Rocket Combustion

DYMAINICS .tttk ettt etttk e h ek e e b e e Rt e et e et e R e e eRe e R e e R £ oA R £ e AR e eR R e eR e e Re e nRe e eRe e Rt e nneeReeeneenneereen

Ashvin Hosangadi, Andrea C. Zambon, Balaji Muralidharan, Timothy Weathers, Cheng
Huang, Charles Merkle

LIQUID PROPULSION CRYOGENICS I: BOILING

Enhancement of Cryogenic Pool Boiling by Surface Modification ............ccccuvviveieeneniininineiieeeieens

James C. Hermanson, Andrew Jacob
Validation of Universal Cryogenic Flow Boiling Correlations in Thermal Desktop for Liquid

Erin M. Tesny, Brian Johnson, Mariano Mercado, Jason W. Hartwig, Vishwanath Ganesan,
Issam Mudawar

Three-Dimensional CFD Simulations in the Film Boiling Regime During Liquid Nitrogen

(O 311 16 1 X 1 B 30 (0 YT T OO

Jayachandran Kannamkulathu Narayanan, Chirag R. Kharangate, Sonya Hylton, Mohammad
Kassemi, Jason W. Hartwig, Jeffrey R. Mackey

COMBUSTOR DESIGN, ANALYSIS AND TESTING 11

Mixing in @ Novel ROCKEt ENGINE .......cooviiiiiiiiiiiic it

Fiona Spencer, Giovanni Nino, Janna Wai, Jonathan M. Wai, Robert Breidenthal

Ablative Thrust Chamber Development for the SAFFIRE ABLE Liquid Rocket Engine ..........cccccoennne.

Nino Wunderlin, Duran J. Martin, Ryan W. Cooper, Jean Pitot, Michael J. Brooks

Comparative Analysis of Heat Flux Variation in LOx/GCH4 Ribbed Combustor with Different Rib

3 01T PP PP PP

Dongwoo Choi, Cheolwoong Kang, Shinwoo Lee, Hadong Jung, Changyoung Oh, Jinhee
Jang, Jiwon Lee, Kyubok Ahn



Modeling and Analysis of Film Cooling in Oxygen-Kerosene Rocket Thrust Chambers.............ccccocevvnrinene
Gianluca Cocirla, Marco Grossi, Mario Tindaro Migliorino, Daniele Bianchi, Francesco
Nasuti

Heat Transport Processes of Film Cooling in Rocket Combustion Chambers ...........cccccverieieniniinneeieeniennne.
Georg Kiihlwein, Dmitry Suslov, Michael Oschwald

Design Simulation of Gas Generator and Electrically Pumped Rocket Engine Cycles Under
Ablative and Regenerative COOLINE........coiiiiiiiiiiiiiii e
Jordan Silver, Michael J. Brooks, Glen Snedden

LIOQUID PROPULSION CRYOGENICS IT: CHILLING CONSIDERATIONS

Numerical Simulation of No Vent Chill and Fill of a Large Liquid Hydrogen Tank.............ccccceoeniiinnncnnnne
Alok K. Majumdar, Andre LeClair, Jason W. Hartwig

Transient Analysis of Liquid Rocket Engine Chilldown and Startup by Conjugate Heat Transfer
ADPIOACK ...ttt bt E b e R bR bR e e R e e R e e Rt e Rt e R e e R et Rt e Re e bt e b e e nnenreenrean
Matteo Fiore, Vincenzo Barbato, Francesco Nasuti

Experimental Studies on the Effect of Inlet Liquid Subcooling on the Chilldown Characteristics of
StAINIESS STEEL TUDES ....veiueeiieiitieiti ettt sttt ettt b e bt e bt e b e e st e e st e st e e sbe e sbe e sbeebeeaeeaaeeebeenbeenbeenbeanbenrnens
Jayachandran Kannamkulathu Narayanan, Chirag R. Kharangate, Jason W. Hartwig, Jeffrey
R. Mackey, Mohammad Kassemi

Long Duration Storage of Liquid Hydrogen Via Two-Stage Active Cooling Hardware

Characterization and Test PIANNINg ..........ccoooiiiiiiiiiciie e
Jonathan R. Stephens, Travis Belcher, John Furby, Patrick Giddens, Brian Hamill, Sarah
Nguyen, Kevin Pedersen, James Smith, Scott Tashakkor, Juan G. Valenzuela, Robert Witbrodt,
Ryan Grotenrath

Advancements in Low Leakage Valves for Long Duration MiSSIONS...........ccccvvirieniiiinininesieeeee s
Robert Walker, Cody Gilliland, Scott Kramer, William Sadowski, Andrew Smith

Simulations of Cryogenic Line Chilldown with Advanced Sub-Grid Wall Boiling Models ..........ccceeeveirnnnnne

Vineet Ahuja, Ashvin Hosangadi, Timothy Weathers, Emilio Baglietto, Justin M. Pesich,
Mohammad Kassemi

COMBUSTOR DESIGN, ANALYSIS AND TESTING 111

Temperature Dependence for the Onset of Carbon Deposition for Various Simulated Liquefied

Natural Gas Compositions in Stainless Steel TUDES ........cccvviiveiiiiiiiiiie e
Teresa A. Moore, Yanice Benitez, Armando Perezselsky, Dean Kaialau, Devon Smith, Paul M.
Adams, James H. Morehart

Propane Concentration Threshold for Carbon Deposition in Surrogate Rocket Engine Cooling

(01721170 1S) KIS
Yanice Benitez, Teresa A. Moore, Armando Perezselsky, Dean Kaialau, Devon Smith, Paul M.
Adams, James H. Morehart

Carbon Growth Chamber: Development and OPeration .............cecveieriririiisieeiee e
Katherine MacDonald, Teresa A. Moore, James H. Morehart



Experimental Results of a 6 kN Aerospike Thrust Chamber Demonstrator Working with H202 and
) QS e LT= 1 (=PRI 344
Martin Propst, Tim Dorau, Adheena Gana Joseph, Jan Sieder-Katzmann, Maximilian
Buchholz, Martin Tajmar, Christian Bach, Samira Gruber, Alex Selbmann, Filofteia-Laura
Toma, Kamil Sobczak, Tobiasz Mayer, Szymon Madry, Adrian Morawiec, Mateusz Pytel,
Patryk Slusarski, Michal Stankiewicz, Simon Hyde, Carlos Munoz Moya

Design and Experimental Investigation of an Optical Fibre Based Ignition System for Space

PrOPULSION SYSTEINIS ..e.viiviiiiriiti itttk b e e nr e r e bt e e nneer e 360
Michael Borner, Gerhard Kroupa, Justin Hardi, Sebastian Soller, Armin Herbertz

LIQUID PROPULSION CRYOGENICS III: PRESSURIZATION

Validation of Gas-Liquid Sharp Interface Model in Loci-Stream for Propellant Tank Self-
Pressurization Under NOTmMal GraVIty .......cccoeiiiiiiiiiiiiieeseeeee e nre s 382
Chintan Patel, Hong Q. Yang, Brandon Williams

Validation of Loci-Stream for Autogenous Pressurization of Cryogenic Propellant Tank ............ccccoccvviinene 400
Chintan Patel, Brandon Williams

Validation of a Computational Fluid Dynamics Model of Axial Jet Mixing for Cryogenic Propellant
301 S0 (TN (o 0] 113 () SRR 418
Edward Reske, Jacob Brodnick

CFD Modeling of Tank Pressurization and Axial Jet Mixing Experiments with and Without Non-
Condensable Gas in the ULAge........cccciiiiiiiiiiiiic s 430
Olga V. Kartuzova, Mohammad Kassemi

Validation of a Two-Phase CFD Model for Predicting Propellant Tank Pressurization and Pressure
Collapse in the Ground-Based K-Site Hydrogen Slosh EXperiment ...........ccccoovevieiinininiininicceese e 442
Olga V. Kartuzova, Mohammad Kassemi, Daniel M. Hauser

Validation of Thermodynamics Behaviors Liquid Propellant Under Sloshing and Draining............c.c.cccoveeee. 457
Hong Q. Yang, Brandon Williams

LIQUID PROPULSION ADVANCED MANUFACTURING: ADDITIVE 1

AL6061-RAM?2 Development and Hot-Fire Testing Using Additive Manufacturing Laser Powder
Directed Energy Deposition for Liquid Rocket Engine Channel-Cooled Nozzles...........cccocvvveiviniicnincnnnee 475
Tessa Fedotowsky, Benjamin Williams, Paul R. Gradl, Darren C. Tinker

Development of Large-Scale Thrust Chambers Using Laser Powder Directed Energy Deposition................. 495
Darren C. Tinker, Tessa Fedotowsky, Rachel A. Bardsley, Paul R. Gradl

The Preliminary Design Accommodations of Zeus, a Turbopump-Fed Bipropellant Rocket Engine,
fOr Additive ManUFaCtUIIIIZ ........eiuveiiiiieii ittt an e sr s 512
Frank O. Chandler

VOLUME 2

Extreme Temperature Additively Manufactured GRX-810 Alloy Development and Hot-Fire Testing
for Liquid ROCKEt ENZINES.......cciiiiiiiiieiiiiie ittt ab e n ettt nr e nne s 531
Paul R. Gradl, Timothy M. Smith, Darren C. Tinker, Benjamin Williams, Christopher Kantzos



LIQUID PROPULSION ADVANCED MANUFACTURING: ADDITIVE 11 AND OTHER
HARDWARE

A Novel Approach to Linerless Composite Tank DeSIn .......cccecvirririiienieiiieii e 548
Youngha Yoon, Moo-Keun Yi, Seung-Yun Rhee, Kwang-Soo Kim

Design of a Flight Weight Pressure Regulator for Pressurization of Propellant Tanks on
Commercial Space Launch VEIICIES .........cccoiiiiiiiiiiiiiiii e s 554
Sanele S. Msomi, Sarisha Harrylal, Jean Pitot, Michael J. Brooks

Optimal Diffuser Geometry Design and Verification for Micro-Scale High Altitude Test Stand..................... 565
Yamato Itoigawa, Ryo Onodera, Nakajo Tomoharu, Giuseppe Gallo, Landon Kamps,
Harunori Nagata

Material Evaluation and Overspeed Testing of an Internally-Cooled Radial Turbine with High Tip
Speed Designed for Additive Manufacturing ...........cccvviiiiniiiiiiii e 577
Nathan F. Andrews, Steve White, Jake Cole, Ellen Smith, Grant Musgrove, January Smith

Design, Manufacturing and Cold Flow Testing of a Liquid Rocket Engine 3D Printed Pintle
1110 T TP U PRSP PPRTPR 595
Hayden Broomby, Eduardo Trifoni

Recent Developments in High-Speed Sealing Applications with Hydrodynamic Laser-Textured

Mechanical Seals for Reusable Rocket Engine Turbopumps ...........ccccoviiiiiiininiiiiisescsee s 617
Yuichiro Tokunaga, Tadatsugu Imura, Hidetoshi Kasahara, Ato Tazawa, Hiromitsu Kakudo,
Satoshi Takada

INJECTOR DESIGN, ANALYSIS AND TESTING I

Pintle Injector Performance Sensitivity to the Radial Injection Arrangement..............cocvvvreieeienincnenenen 627
Leandro Lucchese, Jacopo Liberatori, Davide Cavalieri, Domenico Simone, Daniele Liuzzi,
Pietro Paolo Ciottoli, Mauro Valorani

Investigation on Suppression of Hard Start Phenomena in Hypergolic Bipropellant Engine............ccc.ccovenee. 641
Yoshiki Matsuura
Turbulent Mixing and Spectral Dynamics of Twin Impinging Gas Jets.........ccocvvveririniniiniinieicenc e 651

Xijun Tan, Luck R. Freimuth, Abram B. Wiens, Harrison T. Fischer, David J. Forliti

Bipropellant Mixing at Vacuum Startup by Visualization Analysis and Optical Patternator.............c.c.ccoveeee. 664
Kohji Tominaga, Yu Daimon, Go Fujii, Taiichi Nagata, Yoshiki Matsuura, Yasuhito Kano,
Erika Uchiyama, Chihiro Inoue

LAUNCH VEHICLE LIQUID PROPULSION SYSTEMS

Preliminary Performance Data of an 18kN Ablatively Cooled, Blowdown Liquid Rocket Engine. ................ 678
Duran J. Martin, Ryan W. Cooper, Nino Wunderlin, Jean Pitot, Michael J. Brooks

Component Test Results and Project Progress of the DLR Liquid Upper Stage Demonstrator

ENGINe (LUMEN) ..ottt et bbbt nn bbbt b et e e nn e n b nn s 684
Michael Bérner, Tobias Traudt, Kai Dresia, Wolfgang Armbruster, Dmitry Suslov, Christopher
Groll, Robson d. Hahn, Anirudh M. Saraf, Jan Deeken, Justin Hardi, Michael Oschwald,
Stefan Schlechtriem



Ryan W. Cooper, Duran J. Martin, Nino Wunderlin, Jean Pitot, Michael J. Brooks

GREEN AND NON-TOXIC PROPELLANTS I AND INJECTOR DESIGN, ANALYSIS AND
TESTING 11

Hydrazine-Based Green Monopropellant BIENds ...........cccoiiiiiiiiiiiiiiisce e 702
Robert K. Masse, Benjamin A. Glassy, Ronald A. Spores, Andrew T. Vuong, Zhenghao Zhu,
Timothee L. Pourpoint

Effect of Liquid Film Coolant Momentum on Long-Term Operation of Low-Toxic Hypergolic
TRIUSTET 1. s 719
Junyeong Jeong, HyeonJun Im, SeJin Kwon

Comparison of Catalyst Support for Hydrogen Peroxide Catalytic Decomposition Monopropellant
TRIUSEET ...t b e E e bR 727
Seungho Lee, Jaewook Shim, Junyeong Jeong, Eunsang Jung, SeJin Kwon

Design and Demonstration of a Lander Testbed Using a Bipropellant Throttled Engine............ccccocvnvrvnnenne. 735
Vincent Ugolini, Seungho Lee, SeJin Kwon

Test and Performance Evaluation of the Bi-Swirl Injector for a LOx/CH4 Small Rocket Engine.................... 747
Yun Hyeong Kang, Chang Han Bae, Hong Yeong Park, Jeong Soo Kim, Jae Won Lee, Jong
Hyun Kim

GREEN AND NON-TOXIC PROPELLANTS 11

Hypergolic Ignition Between Triglyme and Hydrogen PeroXide ............cccoeviiininiiiiiiiiiecceereeeeee 754
Célia Soudarin, Showy Chen, Romain Beauchet, Yann Batonneau, Bastien Boust, Marc
Bellenoue, Lilian Prévost

Bipropellant Thrusters Combustion: Influence of High-Test Peroxide Decomposition by Pt/A1203

L0 171 ) £ TP PUR PR PR PR 763
Camille Cottenot, Bastien Boust, Romain Beauchet, Lilian Prévost, Yann Batonneau, Marc
Bellenoue

Green Propellants for Satellite Propulsion: Status of Research and Developments at DLR

LampoldShaUuSEIL.......ccuiiiiiiii e 779
Christoph U. Kirchberger, Till Horger, Julian Scholl, Florian Merz, Philipp Teuffel, Max
Kurilov, Felix Lauck, Lukas Werling, Robin Scholl, Sophie Ricker, Dominic Freudenmann

Novel Strategies for HTP Decomposition: Characterization of 3D-Printed Catalysts...........cccceverinierennnnnn 790
Stefania Carlotti, Filippo Maggi

Review and Perspectives of “Green” Self-Pressurizing Propellants for In-Space Propulsion and
Their Applicability to Orbital STAZES.......cccvviiiiiiiiiiie i s 802
Alberto Sarritzu, Mario Raffaele Pesante, Simone La Luna, Angelo Pasini

INJECTOR DESIGN, ANALYSIS AND TESTING 111

Development of a Test Rig for Visualization of Gelled Propellant Simulant Atomization...........cc.cceveverernnee. 820
Thabang T. Mdhluli, Timothy J. Velthuysen, Michael J. Brooks



Effect of Pintiles on Fuel-Air Ratio Distributions in a Liquid Fueled, Rearward Facing Step
L7030 1o1 11 103 (F TP PP PRSI 829
Charles R. Clark, Michael E. Tonarely, Sheikh Salauddin, Kareem A. Ahmed

Advanced Image Analysis Techniques for Impinging Jet AtOmMiIZation ...........cccccevveriiiirininiesieeee e 840
Evan Pruitt, William Markiewicz, Carlos Gonzalez, Xiaofeng Liu

Experimental Study and Visualization of the Combustion Dynamics and Behavior of a Single Swirl

Coaxial Injector Element in a High Pressure LOX/CH4 Rocket Combustor ...........ccocoviiiiiniiieicniicnn e, 849
Alexander Bee, Michael Bérner, Wolfgang Armbruster, Bernhard Knapp, Stephan General,
Jan Martin, Justin Hardi

Characteristic Analysis of Spray Nozzle Injector for Low-Toxic Hypergolic Thruster............cccccoeervnvrennenne. 867
HyeonJun Im, Junyeong Jeong, SeJin Kwon

PROPELLANT MANAGEMENT, GAUGING AND SLOSH

A CFD-Mechanical Approach for Computing Fluid Effective Moment of Inertia...........c.ccoovvvvvivviiiinininnnn 874
Steven T. Green, Ellen Smith, Nathan F. Andrews

Surface Instability of Liquid Propellants in Microgravity During Pulsed Settling Operations ..............c.cc..... 886
Bryan Hoffman, Marco Sansone, Jacob Brodnick

Experimental Analysis of Steady Capillary Flow in Open Channels Using Neutral Buoyancy ....................... 905
Emilio R. Gordon, Nathan F. Andrews, Logan Walters

Liquid Propellant Slosh Analysis with Mass Transfer During On-Orbit Refueling Operation..............c.cc....... 914
Roshan Sah, Raunak Srivastava, Somdeb Saha, Kaushik Das

Development Testing of the Gateway Integrated Bipropellant Refueling Subsystem..........cccocvvierinieeneenn, 929
Adela Han, Pooja Desai, Brian S. Lusby, Brandie Rhodes, Christopher Radke

IN-SPACE LIQUID PROPULSION SYSTEMS 1

Design, Test, and Analysis of a Hydrazine-Rich Hypergolic Preburner............ccccoeovviniiiiinicicenee 946
Charles M. Campbell, David A. Liljewall

Qualification Testing of a 110-N Attitude Control ThruSter........cccevvviiiiiiiiiiicc e 955
Prashanth Bangalore Venkatesh, Lars Osborne

Maximizing Reliability and Life of Dual-Mode, In-Space Rocket Engines...........cccocvvirviineiicncnincneiene, 964
Ron P. Portz, Holly Gummelt, David Krismer

Preliminary Results from the Design and Testing of a Rocket Engine Electro-Pump...........ccccevviviiinnninnne 984
Yashik Singh, Jean Pitot, Michael J. Brooks, Glen Snedden

IN-SPACE LIQUID PROPULSION SYSTEMS 11

Proof of Concept Magnesium-Carbon Dioxide Rocket for Mars EXploration ...........cccccevevervriinsiesneseenenene 991
James J. Szabo, Mike Robin

Five-Year In-Flight Performance of the Parker Solar Probe Propulsion System...........c.ccocovvvciiiinininnncnne, 1006
Seth Kijewski, Stewart S. Bushman



Pathfinder Test Results for a Rocket Engine Module Consisting of Three Moog 45 Lbf
MONOPIoPEllant TRITSEEIS ........oiiiirieirieiieie ettt et e e sre e sn e e sn e sne e sneenneesneenneasnennneas
Andy Parkes, Harry Conomos

Author Index





