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Summary

The analysis and control of flow instability are crucial in many fields of engineering and science,
ranging from aerodynamics to combustion. While computational fluid dynamics solvers can
simulate the full nonlinear behavior of flows, the analysis of small perturbations is often more
efficiently handled by linearized models. These low-order models provide valuable insights into
flow stability, receptivity, and input-output interactions and facilitate flow control. Recently,
those already well-known methods have been extended from the analysis of base flows and
laminar flows to turbulent flows, by linearizing around the mean solution, which opens the
possibility for a wide range of new applications. Consequently, open-source software tools for
linear stability analysis represent an increasingly relevant asset for researchers and engineers
studying complex flow dynamics.

FEL1CS is both an easy-to-use, monolithic codebase executed via configuration files, as well as
a flexible Python package designed for the linear stability and sensitivity analysis of complex
fluid flows. It solves the linearized equations governing flow motion, turbulence transport,
acoustics, and reacting flows using the Finite Element Method (FEM). Designed as a versatile
tool, FEL1CS enables global stability analysis, resolvent analysis, and input-output analysis (or

“forcing-response-analysis”) within a single framework. In addition, its modular functionalities

can be used in the form of a Python package to incorporate linear equations into personal
Python scripts, such as for base-flow computations, data assimilation or sensitivity calculations
among others. Thus, it addresses the need for a user-friendly tool that combines these diverse
analytical capabilities.

Statement of need

Mean flow analysis has emerged as a rapidly developing research field over the past decade and
is beginning to attract growing interest from industry. As a result, computational tools that
enable such analyses are becoming increasingly important for both the research community and
practical engineering applications. In parallel, linearized flow analysis has evolved from its initial
focus on relatively simple incompressible configurations to encompass complex multi-physics
environments. These now include compressible and supersonic flows, turbulence modeling, and
reacting flows, often occurring in arbitrary combinations.

There is a need for a well-documented and actively maintained research code that supports
linear analysis in such multi-physics settings. Increasing application to realistic problems
requires the ability to handle complex geometries through unstructured meshes and flexible
discretizations. Usability is critical: researchers often possess mean flows from DNS, LES, or
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experiments and require linear results without programming expertise or detailed knowledge of
numerical methods. Lowering this barrier is also important for industrial adoption, where tools
must operate reliably without specialized insight into their implementation. The expanding
use of linear models further demands software that can be extended easily to incorporate
new equations and physical models. Because linearized operators are integral to tasks such
as base-flow computation, data assimilation, and sensitivity analyses, the tool should enable
straightforward access to these operators and support modular use within custom workflows.
Accordingly, a suitable tool must (i) handle complex geometries, (ii) allow incremental extension
to new physical models, and (jii) support both ready-to-use applications and flexible integration
into research workflows.

To address these requirements, FELiCS (Kaiser, Demange, et al., 2023) provides a well-
documented, unified framework for linearized multi-physics flow analysis on unstructured meshes.
The software is implemented in Python and can be used either as a ready-to-run monolithic
application or as a modular library, enabling flexible integration into research workflows.
FEL1CS supports a broad range of physical models, including incompressible and compressible
Navier—Stokes equations, low-Mach-number density variations, and chemically reacting flows
with progress variables, which can be combined as needed. The modeling capabilities include
heat and mass transport, eddy-viscosity turbulence closures, and sponge layers for boundary
damping, with planned extensions such as linearized Reynolds-averaged Navier-Stokes equations
and additional reaction models. The monolithic interface enables common analyses—such as
global modal analysis, resolvent analysis, and input—output analysis—without requiring prior
Python expertise. At the same time, the library interface allows users to construct customized
analyses and integrate linearized operators into external workflows, facilitating tasks such as data
assimilation, sensitivity analysis, and gradient-based optimization. Embedded post-processing
tools further support direct analysis of results within the finite-element framework.

Thus, FEL1CS is designed to serve the needs of three different types of users:

= applied users can execute complete workflows via configuration files without programming
knowledge;

= advanced users can import FELiCS as a library within their own Python codes, accessing
equations and solvers in an object-oriented manner for complex tasks like data assimilation
or gradient-based optimization;

= developers can extend the modular Python codebase to incorporate new physical models
and methods.

State of the field

Several tools exist for stability analysis, which are specialized for specific flow regimes, flow
equations and/or high-performance computing. For instance, NekStab (Frantz et al., 2023)
offers efficient parallel computation for incompressible flows while using Nek5000's spectral
elements discretization (Fischer et al., 2007), written in FORTRAN. Similarly, Nektar-+-+
(Cantwell et al., 2015) offers eigenvalue computations with finite element discretization for
various equations, while relying on complex high-order spectral/hp elements in C++. Other
tools like Linstab2D (Martini & Schmidt, 2024) and BROADCAST (Poulain et al., 2023)
(based on MATLAB and FORTRAN, respectively) discretize with finite differences, while using
structured or quasi-structured meshes. The Python toolkit Resolvent4py (Padovan et al., 2025)
provides matrix-free and high-performance parallelized linear analysis capabilities for large
problems which requires the user to supply the already discretized linear operator. In addition
to the aforementioned software, many researchers rely on in-house, unpublished stability codes
tailored to specific applications.
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Software design

The software offers an accessible interface, available both as a command-line tool and as a
Python-importable module. Users control solver parameters via simple JSON configuration
files and can import meshes from GMSH (Geuzaine & Remacle, 2009) while exporting results
to H5 and XDMF formats for visualization in ParaView (Ahrens et al., 2005). Comprehensive
user support, including tutorials, how-to guides, and detailed descriptions of the governing
equations and models, is provided in the documentation.

Under the hood, the software ensures high performance and numerical stability by leveraging
the PETSc/SLEPc toolkit (Balay et al., 2019; Hernandez et al., 2005) for linear algebra and the
FEniCSx package (Baratta et al., 2023) for the FEM framework. The modular, object-oriented
architecture further facilitates the extension of new physical models. All these functionalities
can also be used by importing FEL1CS as a Python package and do custom computations such
as, for example, shape optimization or gradient based flow control, in relatively short scripts
(see the how-tos documentation). The code ensures robustness through both minimalist test
cases in a separate repository and automated unit tests.

FEL1CS aims to support different combinations of momentum, energy, species, turbulence, and
reacting-flow models, as well as different variable sets. It adopts a compositional approach,
implemented in an object-oriented manner: individual partial differential equations (PDEs)
and physical models are represented as modular components. Based on the user's selection, a
corresponding closed set of linearized equations is first constructed and then discretized using
standard FEM procedures.

Research impact statement

FEL1CS supports a diverse range of applications demonstrated in numerous published studies.
These include the analysis of combustion instabilities in turbulent jet flames and gas turbines
(Casel et al., 2022; Kaiser, Oberleithner, et al., 2019; Kaiser, Lesshafft, et al., 2019; Kaiser,
Varillon, et al., 2023; von Saldern et al., 2025; Wang et al., 2022) and aeroacoustic noise
prediction for airfoils (Demange et al., 2024, 2025). It has also been applied to flow instabilities
in gas (Moczarski et al., 2024) and water turbines (Miller et al., 2022), turbulent mixing
(Kaiser & Oberleithner, 2021a, 2021b; Liickoff et al., 2021), coherent structure modeling
in turbulent jets (Kuhn et al., 2021; von Saldern et al., 2024), and linear analysis based on
PIV measurements (Fuchs et al., 2026; Klopsch et al., 2026). Further use cases encompass
sensitivity and adjoint-based analyses (Knechtel et al., 2024; Miiller et al., 2024) as well as
shape optimization (Reumschiissel et al., 2026).

To illustrate the capabilities of the software, Figure 1 presents results from various multi-physics
applications and displays incompressible resolvent modes in a cardiovascular flow (Figure 1(a))
(Villié et al., 2025), a compressible resolvent mode of a flow around an airfoil (Figure 1(b))
(Demange et al., 2025) and an incompressible resolvent mode in a turbulent separation bubble
(Figure 1(c)) (Fuchs et al., 2026). Figure 1(d) shows a resolvent response mode of a turbulent
methane-air flame (Kaiser, Varillon, et al., 2023).
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Figure 1: Visualization examples: a) Optimal forcing and response resolvent modes of a stenotic flow; b)
Compressible resolvent response mode, two contour levels showing hydrodynamic and acoustic pressure
fluctuations around an airfoil; c) Isocontour of the optimal resolvent mode in a turbulent separation
bubble; d) Compressible resolvent mode with a flame model around a reacting jet.

Figure 2 presents post-processing analyses examples. Figure 2(a) demonstrates shape
optimization applied to an unstable eigenvalue with respect to wall-normal shape deformations,
while Figure 2(b) shows the structural sensitivity analysis in a 2D cylinder flow.

q) b)

b IR -

Figure 2: Post-processing examples: a) Growth rate sensitivity of the most unstable eigenvalue with
respect to wall-normal shape deformations of a runner crown geometry in a turbulent Francis turbine
flow; b) Structural sensitivity analysis in a 2D cylinder flow.

Al usage disclosure

Modern development environments integrate Al-assisted code completion tools (e.g., GitHub
Copilot in VS Code). Such tools were used during the recent development of FELiCS to assist
with code completion. All Al-suggested code fragments were systematically reviewed, tested,
and validated by the developers prior to inclusion in the repository.

Large Language Model (LLM) tools were also used to assist in drafting parts of the software
documentation, including selected docstrings for the API reference. For this purpose, a
structured in-house prompting workflow was developed. All Al-assisted docstrings were
generated in a dedicated documentation branch and underwent a strict internal review process
prior to merging. Each module containing Al-assisted documentation was reviewed by a
developer familiar with the corresponding code section to verify correctness, consistency, and
technical accuracy.

LLM tools were additionally used to support grammar and spelling checks during the preparation
of this manuscript. The content and technical descriptions were written by the authors. The
entire manuscript was manually proofread multiple times to ensure that the meaning and
scientific accuracy of the text were preserved.

Al tools were not used for algorithm design, numerical analysis, result generation, figure
production, or validation of scientific conclusions.
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