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Thermoacoustic instabilities have to be mitigated

Thermoacoustic Instability

Goy et al. 2006
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The flame excites acoustic pressure modes in a feedback loop

Plenum Combustion Chamber
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if [ p’Q’dt > 0 = Excitation
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The flame excites acoustic pressure modes in a feedback loop

Plenum Combustion Chamber
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Qualitatively correct models cannot predict thermoacoustic instabilities

and their mitigation strategies.

$

Complexity & Cost
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Low Order Modeling (LOM)

Emmert et al., 2017

Helmholtz-Solver

Large Eddy Simulation (LES)

Eder et al., 2023
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Can we create a quantitatively correct Helmholtz-Solver if we incorporate

physics-based models and learn from experimental data?

Qualitatively accurate model Quantitatively accurate model
Methods Results
Acoustic Damping: Bayesian Inference: Application:
Physcis-based models Learning from Data Rolls-Royce SCARLET rig
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Uncertain parameters are inferred from experimental data using

adjoint-accelerated Bayesian Inference

Bayesian posterior of parameters a

posterior

P(a|Q, /)

likelihood
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Uncertain parameters are inferred from experimental data using

adjoint-accelerated Bayesian Inference

Bayesian posterior of parameters a
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osterior
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The combustion chamber in RR-SCARLET (25 bar, 950K, 4kg/s)

comprises complex flow features

Pressure Data
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Eder et al., 2024
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The combustion chamber in RR-SCARLET (25 bar, 950K, 4kg/s)

comprises complex flow features

Effusion cooling
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The combustion chamber in RR-SCARLET (25 bar, 950K, 4kg/s)

comprises complex flow features

Helmholtz-solver (+ physics-based models)

Downstream Forcing

Upstream Forcing

Effusion cooling
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Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Upstream Forcing
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Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Upstream Forcing
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Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Downstream Forcing
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Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Upstream Mics.
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Helmholtz solver + Physics-based Models + adj-acc. Bayesian inference

=» Quantitatively accurate, efficient 3D thermoacoustic models

Qualitatively accurate model Quantitatively accurate model
Acoustic Damping: Bayesian Inference: Application:
Physcis-based models Learning from Data Rolls-Royce SCARLET rig
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Mitigation of thermoacoustic instabilities Future Work
* More reliable shape optimization * Reactive Conditions
* Physically interpretable parameters « Extrapolation to unseen operating points

* Interpolation with uncertainty

m Thomas Hollweck | Master’s thesis presentation | Brian Pitt Excellence Award | 08/07/2025 16



References (1)

(1]

2]

i3]

4]

[6]

[71

(8]

(9]

[10]

[11]

Celin Alanyalioglu, Hanna Reinhardl, André Fischer, Claus Lahiri, Henrik Nicolai, and
Christian Hasse. Comparison ol acouslic, oplic, and heal release rale based [lame
transler lunctions lor a lean-burn injector under engine-like condilions. In Symposium
or Thermoacousiics in Combustion, Zurich, Switzerland, 2023.

Francesco Ballarin and contribulors. mulliphenicsx: Easy prololyping ol mulliphysics
problems in FEniCSx, 2025.

Michael Baverheim, Edouard Boujo, and Nicolas Noiray. Numerical analysis ol the lin-
ear and nonlinear vortex-sound interaction in a T-junction. June 2020.

Philipp Brokol, Juan Guzman-Iiigo, Dong Yang, and Aimee 5. Morgans. The acous-
lics ol shorl circular holes with reallached bias How. Journal of Sound and Vibration,
546:117435, March 2023.

Yang Cao, Shenglai Li, Linda Pelzold, and Radu Serban. Adjoint Sensilivily Analysis
[or Dillerential-Algebraic Equaltions: The Adjoint DAE System and Its Numerical Solu-
lion. SIAM Journal on Scienlific Compuling, 24(3):1076-1089, January 2003. Publisher:
Sociely for Industrial and Applied Mathemalics.

. G. Crighton, A. P Dowling, J. E. Flowes Williams, M. Heckl, and E G. Leppinglon.
Modern Methods in Analytical Acoustics. Springer, London, 1992,

L. Croceo. Aspecls ol Combustion Stabilily in Liquid Propellant Rockel Molors Parl I1:
Low Frequency Instabilily with Bipropellants. High Frequency Instability. Jowrnal of
the American Rockel Society, 22(1):7-16, January 1952, Publisher: American Instilute ol
Aeronaulics and Astronaulics.

Domenico De Salvio, Dario I'Oraxio, and Massimo Garai. Analysis ol the Gaussian as-
sumplion ol single sound source measured and processed through sound level meler.
INTER-NOISE and NOISE-CON Congress and Conference Proceedings, 270:5757-5766,
Octlober 2024.

A. P Dowling. The calculation of thermoacoustic oscillalions. Journal of Sound Vibra-
tion, 180:557-581, March 1995. ADS Bibcode: 1995]J5V...180..557T.

Ann P Dowling and Simon R. Stow. Acoustic Analysis ol Gas Turbine Combustors. Jour-
nal of Propulsion and Power, 19(5):751-764, 2003.

Ann P Dowling and Simon R. Stow. Acoustic Analysis ol Gas Turbine Combustors. Jour-
nal of Propulsion and Power, 19(5):751-764, Seplember 2003. Publisher: American In-
slilule ol Aeronaulics and Astironaulics.

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Johannes Eckslein and Thomas Sallelmayer. Low-order modeling ol low-[requency
combustlion instabilities in aeroengines. Jowrnal of Propulsion and Power, 22(2):425—
432, 2006.

Alexander Eder, André Fischer, Claus Lahiri, Morilz Merk, Max Slauler, R.L.G.M. Eggels,
Camilo Silva, and Wollgang Polilke. Identilication ol the dynamics ol a turbulent spray
[lame al high pressure. 09 2023,

Alexander J. Eder, André Fischer, Claus Lahiri, Morilz Merk, Max Slauler, Ruud Eggels,
Camilo E Silva, and Wollgang Polilke. Identilication ol the dynamics ol a turbu-
lent spray [lame al high pressure. In Spmposium on Thermoacoustics in Combusiion,
Zurich, Swikzerland, 2023.

Alexander J. Eder, Morikz Merk, Thomas Hollweck, André Fischer, Claus Lahiri,
Camilo E Silva, and Wollgang Polilke. Model-based inlerence ol [lame transler ma-
rices [rom acoustic measurements in an aero-engine lest rig. In ASME Turbo Expo
2024: Turbomachinery Technical Conference and Exposition, London, England, Uniled
Kingdom, 2024.

E. Ekici, 5. Falco, and M. F: Juniper. Helmholte-x : Parallelized adjoinl open source solver
lor the thermoacoustic Helmholtz equation. January 2025, Publisher: Springer Science
and Business Media LLC.

Ekrem Ekici and Malthew Juniper. Adjoinl based shape oplimization lor thermoacous-
lic stability ol combuslors using [ree lorm delormalion. 2024.

Thomas Emmerl. Siale Space Modeling of Thermoacousiic Sysiems wilh Applicalion lo
Inirinsic Feedback. PhD thesis, TU Miinchen, Miinchen, Germany, 2016.

Stéphanie Evesque and Wollgang Polilke. Low-order acoustic modelling [or annular
combustors: Validation and inclusion ol modal coupling. pages 321-331, 2002. Pro-
ceedings ol the ASME Turbo Expo 2002; Aircrall Engine, Coal, Biomass and Allernalive
Fuels, Combustion and Fuels, Educalion, Electric Power, Vehicular and Small Turbo-
machines ; Conlerence date: 03-06-2002 Through 06-06-2002.

Stelano Falco.  Shape oplimization for thermoacoustic instability with an adjoint
Helmhollz solver. PhD thesis, Apollo - Universily ol Cambridge Reposilory, 2021.

André Fischer and Claus Lahiri. Ranking ol aircrall [uel-injeclors regarding low [re-
quency Lhermoacoustics based on an energy balance method. In ASME Turbe Expo
2021: Turbomachinery Technical Conference and Exposition, volume 3B: Combuslion,
Fuels, and Emissions, page VO3BT04A011, Virtual, Online, 2021. American Sociely ol
Mechanical Engineers.

André Fischer, Claus Lahiri, and Thomas Doerr. Design, build, and commissioning ol
lhe new Lhermo-acouslics combuslion lesl rig Scarlel. Technical Reporl DLRK2017-
450116, Rolls-Royce Deulschland, 2017.

Renaud Gaudron, Juan Guemdan Ifigo, and Aimee 5. Morgans. Variation ol Acouslic
Energy Across Sudden Area Expansions Suslaining a Subsonic Flow. AIAA Journal,
61(1):378-390, January 2023. Publisher: American Instilule ol Aeronaulics and Asiro-

naulics.

Thomas Hollweck | Master’s thesis presentation | Brian Pitt Excellence Award | 08/07/2025

[24] Andrew Gelman, John B. Carlin, Hal 5. Stern, David B. Dunson, Aki Vehtari, and Don-
ald B. Rubin. Bayesian Dala Analysis, Third Edilion. CRC Press, November 2013.
Google-Books-TD: ZXLEAQAAQBAL.

[25] E.Gullaud and E Nicoud. Ellect of Perloraled Plales on the Acouslics ol Annular Com-
bustors. AIAA Jouwrnal, H50(12):2629-2642, December 2012,

[26] Juan Guzmdn-Ihigo, Dong Yang, Renaud Gaudron, and Aimee 5. Morgans. On the scal-
lering ol entropy waves al sudden area expansions. Journal of Sound and Vibration,
540:117261, December 2022,

[27] M. 5. Howe. Acoustics ol Huid-siructure inleractions. Cambridge Universily Press, 1998.
Publisher: Cambridge Universily Press.

[28] Malthew P Juniper and R. I. Sujith. Sensilivily and Nonlinearily ol Thermoacouslic
Oscillations. Annual Review of Fluid Mechanics, 50(Volume 50, 2018):661-689, January
2018. Publisher: Annual Reviews.

[29] Malthew P Juniper and Matthew Yoko. Generaling a physics-based guantitatively-
accurale model ol an elecirically-healed Rijke tube wilh Bayesian inlerence. Jowrmal
of Sound and Vibration, 535:1 17096, Seplember 2022,

[30] JTakob]. Keller. Thermoacoustic Oscillalions in Combustion Chambers ol Gas Turbines.
AIAA Journaal, 33(12):2280-2287, 1995.

[31] C. Lahiri and E Bake. A review ol bias [low liners [or acouslic damping in gas lurbine
combustors. Journal of Sound and Vibration, 400:564-605, July 2017.

[32] Sophie Laurens, Estelle Piol, Abderrahmane Bendali, M'Barek Fares, and Sébaslien
Tordeux. Elleclive condilions [or the rellection ol an acouslic wave by low-porosily
perlorated plates. Journal of Fluid Mechanics, 743:448-480, March 2014.

[33] J. Lavrentjev, M. Abom, and H. Bodén. A measurement method for delermining the
source dala ol acoustic two-porl sources. Journal of Sound and Vibration, 183(3):517-
531, 1995.

[34] Seong-Hyun Lee, Jeong-Guon Th, and Keilth Peal. A model ol acoustic impedance ol

perlorated plates with bias [low considering Lhe inleraclion ellecl. Jowurnal of Souwnd
and Vibration, 303:741-752, June 2007.

[35] T. Luong, M. 5. Howe, and R. 5. McGowan. On the Rayleigh conduclivily ol a bias-[low
aperture. Jouwrnal of Fluids and Structures, 21(8):769-778, December 2005.

[36] David |. MacKay. Information Theory, Inference, and Learning Algorithms. Cambridge
Universily Press, 2003.

[37] Morilz Merk, Felix Schily, and Wollgang Polilke. A Jacobian-based [ramework lor
the derivalion ol comprehensive thermoacoustic jump conditions. Combustion and
Flarne, 274:113958, April 2025.

[38] Franchine Ni. Accountling lor complex [low-acoustic inleractions in a 3D thermo-
acouslic Helmholiz solver, 2017.

17



References (2)

[51] Xudong Sun, X.-D Jing, H.-W Zhang, and Y. 5hi. Ellecl ol grazing-bias [low inleraclion
on acouslic impedance of perlorated plates. Journal of Sound and Vibration - ] SOUND
VIB, 254:557-573, July 2002.

[52] Pierre Woll, Gabriel Stallelbach, Laurenl Y. M. Gicguel, Jens-Dominik Miiller, and
Thierry Poinsol. Acouslic and Large Eddy Simulation studies of azimuthal modes in
annular combuslion chambers. Combustion and Flame, 159(11):3398-3413, Novem-
ber 2012,

[53] Saikumar R. Yeddula and Aimee 5. Morgans. A semi-analytical solulion [or acouslic
wave propagalion in varying area ducls with mean low. Jowrnal of Sound and Vibra-
tion, 492:115770, February 2021.

[54] Malthew Yoko and Matlthew P Juniper. Data-driven modelling ol thermoacouslic in-
slability in a ducled conical llame. In Sympaosium on Thermoacousiics in Combustion,
Zirich, Swikzerland, 2023.

[55] Malthew Yoko and Matthew P Juniper. Adjoint-accelerated Bayesian inlerence applied
Lo Lhe thermoacouslic behaviour ol a ducled conical lame. Jouwrnal of Fluid Mechanics,
985:A38, April 2024.

[%6] Mallthew Yoko and Mallhew B Juniper. Oplimal experimentl design wilh adjoint-
acceleraled bayesian inlerence. Dala-Cenlric Engineering, 5:el7, 2024,

[57] Dan Zhao. Chapler 1 - Introduction ol sell-sustained thermoacoustic instability. In Dan
Zhao, editor, Thermoacoustic Combustion Instability Conirol, pages 1-112. Academic
Press, 2023.

[58] I. Zheng, A. Fischer, C. Lahiri, M. Yoko, and M. Juniper. BAYESIAN DATA ASSIMILATION
IN COLD FLOW EXPERIMENTS ON AN INDUSTRIAL THERMOACOUSTIC RIG. June
2024, Publisher: American Sociely ol Mechanical Engineers.

[59] B.T. Zinn and T.C. Lieuwen. Combuslion instabililies: basic concepls. In T.C. Lieuwen
and V. Yang, edilors, Combustion insiabilities in gas lurbine engines: operaiional ex-
perience, fundamental mechanisms, and modeling, volume 210, pages 3-26. American
Instilute ol Aeronaulics and Aslronaulics, 2005.

[39] E Nicoud, L. Benoil, C. Sensiau, and T. Poinsol. Acouslic Modes in Combustiors with
Complex Impedances and Mullidimensional Active Flames. AIAA Journal, 45(2):426—
441, February 2007. Publisher: American Institute ol Aeronaulics and Astronaulics.

[40] E Nicoud and T. Poinsol. Thermoacoustic instabilities: Should the rayleigh criterion be
exlended Lo include entropy changes? Combustion and Flame, 142(1):153-159, 2005.

[41] E Nicoud and T. Poinsol Thermoacouslic instabilities: Should the Rayleigh crilerion be
exlended Lo include entropy changes? Combustion and Flame, 142(1):153-159, 2005.

[42] E Nicoud and K. Wieczorek. Aboul the Zero Mach Number Assumplion in the Caleu-
lalion of Thermoacouslic Instabilities. Iniernational Journal of Spray and Combusiion
Dynamics, 1(1):67-111, March 2009. Publisher: SAGE Publications Lid STM.

[43] Alessandro Orchini, Tiemo Pedergnana, Philip E. Buschmann, Jonas P Moeck, and
Micolas Noiray. Reduced-order modelling ol thermoacoustic insiabililies in can-
annular combustors. fournal of Souwnd and Vibration, 526:1 16808, 2022.

[44] Christian 0. Paschereil and Wollgang Polilke. Characlerizalion of Lean Premixed Gas
Turbine Burners as Acouslic Mulli-Ports. In APS/DFED Annual Meeling, 5an Francisco,
CA, 1997 APS.

[45] Christian 0. Paschereil and Wollgang Polilke. Invesligation ol the Thermo-Acouslic
Characlerislics ol a Lean Premixed Gas Turbine Burner. In Int Gas Turbine and Aero-
engine Congress & Exposition, ASME 98-GT-582, Stockholm, Sweden, 1998. ASME.

[46] M. C. A. M. Pelers, A. Hirschberg, A. ]. Reijnen, and A P |. Wijnands. Damping and Re-
Hection Coellicient Measurements [or an Open Pipe al Low Mach and Low Helmholl:
Numbers. Journal of Fluid Mechanics, 256:499-534, 1993.

[47] Sjoerd W. Rienstra and Avraham Hirschberg. An Introduction (o Acoustics. Eindhoven
Universily of Technology, 2017.

[48] Bruno Schuermans, Felix Guethe, Douglas Pennell, Daniel Guyol, and Christian Q.
Paschereil. Thermoacouslic Modeling ol a Gas Turbine Using Transler Funclions Mea-
sured Under Full Engine Pressure. Jowrnal of Engineering for Gas Turbines and Power,
132(11):111503, November 2010.

[49] Bruno Schuermans, Wollgang Polilke, and Christian 0. Paschereil. Modeling Transler
Malrices ol Premixed Flames and Comparison Wilh Experimental Resulis. In ASME
1999 International Gas Turbine and Aeroengine Congress and Exhibition, volume 2:
Coal, Biomass and Allernative Fuels; Combustion and Fuels; Oil and Gas Applications;
Cycle Innovalions, page VO02T02A024, Indianapolis, IN, USA, June 1999. American So-
ciely ol Mechanical Engineers.

[%0] Bruno B. H. Schuermans, Wollgang Polilke, and Christian Oliver Paschereil. Modeling
Transler Malrices ol Premixed Flames and Comparison Wilth Experimenial Resulis. In
Proveedings of the ASME Turbo Expo 1999: Power for Land, Sea, and Air, volume Vol-
ume 2: Coal, Binmass and Allernative Fuels; Combuslion and Fuels; (il and Gas Appli-
cations; Cycle Innovalions, page VO02T02A024, Indianapolis, Indiana, TJSA, June 1999,
ASME.

Thomas Hollweck | Master’s thesis presentation | Brian Pitt Excellence Award | 08/07/2025

18



Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Upstream Forcing
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The posterior joint marginal PDFs collapse to small regions in the

parameter space indicating high certainty in the parameters
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The combustion chamber in RR-SCARLET (25 bar, 950K, 4kg/s)

comprises complex flow features

Helmholtz-solver
= Physics-based modelsin 1, 2, 3, 4

Effusion cooling

Flow gplits /

Eder et al., 2024
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Can we create a quantitatively correct Helmholtz-Solver if we incorporate

physics-based models and learn from experimental data?

Qualitatively accurate model Quantitatively accurate model
Methods Results
Acoustic Damping: Bayesian Inference: Application:
Physcis-based models Learning from Data Rolls-Royce SCARLET rig
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Data is assimilated to RR-SCARLET (20 Frequencies, 10 Microphones)

Upstream Duct Helmholtz Solver Downstream Duct
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