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PREFACE

Th is Book of Abstracts contains the abstracts of presentations delivered at the XXVII Fluid Mechanics 
Conference (FMC 2026), held from 23rd to 26th June 2026 in Łódź. Th e FMC series (formerly Krajowa 
Konferencja Mechaniki Płynów) has been held biennially since 1974 at various locations across Poland, 
under the auspices of the Committee for Mechanics of Polish Academy of Sciences.

Th e FMC 2026 edition is organized by Lodz University of Technology which is proud to host this edition of 
the Conference for the third time. Previous editions organized by the University were held in 1980 and 2000.

Th e Fluid Mechanics Conference series is a leading regional event dedicated to presenting and discussing 
advances in fl uid mechanics research, development and applications. Th e FMC brings together researchers 
from both academia and industry, providing a forum for the exchange and discussion of ideas across the 
diverse fl uid mechanics community.

Th e Conference covers a broad spectrum of contemporary fl uid fl ow problems, including fundamental and 
applied studies, novel experimental and numerical methods, and innovative applications. Th e presented 
contributions span the full range of topics defi ned in the Conference scientifi c programme.

We are pleased that the Conference has attracted signifi cant interest. All submitted extended abstracts were 
peer-reviewed by members of the International Scientifi c Committee and invited experts. Over 100 contributions 
were selected for presentation at the XXVII Fluid Mechanics Conference. Th ey are presented in plenary and 
poster sessions, preceded by four plenary and four semiplenary lectures delivered by leading international 
and Polish experts.

In keeping with the tradition of the Fluid Mechanics Conference, the Competition in Memory of 
Prof. Janusz W. Elsner for the best scientifi c work in fl uid mechanics is held under the auspices of PTMTS 
(Polish Society of Th eoretical and Applied Mechanics) and the Polish Pilot Centre of ERCOFTAC 
(European Research Community on Flow, Turbulence and Combustion). Th e competition aims to promote 
the research achievements of outstanding young scientists (up to 35 years of age) working in the fi eld of fl uid 
mechanics. Based on 17 extended abstracts submitted to the competition, six contributions were selected 
by the Competition Jury for the fi nal presentation at the Conference.

We would like to express our sincere gratitude to the Minister of Science and Higher Education of the 
Republic of Poland, Dr Marcin Kulasek, for his honorary patronage. We are equally grateful for the patronage 
of the Committee for Mechanics of the Polish Academy of Sciences, the European Research Community on 
Flow, Turbulence and Combustion, the Polish Society of Th eoretical and Applied Mechanics, the Mayor of 
the City of Łódź, Hanna Zdanowska and Lodz University of Technology.

We gratefully acknowledge the support of all members of the fl uid mechanics community, especially the 
members of the International Scientifi c Committee and other reviewers, for their contribution to the review 
and improvement of the submitted abstracts. We would like to express our special thanks to Prof. Jacek 
Pozorski, Chairman of the International Scientifi c Committee, for his invaluable support in coordinating 
the review process, advising on the session structure, and contributing to the overall organization and 
execution of the Conference. 

We also appreciate the broad participation of scientists representing numerous research centres, whose 
involvement underscores the relevance of the Conference and enriches its scientifi c programme.

On behalf of the XXVII Fluid Mechanics Conference Committees,

Prof. Krzysztof Jóźwik
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Colm-cille P. Caulfi eld is Professor of Environmental and Industrial 
Fluid Dynamics in the Department of Applied Mathematics and Th e-
oretical Physics (DAMTP) at the University of Cambridge and a faculty 
member of the Institute for Energy and Environmental Flows (IEEF). 
He is also a Professorial Fellow in Mathematics at Churchill College, 
Cambridge. He is the co-chair of the Cambridge Centre for Data-
Driven Discovery, the University’s Inter-disciplinary Research Centre 
(IRC) which brings together researchers and expertise from across the 
academic departments and industry to drive research into the analysis, 
understanding and use of data science and AI. He is also Co-Director 
(Science) of the University’s Institute of Computing for Climate Science 
(ICCS), which studies and supports the role of software engineering, 
computer science, AI and data science within climate science.

Prof. Caulfi eld’s personal research interests include instability, turbulence transition and turbulent mixing 
processes in stratifi ed fl ows, with particular focus on understanding and improving the modelling of heat 
transport in the world’s oceans. Following postdoctoral training in the Department of Physics at the Univer-
sity of Toronto, Canada and the Department of Engineering Science at Hokkaido University, Japan, he was 
a lecturer in the School of Mathematics at the University of Bristol, UK. Prof. Caulfi eld subsequently joined 
the faculty of the Department of Mechanical and Aerospace Engineering at the University of California, San 
Diego. Following tenure at UCSD, Prof. Caulfi eld joined the BP Institute (now IEEF) and DAMTP. Prof. 
Caulfi eld has served as the Head of DAMTP from January 2020 to September 2025, as the Editor-in-Chief 
of the Journal of Fluid Mechanics since January 2022, and as the Chair of the Euromech Turbulence Con-
ference Committee from January 2020 to December 2025. He was elected a Fellow of the American Physical 
Society (Division of Fluid Dynamics) in 2014.

Stratifi ed Turbulence: Climate’s Mysterious Mixer

Statically stable density stratifi cation is ubiquitous in geophysical fl ows, with the atmosphere, lakes and oceans 
all typically having an average density distribution that decreases upwards in a gravitational fi eld. Due to the 
associated stabilising eff ect of the buoyancy force, it would seem intuitive that such statically stable density 
distributions should suppress vertical motions, relative to horizontal motions. Such inevitable anisotropy 
complicates even further developing an understanding of turbulence in density-stratifi ed fl uids. Stratifi ed 
turbulence is not just a fascinating (and inherently complicated) research challenge in classical physics, but 
also a key component of the global climate system, as stratifi ed turbulence has a leading order eff ect on the 
transport of heat and other scalars such as carbon dioxide, pollutants etc in the world’s oceans and atmosphere. 
Indeed, how stratifi ed turbulence can actually be ‘born’ and then ‘survive’ for a signifi cant period, hence 
irreversibly mixing signifi cant scalar quantities, are open questions, associated with ongoing controversy in 
the global research community. In this talk, I will review some recent studies by my collaborators that have 
advanced our understanding of various key properties of stratifi ed turbulence and mixing, while also demon-
strating that there is still much more to learn about this fascinating and vitally important class of fl uid fl ows.

Prof. Colm-cille P. Caulfi eld
University of Cambridge
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Paul G. A. Cizmas is a Professor of Aerospace Engineering at 
Texas A&M University. Over the past 30 years he has performed 
research on numerical simulation of transport phenomena for 
aerospace applications, covering a large range of topics, including 
reduced-order modeling, aerothermoelasticity, combustion and com-
putational fl uid dynamics. 
Prior to joining Texas A&M in 1998, Paul held positions at the 
Westinghouse Science and Technology Center and Duke University, 
from which he received his Ph.D. He is a Fellow of American Society 
of Mechanical Engineers and an Associate Fellow of the American 
Institute of Aeronautics and Astronautics.

Paul pioneered the use of the time-linearization method for prediction of stall fl utter in turbomachinery. For 
this contribution he received the ASME Liquid Propulsion 1995 Best Paper Award. He was among the fi rst 
to use parallel processing for numerical simulation of unsteady fl ows in turbomachinery. For this contribu-
tion he received the Westinghouse Science and Technology 1997 Technical Publication Award. For his work 
on the prediction of aeroacoustic resonance in cavities of hole-pattern stator seals, Paul received the ASME 
Structures & Dynamics Committee Best Paper Award in 2011. For his contribution to reducing sonic boom, 
Paul received the Boeing Research and Technology Performance and Innovation Award in 2018.

Reduced-order Models and Machine Learning of Unsteady Flows

Unsteady fl ows, and especially reacting unsteady fl ows, require large computational times. 
To decrease the computational cost, several reduced-order models based on novel proper orthogonal 
decomposition (POD) methods are explored. Th e dynamic POD model is illustrated for unsteady 
fl ows with moving boundaries. Th is method is applied to vibrating turbomachinery blades. To 
further decrease the computational time, the zeta-POD model is introduced so that the time coef-
fi cients of the system of ordinary diff erential equations obtained after the Galerkin projection can 
be precomputed. Finally, a methodology is presented that uses machine learning to calculate the 
time coeffi  cients of the POD method. Th is method is applied for modeling two-phase fl ows in 
chemical reactors.

Prof. Paul G. A. Cizmas 
Texas A&M University



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

19

Manuel García-Villalba is professor with the chair of computational 
fl uid dynamics at TU Wien, Vienna, Austria. Previously he worked 
at Universidad Carlos III de Madrid, Spain and at the Karlsruhe 
Institute of Technology, Germany. He is an expert in aerodynam-
ics, fl uid-structure interaction, cardiac fl ows and high-performance 
computing. He has co-authored more than 50 journal articles and 
co-supervised 8 PhD theses, with 2 PhD students more underway. 
He is currently Associate Editor of the journal European Journal of 
Mechanics B/Fluids.

Computational modelling of fl ow and transport phenomena in the left atrium

Th e left atrium is a thin-walled chamber that receives blood from the pulmonary veins and drives it into the 
left ventricle. Atrial fi brillation, the most common cardiac arrhythmia, disrupts its wall motion and is a leading 
cause of ischemic stroke. Th e associated thromboembolic risk is largely attributed to clot formation in the 
left atrial appendage, a small pouch where impaired kinematics promote blood stasis. Computational fl uid 
dynamics provides a framework for analyzing the resulting fl ow and transport phenomena in patient-specifi c 
geometries reconstructed from CT imaging. Th is lecture presents advances in this modeling approach, illus-
trated with examples from recent and ongoing work. Accurate prescription of wall kinematics is shown to be 
essential for reliable hemodynamic predictions. Blood residence time, computed via passive scalar transport, 
serves as the primary metric to quantify local stasis. Furthermore, transport models for biochemical species 
allow coagulation risk to be assessed more directly. Results are evaluated against clinical outcomes from 
cohorts of patients with and without confi rmed thrombus. Together, these studies illustrate how classical 
fl uid mechanics tools can address a problem of signifi cant clinical relevance.

Prof. Manuel García-Villalba 
TU Wien
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Ramis Örlü is a Professor of Fluid Mechanics at OsloMet – Oslo 
Metropolitan University. He earned a Diplom-Ingenieur (Dipl.-Ing.) 
degree in Mechanical Engineering from Ruhr University Bochum 
in 2003, followed by a Ph.D. in Engineering Mechanics, specializing 
in Experimental Fluid Dynamics and Turbulence, from KTH Royal 
Institute of Technology in 2009. In 2015, he was appointed docent in 
Experimental Fluid Physics at KTH, where he has been a researcher since 
2009 and continues to contribute on a part-time basis. Since 2017, he has 
also held an adjunct professorship at the University of Bologna.
In 2023, he joined OsloMet as an Associate Professor of Fluid Mechan-
ics and was promoted to Full Professor in 2024. Over the years, he has 
held fellowships and guest professorships in Germany, Italy, and Turkey.

His research focuses on the fundamental aspects of turbulent fl ows, with particular emphasis on skin-friction 
and drag reduction through passive and active fl ow-control techniques. He employs large-scale wind tunnel 
facilities and integrates high-fi delity simulations to cross-validate experimental and computational results. 
In addition to his research, he is the Editor-in-Chief of Experimental Th ermal and Fluid Science, serves on 
the Editorial Advisory Boards of Flow, Turbulence and Combustion and Advances in Aerodynamics, and has 
co-edited the Progress in Turbulence series. He is also the recipient of the FLUCOME Nakayama Award (2025) 
and the Friedrich Wilhelm Bessel Research Award from the Alexander von Humboldt Foundation (2026).

High-Resolution or High-Illusion? Revisiting the Role of Hot-Wire Anemometry in 
Wall-Bounded Turbulence

For nearly a century, hot-wire anemometry has played a central role in shaping our understanding of turbu-
lence, particularly in wall-bounded fl ows. Its reputation for exceptional temporal response and fi ne spatial 
resolution has made it a cornerstone of experimental turbulence research. Yet this status also masks important 
limitations. Hot-wire measurements continue to underpin many classical and modern studies of near-wall 
turbulence, including debates in which diff erences between proposed scaling laws often fall within the uncer-
tainties of the measurements themselves. Over time, numerous corrections and best practices addressing spatial 
and temporal resolution, near-wall interference, blockage, fi ltering eff ects and probe attenuation have become 
deeply embedded in experimental methodology. Many of these procedures are now treated as standard practice 
despite growing questions about their validity in the context of increasingly demanding measurements and 
interpretations. Th is keynote revisits the historical legacy and current role of hot-wire anemometry in wall-
bounded turbulence research, examining both its major contributions and inherent limitations. Th e central 
question is whether hot-wire anemometry still off ers the highest-resolution view of turbulence or whether 
part of that resolution has become an experimental illusion.

Prof. Ramis Örlü
OsloMet – Oslo Metropolitan 

University
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Prof. Paweł Flaszyński
Polish Academy of Sciences

Prof. Paweł Flaszyński is the Head of the Department of Aero-
dynamics at the Institute of Fluid-Flow Machinery of the 
Polish Academy of Sciences. For 25 years, he has been involved in 
numerical simulations for turbomachinery fl ows and aerospace aero-
dynamics. His research mainly focuses on the subsonic and transonic 
fl ow structure analysis, fl ow control methods in turbomachinery, on 
aircraft wings and in wind energy applications, as well as aeroacoustics. 
Th e research has been conducted as part of numerous European and 
national projects. He coordinated the european project TFAST – Tran-
sition Location Eff ect on Shock Wave Boundary Layer Interaction and 
the H2020 MSCA-ITN project TEAMAero – Towards Eff ective Flow 
Control and Mitigation of Shock Eff ects in Aeronautical Applications.

He was awarded the 2018 team prize by the Minister of Science and Higher Education for outstanding 
scientifi c or technological achievements in the category ‘research for economic development’, recognizing 
his work on the development of fl ow control methods in aerodynamics.
Prof. Paweł Flaszyński is a member of the European Turbomachinery Society, an Alternate Representa-
tive in the International Society for Air Breathing Engines and a member of the Steering Committee of 
ERCOFTAC SIG 10 (Transition Modelling).

Shock wave boundary layer interactions in compressor confi gurations

Th e future sustainable growth of the aviation industry relies on continued improvements in effi  ciency, leading 
to reduced fuel consumption and increased payload capacity. Research eff orts therefore focus on enhancing 
aerodynamic performance while reducing structural weight. Th is inherently requires higher-performing wings, 
control surfaces and turbomachinery blades, particularly in applications where transonic fl ow is common 
and shock-wave formation poses a signifi cant aerodynamic challenge.
Th e interaction of shock waves with boundary layers is particularly important, as it represents one of the main 
performance-limiting and safety-critical fl ow phenomena across these fl ow regimes. Th e fl ow within a tran-
sonic compressor cascade is intrinsically unsteady because of shock-wave/boundary-layer interactions (SBLI) 
occurring on the blade surfaces. Despite extensive research over several decades, the underlying mechanisms 
responsible for this behaviour are still not fully understood.
At cruise altitude, the reduced Reynolds number causes the boundary layer on the suction side of a transonic 
fan blade to remain laminar up to the SBLI region. In transitional SBLI cases with pronounced shock-in-
duced separation, a self-sustained shock oscillation mechanism can develop, driven by the cyclic growth and 
subsequent suppression of the upstream laminar portion of the separation bubble. Low-Reynolds number 
eff ects are also challenging for highly loaded transonic stator confi gurations, even when located downstream 
of the rotor and operating under high infl ow turbulence levels.
For this reason, promoting a controlled laminar-to-turbulent transition upstream of the shock interaction 
is considered a promising strategy for improving compressor performance and stability. One possible 
approach is the deliberate modifi cation of blade surface characteristics, such as roughness patches, surface 
roughness resulting from machining, or fl ow-control techniques.
Th e presentation will focus on SBLI in two confi gurations: a transonic fan profi le and a highly loaded tran-
sonic stator confi guration.
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Prof. Maciej Marek 
Czestochowa University 

of Technology

Maciej Marek is an Associate Professor at Faculty of Mechanical Engi-
neering, Częstochowa University of Technology (CUT), Poland. He 
earned his master’s degree in electronics and telecommunications from 
AGH University of Technology (2002) and Ph.D. degree in mechanical 
engineering from CUT (2006). In his doctoral thesis he introduced a 
new computational technique based on cellular automata for numerical 
modelling of alloy solidifcation at the scale of single grains. Habilitated 
at CUT in 2019 on the basis of series of publications concerning numer-
ical modelling of moving boundary problems. Member of the Section of 
Fluid Mechanics of the Committee on Mechanics of the Polish Academy 
of Sciences. Editor of the ERCOFTAC Bulletin.

At CUT, Prof. Maciej Marek teaches numerical methods, optimisation in engineering and computational 
fl uid dynamics. His recent works focus on the modelling of random packing of particles and fl uid fl ow sim-
ulations in porous media.

Fluid fl ow through randomly packed particles

In cylindrical random packed beds, the ordered near-wall layering of particles creates preferential fl ow chan-
nels that cause severe maldistribution even under a uniform inlet fl ow. Th is study investigates how a regular, 
periodic corrugation of the container wall can disrupt this particle ordering and improve the uniformity of 
the fl ow fi eld. Th e packing structure is generated using a validated sequential algorithm that captures the 
radial void-fraction oscillations characteristic of near-wall layering. Gas fl ow in the low Reynolds number 
regime is then computed via an immersed boundary method on a Cartesian grid, with the solver validated 
against experimental MRI velocity profi les. Simulation results demonstrate that wall corrugation signifi cantly 
suppresses the strong oscillations in the averaged radial velocity profi les that are otherwise induced by particle 
layering. Remarkably, the characteristic high-velocity peak near the wall is diminished, even though a large 
void-fraction peak persists in the corrugation troughs. Detailed inspection reveals that fl ow penetration into 
these troughs is limited, so the added voidage does not act as a preferential path. Th e uniformity of the velocity 
fi eld is quantifi ed using a Shannon entropy measure which yields higher entropy (i.e. a more uniform distri-
bution) for the corrugated confi guration relative to a fl at-wall reference. Conversely, when the corrugation 
parameters promote geometric resonance and increased ordering, entropy decreases for both the packing 
structure and the fl ow fi eld. Th ese results highlight that wall corrugation is an eff ective passive fl ow-control 
strategy for mitigating near-wall channelling in packed beds, with direct relevance to the fl uid dynamics of 
fi xed-bed chemical reactors.
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Tomasz Bobiński is an Assistant Professor in the Department of Aerody-
namics at the Faculty of Power and Aeronautical Engineering, Warsaw 
University of Technology. He earned his Ph.D. in fl uid mechanics from 
Université Pierre et Marie Curie in Paris in 2016. His academic excel-
lence has been recognised with the START scholarship from the Foun-
dation for Polish Science (FNP) and a distinction for outstanding young 
scientists awarded by the Minister of Science and Higher Education.
Dr. Bobiński’s research lies in the fi eld of experimental fl uid dynam-
ics, with a particular focus on surface water waves, wettability and 
anti-icing applications of ultra-low surface energy materials. His recent 
work centers on the development of novel cloaking devices designed to 
render objects invisible to incident waves, contributing to the emerging 

fi eld of transformation hydrodynamics.

Nature-Inspired Cloaking Technology in Water Waveguide Systems

Metamaterials and transformation-optics methods have opened new avenues for controlling wave prop-
agation in acoustics, electromagnetism, and surface water waves. For water waves, transformation-based 
cloaks are typically implemented as engineered bathymetries, however, standard coordinate transformations 
yield anisotropic depth profi les that violate the small-gradient assumptions of depth-averaged wave models. 
Conformal mapping off ers a strictly isotropic alternative, but when applied to compact obstacles it produces 
depth gradients so steep that the long-wave approximation breaks down. We circumvent these limitations 
by applying conformal mapping to waveguide systems rather than isolated obstacles. In the fi rst approach, a 
spatially varying bathymetry is designed to suppress scattering induced by wall irregularities of a meandering 
waveguide, yielding a smooth, isotropic depth profi le free of singularities. Numerical simulations using both 
shallow-water and mild-slope equations confi rm robust cloaking performance even in the dispersive regime, 
validated experimentally with 3D-printed waveguides. Extending this approach to waveguides with parallel 
walls, we achieve invisibility of a surface-piercing circular cylinder through local deformations of the wave-
guide walls, with the optimal shape determined by numerical optimization. Our method yields a refl ection 
coeffi  cient at least 20 times lower than in the unperturbed waveguide over a broad frequency range. Experi-
mental results confi rm the high effi  ciency of this approach, with backscattered energy reduced by a factor of 
100 to 5,000 compared to the reference case. Th e method is directly applicable to any Helmholtz-governed 
waveguide system, including acoustics and electromagnetism.

Dr Tomasz Bobiński 
Warsaw University 

of Technology
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Dr Michał Lipian
Lodz University 
of Technology

Researcher in applied aerodynamics and aeroacoustics, experienced 
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Surrogate modelling in the GPU era: Rethinking the role of low-fi delity aerodynamic models

Surrogate or hybrid modelling plays a pivotal role in aerodynamic analysis by providing computationally 
effi  cient approximations of complex physical phenomena. Hybrid models are capable of capturing key aero-
dynamic behaviours across a wide range of applications, including performance prediction, sensitivity analysis 
and design optimisation. Traditionally, surrogate models have been indispensable in scenarios where high-fi -
delity simulations were prohibitively expensive, such as in the aerodynamic modelling of airscrews using Blade 
Element Th eory (BET).
With the advent of GPU-accelerated computing, the feasibility of running large-scale CFD simulations in 
practical timeframes has signifi cantly improved, challenging the dominance of low-fi delity models for quick 
assessment and optimisation. Nonetheless, the presented research argues that surrogate modelling remains 
essential for rapid design iteration, particularly when integration of additional functionalities such as aero-
acoustics and control-oriented modelling is performed. Th rough the lens of hybrid BET-CFD frameworks for 
airscrew analysis, the research demonstrates how surrogate models are evolving to incorporate richer physics 
while maintaining computational effi  ciency. Th is evolution underscores their continued relevance in the design 
and optimisation of next-generation aerodynamic systems.
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Fluid dynamics of Earth’s climate

Atmosphere and ocean are fl uids. Fluids fl ow and carry heat, momentum, tracers. Th eir motion on rotating 
planet is governed by diff erences in absorption of solar energy in the form of shortwave electromagnetic 
radiation and emission of Earth’s energy to space in form of infrared radiation. Th ese are physical principles 
of weather and climate.
In the lecture, I will show simple, yet barely known physical foundations of climate science explaining recent 
anthropogenic climate change and climate projections for future.
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Dantec Dynamics systems in Macro 
and Micro Experimental Fluid Dynamics

A. Antonowicz1, K. Dörner2

1 Eurotek International Sp. z o.o.
2 Dantec Dynamics A/S

E-mail: aantonowicz@eurotek.com.pl

Scientists and Engineers in fl uid dynamics and solid mechanics rely on measurements to make breakthroughs 
in applied research, technology development and quality assurance. Eurotek implements commercial fl uid 
dynamics measurement systems, develops their functionality extensions and sells integrated measurement 
systems for diagnostics and research into fl uid mechanics, solid mechanics, microfl uidics, spray analysis 
and combustion technology. We deliver turnkey and customized solutions built on high-end laser optics, 
imaging and sensor technologies. Our user-friendly software performs advanced data analysis and produces 
real-time results. Furthermore, we pride ourselves in providing our clients superior technical application 
long-time support. You gain accurate measurement results easily and quickly which help you accelerate the 
pace of discovery, innovation and quality control. Our distinct competence and experience in integrating 
measurement methods and technologies into the right solution for you, is unique. Partnering with Eurotek 
and Dantec Dynamics helps you gain crucial knowledge from any test or measurement campaign. Dantec 
Dynamics – Turn Measurements into Knowledge.

Parametric studies based on high-fi delity CFD simulations are widely used in aerodynamic design and 
optimisation. However, exploring complex design spaces typically requires a large number of computationally 
expensive simulations. Surrogate models provide an effi  cient alternative by approximating the relationship 
between design parameters and aerodynamic responses, enabling rapid evaluation of design variants.

In this work, an adaptive surrogate-based workfl ow for effi  cient exploration of parametric CFD design spaces 
is presented. Th e proposed approach combines automated CFD simulations, design of experiments and 
surrogate modelling with adaptive sampling to iteratively improve model accuracy in selected regions of 
the design space. Particular attention is given to the infl uence of model parameterization and strategies for 
improving the robustness and predictive capability of surrogate models.

Th e methodology is demonstrated on a parametric aerodynamic confi guration of a fi xed-wing unmanned 
aerial vehicle. Th e presented framework aims to support effi  cient exploration of CFD design spaces and to 
provide insights into practical strategies for improving surrogate-based modelling in aerodynamic applications.

Adaptive surrogate-based exploration 
of parametric CFD design spaces 
J. Tumidajski

MESco Sp. z o.o.

E-mail: jtumidajski@mesco.com.pl
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THE EFFECT OF CHARGE MAGNITUDE ON THE COLLISION 
EFFICIENCY BETWEEN TWO SETTLING CLOUD DROPLETS

 A. Ababaei1,  B. Rosa1,2,  M. Manna1

1  Institute of Meteorology and Water Management – National Research Institute, Podleśna 61, 01–673 Warsaw, Poland

2  Department of Applied Mathematics, Warsaw University of Life Sciences (SGGW), Nowoursynowska 166, 02–776 Warsaw, Poland

E-mail: bogdan_rosa@sggw.edu.pl

Abstract. Th e collision effi  ciency of charged, micron-sized, inertial cloud droplets settling in still 
air is quantifi ed using analytical models that incorporate charge-induced polarization and capture 
short-range interactions which are commonly omitted in earlier studies. Numerical simulations were 
performed for uncharged droplet pairs as well as for like-charged, oppositely charged and charged-
uncharged pairs. Th e results demonstrate that electrostatic interaction signifi cantly modifi es collision 
effi  ciency. Under certain conditions, collisions of like-charged droplets are found to be more effi  cient 
than those of uncharged droplets.

Keywords: Atmospheric Science, Collision effi  ciency, Charged cloud droplets.

1.  Introduction

Collisions between cloud droplets are fundamental to coalescence, droplet growth and the onset of precipita-
tion. While the collision effi  ciency of uncharged droplets has been studied extensively, far less is known about 
collisions involving charged droplets, particularly at micron scales. Small cloud droplets (≈1–10 μm) interact 
over short timescales, during which electrostatic forces, charge polarization and hydrodynamic lubrication 
can strongly modify collision dynamics, yet these eff ects are often neglected or treated using oversimplifi ed 
models. Experimental data for charged droplet collisions are scarce due to technical limitations, making 
numerical simulations essential for exploring the wide parameter space of droplet size, charge magnitude and 
charge confi guration. Understanding the role of electrostatic interactions is therefore crucial for improving 
microphysical representations of cloud processes.

Most existing numerical studies rely on approximate hydrodynamics, consider only a single charge con-
fi guration (e.g., like-charged [1]) or employ a point-charge approach based on Coulomb’s law. Th is study 
addresses these limitations by evaluating the collision effi  ciency of non-deformable spherical droplet pairs 
settling in quiescent air over a wide range of charge magnitudes. Th e larger droplet (collector) settles faster 
than the smaller (collected) and collision effi  ciency is defi ned as E12 = yc

2
 / (a1 + a2)

2, where yc is the maximum 
horizontal off set leading to collision. Various charge confi gurations are examined, with electrostatic inter-
action forces computed using analytically derived models in the Stokes regime [2]. Th ese results are relevant 
for future large-scale simulations involving many interacting droplets, where both physical accuracy and 
computational effi  ciency are critical.

2.  Results and discussion

Th e results presented in Fig. 1 demonstrate the infl uence of charge magnitude on the collision effi  ciency 
for various pair charge confi gurations, marked by diff erent colors. Interestingly, for like-charged pairs, col-
lision effi  ciency initially increases with q/e due to short-range attraction, but after reaching a peak it drops 
sharply once repulsion dominates, yielding E12 values far below those of uncharged droplets. Th ese results are 
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consistent with the conclusion of Patra et al. [1] that E12 for like-charged droplets can be much higher than 
that of uncharged ones.

In the left panel, the like-charged E12 (red) is larger than collector-charged (blue) one at low to moderate 
charge magnitudes. Th is is because like-charged pairs experience a stronger short-range polarization-induced 
attraction than collector-charged pairs, whose attraction appears only at very short gaps. However, once the 
repulsive regime is reached, the red curve drops sharply below all others, refl ecting the strong suppression 
of collisions by long-range electrostatic repulsion. Th e remaining cases, i.e., unlike-charged and charged–
uncharged pairs, display a monotonic increase in E12 with charge magnitude. Th e enhancement is strongest 
for unlike-charged pairs, followed by collected-charged and then collector-charged ones.

Th ese results not only show the importance of the size of collected droplet, a2, but also identify the 
minimum charge magnitude required for EI eff ects to infl uence the collision effi  ciency. For smaller radius 
ratios (3 μm and 10 μm pairs), the like-charged, unlike-charged and collected-charged pairs begin to exhibit 
noticeable EI eff ects at nearly the same value of q/e, whereas collector-charged pairs require larger charge 
magnitudes. Th ese trends do not agree well with the estimates proposed by Beard and Pruppacher [3], e.g. 
E12 is not impacted by like-charged EI if q < 0.4a1

2 in E.S.U. with radius in cm. Since the patterns reported 
here may change when q1 ≠ q2, any general criterion for the charge range over which electrostatic interactions 
can be safely neglected remains premature and would benefi t from further investigation.

References
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Figure 1. E12 as a function of the number of elementary charges for droplets that are
like-charged (red), unlike-charged (green), collector-charged (blue), and collected-charged (purple) with 

10-μm collectors and (a) 3-μm as well as (b) 7-μm collected droplets
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1D, 2D AXIS-SYMMETRIC AND 3D NUMERICAL 
SIMULATION OF VALVE INDUCED WATER HAMMER

 A. Alavi,  K. Urbanowicz

West Pomeranian University of Technology, Faculty of Mechanical Engineering and Mechatronics, Al. Piastów 19, 70–310 
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Abstract. A numerical investigation of water hammer induced by rapid valve closure in a pipe system is 
performed. Th ree modeling approaches with increasing spatial fi delity are applied: 1D with convolution-
based friction, 2D and 3D models implemented in OpenFOAM and ANSYS Fluent. Predicted pressure 
responses at the valve section are validated against experimental data. Th e models are compared in terms 
of accuracy versus computational cost, and numerical dissipation, and dispersion are analyzed with 
respect to mesh resolution, CFL number, turbulence modeling and numerical schemes.

Keywords: Computational Fluid Dynamics, Water hammer, Unsteady friction, Turbulence.

1.  Introduction

Water hammer (WH) is an unwanted phenomenon resulting from an abrupt change in fl uid velocity in 
a hydraulic system. WH generates pressure waves within the pipeline, traveling back and forth at the pressure 
wave speed in the fl uid until they are fully damped due to friction. Th is phenomenon has been the subject 
of intensive research using various methods, including analytical, experimental and numerical approaches, 
as it typically aff ects hydraulic systems negatively.

Experimental investigations have been reported in the literature [1], focusing on valve-induced WH. 
Numerical studies are also of signifi cant interest, particularly for capturing unsteady friction (UF) eff ects. 
Mandair et al. [2] developed both 1D Method of Characteristics (MOC) and 3D CFD numerical models, 
comparing diff erent UF modeling approaches with 3D CFD and experimental results. Martin and Wahba 
[3] investigated this eff ect by comparing 2D quasi-steady axisymmetric CFD with full 3D CFD simulations. 
Th e eff ect of valve closure modeling was examined by Kalantar et al. [4], including dynamic mesh, sliding 
mesh and immersed solid methods. Bergant et al. [5] compared 1D analytical and MOC models with 3D 
CFD simulations, highlighting the infl uence of UF modeling and turbulence treatment on pressure wave 
attenuation and waveform shape.

In this study, a systematic comparison between 1D, 2D and 3D modeling approaches is performed under 
rapid valve closure boundary conditions. Particular emphasis is placed on the infl uence of computational grid 
resolution and time-step selection, as well as their interdependence through the CFL number. In addition, the 
eff ect of turbulence modeling in 3D CFD simulations on UF behavior is examined.

2.  Analysis and Methodology

1D, 2D and 3D models are employed in the present study to investigate the diff erences between them in 
WH representation. A convolution-based method is used for modeling UF in 1D model as it has been 
shown to provide more realistic results compared to other methods. Th e main challenges associated with 
2D and 3D CFD solutions include appropriate setting of computational grid, time step selection, boundary 
condition specifi cation and using a suitable turbulent model.

In this study, the computational domain consists of a pipe with constant radius, discretized in the radial, 
circumferential and axial directions with refi nement near the wall region. For a selected simulation, the number
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of divisions in the axial, radial and circumferential directions is 1000, 16 and 40 for the laminar case, and 
500, 39 and 60 for the turbulent case respectively. Th e chosen time step is 0.00001 s, and the Reynolds-av-
eraged k-ω SST model is used for turbulence treatment. 

Figure 1 presents a comparison between experimental measurements, 1D solution, 2D axis-symmetric 
and 3D results for the cases: a) laminar, b) turbulent. Th e amplitude of the fi rst pressure wave (Fig 1a) is 
slightly overestimated in 3D simulation. However, agreement with laminar fl ow experimental data improves 
in subsequent cycles compared to the 1D results whereas the 2D axis-symmetric solution is closely correlated 
with 1D results. In addition, the Ansys 3D simulation more accurately represents the rounded pressure 
waveform compared to OpenFOAM.

Figure 1b illustrates the exemplary results of 1D and 3D in comparison to turbulent fl ow experimental 
measurements. Compared to 1D, the 3D simulation signifi cantly improved the accuracy in terms of wave 
amplitude and roundedness in peaks.

3.  Conclusion

Th is preliminary study provides a systematic comparison between 1D MOC, 2D axis-symmetric and 3D CFD 
approaches for simulating WH phenomenon under rapid valve-closure conditions. Th e results demonstrate 
that 3D CFD simulations off er improved accuracy in capturing pressure wave attenuation and waveform 
roundedness, particularly in turbulent fl ow regimes, compared to the 1D MOC and 2D axis-symmetric model. 
Th e analysis highlights the critical role of mesh resolution, time-step selection and turbulence modelling in 
accurately representing UF eff ects. Th ese fi ndings establish a foundation for future investigations of more 
complex hydraulic systems, including networked pipelines and fl uid–structure interaction eff ects.
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Figure 1: 1D MOC, 2D axis-symmetric and 3D CFD results compared to experimental results
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Abstract. Drag and turbulence are mainly infl uenced by the boundary layer. Usually, the surface of 
bodies, like UAV propellers, aim to be smooth. Contradictorily, non-smooth surfaces can be observed as 
being better suited to various conditions. Sharks have developed riblets that reduce drag. Th is raises the 
question, if smooth surfaces in technical appliances are best suited. It is studied, whether similar eff ects 
can be translated to UAV propellers. So, commercially available UAV propellers with riblets are tested at 
various RPM speeds. Th e eff ect on drag and lift are studied.

Keywords: Experimental Fluid Mechanics, Aerodynamics, Microfl ows, Microstructures, Flow Machinery, Propellers, 
Drones, Unmanned Aerial Vehicles (UAV).

1.  Introduction

Th e importance of Unmanned Aerial Vehicles (UAV) in modern day applications is rapidly increasing. 
Th e success and acceptance of UAV usage is mainly infl uenced by its physical properties, such as noise emis-
sions, load capacity, operating range or overall effi  ciency. A main infl uence in this is the propulsion system 
(propellers) in which the necessary thrust and lift are generated. In order to increase overall UAV effi  ciency, 
this work aims to improve propeller effi  ciency by applying riblet like surface structures.

Often, fl ow related appliances aim to have as smooth surfaces as possible. Th is is also the case for UAV 
propeller. Contradictorily, there are occurrences, where non smooth surfaces tend to improve aero- and 
hydrodynamic properties. Th e golf-ball for instance is manufactured with its iconic dimples that reduce drag 
and thus increase airtime. Further, sharks have developed riblet on their scales that also seem to decrease 
drag and thus give them an evolutionary advantage.

Th e performance increasing eff ect of riblet structures on fl at surfaces is already subject to research. In 
[1], Grüneberger and Hage have manufactured test plates with trapezoidal riblet groves. Th e data they 
present suggests a 7.6% maximum drag reduction in relation to a smooth surface. Analog to this, Sasamori, 
Mamori, Iwamato and Murata [2] translated a theoretically optimal two-dimensional riblet structure into 
a real, three dimensional application. Th ey observe a maximum drag reduction of 11.7%. Furthermore [3], 
Bechert, Bruse and Hage have equipped test plates with riblets (‘fi ns’) in a three-dimensional pattern. Th ey 
conclude an overall drag reduction, even compared to two-dimensional riblet structures.

Th is raises the question whether the physical properties of UAV propellers can be increased by applying 
riblets to their surface.

2.  Methodology

In order to explore the eff ect of riblets on the propeller blade, a commercially available UAV propeller is fi tted 
with a variety of riblet geometries.
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Th e riblets are defi ned by their base dimension (base – b) as well as the distance to the next riblet (increment – i). 
Th e base dimension varies from 0.1 mm to 1 mm, as well as the i parameter. Th e exterior angles of the isos-
celes triangle remain fi xed at 20°. Th is results in a total of 100 possible combinations which are physically 
tested on a test rig.

It is important to note, that propellers are axially symmetrical. Th e applied surface structures need to be 
adapted to this. Th en, the propellers are tested at diff erent RPM speeds and the eff ect on drag, lift and nec-
essary shaft power are observed.

Th e work aims to fi nd optimized surface patterns in comparison to the plain blade. Potential optimizations 
are measured in a increase in effi  ciency, notably in an increased lift to shaft power ratio.

Previous experiments conducted at htw saar indicate an possible increase in propeller effi  ciency for certain 
types of surface structures [4]. A propeller has been fi tted with diff erent kind of random surface structures 
of which a riblet like structure was the most promising. In this work, the basic riblet structure on propellers 
is subject of further investigation in order to fi nd better geometries.
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Figure 1. Basic riblet geometry

Figure 2. plain blade (left), blade fi tted with riblets (right)
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Abstract. Th is article presents the results of a numerical fl ow-fi eld simulation for a section of the 
Rhine near St. Goar (Ehrenthaler Werth), with the aim of identifying optimal locations for river 
turbines[1]. For this purpose, the fl ow fi eld is computed in a riverbed model generated using an 
AI-supported modelling approach. Th e simulation results are evaluated through comparison with 
measured local near-surface fl ow velocities. Subsequently, the river level is varied to analyse its 
infl uence on discharge and fl ow velocity. Th is enables the eff ects on the fl ow fi eld and on the 
previously identifi ed potential turbine locations to be assessed and the site selection to be adjusted 
accordingly. Th e proposed method incorporates fl ow-fi eld characteristics directly into the site-
selection process, an aspect that has so far only been considered in a rudimentary manner.

Keywords: Environmental fl uid mechanics, AI and machine learning in fl uid mechanics, Computational Fluid 
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1.  Introduction

Th e variability of most renewable energy sources has increased the demand for alternatives capable of providing 
base-load power, such as run-of-river hydropower plants. However, the potential for conventional run-of-river 
hydropower in Germany is considered to be largely exhausted[2]. Consequently, attention is increasingly 
shifting towards decentralized systems based on power buoys (river turbines), as the kinetic energy of river 
fl ow is regarded as a highly predictable and largely weather-independent energy source[3]. Identifying suitable 
locations for individual power buoys or clusters is therefore a key challenge.

2.  Description of the procedure

Th e developed workfl ow consists of the following steps:
· Riverbed modelling based on measurement data;
· CFD simulation of the fl ow fi eld, including identifi cation of potential turbine locations;
· Variation of water levels to analyze their impact on the identifi ed potential locations.

2.1. Riverbed Modelling

Accurate modelling of the riverbed is essential for the calculation of fl ow fi elds. To achieve this, the riverbed 
was surveyed using a specially developed measurement system (Fig. 1, left). Th e acquired data were processed 
with an AI-supported application which interpolates missing points to generate a complete mesh. Th is results 
in a surface-based riverbed model suitable for CFD simulations (Fig. 1, right).

Figure 1. Measurement system (left) and model of the measured riverbed (right)
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2.2. CFD calculation, Validation and Site Identifi cation

Th e riverbed model is assigned appropriate boundary conditions and the fl ow fi eld is computed (Fig. 2, left). 
Th e simulated near-surface fl ow velocities are compared with measured values and if suffi  cient agreement is 
achieved, potential turbine locations are identifi ed from the simulation results.

2.3. Variation of Water Levels and Site Adjustment

Simulations are then repeated for varying water levels to analyze their eff ect on the fl ow fi eld (Fig. 2, right). 
Th is approach allows for the adjustment of potential turbine locations and enables estimation of the approx-
imate annual energy yield based on seasonal water-level variations.

3.  Summary and outlook

Th is article presents a method for determining suitable locations for power buoys. Th e approach can be further 
extended to consider clusters of turbines (interactions between units) and based on these fi ndings, it would 
be worthwhile to develop an AI-based tool capable of identifying optimal locations solely from the riverbed 
model or from 2D representations of the river course.
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Abstract. Combustion under oxygen-enriched conditions enhances fl ame stability and reactivity 
in NH3/H2 co-combustion but increases NOₓ via thermal and fuel-bound pathways. To address 
this issue, steam dilution (10–40%) reduces fl ame temperature and partially suppresses NOₓ. Using 
Cantera simulations, the eff ects of O2 enrichment (23–45%), hydrogen fraction and steam dilution 
on ignition, fl ame temperature, and NOₓ formation are analysed. Th e optimum values of H2, O2, and 
steam identifi ed within the investigated ranges are then applied in CFD simulation performed using 
the ANSYS Fluent code to obtain combustion characteristics under practical combustion conditions.

Keywords: Combustion, NOₓ emissions, Ignition behaviour, Cantera, Oxygen-enrichment, Combustion stability, 
Steam dilution.

1.  Introduction

Th e increasing global demand for clean and sustainable energy has driven signifi cant interest in carbon-free 
fuels, among which NH3 has emerged as a promising candidate due to its zero-carbon content, high H2 
density and established production infrastructure [1]. When co-fi red with H2, NH3 combustion can achieve 
improved fl ame stability, higher reactivity and faster ignition characteristics, overcoming some of the limita-
tions of pure NH3, such as low fl ammability and slow kinetics.

Despite these advantages, NOₓ emissions remain a major challenge in NH3-H2 co-combustion [2], par-
ticularly under O2-enriched conditions. Elevated O2 levels in the oxidizer improve fl ame temperature and 
ignition rates but simultaneously intensify thermal NO formation and the oxidation of fuel-bound nitrogen 
intermediates, resulting in higher NOₓ levels [3]. Eff ective strategies to control NOₓ emissions are crucial.

Several approaches have been explored to mitigate NOₓ in NH3 combustion. Fuel staging [4], H2 fraction 
optimization [5] and moderate O2 enrichment [6] have been proposed to reduce thermal NO formation 
while maintaining stable ignition. Steam or N2 dilution has also been recognized as an eff ective fl ame tem-
perature control mechanism [7] which suppresses thermal NO formation and modifi es radical pool dynam-
ics. Previous studies have demonstrated that combining H2 addition with controlled oxidizer composition 
can infl uence NH3 decomposition pathways, reducing NOₓ through enhanced radical-mediated reduction 
mechanisms. However, most existing investigations have focused on either pure NH3 or H2-enriched fuels 
under atmospheric conditions and the combined eff ects of O2 enrichment, H2 addition and steam dilution 
on NOₓ formation in NH3/H2 co-combustion remain insuffi  ciently understood.

To address this gap, the present study systematically investigates NH3/H2 co-combustion under O2-enriched 
conditions, focusing on NOₓ formation, ignition characteristics and combustion performance. Detailed chemical 
kinetics simulations are initially performed using Cantera and validated against available experimental data, after 
which the identifi ed optimum values are applied as known conditions in CFD simulations performed using the 
ANSYS Fluent code for modelling stabilized fl ame in non-premixed regimes. Th e study examines the eff ects of 
oxidizer oxygen concentration (23–45%), hydrogen fraction and steam dilution (10–40%) on fl ame temperature, 
radical pool dynamics and NOₓ emissions. Th e fi ndings provide fundamental insights into the mechanisms of 
NOₓ formation and reduction in ammonia-hydrogen systems, off ering guidance for the development 
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of low-emission, high-performance ammonia-based combustion strategies suitable for industrial and 
power-generation applications.

2.  Results

Figure 1a shows the results of simulations performed using the Cantera software employing chemical mech-
anism of 21 species and 64 reactions. It presents variability of an ignition delay time (IDT) in mixture 
fraction space for diff erent mixture composition (NH3 with/without H2 and oxidizer with/without steam) 
at the initial temperature 1200 K. It can be seen adding small amount of H2 (5% by mass) signifi cantly 
reduces IDT (approx. two orders of magnitude), indicating enhanced mixture reactivity, while steam dilution 
delays ignition due to thermal and chemical eff ects. Mass fraction of NO at ignition onset and after 0.1s is 
demonstrated in Figs.1b, c, respectively. It can be seen that initially the maximum NO value is higher when 
the steam is present, but in a regime of developed fl ame, it eff ectively reduces NO peak, approximately four 
times. Th e reason for that is a high heat capacity of the steam which causes lowering the fl ame temperature 
and thus the thermal NO production. During the conference, the conditions similar to the present one will 
be used in 3D CFD simulations.
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Abstract. Directed percolation (DP) has recently emerged as a possible solution to the century old 
puzzle surrounding the transition to turbulence. We show that the complex dynamics encountered 
at the onset of turbulence can be fully rationalized within the framework of statistical mechanics. 
In addition, we also demonstrate that patterns self-assemble with increasing distance from critical point. 
Our study exemplifi es that macroscopic patterns can arise solely from local stochastic rules, in the 
absence of wavelength selection typically associated with pattern formation.

Keywords: Experimental Fluid Mechanics / General Fluid Dynamics / Hydromechanics, Transition to turbulence, 
Directed percolation.

1.  Introduction

Multiple model studies reported DP exponents, however, experimental evidence is limited since the largest 
possible observation times are orders of magnitude shorter than the fl ows’ characteristic timescales. An 
exception is cylindrical Couette fl ow, where the limit is not temporal, but rather the realizable system size. 
Approaching the critical point to within less than 0.1% we determine fi ve critical exponents, describing 
dependence of turbulent fraction on control parameter, distribution of laminar gaps in space and in time, as 
well as dependence of characteristic length and time scales on control parameter. All of these exponents were 
shown to be in excellent agreement with the DP universality class which describes the behaviour of turbu-
lent fl ow (i.e. active phase). Next, we demonstrate that starting from the corresponding directed percolation 
(DP) critical point, regular patterns are established within the scaling range of the DP transition. Likewise, 
the patterns’ expansion rates are set by the DP critical exponents, attesting that all underlying processes are 
stochastic. Th is apparent contradiction between the inherent stochasticity and the displayed order is resolved 
by abandoning the common perception of laminar and turbulence as opposing states. 

Most of the presented work consists of experimental results measured in a Couette setup of 
unprecedented azimuthal and axial aspect ratios. Specifi cally, experiments were performed in the 
narrow gap of 2h = 240 μm, spanning between two high-precision concentric cylinders. Th is forms 
the test section with very large azimuthal and axial aspect ratios of Lθ/h = 3927 and Lz/h = 1500, 
respectively. Th e outer cylinder was made of glass that rotated at the rotation speed exceeding 1000 RPMs. 
Frictionless air-bearings were applied in order to increase the precision of the motion, as well as to decrease 
heat production and temperature variations. Th e inner cylinder remained stationary. In Fig. 1, we illustrate 
the experimental confi guration of large-aspect-ratio Taylor-Couette fl ow, featuring turbulent bands along the 
entire test section. In Fig. 2, we present fl ow visualisations with increasing Reynolds number from left to right.
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Abstract. Th e following paper examines Prandtl’s second kind secondary fl ows in regular polygonal 
ducts for Newtonian and power-law fl uids in laminar fl ow regime under isothermal and non-isothermal 
conditions. Novel geometrical parameters correlate duct anisotropy with entry length, friction factor, 
and peak-to-bulk velocity ratio. Entry length rises with lower number of sides and higher fl ow behavior 
index; friction factor drops with fewer sides. Secondary fl ow intensifi es in dilatant fl uids and varies 
thermally, enabling optimized designs for compact heat exchangers and fl uid transport systems.

Keywords: Interdisciplinary Areas in Heat and Fluid Flow, Secondary Flows, Non-Newtonian Fluids, Computational 
Fluid Dynamics.

1.  Introduction

Th e study of secondary fl ow in ducts remains a relevant topic of research for engineering and biomedical 
applications, as it plays a crucial role in redistributing mass & energy and incurring additional losses. Th e 
present study numerically investigates the laminar (Reynolds number, Re ranging 50–500) and turbulent 
(Re ranging 104 – 105 regimes, illustrating the evolution of diff erent types of secondary fl ow within various 
in-plane double bends (Prandtl’s fi rst kind) and polygonal ducts (Prandtl’s second kind) for Ostwald-de Waele 
power-law fl uids. Contextually, the development of a third kind arising due to obstructions or imperfections 
in biological ducts is also examined. Special attention is paid to the infl uence of side-count (m, ranging from 
3 to 10) and fl ow behavior index (n, ranging from 0.6 to 1.4) on isothermal and non-isothermal fl ow through 
polygonal ducts. Duct corner anisotropy [1] manifests counter-rotating vortex pairs, typically characterized 
by convex primary velocity isotachs [2]. A pair of geometrical parameters [3-4] is introduced, namely the 
Factor of approach and the Integrity index, to correlate this geometrical anisotropy with gross parameters, 
including entry length, friction factor and the fully developed peak-to-bulk velocity ratio.

2.  Methodology

Simulations with 3-D computational geometries employing fully structured meshes and adopting 
pertinent inlet profi le assumptions are performed. A pressure-based fi nite volume solver (ANSYS 
Fluent) is employed to solve the conservation equations. A broad spectrum of rheological fl uids 
including pseudoplastic (n < 1, Newtonian (n = 1 and dilatant n > 1 (is considered. Second-order 
discretization schemes are adopted and the convergence criterion is set to 10-6. Numerical results are 
validated with benchmark experimental data [5].
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3.  Conclusion

Several important conclusions from the numerical study are drawn. An enhancement ratio to gauge 
the velocity rise across a bend is introduced. Th e study of polygonal ducts reveals the disproportion-
ate changes of the friction factor and entry length with m. Th e fully developed value peak-to-bulk 
velocity ratio is nearly 2.25 in Newtonian fl uids, for a triangular duct (m = 3) and this approaches 
the asymptotic value 2 as m  rises to infi nity (circular duct). Th e entry length increases as n increases. 
Th e initial strength and persistence of the secondary fl ow are greater for lower m , and decrease contin-
uously under isothermal fl ow. In a non-isothermal fl ow with constant wall temperature, the secondary 
fl ow magnitude is signifi cantly weaker: it fi rst increases as m  varies from 3 to 6, then decreases as m 
increases further. Dilatant fl uids exhibit more localized and intense secondary motion than Newto-
nian and pseudoplastic fl uids. Future work will extend the analysis to non-isothermal rheological fl ows in 
biologically relevant geometries.
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Abstract. Th e study presents results of measurements of human blood rheology using the Anton 
Paar rheometer. Measurements of the dependence of the shear stress on the shear rate were made in 
the range of the shear rate of 1 s−1 to 200 s−1 and for three blood samples with diff erent haematocrit. 
Th e purpose of this study is to experimentally determine the dependence of the shear stress on the 
shear rate at low and moderate haematocrits of human blood. Based on the measurements, blood 
viscosity was determined, yield stress was estimated and compared with data from the literature 
and a suitable rheological model was proposed and discussed. Th e results of the measurements are 
presented in the form of graphs and conclusions.

Keywords: Experimental Fluid Mechanics, Bio-fl uid, Human Blood Rheology, Blood Yield Stress.

1.  Introduction

Blood is a suspension with unique structure and physical properties. It has no equivalent among industrial 
suspensions and, so far, it is not possible to produce a synthetic blood. Most solid components suspended 
in whole blood are red blood cells (RBC) which contribute to about 99% of all cells. Th e rest of solid 
components belongs mainly to white blood cells and platelets. Carrier liquid, named as plasma, is responsible 
for transportation of all solid components and contribute to about 55% by volume, while the rest of volume 
belongs to all solid components. Plasma is a Newtonian liquid which contains about 90% of water therefore 
its density and viscosity are like water [1]. Th e blood is non-Newtonian suspension. Th is is because it can form 
rouleaux at a low shear rate, causing a signifi cant increase in yield stress and viscosity [2,3]. With increasing 
shear rate, the erythrocyte rouleaux become progressively disassociated. Th e term ‘rouleaux’ (singular: rouleau) 
indicates clotting or aggregation of RBC [4].

Blood rheology is one of the most neglected areas in the clinical literature and diagnosis. Experi-
ments on blood rheology still pose a signifi cant challenge and require special preparations, including 
protection against blood clotting. Several rheological models are available to consider human blood 
fl ow, e.g. Bingham, Ostwald-de Waele, Carreau, Casson or Herschel-Bulkley. Th e Bingham model 
is too simple because it includes constant viscosity. Two- and three-parameter models, such as the 
Casson or Herschel-Bulkley models, describe the dependence of shear stress on the shear rate with 
greater precision. Comprehensive measurements of blood rheology were performed by Wells and 
Merrill [5]. Th e authors used radially symmetric coaxial cylinders (Couette) and made measurements 
of shear stress versus shear rate in the range of shear rate of 10 to 125 s-1 [5]. Th e yield stress was 
determined, although the estimation of the yield shear stress is a complex issue [6].

Despite recent achievements in blood rheology [7], the eff ect of non-Newtonian blood viscosity 
and yield shear stress on the hydrodynamics of blood fl ow is not yet well understood. Th e purpose 
of this study is to experimentally determine the dependence of the shear stress on the shear rate at 
low and moderate haematocrit in human blood. Based on the measurements, blood viscosity was 
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determined, yield stress was estimated and compared with data from the literature and a suitable 
rheological model was proposed and discussed.

2.  Experiments and Results

Th e recommendation of Baskurt et al. [8] indicates that a human blood viscosity rheometer should operate 
in a wide range of shear rate from 1 s−1 to at least 200 s−1, with an upper range of 300–400 s−1, so that blood 
reaches its steady apparent viscosity. For routine clinical investigations, two measurements of the apparent 
viscosity of the sample are recommended [8].

Using Anton Paar equipment [9] which includes coaxial cylinder and rotor, shear stress versus 
shear rate measurements were performed for three values of haematocrit. Th e shear rate changed 
from 1 s-1 to 200 s-1 for three blood samples with haematocrit between 22% and 40% by volume. 
On the base of the shear stress measurements, the blood apparent viscosity was determined for three 
blood samples demonstrating substantial dependence on Haematocrit. Research has clearly shown 
that blood is a shear-thinning suspension with yield stress, which depends on haematocrit, which 
determines concentration of RBC.

Th e results of the measurements are presented as graphs. Based on the measurements, a suitable 
rheological model is proposed. For all haematocrit values, the yield shear stress was estimated and 
the results demonstrating compliance with the data in the literature. Th e results of the experiments 
are summarised and the conclusions drowned in, and further research was indicated.
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SHOALING OF GRAVITY-CAPILLARY WAVES
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Abstract. We consider the problem of linear gravity-capillary wave shoaling. We provide basic formulas 
for the shoaling coeffi  cient derived under potential fl ow assumptions. Th e diagrammed results give 
an insight into the eff ect of surface tension on wave amplitude growth for a range of deepwater 
wavelengths. In general, capillary forces work against gravity and contribute to reduction of height of 
waves propagating towards the shore.
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1.  Introduction

When surface gravity waves approach the shore, they become more steep in shallower waters. An increase in 
height H of shoaling waves is accompanied with a decrease in wavelength L. In the absence of wave energy 
dissipation and refl ection, the rate of energy transmission (fl ux) along the direction of wave propagation as 
well as wave frequency ω remain constant [1]. Th is allows for expressing the change in height of water waves 
climbing up a slope in a form of a shoaling diagram which presents the dependence of a shoaling coeffi  -
cient CS as a function of reference deepwater wave number (k0 = 2π/L0) multiplied by a local water depth d. 
For linear waves, this dependence was fi rst reported in the work of Green [2] and is thus called the Green’s 
law. For steeper waves, a useful information on nonlinear shoaling was provided by Rienecker and Fenton 
[3], who developed a Fourier Approximation Method and used it to calculate CS for a range of increasing 
wave heights. It was noticed that for higher initial waves, an increasing steepness results in faster wave growth.

Till now, a reasonable assumption of neglecting surface tension in the shoaling problem was made. Th is 
is because the length of waves shoaling at typical natural slopes counts in meters, while gravity and capillary 
dispersive eff ects become comparable for wavelengths of the order of centimetres. Since experimental studies on 
marine hydrodynamics involve decreasing the size of waves to lengths corresponding to the size of laboratory 
tanks, in some parts of laboratory testing, this may require including capillary forces in the analysis. In this 
work, we provide some useful information on properties of shoaling within the framework of linear wave 
theory when the surface tension is taken into account.

2.  Shoaling diagram

We consider small-amplitude regular gravity-capillary waves propagating in water of slowly decreasing 
depth. Th e linear dispersion relation is [4]
while the total energy is proportional to the square of wave height [5]

In (1) and (2), g is gravitational acceleration, γ denotes surface tension, and ρ is water density. 

By diff erentiating (1) with respect to k, we get a following formula for group velocity

(1)

(2)
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Energy fl ux remains constant at any distance from deep water to the shore , so

In Fig. 1, we present calculations of the shoaling coeffi  cient CS using formulas (3) and (4) as a function of a 
relative local depth k0d.

3.  Conclusions

For incident deepwater waves of one meter length, the eff ect of surface tension is generally weak becoming 
noticeable at depths as low as one centimetre. Th ough, it eventually may aff ect experiments at smaller scales, 
where capillary forces work against gravity decreasing the heights of waves travelling towards shore. Th e presented 
analysis neglects higher-order eff ects, which generally contribute to faster wave growth. Th e ongoing research 
extends the study to nonlinear gravity-capillary wave shoaling to get more exact results for higher waves.
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Figure 1. Shoaling diagram for linear gravity-capillary waves (γ = 0.074 N/m)
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Abstract. Th e transport of oil droplets in an oil-water system in cross-junction capillary microstructures 
of various diameters was investigated. Generation and fl ow parameters were analyzed, including 
formation time, number of droplets, velocity, shape and the eff ect of surfactant. Th e dependence of 
velocity on the length of the droplet ellipse and its position in the channel was demonstrated, and the 
addition of surfactant increased the frequency of generation.
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1.  Introduction

Two-phase microfl ows are a key area in microfl uidics, enabling precise droplet generation and transport in 
channels of tens to hundreds of micrometers. Stable, repeatable droplet production is essential for applications 
such as emulsion preparation, microreactors and accurate dosing [1]. Droplet size, formation frequency and 
motion dynamics directly aff ect process outcomes and dispersion uniformity.

Cross-junction geometries are widely used due to their simplicity and reliable droplet generation. Drop-
let breakup results from competition between shear/viscous forces (promoting detachment) and interfacial 
tension (resisting deformation). Flow conditions and channel geometry therefore determine the formation 
regime, droplet shape and subsequent transport [2,3].

Surfactants signifi cantly modify the process by reducing interfacial tension and enhancing emulsion sta-
bility, infl uencing droplet formation rate, deformation and fl ow resistance in the channel [4]. Understanding 
surfactant eff ects is critical for designing stable, controlled multiphase microfl uidic systems.

Th is study examined droplet generation and transport in oil-water systems within cross-capillary structures 
with hydraulic diameters of 75, 100 and 200 μm. Th e eff ects of continuous-to-dispersed phase fl ow rate ratio 
and surfactant addition were analyzed, focusing on droplet formation time, generation frequency, velocity 
and deformation degree. Th e fi ndings provide guidance for optimizing geometry and operating conditions in 
microfl uidic systems for controlled emulsion production.

2.  Experimental setup and methods

Th e experimental setup (Fig. 1a) consisted of syringe pumps for fl ow rate control, a cross-shaped capillary 
junction with channel diameters of 75, 100 and 200 μm, and a vision system (digital microscope and camera) 
to record droplet motion. Cross-junction confi gurations with various oil and water phase inlets were tested 
(Fig. 1b). Water (with or without surfactant) served as the continuous phase and naphtha as the dispersed 
phase. Video sequences were analyzed to determine droplet formation time, number, velocity (from center 
displacement over time) and geometry (approximated as an ellipse) during transport, as well as key generation 
parameters: Tk – time between successive droplets, Tp – time for a droplet to pass through a channel section, 
and Tc – time of elongation of the ‘front’ of the liquid until the droplet detaches.
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3. Results and discussion

Droplet generation parameters depended on microchannel geometry and fl ow conditions. Stable droplet 
formation occurred for the tested capillary diameters, with fl ow rates infl uencing generation time and droplet 
frequency. Adding surfactant reduced generation time and improved emulsion repeatability. Hydrodynamic 
conditions aff ected both droplet detachment at the junction and their subsequent transport. Droplet velocity 
and deformation varied with fl ow rate, channel diameter and position in the cross-section, highlighting the 
role of local fl ow eff ects and resistance.

4. Conclusions

Th e results demonstrate that fl ow rates and microstructure diameter can be adjusted to control generation 
time, droplet frequency and transport stability. Th ese fi ndings provide a foundation for optimizing microfl uidic 
systems aimed at producing repeatable oil-water emulsions with predictable droplet properties.
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Figure 1. Generation of droplets in a capillary system: a) diagram of the test setup, b) the idea of liquid fl ow into a 
cross-shaped capillary, c) drop formation in a cross-shaped capillary, d) changes in drop formation parameters 

(Tk, Tc, Tp) at diff erent water (W)/oil (O) fl ow rates for a capillary with a diameter of 75 μm
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Abstract. Global Stability Analysis (GSA) of multi-step integration methods is performed for spectrally 
discretized convection-diff usion dynamics. Stability conditions are obtained and further quantifi ed 
concerning the presence of physical and spurious modes. Th e Adams-Bashforth and Adams-Moulton 
methods provide specifi c examples for which GSA yields explicit conditions on the Peclet and CFL 
numbers that need to be respected to achieve simulations free of spurious modes. Stability is investigated 
for start-up as well as asymptotic simulation conditions.
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1.  Introduction

Th e global spectral analysis (GSA) of numerical methods developed by Sengupta [1] is a valuable tool to 
quantify a method’s characteristics, such as stability, numerical phase speed, group velocity and numeri-
cal diff usion coeffi  cient. An extensive study of a variety of spatial discretizations, e.g., fi nite and compact 
diff erences, combined with a one-time-level Runge-Kutta method for time integration, was conducted by 
Suman et al. [2,3]. For the development of higher-order accuracy while eff ectively keeping the number of 
evaluations of the spatial discretization low, multi-level methods off er clear prospects. Important examples 
include the Adams-Bashforth and Adams-Moulton integration methods. Spectral Fourier discretization is 
of special interest in turbulence simulations, where high resolution of the small scales is crucial to predict 
large-scale fl ow dynamics. However, it turns out that GSA for the Fourier spectral method combined with 
multi-step time integration approaches has not been developed yet. Th is is the focus of the current paper. 
In the performed analysis, we consider under what stability conditions multi-step methods may yield stable 
simulations without any spurious modes across the entire spectrum of resolved scales.

2.  Sample GSA – results

Th e amplifi cation factor characterizing the multi-step methods is described by two diff erent compo-
nents: the factor corresponding to the physical mode which for the time step tending to 0 approaches 
the exact solution, and the factor corresponding to the spurious mode that disappears at such limit 
conditions. For the time step greater than 0, the spurious mode contaminates the solution, espe-
cially in the range of the small scales. Th e calculations with multi-step methods must be initiated 
with the use of the one-step methods, such as a Runge-Kutta method. Hence, the amplifi cation factor 
evolves through integration, approaching a certain converged state after several time steps. Th is con-
verged state is crucial for the overall stability of the numerical scheme. Figure 1 shows the results for the 
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converged total amplifi cation factor for the second-order Adams-Bashforth method , with 
its physical and spurious modes, for Peclet number  (ν-diff usion coeffi  cient, 
Δ𝑡 – time step, h- mesh size). Th e red line denotes the converged stability border , while 
the blue line is the same condition but established at the second time step with the fi rst step inte-
grated with the Runge -Kutta method of the 4th – order. Th e amplifi cation factor is presented in the 
Nc – kh plane ( number, c – convection velocity, k– wave number). It is seen that 
the solution within the stability region is dominated by the physical mode, however, a particular 
region of the small scales is contaminated by the spurious mode, indicated by the red arrow in Fig.1c. 
Th e detailed analysis performed for the explicit Adams-Bashforth and implicit Adams-Moulton 
methods shows that there is a critical Peclet number below which only the physical mode is present. 
Beyond this critical Pe, there is a range of Peclet numbers in which both physical and spurious modes 
are present, but spurious mode contamination can be eliminated for a suffi  ciently low CFL number. 
Finally, a second critical Peclet number can also be identifi ed above which the spurious mode is always 
present and the numerical solution is of little value. Th e detailed analysis of the total stability plane 
will be presented during the XXVII FMC.
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Abstract. Th is work develops a data-driven methodology for real-time reconstruction of the sloshing 
state from sparse free-surface measurements. A reduced-order basis is obtained from Smoothed Particle 
Hydrodynamics (SPH) simulations using Proper Orthogonal Decomposition (POD). Optimal sensor 
locations are identifi ed and sparse experimental elevation-gauge measurements are used to estimate the 
modal amplitudes, from which the full free surface is reconstructed. Th e methodology is validated against 
camera-based free-surface tracking, showing accurate reconstruction with only a limited number of sensors.

Keywords: Experimental Fluid Mechanics, Sloshing, SPH, POD, Free-surface Measurement, Sparse Sensor Placement, 
System identifi cation, Data assimilation.

1.  Introduction

Sloshing is the oscillatory motion of a liquid free surface in a partially fi lled container under external excitation. 
In many engineering systems, such as spacecraft fuel tanks, marine vessels and transport containers, sloshing 
generates large forces on tank walls and induces centre-of-mass displacements, aff ecting vehicle stability 
and structural integrity, especially when excitation triggers resonance. Sloshing mitigation strategies can be 
classifi ed as passive or active. Passive control uses internal baffl  es to increase energy dissipation and modify 
the system’s natural frequencies, whereas active control applies control actions through actuated baffl  es or 
controlled tank motion to counteract the sloshing response based on the estimated system state. In active 
control, performance strongly depends on reliable real-time state estimation used as input to the control law. 
Th is has been demonstrated for both model-based approaches by Konopka et al. [1] and machine-learning-
based strategies by Ye et al. [2]. However, real-time free-surface measurements provide only sparse, localised 
data from elevation gauges and do not fully describe the free-surface state. Th is limitation motivates the 
development of methods that reconstruct the complete free surface from limited measurements in real time.

2.  Methodology

Th e present work adopts the framework described by Manohar et al. [3] for reconstructing high-dimensional 
fi elds from sparse measurements using low-rank bases obtained from data-driven modal decomposition. 
Th e free-surface elevation fi eld η(x, t) is represented using Proper Orthogonal Decomposition (POD), which 
separates spatial modes Φ(x) from their temporal coeffi  cients A(t):

By retaining only the fi rst r dominant modes, a low-rank approximation of the fi eld is obtained:
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Th is approximation captures the dominant sloshing dynamics while signifi cantly reducing the system dimen-
sion. To identify a limited number of sensor locations such that the collected signals are maximally informative, 
QR factorisation with column pivoting is applied to the truncated spatial POD modes Φr(x). Th is procedure 
selects optimal sampling locations tailored to the considered sloshing conditions and the measurements are 
collected only at these locations. Th e temporal coeffi  cients are then estimated from the sparse measurements 
using a least-squares projection onto the same modal basis. Finally, the full free-surface fi eld is reconstructed 
in real time by combining the truncated spatial modes with their estimated temporal coeffi  cients r(t) :

Th is approach allows real-time reconstruction of the full free surface from a small number of sensors.

2.1. Numerical Simulations

Th ree-dimensional sloshing simulations are performed using the SPH solver DualSPHysics developed by 
Domínguez et al. [4]. Th e free surface is extracted from the simulations and used as training data which is 
decomposed using POD to obtain a reduced-order basis that captures the dominant dynamics.

2.2. Experimental Setup

A rectangular tank (30 × 45 × 50 cm) was mounted on the VKI Shakespeare 3-DOF sloshing table, with 
a max acceleration of 1g at 10 Hz. Sparse free-surface measurements are obtained using wave gauges placed 
at numerically identifi ed optimal locations and are fed to model to reconstruct the free-surface. Simultaneously, 
the full free surface is captured by a high-speed camera and interface tracking. Th e accuracy of the recon-
structed free surface is assessed by comparison with free-surface tracking results.

3.  Expected outcome

For a rectangular tank, the sloshing motion can be described using only a few modes, allowing accurate 
reconstruction with a small number of sensors. When internal baffl  es are added, the fl ow becomes more 
complex, requiring more modes and sensors to keep accuracy. Th is work aims to evaluate reconstruction 
accuracy, identify the minimum number of sensors and study the advantage of optimal sensor placement. 
Th e results are expected to show that real-time, data-driven reconstruction of sloshing dynamics is possible for 
more complex geometries with internal baffl  es. Th e methodology will be integrated into the Reinforcement 
Twinning framework by Schena et al. [5] for control applications.
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Abstract.  A  low-fi delity framework for geometric shape optimization of counter-rotating open rotors 
is presented. Chord and twist of the upstream and downstream rotors are treated as separate variables 
in a sequentially coupled optimization, with the downstream rotor infl uenced by the upstream rotor. 
Results show increased total rotor effi  ciency across design points, with strict minimum thrust constraints. 
Further work will include conducting CFD simulations of baseline and optimized geometries.
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1.  Introduction

  Counter-Rotating Open Rotors (CRORs) are increasingly used in UAVs to enhance thrust while maintaining 
vehicle footprint. Optimizing CRORs is crucial for maximizing endurance and range, but remains challenging 
as the downstream rotor operates in the unsteady wake of the upstream rotor. Low-fi delity methods, such as 
Blade Element Momentum Th eory (BEMT), provide reasonable aerodynamic results despite neglecting 3D 
fl ow eff ects, enabling rapid exploration of preliminary design spaces [1]. Th is work presents a BEMT coupled 
geometric optimization of the upstream (R1) and downstream (R2) rotors using simplifi ed wake modeling.

2.  Methodology and Results

 T-Motor G28 × 9.2ʺ propellers using Archer A18 airfoils (Figure 1) were modeled in pyBEMT with 
Prandtl tip-loss corrections [2]. Airfoil characteristics at each radial position were obtained for each iter-
ation via cubic spline interpolation of XFOIL-generated polar tables. R2 infl ow velocity was modeled 
based on momentum theory, assuming a fully developed slipstream.

 Multi-point optimization was performed at three points covering the full operational range using 
Diff erential Evolution with Latin Hypercube sampling in the SciPy library, followed by L-BFGS-B 
refi nement [3]. Chord and twist distributions were parameterized using quadratic Bézier curves 
with monotonicity constraints to ensure realistic geometry. R1 was fi rst evaluated at each iteration, 
followed by R2 using infl ow conditions calculated from R1 values, enabling sequentially coupled

Figure 1. T-Motor G28 CROR 3D model
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optimization. Th e objective function was maximum total rotor effi  ciency, subject to a minimum thrust 
equal to baseline confi guration across the full operational range.

BEMT simulations were validated against experimental data at hover [2]. Predicted thrust refl ected 
experimental trends across the full operational range (Figure 2). Effi  ciency deviations were largest for 
R2 which is consistent with limitations of the simplifi ed wake model used, as reported by Giljarhus 
et al. [2]. BEMT results indicate that the optimization procedure improved total rotor effi  ciency by 
2.3% averaged across design points, with gains maintained across the full operating range. Th rust 
for each rotor remained similar to the baseline, with R2 showing the largest effi  ciency improvement.

 Optimized parameters are distinct between rotors (Figure 3), with R2 exhibiting increased twist 
and smaller, less tapered chord lengths in response to higher infl ow velocity. Th ese results highlight 
the importance of coupled CROR optimization with independent parameters. Future work will 
incorporate CFD simulations to more accurately assess effi  ciency gains, which BEMT likely underesti-
mates, and to further develop the optimization procedure.
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Figure 2. Thrust and effi  ciency of baseline and optimized rotors with experimental data

Figure 3. Chord and twist distributions of baseline and optimized rotors



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

63
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Abstract. Th e research focuses on the dynamics and stability of a nitrogen-diluted hydrogen fl ame 
formed behind cylindrical and star-shaped bluff  bodies under the infl uence of oxidizer mass fl ow excitation. 
Large-eddy simulation results indicate that the combined impact of the star-shaped bluff  body and 
excitation disrupts large-scale toroidal vortices, enhances small-scale mixing and lowers the mean fl ame 
temperature without increasing fuel consumption, suggesting reduced thermal NOx formation.
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1.  Introduction

Flame control strategies can be broadly divided into passive and active approaches. Passive methods typi-
cally involve geometric modifi cations of the injection system to stabilize the fl ame by altering the fl ow fi eld. 
Th ey off er simplicity and require no external energy input, but lack adaptability to changing fl ow conditions. 
Active methods, such as fl ow excitation, allow for dynamic adjustment of control parameters, including 
excitation frequency and amplitude, enabling real-time response to variations in the fl ow. Th eir combination 
is therefore expected to increase control effi  ciency over a wide range of fl ow regimes. Recently, Wawrzak et 
al. [1] demonstrated that bluff  body shape signifi cantly aff ects the dynamics and stability of the hydrogen fl ame. 
In particular, a star-shaped bluff  body was shown to reduce fl ame temperature without adversely aff ecting the fuel 
consumption rate. Furthermore, Kypraiou et al. [2] showed that combining bluff  body stabilization with velocity 
excitation strongly infl uences fl ame stability and blow-off  mechanism in methane fl ames. In this study, we perform 
large-eddy simulations of a nitrogen-diluted hydrogen fl ame stabilized by a star-shaped bluff  body under oxidizer 
fl ow excitation and compare the results with those from a conventional cylindrical confi guration.

2.  Computational confi guration and research strategy

Figure 1 illustrates the injection system with a bluff  body placed inside the oxidizer duct. Two bluff  body 
geometries are analysed: a cylindrical (C) and a star-shaped (S) confi guration, both defi ned by the same 
equivalent diameter (Db). Th e C confi guration corresponds to the experimental setup reported in [2]. In this 
study, the fuel is a hydrogen-nitrogen mixture (YH2 = 0.11, YN2 = 0.89) supplied through a central pipe to 
the combustion chamber, while an excited air stream fl ows around the bluff  body. Th e simulations employ 
a two-stage strategy with the computational domain divided into two parts (Fig. 1). In the fi rst stage, ANSYS 
Fluent is used to simulate the fl ow around the bluff  body, generating time-varying velocity profi les at the 
oxidizer channel exit. Th ese profi les are then imposed as inlet boundary conditions for the main domain in 
the second stage, where an in-house high-order SAILOR code [3] is employed.
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3. Results and main conclusions

Figure 2a shows the contours of the mean temperature and its fl uctuations for both the C and S 
confi gurations in the case without excitation. Figure 2b presents radial temperature profi les at y/Db = 0.5, 1.0 
for diff erent excitation frequencies. Th e results demonstrate a strong dependence of temperature on the shape 
of the bluff  body and on the oxidizer excitation. Th e latter results in a signifi cant reduction in temperature, 
particularly in the recirculation zone above the bluff  body and in the fuel-oxidizer mixing zone. Th is decrease 
is associated with mixture leaning caused by enhanced mixing and becomes more pronounced at higher 
excitation frequencies.
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Figure 1. Computational confi guration and bluff  body geometries: cylindrical (C) and star-shaped (S)

Figure 2. Contours of the mean temperature and its fl uctuations for C and S confi gurations without excitation (a). 
Radial temperature profi les at y/Db = 0.5, 1.0 for diff erent excitation frequencies (b)
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Abstract. Many-body dissipative particle dynamics (MDPD) is a suitable particle-based method for 
investigating with molecular (coarse-grained) resolution various phenomena in soft matter and fl uids physics. 
Here, MDPD was employed to investigate the break-up of liquid threads into droplets as a result of the 
Plateau–Rayleigh instability and droplet break-up as a result of oscillations due to horizontal vibrations of 
a substrate. In the fi rst case, the role of fl uctuations and surfactants is highlighted, while, in the second case, 
diff erent break-up phases have been identifi ed and the development of instabilities, and various characteristics 
are discussed. Moreover, our ongoing work in the Group of Soft Matter and Fluids Physics at the Institute 
of Physics aims at expanding the MDPD-MARTINI force-fi eld by providing parameters for a wider variety 
of components following the MARTINI mapping for molecular dynamics. MDPD-Martini is about an 
order of magnitude faster than MD MARTINI simulations and can also off er better results for certain system 
properties (e.g. surface tension).

Keywords: Micro-, Nano- and Bio-fl ows, Many-Body Dissipative Particle Dynamics, Droplet Break-up, Droplet 
Oscillations, MDPD-MARTINI Force-Field.

1. Introduction

Many-body dissipative particle dynamics (MDPD) is a particle-based method which can be employed for 
simulating with molecular resolution various multiphase systems, such as fl uids [1–6], for example, those having 
a liquid–air surface in phenomena such as droplet break-up [7,8] or droplet oscillations on vibrating substrates 
[9,10]. Moreover, MDPD can be used for studying multicomponent systems, for example, fl uids laden with 
surfactant [8]. In such cases, the method off ers advantages, such as the possibility of investigating larger systems 
for longer times which could be prohibitive with molecular dynamics (MD) simulation, even when coarse-grained 
(CG) models are employed [11]. Hence, developing MDPD CG models that could perform similarly to MD CG 
models is highly desirable. In this regard, the Group of Soft Matter and Fluids Physics at the Institute of Physics 
has made steps towards the development of a general purpose MDPD CG force-fi eld (FF) based on the mapping 
of the MD CG MARTINI FF [11-13], its ‘LEGO’ approach and other suitable coarse-graining strategies for the 
parameterization of soft matter and fl uids systems [14–16].

2. Presentation content and key results

Th e presentation will focus on two fl uid dynamics phenomena investigated with MDPD. Th e fi rst refers 
to the study of the Plateau–Rayleigh instability in liquid threads, where a power law describing the number 
of satellite droplets as a function of the Ohnesorge and Th ermal Capillary numbers has been discovered [7]. 
Th e investigation is expanded into systems with sodium dodecyl sulfate (SDS) surfactant, where the role of 
the latter in the break-up process, both mechanisms and dynamics, is unveiled for surfactant concentration 
below and above the critical aggregation concentration [8]. In the next part of the presentation, we will focus on a 
recent study on droplet oscillations caused by a horizontally vibrating substrate [9,10]. In this case, we have identifi ed 
three diff erent scenarios (phases I, II and III), with phase II and III leading to the droplet break-up. Th e boundaries 
between the diff erent phases have been found based on the Capillary and Ohnesorge numbers. Moreover, phase II is 
particularly interesting, as the growth of instability towards droplet break-up can be characterized by suitable param-
eters. Finally, the state of the droplet during oscillations has been characterized by measures, such as the number of 
particle contacts which can refl ect the ‘energy’ of the system in MDPD simulations.
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Finally, we will present the current status and examples related to the ongoing development of the 
MDPD-MARTINI FF [14–16] and future steps in this direction, such as adding more MARTINI beads and 
integrating methods developed in the frame of previous work, such as the GōMARTINI approach for proteins. 
Th e computational effi  ciency of the MDPD-MARTINI, the inclusion of hydrodynamic interactions, etc., may 
shift the paradigm from MD to MDPD for simulating for multicomponent soft matter and fl uids systems.
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Abstract. Th is paper presents the design and validation of a remote liquid nitrous oxide fi lling system for 
the R7 Together sounding rocket. Th e system utilizes passive subcooling via a high-fi n heat exchanger 
to ensure single-phase liquid fl ow without pumps. Analytical models verifi ed thermal and hydraulic 
performance, confi rming a fl ow rate of 0.1 kg/s. Th e system was successfully deployed during the 
EuRoC competition, meeting all ECSS safety standards.

Keywords: Experimental Fluid Mechanics, Multi-phase Flows, Measurement Techniques, Nitrous Oxide, Sounding 
Rocket, Subcooling.

1.  Introduction

Th e rapid development of student-developed sounding rockets (SRAD) necessitates the transition from solid 
to liquid propulsion systems. Th is shift introduces signifi cant challenges in Ground Support Equipment 
(GSE) design, particularly regarding the handling of nitrous oxide (N2O). As a self-pressurizing oxidizer with 
a critical temperature of 309.5 K, N2O is prone to phase transitions (fl ashing) within transfer lines, leading 
to two-phase fl ow instabilities and ineffi  cient tank fi lling.

Th is work addresses the design and validation of a remote fi lling system for the R7 Together rocket. Th e primary 
objective was to achieve a high-density liquid oxidizer transfer driven solely by pressure diff erential, eliminating 
the need for complex cryogenic pumps while complying with ECSS safety standards.

2.  System Architecture and Design

Th e designed system is a modular electro-pneumatic skid. Th e core innovation lies in the thermal manage-
ment strategy. To prevent cavitation and ensure liquid ingestion into the fl ight tank, the oxidizer is subcooled 
below its saturation temperature.

Th e fl uidic path incorporates a passive heat exchanger submerged in an ice-water bath. Analytical 
trade-off  studies compared natural convection, forced convection and extended surface geometries. 
A high-fi n copper tubing confi guration was selected, off ering a surface area ratio (AR) of approximately 14.7. 
Th is allowed for eff ective passive cooling without the reliability risks associated with active circulation pumps.

Th e system architecture also features a custom capacitive level sensor for real-time mass monitoring, based 
on the permittivity diff erence between liquid ( ) and gaseous ( ) nitrous oxide. Th e opera-
tional principle of the level sensor relies on the non-polar dielectric nature of nitrous oxide. Th e relationship 
between the fl uid density p and relative permittivity  was modeled using the Clausius-Mossotti equation:

Th is theoretical basis allowed for the conversion of measured capacitance directly into propellant mass, com-
pensating for density variations caused by temperature fl uctuations in the tank.

 (1)
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3.  Mathematical Verifi cation

Mathematical modelling was conducted to verify the system’s hydraulic and thermal performance. Th e total 
pressure drop was calculated as the sum of hydrostatic lift, frictional losses (Darcy-Weisbach) and local 
component losses.

For the subcooling process, the required heat exchanger length (L) was determined using the Logarithmic 
Mean Temperature Diff erence (LMTD) method:

Where Q represents the total heat load required to subcool 6 kg of oxidizer by 15 K, and Ul is the 
linear heat transfer coeffi  cient accounting for the high-fi n effi  ciency ( ). Th e calculations con-
fi rmed that a coil length of 3.4 m is suffi  cient to maintain the target outfl ow temperature of 278.15 K.

4.  Results and Validation

Th e system underwent rigorous testing, culminating in a fi eld deployment at the European Rocketry Challenge 
(EuRoC) in Portugal.

Th e analytical fl ow model predicted a pressure drop of 3.8 bar. Th is left suffi  cient diff erential pressure 
from the 50 bar supply tanks to maintain the target mass fl ow rate of 0.1 kg/s.

Field data confi rmed the stability of the process. Th e passive subcooling successfully prevented line fl ashing, 
enabling the transfer of 6 kg of propellant in under 60 seconds. Th e capacitive sensor provide a measurable 
signal delta of approx. 56 pF, allowing for precise fi ll-level termination.

5.  Conclusions

Th e developed fi lling system successfully bridges the gap between theoretical thermodynamics and practical 
fi eld engineering. Th e use of high-fi n passive subcooling proved to be a robust solution for managing nitrous 
oxide phase changes in a mobile, pump-less confi guration. Th e successful operation at EuRoC validates the 
design as a reliable platform for future sounding rocket campaigns.
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ACOUSTIC PROPERTIES OF SILENCERS WITH 
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Abstract. Th e main objective of this paper is to determine the aeroacoustic properties of 
prototype silencers with micro perforated panels of multiple perforation sizes and compare them 
to the properties of a reference silencer. Th e measurements have been carried out according to 
ISO 7235 standard. In terms of insertion loss, the silencers were proven more effi  cient than the 
reference one, although they exhibited a higher fl ow noise.
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1.  Introduction

Micro perforated panels (MPPs) are a type of sound absorbers, originally introduced by Maa [1]. 
Typical MPP can be described as a thin metal sheet with evenly spaced perforations with a diameter 
smaller than 1 mm. Basic principles of MPP absorbers have been described in the impedance model 
proposed by Maa [1]. MPP’s specifi c acoustic impedance (Z

MPP
) is composed of a real part (Z

resistance) and 
an imaginary part (Z

reactance
), as given by the equation:

where r and ωm are respectively the acoustic resistance and reactance of the perforations, η is the viscosity 
coeffi  cient of the air, ρ0 is the density of the air, c is the speed of sound in air, ω is the angular frequency, d 
is the orifi ce diameter, σ is the porosity, and t is the thickness of the panel [1]. Th e perforation constant k is 
defi ned as the ratio of the orifi ce diameter to the viscous boundary layer thickness of the air in the orifi ce, 
according to:

According to Wu [2], reducing the diameter of the perforations can result in a wider attenuation peak. 
Esraa et al. achieved better performance, compared to conventional MPPs, using MPP-based absorbers with 
irregular hole distribution and varying hole diameters [3].

Th e main objective of this paper is to determine the acoustic performance of silencers with micro perfo-
rated panels with multiple perforations diameters, when measured under airfl ow. Measurements of insertion 
loss and fl ow noise were in accordance with ISO7235 Standard [4].

(1)

(2)

(3)

(4)
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2.  Test objects

Th e test objects consisted of three circular silencers with micro perforated panels, each with perforations with 
a diameter of 1 mm, combined with perforations of diameters of 0.4, 0.6 and 5 mm respectively. A standard 
silencer with perforations of 5 mm diameter was used as a reference. All the silencers had an internal diameter 
of 200 mm and length of 900 mm.

3.  Experiment

Th e measurements were carried out on a test rig consisting of a centrifugal fan, three absorption silencers, 
a sound source and an outlet located inside the reverberation chamber. Th e test stand has been constructed 
in accordance with ISO7235 Standard [4]. Th e reverberation chamber used for measurements has a volume 
of 237 m3 and an area of 231.5 m2 and consists of nonparallel refl ecting walls. A schematic of the test rig is 
presented in Figure 1.

Th e tests involved measuring the sound pressure level with and without the pink noise source for fl ow 
velocities of 4, 8 and 12 m/s. Th e measurements were in accordance with the ISO3741 Standard [5], at 1/3 
octave steps in 50–10,000 Hz frequency range.

4.  Conclusions

All of the measured silencers yielded similar insertion loss results and proved to be more effi  cient than the 
reference 5 mm silencer, especially in low and high frequency ranges. Th e 1-0.4 mm silencer had slightly 
better insertion loss in the low frequency range, compared to the other silencers, whereas in higher frequency 
range, the 1–5 mm silencer had the biggest insertion loss.

Th e self noise of the tested silencers was higher than of the reference one under all the set air velocities, 
the diff erence being the most apparent in the low frequency range. Under the air velocities of 4 m/s and 12 
m/s, the self-noise of the 1–0.4 mm silencer was the highest, with noticeable peaks at 200 Hz. Under the 8 
m/s velocity, the self-noise of all three silencers were comparable.
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Figure 1. Test stand with reverberation room scheme
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Abstract. Th is study examines complex vortex fl ows within a cavity and the infl uence of ventilation 
parameters on vortex reorganization. A technique for numerical calculations of two-phase fl ows using 
the open-source software OpenFoam is proposed. Th e 3D unstructured mesh with a predominance 
of hexahedral elements takes into account small-scale fl ow structures in the phase transition zone and 
near the streamlined body. Th e infl uence of geometric and dynamic parameters on the formation and 
development of an air cavity, its size, shape and stability has been investigated.
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1.  Introduction

Th e problem of supercavitation as a method of fl ow control has been known since the middle of the 20th 
century [1]. Supercavitation is essentially the process of formation of a single gas bubble (cavity) behind a 
streamlined object. To create and maintain a stable cavity, air is injected into the vapor-containing cavity.

Th is study is devoted to the study of complex vortex fl ows inside the cavity and the infl uence of injection 
parameters on the restructuring of the vortex structure. At a low fl ow velocity, the evaporation eff ect can 
be neglected.

2.  Mathematical Modelling

A two-phase immiscible medium water-air is studied.
Volume of Fluid (VOF) method is used to solve the two-phase fl ow problem [2]. Th e two immiscible 

media are considered one eff ective fl uid all over the domain. Mathematical modelling of the problem is based 
on the equation set of incompressible fl uid mechanics which includes equations of continuity, Navier-Stokes, 
diff usion of phase volume fraction:

Here i, j = 1, 2, 3, ui is component of the velocity fi eld, ρ is the pressure, α is the phase fraction, υ is the 
kinematic viscosity coeffi  cient, t is time, density ρ is calculated as weighted averages based on the fraction 
distribution of the fl uid, σ is the surface tension constant, κ is the curvature.

3.  Computations

Th e computations are performed using the OpenFoam software. Th e interFoam model is used for two incom-
pressible isothermal media without phase transition. Th e mesh is constructed by the stepwise cell refi nement 

(1)

(2)

(3)
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method using the snappyHexMesh utility. Th e calculation results were presented in the open software 
ParaView.

Numerical experiments showed that a stable air cavity is formed in the wake of the body. Good qualitative 
agreement with experimental data was obtained [3, 4].

Th e developed cavity of high elongation can be conditionally divided into three zones (Fig.1).

Th e fi rst zone is characterized by a constant pressure and is quite accurately determined by the boundary 
of the molecular layer of the air-water interface. Th e second zone is characterized by the thickness of the 
layer, which is fi lled with small drops of water due to viscous diff usion, as well as blowing air into the cavity 
to maintain a constant pressure. Th e third zone is characterized by a two-phase mixing layer, which forms 
the wake of the cavity. Th e calculation results are in qualitative agreement with the theoretical ones in [5].

Th e dimensions of the cavity parts depend on the velocity of the main fl uid fl ow and the fl ow rate of the 
injected gas.

4.  Conclusions

Based on the open-source software OpenFOAM the numerical model of two-phase fl ows is proposed. 
Calculations of an air cavity in a moving fl uid were performed. Th e thickness of the air cavity depends on the 
diameter of the cavitator and does not depend on the diameter of the blowing hole. A complex vortex structure 
inside a ventilated cavity is described. Th ree zones are distinguished: constant pressure, viscous diff usion and 
a two-phase mixing layer. Th e dimensions of the cavity regions depend on the velocity of the main fl uid 
fl ow and the injected gas fl ow rate. Good agreement between theoretical and experimental data is achieved.
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Figure. 1. Central section: the cavitator is in black; air is in blue; water is in red; 
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Abstract. In this paper, the fi rst experimental study of the novel wavy-wall-based method proposed in Dróżdż 
et al. 2021 (Exp Th erm Fluid Sci 2021;121:110291) of fl ow separation control of turbulent boundary layer 
on the convex geometry is carried out at a single Reynolds number Reτ ≈ 3100. Th e skin friction coeffi  cient 
increases by 42% downstream of the wavy wall. Results also show a decreasing by 5% the boundary layer 
thickness when using wavy wall which suggests a thinning of the wake of the airfoil which can potentially 
improve the lift-to-drag ratio by 10%.
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1.  Introduction

Most passive fl ow-control strategies for airfoils aim to reduce skin friction by attenuating large-scale streak [5]. 
To mitigate skin friction reduction which acts as a laminar-to-turbulent transition postponer, active methods 
are employed to counteract its detrimental eff ect on lift by delaying separation. 

A promising passive alternative is the utilisation of a streamwise wavy wall (WW) which yields a more 
than 35% increase in the skin friction coeffi  cient ( ) at high Reynolds numbers [1]. Th e WW 
design must be carefully tailored to local fl ow conditions. Th e undulations should maintain a viscous scaled 
amplitude of A+ = 170, and a period adjusted so that the fl ow troughs are on the verge of separation (eff ective 
slope around 0.15). Th e recent work of [2] aimed to test the single WW geometry selected in [1] across a 
range of Reynolds numbers (Reτ ≈ 2600, 4000 and 4500) and under varying pressure gradient conditions. 
Th e overall eff ectiveness of the increase in Cf was 23% across the tested pressure ranges and Reynolds number 
variation remains high.

Th e results in this paper document the performance of the wavy wall, designed with the knowledge gained 
during previous studies, applied to a convex curved surface similar to the surface of a wind turbine blade at 
a single Reynolds number Reτ ≈ 3100.

2.  Experimental setup

Th e experiment was carried out in a modular wind tunnel explicitly designed for studying wind turbine 
blades’ surfaces under real atmospheric conditions, located at Czestochowa University of Technology, where 
the canonical turbulent boundary layer (TBL) can develop up to a 7500 mm long fl at plate without tripping. 
Th e Reynolds number based on developing distance is Re𝑥 = 107. Downstream the inlet channel, a curved 
surface section corresponds to the part of the NACA4412 profi le suction side at the angle of attack (AoA) 
equal to 5o was installed (see Fig. 1a). Th e mean velocity and its fl uctuation profi les were measured with a 
free-from-spatial-averaging hot-wire probe. To estimate skin friction the method by [4] was used.

3.  Results

In Figure 1b, the skin friction coeffi  cient Cf for the wavy surface (open symbols) is compared to the Cf 
unmodifi ed wing surface (dark symbols), where a second-order polynomial extrapolated the distribution 
to predict the separation point.
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Th e streamwise distance x was reduced by the boundary layer thickness at the inlet . Th e selected 
corrugation geometry produces 42.3% increase of Cf  within the integration area. In Figure 1c, the 
distributions of Ө as a function of  for the wavy surface (open symbols) are compared with 
the unmodifi ed wing surface (dark symbols). Th e results show the increase or maintenance of the 
momentum at the same level downstream of WW. As the momentum-loss thickness is unchanged 
(see Fig. 1b), there is no additional drag penalty. 

Although the increase in the lift coeffi  cient CL remains undetermined, a tangential shift in the fl ow separation 
point quantifi ed as , where c = 2.5 m is the chord of the applied wing section, can be associated 
at this Reynolds number with a roughly 5% increase in lift. Moreover, the boundary layer thickness decreases by 
5% (not shown here), making the method a potential candidate for application. 

In the full paper, the streamwise Reynolds stresses and premultiplied streamwise energy spectra will be 
presented to discuss the changes in the contributions from small and large scales downstream of the wavy wall.
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Abstract. Th is paper compares traditional industrial fan design methods, developed in recent years 
at the Department of Power Engineering and Turbomachinery, with modern approaches based on 
CFD analysis. Using a centrifugal fan currently operating in industry and originally designed at the 
Department as a reference case, a comparative analysis of geometry and fl ow characteristics is carried 
out. Th e study discusses diff erences in the design workfl ow, reports the observed deviations in geometry 
and predicted performance between the reconstructed and CFturbo-generated fans and identifi es the 
main sources of discrepancy between traditional and CFturbo-assisted methods.
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1.  Introduction

Radial fans are key components in industrial ventilation, process engineering and HVAC systems, where 
they handle large volume fl ows, contaminated gases and signifi cant pressure rises under demanding operating 
conditions. Meeting these requirements effi  ciently and reliably depends on the quality of the aerodynamic 
and structural design of the impeller, volute and associated fl ow passages. Th e design practice at the Depart-
ment has traditionally relied on correlation-based methods for determining main dimensions, blade angles and 
volute geometry of industrial fans. Th ese procedures are transparent and well suited for engineering education 
but they require considerable manual eff ort when multiple design variants or operating points must be analysed 
[1]. CFturbo represents a modern conceptual design tool that integrates classical turbomachinery theory 
with parametric geometry generation and direct CAD/CFD export, guiding the designer from duty-point 
specifi cation through main-dimension selection, meridional contour design, blade defi nition and volute 
generation, and enabling rapid modifi cation of 3D-ready geometries with straightforward CFD coupling.

Th e comparison is based on a single-stage centrifugal fan currently employed in industrial service and 
originally designed at the Department using the traditional method, operating with air at near-ambient 
conditions and characterized by a prescribed volume fl ow rate, total pressure rise and rotational speed typical 
for industrial ventilation applications. Th e as-built geometry of the impeller and volute is identifi ed from 
drawings and measurements, defi ning the main dimensions and serving as the reference confi guration for 
both the traditional calculation scheme and the CFturbo model. In the traditional route, similarity parame-
ters and empirical correlations are used to determine the main dimensions, blade angles and volute area law, 
while performance is estimated using one-dimensional loss models and the resulting geometry, and predicted 
characteristic serve as a benchmark for the historically used method.

In the CFturbo-assisted route, a new fan project is created with the same fl uid, duty point and rotational 
speed; main-dimension and meridional-contour steps are adjusted to match measured diameters and widths, 
while the blade-design and volute modules are used to generate a new confi guration consistent with the 
reference casing. For both routes, the resulting 3D geometries are exported to a CFD environment, where 
steady simulations are carried out under identical boundary conditions with the same turbulence model, 
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mesh strategy and convergence criteria so that diff erences in predicted performance and fl ow structure can 
be attributed primarily to the design methodology and geometric details.

2.  Comparative analysis

Th e comparison method treats the industrial radial (centrifugal) fan as a reference object (Fig. 1) and evaluates 
how well the diff erent design approaches reproduce its geometry and performance under realistic operating 
conditions. Th e procedure consists of four main steps: (1) defi ning the reference fan and available measure-
ments, (2) building numerical and modern-tool-based models, (3) comparing geometry, integral characteristics 
and detailed fl ow fi elds, and (4) quantifying discrepancies and identifying their sources. On the geometric 
level, main dimensions, blade angles, volute area progression and clearances obtained from the traditional 
procedure and from CFturbo are compared with the measured data and the resulting relative deviations are 
used to indicate which features are most sensitive to the chosen design route.

3.  Results and discussion

We reconstruct the original machine using traditional methods and create a new confi guration in CFturbo, 
keeping the same duty point and dimensions. Th is results in diff erences in blade shape, blade angle distri-
bution, and volute area progression. Preliminary CFD simulations confi rm that these geometric changes 
translate into measurable diff erences in pressure rise, effi  ciency and internal fl ow structure between the two 
variants. Th ese geometric variations were analyzed through computational fl uid dynamics (CFD) simulations, 
comparing key performance indicators such as pressure rise, shaft power and effi  ciency, alongside internal fl ow 
structures. Th e paper will detail the comparisons between the traditional design and the CFturbo variant, 
highlighting the trends already identifi ed in the preliminary analysis and the benefi ts of a modern CAD-CFD 
approach in industrial fan design.
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Abstract. We developed an iterative algorithm for extracting eigenvalues and eigenmodes of Advection-
Diff usion (AD) operator. Such eigenvalues can be seen as an upper bound of mixing effi  ciency and used 
as a mixing measure independent of mixed scalar initial distribution. Th e authors perform parametric 
analysis on benchmark double gyre fl ow case to test algorithm’s performance and validate its convergence 
to same value from diff erent initial scalar distributions.
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1.  Introduction

Mixing in laminar periodic velocity fi elds is known to result in persistent spatial patterns known as ‘strange 
eigenmodes’. After initial, transient phase of mixing, the advected scalar settles into patterns with repeating 
spatial shape and exponentially decaying amplitude [1]. Such shapes are defi ned by the Advection-Diff usion 
operator – the advection velocity fi eld and diff usivity coeffi  cient. Mixed scalar fi eld can be decomposed into 
sum of modes with corresponding decay rates. As homogenization progresses, the fast-decaying modes con-
tribution diminishes quickly, and they do not manifest in the asymptotic state of the process. Consequently, 
this leads to mixing being governed by the slowest decaying, dominant mode that can be associated with the 
upper bound on mixing effi  ciency.

In practical mixing cases, such dominant mode will be the same for given kinematics and diff usivity 
regardless of initial scalar distribution [2].

In their previous works, the authors developed an iterative algorithm for fast computation of dominant 
eigenvalues and eigenmodes. Th e idea behind this algorithm uses similarity between AD equation and eigen-
problem [3] and is based on power method. Arbitrary initial fi eld is chosen, and then iterative process consists 
of application of AD operator (using previously generated and approximated velocity fi eld snapshots; only 
advection-diff usion is solved) and renormalization of results. Process is repeated until convergence – stabili-
zation of eigenvalue (tracked by exponential decay rate of scalar fi eld variance). Such method can measure the 
whole mixing protocol by assigning it a single numerical value (computed eigenvalue), thus, can be further 
used as a simple, yet effi  cient optimization tool.

2.  Problem statement

Th is work outlines the use of algorithm to measure mixing rate in double gyre fl ow (both stationary and 
periodically expanding and contracting). Th e parametric study is performed to show process change and 
algorithm performance with diff usivity ranging from 10-2 to 10-4 for both stationary and periodic cases. 
For periodic case the change in oscillation frequency and amplitude is also considered.

(1)
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Th ree diff erent initial conditions are considered, all with mean value of 0 – fi rst with two peaks of value 1 
and -1 in opposite corners of domain and two cases with domain separated in halves with values 1 and -1 with 
vertical and horizontal separation lines (Fig 1). All cases are repeated using all diff erent initial distributions 
to show convergence path and its change with change of the fl ow kinematics and diff usivity.

3.  Conclusions

Th e authors present the algorithm for fast computation of AD operator eigenvalue as a mixing measure and 
show its independence on the initial condition of mixed scalar fi eld. A parametric analysis on double gyre 
fl ow to show algorithm’s application and performance is performed. Usage of the algorithm as an optimization 
tool is discussed.
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Figure 1. Exemplary case of algorithm convergence from diff erent initial conditions to the same resulting 
exponential decay rate
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Abstract. In this article, the feasibility of measuring acoustic phenomena during high-pressure air 
discharges under laboratory conditions was examined. Th e research involved the development, 
construction and testing of a test stand capable of producing controlled air discharges while simultaneously 
determining aerodynamic and acoustic parameters. Th e tests were conducted for two confi gurations of 
the test stand: one with an undisturbed outlet and another with a gas expander installed. Th e obtained 
results confi rmed the feasibility of using the developed test stand to determine the acoustic parameters 
of high-pressure air discharges.
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1.  Introduction

Currently, people are becoming more aware of and understanding the impact of noise on human health. Cur-
rently, noise nuisance is considered by the World Health Organisation (WHO) one of the greatest environmental 
threats to public health in Europe, as it leads to serious health consequences. Especially, high levels of low-fre-
quency noise (LFN) have a signifi cant detrimental infl uence on multiple aspects of human health. Symptoms 
such as annoyance, agitation, cognitive alterations, an increase in cardiovascular diseases, sleep disorders and a 
degrading infl uence on dental wear were recorded [1]. Low frequencies often can coincide with the resonant 
frequencies of walls, windows and entire buildings, leading to noticeable vibrations and ‘rattling’. Low-frequency 
noise (LFN) is also diffi  cult to mask because conventional acoustic screens and absorbent materials are much 
less eff ective at suppressing these sounds. Moreover, LFN is poorly dampened in the air and can propagate over 
large areas [2].

Low-frequency noise sources of industrial origin are particularly important. In the energy sector, large, slow-ro-
tating fans, turbine blades, combustion chambers and exhaust systems (chimneys) generate strong mechanical 
vibrations and fl ow instabilities that resonate in the low-frequency range. Some aspects of this noise are still not 
described suffi  ciently. Steam discharge to air is still a common occurrence in thermal power plants; however, 
due to technical diffi  culties, the aeroacoustics of that are very often determined theoretically or studied using 
Computational Fluid Dynamics [4, 5] which is still a diffi  cult issue. To validate the computational model, tests 
under experimental conditions are required. Th e aim of this work was to develop a measurement methodology 
for high-pressure air exhausts that can simulate steam exhaust. A test bench was designed, constructed and tested 
to enable testing of the aerodynamic and acoustic parameters of steam exhaust silencers.

2.  Test procedure

Th e research station was constructed in the Acoustic Laboratory of the Institute of Power Engineering. For 
safety reasons, compressed air was used as a substitute for steam. Th e outlet of the test stand was led out 
into the reverberation chamber (Fig. 1) which makes it possible to determine the sound pressure level at the 
outlet of the station. Th e gas pressure, temperature, velocity of ejected gas andsound pressure level present
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in the chamber during the discharge were recorded. Th e test was performed for four values of gas pressure 
and two installation setups: with an open outlet and a simple one-stage gas expander installed on the outlet. 
Acoustic tests were conducted in accordance with the ISO3741 standard, utilising a high-pressure microphone 
and the microphone-array with 64 microphones for the measurements. Th e microphone and microphone-array 
were set up 1.5 meters away from the outlet of the research station at the 45° angle. Th e test was performed 
in a reverberation chamber in which there is a diff use acoustic fi eld, reducing the infl uence of the distance 
between the microphone and the sound source.

3.  Conclusions

Th is work allowed for the experimental reproduction of aerodynamic and acoustic phenomena occurring 
during steam discharge in thermal power plants. Th e sound pressure level present during the gas discharge 
from the research station exceeded 130 dB. Th e design used, along with the study of its parameters (pressure, 
temperature, outlet velocity and sound pressure level), became the basis for verifying the measurement range 
and capabilities of the test stand. Tests of the expander at the outlet of the stand, together with the evaluation 
of the obtained results, also allowed for the validation of simulations performed in previous research works.

References

[1] Araújo-Alves J., Neto Paiva F., Torres Silva L., Remoaldo P., Low-Frequency Noise and Its Main Eff ects on Human Health 
A Review of the Literature between 2016 and 2019, ‘Applied Science’ 2020, vol. 10, art no. 5205.

[2] Vincent P., Larsonnier F., Rodrigues D., Durand S., Analytical modelling and characterisation of an infrasound 
generator in the air, ‘Applied Acoustics’ 2019, vol. 148, pp. 476–483.

[3] Gaj P., Sobczak K., Kopania J., Wójciak K, Infl uence of shell shape on fl ow and acoustic parameters of a steam silencer, 
‘Archives of Th ermodynamics’ 2021, vol. 42, no. 4, pp. 141–154.

[4] Rajgopal, Kiran K., Ashtagi Y., An Investigation on Shape Optimization of Pressurized Inlet Diff user in Steam Vent Silencer 
By Using Computational Fluid Dynamics, ‘Journal of Engineering Research and Applications’ 2014, vol. 4, 
no. 12. pp. 103–109.

[5] ISO 3741:2010. Acoustics. Determination of sound power levels and sound energy levels of noise sources using sound 
pressure – Precision methods for reverberation test rooms.

Figure 1. Simplifi ed model of the research station
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Abstract. Th e talk discusses a consistent splitting scheme for the incompressible Navier-Stokes equations 
which explicitly enforces the continuity constraint. Convergence studies are presented, along with 
a representative simulation of a three-dimensional fl ow.

Keywords: Computational Fluid Dynamics, Incompressible Flow, Open Boundary Conditions, Projection Methods, 
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1.  Introduction

A major diffi  culty in the solution of the incompressible Navier-Stokes equations using the fi nite element 
method (FEM) lies in the proper coupling of the velocity and pressure via the continuity equation. To over-
come this obstacle, projection methods [1] have been developed which split the coupled Navier-Stokes system 
at each time step into multiple smaller problems for the individual solution components. Th e present work 
focuses on the consistent splitting scheme originally proposed by Pontaza [2] which involves an intermediate 
correction step for the velocity.

2.  Splitting scheme description

Th e splitting scheme consists of the following three steps. First, an advection-diff usion type problem is solved 
to fi nd the intermediate velocity :

where the index  indicates the time step, the time derivative is discretized using an implicit formula, 
and denotes a quantity which is extrapolated in time. Th e next step can be viewed as a projection of  
onto a divergence-free space, yielding the solenoidal velocity u:

Finally, the last step consists of the pressure Poisson problem:

Note that all equations are subject to the appropriate boundary conditions.

(3)

(1)

(2)
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Th e authors’ novel contribution consists of incorporating open boundary conditions into the scheme 
described above. Additionally, diff erent types of FEM formulations were tested for each of the steps, includ-
ing the classical Galerkin method and the least-squares formulation [3]. Th e computations were performed 
using the L3STER framework [4].

3.  Results and conclusions

Convergence studies of the approach are discussed, exhibiting a convergence rate of , exceeding 
the scheme’s formal order of 2. To demonstrate its applicability to real-world fl uid dynamics problems, the 
proposed approach is used to simulate a three-dimensional fl ow with complex dynamics, shown in Figure 1.
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Figure 1. Flow past a cylinder at Re = 400, Q-criterion isocontours
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Abstract. Streamwise-localised exact coherent structures are rare in circular pipe fl ow. Using geometric 
homotopy, we morph a discretely symmetric square-duct geometry into an axisymmetric circular 
pipe, continuing invariant solutions from the square duct to obtain a steady, streamwise-localised 
travelling-wave solution of the pipe fl ow. To our knowledge, this is the fi rst simple streamwise-localised 
travelling wave identifi ed in a circular pipe.
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1.  Introduction

Invariant solutions of the Navier-Stokes equations – travelling waves (TW), periodic or relative periodic orbits 
(RPO) – provide a geometric framework for understanding transitional turbulence [1], acting as organising 
centres whose stable manifolds form the skeleton of the turbulent attractor [2]. Spatially localised exact coher-
ent structures (ECS) are particularly relevant for understanding localised turbulence such as puff s in pipe fl ow.

Despite extensive cataloguing eff orts, streamwise-localised solutions remain scarce in circular pipe fl ow. 
Avila et al. [3] and Chantry et al. [4] reported streamwise-localised RPO solutions appearing near transition 
onset and emerging from globally periodic TW through modulational instabilities. However, no simple 
steady TW has been reported, despite the observation that there now seems no reason why a steady modulational 
instability might not give rise to a steady streamwise-localized traveling wave [4], motivating the present work.

2.  Geometric homotopy approach

We introduce a geometric homotopy method transitioning from discrete to continuous symmetries.Discrete 
symmetries regularise the search by collapsing the continuous neutral manifold of azimuthal rotations into fi nite 
discrete transformations, making localised edge states accessible through standard bisection and Newton-Kry-
lov methods. Th ese solutions are then traced continuously as the geometry deforms toward the circular pipe.

Our implementation leverages the spectral element method (SEM) via Nektar++ [5], whose geometric 
fl exibility enables domain morphing – a capability unavailable to the customarily employed dedicated global 
spectral solvers. Th is geometric continuation strategy diff ers fundamentally from earlier approaches that gen-
erated localisation through modulational symmetry-breaking bifurcations within a fi xed circular geometry [4].

2.1. Seed solution in square duct

We initiate from a turbulent snapshot of square duct fl ow at Re = 4000 (duct half-width, laminar centre-
line velocity) with streamwise period Lz = 8h. Edge-tracking bisection [6,7] followed by Newton-Krylov 
iteration converges to an exact streamwise-localised steady TW. Arnoldi analysis confi rms asingle unsta-
ble eigenvalue, verifying edge-state status. Discrete symmetry is crucial – direct edge tracking in circu-
lar pipe fails due to continuous azimuthal invariance, with the edge state hypothesised to be chaotic [8]. 
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2.2.  Continuation to circular pipe

With the square-duct edge state as seed, homotopy parameter  controls cross-sectional shape ( : 
square; : circular). At each , we project the solution onto the deformed mesh and reconverge via 
Newton-Krylov iteration. SEM’s geometric fl exibility enables direct point-to-point mesh correspondence, 
avoiding interpolation errors. Continuation to  yields a fully converged steady streamwise-localised 
TW of circular pipe fl ow.

3.  Results and signifi cance
Geometric homotopy successfully yields a steady streamwise-localised TW in circular pipe fl ow at Re = 4000 
(pipe diameter, mean fl ow velocity, Lz = 8h). Th e solution exhibits near-wall streak-roll-wave organisation 
confi ned to a streamwise-localised region spanning 4–5 pipe radii. Crucially, this is a simple steady TW rather 
than an RPO – to our knowledge, the fi rst such streamwise-localised solution in circular pipe fl ow without 
imposed symmetry constraints.

Th is directly addresses the gap identifi ed by Chantry et al. [4] and establishes geometric homotopy as a 
systematic route to discover localised ECS by exploiting discrete symmetries as regularisation toward contin-
uous symmetries. Simple steady TWs off er minimal building blocks for understanding state-space structure 
in extended domains, complementing known localised RPO solutions [3,4].
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Abstract. Th is work presents a method for the optimal placement of river turbines used in hydrokinetic 
energy generation. Accurate fl ow profi le simulations are essential for site selection and require detailed 
riverbed data. A purpose-built measuring system acquires this data with minimal measurement eff ort. 
Custom software converts the measurements into a river profi le used for simulation. Th e simulation results 
further indicate how many measurement points are necessary to produce a suffi  ciently accurate model.

Keywords: Computational Fluid Dynamics, Environmental fl uid mechanics, Experimental Fluid Mechanics, AI and 
machine learning in fl uid mechanics, Power Buoys.

1.  Introduction

Th e European Union has committed to becoming climate neutral by 2050. With the help of the European 
Climate Law, all participating countries are obliged to achieve this goal. Th is necessitates the large-scale 
expansion of climate-neutral energy production. In the European Union, almost half of the electricity fed 
into the grid will come from renewable sources by 2025. In Germany, which says it wants to be climate neu-
tral by 2045, the share was 55.9 percent. Wind power accounts for the largest share of electricity generation 
from renewable energies at 31.8%, followed by photovoltaic systems at 16.8%. In contrast, only 4.2% of 
electricity was generated using water. [1]

River turbines harness the untapped energy potential of fl owing water. To maximize their energy output, 
optimal positioning within the watercourse is critical, as higher fl ow velocities directly translate to greater 
power generation. Furthermore, positioning should ensure the greatest possible independence from fl uctuating 
water levels. Th is work presents the development and application of a process for the optimal placement of 
river turbines.

Site selection requires a simulation of the watercourse’s fl ow behavior which, in turn, depends on an 
accurate river cross-section profi le. A custom-built measuring system is introduced, capable of capturing the 
necessary data points in as few survey passes as possible. To determine the optimal number and placement of 
measurement points, dedicated software was developed that employs AI to generate a mesh compatible with 
Ansys CFX. By comparing simulations of varying models, the minimum number of measurement points 
required for a reliable simulation can be established.

2.  Determination of the Required Measurement Point Density

While the measurement system reliably captures riverbed data, boat surveys carry signifi cant operational 
costs. A key advantage of the proposed approach is the scale of data produced: conventional multibeam echo 
sounder surveys generate datasets of several gigabytes, whereas this system produces only a few kilobytes – 
a reduction of several orders of magnitude. Th is smaller dataset directly translates to reduced mesh size, 
lowering computational time and hardware requirements. However, this raises the question of whether such 
reduced data still captures essential riverbed geometry with suffi  cient accuracy. To evaluate this, simulation 
results from reduced datasets are compared against a high-resolution reference model using established metrics, 
with the goal of identifying the minimum dataset size that still yields comparable results.
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Th e developed software is capable of constructing a three-dimensional body from the recorded riverbed 
measurement points which serves as the geometric foundation for the mesh used in the subsequent fl ow 
simulation. To evaluate how many measurement points are necessary to achieve reliable results, a series of 
fl ow simulations was conducted using Ansys CFX.

Th ese simulations are based on multiple geometries generated by the software, each diff ering in the num-
ber of input measurement points and the resulting surface resolution. By analyzing the simulated velocity 
profi les and comparing them against one another, conclusions can be drawn regarding the accuracy with 
which each model refl ects real-world fl ow conditions. Th is allows for an informed trade-off  between survey 
eff ort and simulation fi delity.

To evaluate the minimum number of data points required and assess the infl uence of mesh resolution 
on simulation accuracy, existing measurement data from the Rhine near the town of St. Goar was utilized. 
Initially, a geometry was constructed using the complete set of available measurement points. Based on 
this geometry, a high-resolution, computationally intensive mesh was generated to simulate the fl ow under 
well-defi ned boundary conditions. Before this model can serve as a reference for subsequent data reduction 
studies, its ability to accurately represent real-world fl ow conditions must fi rst be validated. Only if the ref-
erence simulation suffi  ciently refl ects reality can the results be used as a benchmark against which models 
derived from reduced datasets are compared, ultimately allowing conclusions to be drawn regarding the 
minimum data requirements for generating a suffi  ciently accurate simulation model.
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Figure 1. Mesh resolution comparison: low resolution (left) vs. high resolution (right)
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Abstract. Th e study presents a 2D transient model of a single wood particle pyrolysis. It couples 
mass and energy conservation to predict temperature, mass loss, moisture evaporation, gas pressure and 
velocity, and particle shrinkage. Th e governing equations are solved using explicit and control-volume 
methods on a dynamically adapting mesh. Th e model has been validated against experimental data. 
It off ers a computationally effi  cient tool for complex thermochemical simulations of pyrolysis.
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1.  Introduction

Th ermal conversion of biomass, including pyrolysis, gasifi cation and combustion, plays a key role in renewable 
energy production and sustainable fuel generation. Th ese processes are governed by strongly coupled heat 
transfer, mass transport and fl uid fl ow phenomena occurring within individual biomass particles. During 
pyrolysis, solid mass decomposition generates volatile gases that build up internal pressure and induce fl ow 
through the porous wooden structure.

Accurate modeling of a single shrinking particle is essential for improving predictive capabilities of larg-
er-scale simulations of packed or fl uidized beds, where particle–gas interactions dominate reactor performance. 
However, many existing models primarily focus on heat transfer and reaction kinetics, while internal particle 
gas pressure and velocity fi elds are often ignored. Th e present model resolves a set of coupled physical param-
eters, while maintaining low computational cost through an effi  cient numerical approach.

2.  Methodology

Th e computational domain represents a two-dimensional wooden sample initially shaped as a rectangle of 
dimensions 20 × 5 mm. Th e domain is discretized using a structured Cartesian grid composed of square 
control volumes. As pyrolysis progresses, non-uniform material degradation leads to deformations. To capture 
this eff ect, a dynamically adapting, non-orthogonal mesh is implemented. New node positions are updated 
based on locally computed displacements.
Th e model includes mass balance equations for solid mass (α = ms/ms,0) and moisture:

energy balance including conduction and mass transfer eff ects:

and gas pressure equation for pyrolysis gases and velocity components [1]:

(1)

(2)
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where Cf = ∂ρg/∂pg is a constant value determined using data from thermodynamic tables. Shrinking is mod-
eled with a proposed equation integrating deformations with mass loss eff ects:

where u is deformation (m) and is calculated for both direction in each point (ux, uy), and Kα is an empirically 
fi tted deformation coeffi  cient.

Th e governing equations are solved using an in-house code written in Modern Fortran. An explicit for-
ward Euler scheme is employed for mass, energy and pressure equations to ensure computational effi  ciency 
for transient simulations. Finite-volume approach is used to maintain local conservation of mass and energy.

3.  Results

Th e model has been validated with experimental data and shows good fi t in terms of temperature fi eld and 
mass loss. Current results focus on the evolution of temperature, mass, gas pressure and velocity inside the 
particle. Th e simulations reveal a clear sequence of coupled phenomena. First, heat conduction raises the 
local temperature, then pyrolysis reactions occur. Th is leads to localized mass loss, generation of volatile gases 
and local pressure increase (Fig 1).

As devolatilization intensifi es, an increase in gas pressure develops locally. Th e resulting pressure gradients 
drive gas fl ow through the porous structure, producing internal velocity fi elds that redistribute gases towards 
the lower pressure zones and then – particle boundaries.

4.  Conclusions

A coupled thermal–fl uid model of single wood particle pyrolysis has been developed. Th e numerical framework 
captures the strong interdependence between heat transfer, mass loss, gas generation and fl uid fl ow in porous 
biomass. Its computational effi  ciency make it suitable not only for single particle studies but also for a base for 
simulations of particle beds in reactors. Presented simulation required approximately 30 min to complete, while 
comparable simulations found in the literature often require computation times as high as a couple of hours [2].
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Figure 1. Pyrolysis gas pressure fi eld during the decomposition process
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Abstract. Th is presentation introduces a novel, very high-order multi-moment method that leverages all 
geometric entities defi ning the volumetric cells in the computational domain. Th e method simultaneously 
solves multiple discrete equations and employs cross-data-type approximation to achieve resolving power 
beyond the Nyquist limit of a single grid. Its accuracy and theoretical performance are demonstrated 
through 1D convection tests involving sinusoidal waves and Runge’s function. Th e method’s ability to 
capture sharp features is showcased using the viscous Burgers’ equation. Finally, its performance in the 
frontogenesis problem is evaluated and compared to higher-order fi nite diff erence schemes.

Keywords: Computational Fluid Dynamics, multi-moment method, higher order scheme, fi nite surface method.

1.  Introduction

Th e convection-diff usion equation (CDE) serves as a mathematical cornerstone for modeling heat and mass 
transfer, with applications ranging from chemical mixing to aerosol transport. In convection-dominant 
regimes, resolving complex sub-grid structures can be challenging. For example, scalar transport at high 
Schmidt numbers and heat transfer at low Prandtl numbers pose a signifi cant numerical challenge due to the 
scale diff erences between the base fl ow and the scalar structures. Standard approaches often rely on local mesh 
refi nement which can lead to high computational costs and diffi  culties in maintaining mass conservation across 
hierarchical grid levels. To address these limitations, this talk presents a very high-order multi-moment method 
that resolves structures beyond the natural Nyquist limit of a single grid without requiring mesh refi nement.

Th e proposed framework evolves multiple data types simultaneously according to their respective gov-
erning equations. Th is hierarchy of geometric entities includes volumetric cells, planar faces, boundary edges 
and nodal points. Consequently, each variable can be solved by the corresponding method. Th e cell-average 
is solved by the fi nite volume method (FVM) [1], the surface and the edge-averages are solved by the fi nite 
surface method (FSM) [2] and the pointwise data are solved by the classical fi nite diff erence method (FDM)
[3]. In this presentation, the author presents the basic formulation of the method, followed by the treatment 
of nonlinearity and boundary closure. Th en the accuracy in comparison to higher-order fi nite diff erence and 
discontinuous Galerkin methods. Finally, the author presents the conclusion and the outlook of the research.

2.  Formulation of the multi-moment method

Th e multi-moment method simultaneously solves multiple data types. In principle, the data or the degree of 
freedom, can be anything. Our current approach is to defi ne the data for the geometric entities that made up 
the computational cell as shown in Figure 1. Th is setting enables each data type to leverage the presence of 
other data types and improve approximation accuracy. Th e most striking feature is that the availability of the 
line-average data at the edge of the cell area. Th is means the net fl ux over the cell can be computed directly 
from these line-average bypassing the usual interpolation procedure needed in the fi nite volume method. Th e 
low cost of the fl ux computation is key to the method’s performance and the staggered arrangement allows 
the approximation scheme to capture the wave fi ner than its natural Nyquist limit.
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3.  Analysis and Numerical Examples

Th e author presents a new coupled Fourier Analysis which described the energy transfer among the variables, 
then the application of the method in one and two dimensions are discussed. Th e boundary closures and 
the nonlinearity treatment are addressed. Finally, the method is applied to a 2D nonlinear convection-dif-
fusion equation for the frontogenesis problem. It is demonstrated the lower requirement in the treatment of 
the nonlinearity and the performance of the proposed method in comparison with the higher order fi nite 
diff erence scheme. Th e results indicate that, the method can be much faster than the classical second-order 
scheme. In comparison to other higher-order schemes, the method can deliver the same result while using 
1.5 to 3 times lower numerical operations in linear problems. In nonlinear problem, the method remains 
competitive with the fi nite diff erence method.
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Figure 1. Figure with short caption (caption centred)
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Abstract. Th e precession-driven fl ow in a rapidly rotating cylinder undergoes abrupt, hysteretic 
transitions in inertial modes. Using a 1:6 downscaled water model of the DREsden Sodium DYNamo 
(DRESDYN) precession experiment, thresholds are identifi ed for the appearance of an axisymmetric 
double-roll circulation in the transition regime. Velocity, pressure and power diagnostics are correlated 
to better understand the instabilities caused by precession.
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1.  Introduction

Precession-driven fl ows in rapidly rotating cylinders are promising drivers of laboratory dynamos. However, 
the fl ow transitions that precede magnetic fi eld generation are highly sensitive to control parameters and 
diffi  cult to detect in real time. Th e present work focuses on the identifi cation of fl ow states for the DREsden 
Sodium DYNamo (DRESDYN) precession experiment, with a preliminary focus on using a distributed 
network of Ultrasound Doppler Velocimetry (UDV) transducers deployed in a 1:6 downscaled water model 
(radius R = 163 mm, height H = 326 mm).

2.  Experimental Layout 

Figure 1 shows the layout of this experiment, where Ωp and Ωc denote the axis of precession and rotation, 
respectively, and α is the angle of nutation between them. Th e identifi cation of the fl ow states is done using 
UDV with ultrasound transducer that are located at various radial positions on one end cap of the cylin-
der. Measurements are performed sequentially, with only one transducer active at a time. Th e red arrows 
(the cones schematically show the exaggerated widening of the beam) in Figure 1 show how the axial velocity 
fi eld is obtained using the ultrasound transducer at a particular radial location.

Figure 1. Schematic of the 1:6 downscaled water model



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

92

3.  Objectives

Building on prior characterisations [1,2] of inertial modes and their dependence on the Poincaré number 
(precession ratio = Ωp/Ωc) and Reynolds number (Re = 2πR2Ωc/ν, ν being the kinematic viscosity),this work 
targets the transition regimes, associated hysteresis and the emergence of large-scale structures. Particular focus 
is given to the axisymmetric double-roll mode (azimuthal wave number m = 0, and axial wave number k = 2), 
which can be linked to the onset of dynamo action [3]. Th e upper and lower transition thresholds in Poincaré 
number for diff erent Reynolds numbers remained insuffi  ciently constrained in previous investigations, yet 
are essential for the forthcoming DRESDYN experiment. 

A key aim of this study is therefore to establish these thresholds accurately and to identify the most eff ec-
tive strategy for reliably accessing and sustaining the double-roll mode fl ow state, achieved by approaching 
the transition regime using multiple complementary methodologies. Th ese methodologies include system-
atic upward and downward sweeps of the Poincaré number using step sizes of varying magnitude, as well as 
sustained measurements at fi xed Poincaré numbers over extended durations to obtain statistically converged 
axial velocity profi les.

Additional simultaneous data acquisition from pressure transducers on the end caps and power mea-
surements also help in qualitatively identifying the fl ow transitions by correlation with the UDV data. Th is 
method will be particularly valuable at higher Reynolds numbers where UDV data alone becomes less reliable 
for fl ow state characterisation.
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Abstract. Th is numerical study analyzes the chordwise placement of gothic vortex generators (VGs) at 
Re = 3 × 10⁶ using the SST Gamma ReTh eta model. Validating and calibrating the eddy viscosity limiter 
a1 proved essential to accurately predict fl ow separation. Results reveal that tested VGs delay separation 
and vorticity analysis shows boundary layer eruption phenomenon. VGs placed at 20% chord yielded 
the highest max lift coeffi  cient (+35%), with them placed at 30% yielding +30% but allowing a higher L/D.

Keywords: Aerodynamics, Computational Fluid Dynamics, Vortex Generators, Boundary Layer, Transition Modelling.

1.  Introduction

Flow separation control is a fundamental challenge in the aerodynamic design of aircraft wings and wind 
turbine blades. Passive vortex generators (VGs) are a standard solution due to their simplicity and eff ec-
tiveness. While rectangular and triangular VGs have been extensively studied [1,2], the gothic geometry 
(characterized by a curved leading edge) off ers a potential reduction in drag penalty [3]. Existing literature 
focuses predominantly on low Reynolds numbers (Re < 5×105) [4,5]. Th is study addresses a signifi cant gap 
in literature regarding the chordwise placement of Gothic VGs in the high Reynolds number regime (Re ≈ 
3×106). Th is regime is typical for General Aviation aircraft and wind turbine blades.

2.  Methodology

Th e analysis employed steady-state Reynolds-Averaged Navier-Stokes (RANS), the Shear Stress Transport (SST) 
k-ω turbulence model coupled with the γ-Reθ transition model [6,7]. Numerical simulations were conducted 
using Ansys Fluent 2025 R1 on a 3D wing section with periodic boundary conditions. Th e domain was 
discretized using a polyhedral mesh with high near-wall resolution (y+

avg = 0.48) to resolve the viscous sublayer.

2.1. Validation and model calibration

Preliminary validation against experimental data [8,9] for the clean airfoil revealed that the standard SST 
model constants (a1 = 0.31) signifi cantly over-predicted the maximum lift and delayed stall. To correct this, 
the eddy viscosity limiter was calibrated by reducing to a1 = 0.272 [see Fig. 1.]. Th is modifi cation reduced the 
over-production of eddy viscosity in regions of strong adverse pressure gradients, yielding decent agreement 
with experimental lift and drag polars. Although the experimental references date back to 1945 and 1982, 
they remain the primary sources for validation as, to the author’s best knowledge, more recent experimental 
data for this Reynolds number is limited.
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3.  Results 

Two chordwise locations for VGs were analysed: x/c = 0.2 and x/c = 0.3. The x/c = 0.2 confi guration 
resulted in the highest maximum lift coeffi  cient (CLmax), showing a 35% improvement over the clean baseline. 
Th e x/c = 0.3 confi guration yielded a 30% increase (see Fig. 2). However, the confi guration with VGs placed 
further downstream demonstrated lower drag and a higher CL/CD as well as higher endurance factor(E = CL

3/CD
2).

Visualisations of the vorticity fi eld show the occurrence of the boundary layer eruption phenomenon 
[10,11] downstream of the VGs.
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Figure 1. Model validation Figure 2. Comparison of lift coeffi  cient (CL) vs. angle 
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gothic VGs at x/c = 0.2 and x/c = 0.3
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THERMAL AND RHEOLOGICAL BEHAVIOR OF FLY 
ASH–BASED DEEP EUTECTIC SOLVENT DISPERSIONS
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Abstract. Th is study investigates the thermal conductivity and rheological properties of deep eutectic 
solvent (ChCl–EG 1:5 and 1:10) dispersions containing fl y ash (2–20 wt%) as an alternative to 
conventional oxide fi llers. Th ermal conductivity increased nearly linearly with particle loading, reaching 
enhancements of up to 19%. All samples exhibited Newtonian behavior and moderate viscosity over the 
investigated range, indicating their suitability as heat transfer media.

Keywords: Interdisciplinary Areas in Heat and Fluid Flow, Rheology, Deep Eutectic Solvent Dispersion, Fly Ash.

1.  Introduction

Deep eutectic solvents (DESs) are a new class of ‘green’ solvents which, due to their properties such as low 
toxicity and volatility, non-fl ammability, high thermal stability, tunable physicochemical properties, low 
cost and simple synthesis, have gained increasing attention in various industrial fi elds, including chemistry 
and biotechnology [1]. A typical DES is formed by mixing at least two components in an appropriate molar 
ratio, where one acts as a hydrogen bond donor (e.g., urea, glucose, ethylene glycol, glycerol) and the other 
as a hydrogen bond acceptor (e.g., choline chloride). By introducing a third component in the form of solid 
particles, DES-based dispersions can be obtained. Th e use of oxides is particularly advantageous due to their 
high chemical and thermal stability, biocompatibility, ease of production and tunable morphology [2]. An 
alternative to conventional oxide fi llers may be fl y ash – an inorganic waste generated during the combustion 
of hard coal, lignite, as well as municipal and industrial waste, produced globally in hundreds of millions of 
tons annually [3]. Owing to its abundance and wide availability, fl y ash represents an attractive secondary 
raw material. Its use as a dispersed phase in deep eutectic solvents may not only enhance their functional 
properties (e.g., thermal conductivity), but also enable the valorization of a signifi cant industrial waste stream, 
reducing its landfi lling and environmental impact.

Th is study analyzes the eff ect of fl y ash at diff erent concentrations on the thermal conductivity and 
rheological properties of deep eutectic solvent dispersions with various molar ratios of the hydrogen bond 
acceptor to the hydrogen bond donor.

2.  Materials and methods

Th e dispersed phase consisted of fl y ash (dominated by Ca- and Cl-rich phases, with minor contributions of 
Na, K and S) obtained from Ekospalarnia Kraków (Figure 1, left). Th e base fl uids were low-viscosity DESs 
(< 25 mPa·s at 25°C) composed of choline chloride (ChCl) and ethylene glycol (EG) at molar ratios of 1:5 
and 1:10 [4]. Dispersions with particle concentrations of 2–20 wt% were prepared by ultrasonication using 
a VCX 750 homogenizer (Sonics & Materials, USA), operated in continuous mode for 10 min at 70% amplitude. 
Th ermal conductivity was measured at 25°C using a KD2 Pro analyzer with a KS-1 sensor (Decagon Devices, 
USA). Th e rheological properties were determined at 25°C over a shear rate range of 1–100 s-1 by means of 
a Physica MCR 301 rheometer (Anton Paar, Austria) equipped with a concentric cylinder geometry.
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3.  Results and discussion

An increase in fl y ash concentration led to a nearly linear enhancement of thermal conductivity for both 
ChCl–EG systems (Figure 1, right). For all investigated loadings, ChCl–EG (1:10) dispersions exhibited 
higher thermal conductivity than ChCl–EG (1:5). At the highest particle concentration (20  wt%), the 
enhancement reached approximately 19% for ChCl–EG (1:10), while only about 13% was observed for 
ChCl–EG (1:5). Th e lower thermal conductivity observed for the ChCl–EG (1:5) system may be attributed 
to its higher viscosity and stronger hydrogen-bonding interactions at elevated ChCl content. Increased ionic 
character likely leads to a more rigid and viscous supramolecular network, limiting molecular mobility and 
heat transport effi  ciency [5]. All samples remained Newtonian, liquid-like and non-gelled. Th eir viscosity 
increased with ChCl and fl y ash concentrations, ranging from 21.4  mPa·s for pure ChCl–EG (1:5) to 
91.1 mPa·s at 20 wt% particles. Slight sedimentation was observed after one day of storage, particularly at 
elevated fl y ash loadings, possibly due to particle agglomeration. However, higher ChCl content improved 
dispersion stability, limiting phase separation.
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Figure 1. SEM micrograph of raw fl y ash (left) and thermal conductivity enhancement of ChCl–EG
dispersions containing fl y ash (right)
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VOLUME SCHEMES FOR HYPERBOLIC CONSERVATION 
LAWS ON CARTESIAN GRIDS
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Abstract. Th e explicit time integration methods and the 2nd-order spatial schemes in the context 
of the fi nite volume method are of interest. A novel 2nd-order smooth slope limiter and its proper 
implementation is proposed. Th is new limiter, together with the reduction of the disparity between 
the physical and numerical domains of dependence by fi xing the spatial gradients for all stages of the 
2nd-order Runge-Kutta type methods, signifi cantly improves the quality and accuracy of the solutions.
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1.  Introduction

Th e semi-discrete [1] schemes for hyperbolic conservation laws on Cartesian grids are revisited. For the spatial 
discretisation the 2nd-order slope limited MUSCL schemes are used [1,2]. Th e author focuses on the explicit 
Runge-Kutta (RK) type methods of order two and three for the temporal discretisation, including those 
possessing the strong stability preserving (SSP) property. Th e reduction of the spatial stencils size by freezing 
the MUSCL slopes for the entire time step is shown to signifi cantly improve the stability and accuray of the 
2nd-order RK methods: SSPRK22 and mid-point rule (MIP) method. Th e MIP method with frozen slopes 
(FS), which can be interpreted as a semi-discrete, unstaggered variant of the MUSCL-Hancock (MH) scheme, 
can be used beyond the hyperbolic problems and is shown to be attractive alternative to SSPRK methods. 
Importantly, this holds for a wide range of the Courant numbers (Cr), including values close to the stability 
limit, while at low Cr the performance is very similar to SSPRK-based schemes.

Next, the author proposes a new one-parameter family of continuously diff erentiable 2nd-order total 
variation diminishing slope limiters which allows to control the required level of numerical diff usion to 
reduce (or eliminate) the spurious oscillations. Th e well-known harmonic limiter of van Leer is a special case 
of the new limiter. Th e proposed techniques provide stable simulations of fl uid fl ows involving strong shocks. 
When a very low Mach number fl ow is considered, the MIPFS method together with the new slope limiter 
provide convergence while no convergence is obtained with the SSPRK methods and traditional limiters. 
Importantly, this improvement is obtained when simple and universal numerical fl ux is applied: approximate 
Riemann solver of HLL-type [1] with low-Mach corrected diff usive part [3].

2.  Chosen examples

In Fig. 1 we present the solution of the 1D advection equation with constant velocity and discontinuous initial 
condition. Clearly, for larger Courant numbers the MIPFS method preserves the geometrical symmetry of 
the advected shape (i.e. the invariance w.r.t. the velocity direction) much better than SSPRK methods (with 
or without FS technique).
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Figure 2 presents the results of a 2D inviscid fl ow simulation. Th e case of the stationary isentropic vortex 
is considered at Mach number 10-3. Th e diffi  culty stems here from low variations of the density and the large 
disparity between the speed of sound and the convective velocity scale. Th e MIPFS with the new limiter 
outperforms the traditional approach.
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Figure 1. Numerical solution of the advection equation obained with diff erent approaches; 
from left to right Cr = 0.1, 0.45 and 0.9

Figure 2. Th e density profi les in the case of the isentropic vortex after one revolution; MIPFS with new slope limiter 
and SSPRK22 with traditional van Leer limiter are shown in the left and right panels respectively
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Abstract. Th is paper investigates mixing enhancement by altering the cross-sectional shape of a bluff  
body (BB) fl ame stabilizer. Large-eddy simulations are performed for four BB shapes: circular, star, 
triangle and square. An incompressible, isothermal air fl ow at Re ≈ 5000 is assumed. Th e results show 
that the BB shape strongly infl uences the downstream region by modifying the size of the recirculation 
zone and the intensity, and spatial distribution of velocity fl uctuations. In particular, shapes with 
sharper edges (most prominently the triangle and star) promote locally elevated turbulent kinetic energy 
in the shear-layer regions, thereby enhancing mixing.

Keywords: Computational Fluid Dynamics, Passive fl ow control, Mixing enhancement, Turbulent fl ame.

1.  Introduction

Enhancing mixing within a turbulent fl ame is critical in combustion processes, where a uniform mixture of 
fuel and oxidizer ensures high combustion effi  ciency. Th is can be achieved via fl ow control techniques, which 
are commonly classifi ed as passive or active. In this work, we focus on the passive approach, which relies on 
surface alterations and does not require an external energy input. Specifi cally, we consider bluff  bodies (BBs) 
which have received considerable attention [1] and are widely employed as fl ame stabilizers. BBs redirect 
the gas fl owing around them and form a recirculation zone which facilitates a more uniform air-fuel mixture. 
However, altering their shape can modify the characteristics of the surrounding fl ow, in particular its structure 
and dynamics [2] which in turn aff ects pollutant emissions [3]. In the present work, we employ large-eddy 
simulations (LES) to investigate the impact of various BB shapes on the recirculation zone and their potential 
for improving the combustion process.

2.  Problem statement

Four BB shapes, shown schematically in Fig. 1a are considered and arranged in the direction of the fl ow. 
Th ey are labeled as Crc, Str, Sqr, Tri and each of them is designed such that its cross-sectional area S at y = 0 is 
constant and identical between cases, e.g., Scirc = Sstar. We assume an incompressible and isothermal air fl ow at 
Re = DUin/ν ≈ 5000, where D denotes the diameter of the circular BB, Uin the inlet fl ow velocity and ν the 
kinematic viscosity. LES is performed using a two-stage approach (see Fig. 1b) in which the fl ow developing 
along BB is simulated with ANSYS Fluent, whereas the high-order in-house SAILOR code is used to model 
the fl ow above BBs, including the recirculation and downstream regions. Th is approach, described in detail 
in [4], ensures high accuracy and accelerates the simulation process.
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3.  Preliminary results

Th e preliminary results indicate that the BB shape infl uences the downstream fl ow fi eld, as evident from 
Fig. 2a which shows axial profi les of the mean axial velocity (black) and its RMS values (red), normalised 
by Uin. Specifi cally, variations in the recirculation zone length (intersection of the profi les with U/Uin = 0, 
indicated by the grey dashed line) are observed. Th e longest recirculation zone is found for Str, whereas the 
shortest is for the Crc case. Th is is accompanied by notable changes in velocity fl uctuations which at y/D < 1
are reduced for Str, Tri, and Sqr. More modifi cations in the turbulence fi eld are seen in Fig. 2b, which presents 
contour maps of u′/U 2 . Worth noting is that the distribution of u′/U 2 closely follows the BB shape, and 
a pronounced increase in u′/U 2 is observed inregions associated with BB edges, i.e., where the shear layer 
forms, contributing to enhanced mixing.
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Figure 1. Bluff  body shapes (a); numerical setup (b)

Figure 2. Axial profi les of the mean axial velocity (black) and its RMS values (red) in (a); contour maps 
of u′/  extracted at y/D = 1 in (b)
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SHAKING THINGS UP: DYNAMIC CONTACT ANGLE 
HYSTERESIS MEASUREMENT USING A HARMONICALLY 
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Abstract. Th is work introduces an experimental method for measuring contact angle hysteresis using 
a harmonically oscillated substrate. Th e proposed approach reduces the uncertainty typical of conventional 
techniques, particularly at very high macroscopic contact angles and avoids the liquid modifi cation 
required by novel techniques. We present a comparison of contact angle hysteresis measurement results 
obtained using our method and a classic tilted plane method.
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1.  Introduction

Liquid-surface adhesion plays a crucial role in both nature and industry. Precise description of wettability is 
key to numerous industrial processes, from surface coating, through spray cooling, to the design of self-cleaning 
or hydrophobic surfaces. Th e adhesion force between a droplet and a surface is described by means of con-
tact angle hysteresis which is the diff erence between the advancing and receding contact angles. Contact 
angle hysteresis directly corresponds to the force required to remove the droplet from the surface. Accurate 
measurement of contact angle is essential for a complete description of a droplet-substrate interaction. 
Conventional methods for contact angle hysteresis measurement, such as the sessile droplet method and the 
inclined surface method, suff er from increasing measurement uncertainty with superhydrophobic surfaces, 
exceeding 5 degrees at contact angles of 160° [1]. Recent advances [2] employing ferrofl uid-doped water 
droplets exposed to magnetic fi elds show improved accuracy, but require liquid modifi cation that may alter 
surface energy, which impacts the contact angle.

2.  Controlled substrate motion contact angle hysteresis measurements

To circumvent these limitations, we developed an alternative approach in which oscillatory motion is applied 
directly to the substrate rather than to the droplet. A computer-controlled linear motor drives a carriage 
with a polished silicon wafer substrate, capable of generating accelerations up to 9 times the gravitational 
acceleration at a constant frequency of 10 Hz. Th e substrate is coated with Glaco Zero superhydrophobic 
surface treatment. High-speed camera documentation enables detailed analysis of droplet dynamics across a 
wide range of motion amplitudes and, consequently, accelerations.
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3.  Contact angle extraction

Edge extraction and corner detection algorithms process high-speed footage to determine contact angles. 
Th e image processing pipeline converts frames to luminosity matrices, calculates luminosity gradient 
magnitude for edge detection and employs polynomial fi tting to the discrete set of edge points in the image 
to extract contact angle values. Th e algorithm provides comprehensive uncertainty quantifi cation, including 
sensitivity to fi tting coeffi  cients and camera tilt.

4.  Conclusions

Th e oscillating-substrate methodology provides contact angle measurements with higher accuracy than 
conventional methods, without altering liquid properties. It also facilitates exploration of contact line velocity, 
dynamic contact angle measurement and demonstration of distinct droplet behaviour: adhesion-dominated 
sticking at low accelerations and rolling at higher accelerations.
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Figure 1. Experimental setup

Figure 2. Footage (left) and extracted contact angle history Ө(t) on the advancing side (right)
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Abstract. Natural transition is simulated using a machine learning generated inlet condition trained on 
eigenvalue solutions to the Orr-Sommerfeld equation. Th e methodology removes the need for per-case 
linear stability solves, simplifying the process of modelling natural transition and removing the need for 
a forcing strip downstream to inject disturbances, enabling a reduction in overall computational domain 
by 15%. Predicted amplifi cation factors of Tollmien-Schlichting (TS) waves from 2D simulations are 
found to reproduce stable/unstable behavior in agreement with experimental data.

Keywords: Computational Fluid Dynamics, Transition, Linear Stability, Machine Learning.

1.  Introduction

Th e accurate prediction of boundary layer transition is of key importance for many sectors such as aerospace, 
automotive and wind energy, since transition location strongly infl uences drag performance and heat transfer. 
In low-disturbance environments, natural transition on a zero-pressure gradient fl at plate is characterized by 
the amplifi cation of two-dimensional Tollmien-Schlichting (TS) instability waves which are well described 
by classical linear stability theory.

CFD simulation of natural transition using linear stability theory has been shown to be feasible using 
localized forcing downstream of the inlet to inject disturbances [1] which mimic the eff ect of the vibrating 
ribbon often used in TS wave experiments. While this method is eff ective and accurate, it requires a longer 
development region upstream of the transition, increasing the computational cost. Th e aim of the present 
work is to replace the forcing strip used to trigger transition with a machine-learning generated inlet condition 
that reproduces the correct TS-wave disturbance directly at the inlet, across varying wave amplitudes within 
the T-S driven natural transition regime. Th is allows for the inlet to be positioned closer to the region of 
interest and therefore the overall computational domain can be shortened.

2.  Neural Network

To produce inlet disturbances, a dataset of temporal stability eigenvalue solutions to the Orr-Sommerfeld 
equation with a parallel Blasius fl ow was generated. Th is dataset was used to train a fully connected feedforward 
neural network using supervised learning to predict the fl uctuating velocity profi les required to trigger a TS 
wave. Th e network acts as a surrogate model, mapping the Reynolds number, non-dimensional frequency 
(defi ned as  with freestream velocity U∞) and wall normal coordinate  to 
the wall-normal distributions of fl uctuating profi les , avoiding repeated stability solves and enabling 
consistent inlet injection without using a forcing strip. Th e dataset covered a range of non-dimensional 
frequencies 1 < F < 226 and Reynolds numbers 4 × 104 < Rex < 4 × 106 . Th e network comprises of three 
hidden layers with 32 neurons, tanh activation and achieves a mean relative L2 profi le error of 3.8 × 10–5 
on a validation set.
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3.  Preliminary 2D Results

Th e growth and decay of Tollmien-Schlichting (TS) waves on a zero-pressure-gradient fl at plate are investigated 
numerically on the open-source fi nite-volume based CFD library XCALibre.jl [2], using the laminar solver. 
Two cases are shown, one with a decaying TS wave with non-dimensional inlet frequency F = 162 and one 
amplifying case at F = 100. Th e fl uctuating profi les generated by the neural network are used as a sinusoidal, 
time varying inlet disturbance, on a Blasius mean profi le and a disturbance amplitude of 0.001 m/s is used 
for both cases. Th e discretization of the domain in the streamwise direction was selected to ensure 128 cells 
per wavelength to fully resolve the TS wave, resulting in a two-dimensional quadrilateral mesh with 372,000 
cells for the decaying case and 722,000 cells for the amplifying case. Second order discretization schemes 
were used in both space and time.

Th e amplifi cation factor N = ln(A/A0), where A is the root mean square of the streamwise velocity fl uctuation 
at a given streamwise location (averaged over 10 fl ow-throughs), and A0 is the amplitude at the location where 
the wave starts to amplify, quantifi es the growth/decay of the TS wave. Th e numerical results are compared 
with experiments by Klingmann et al. [3] who investigated natural transition on a zero-pressure-gradient 
fl at plate in a wind tunnel, using a vibrating ribbon to generate disturbances at a range of non-dimensional 
frequencies. Fig 1. shows that the simulations reproduce the expected behavior: growth of TS wave amplitude 
in the unstable region and then decay in the stable region which are consistent with the neutral stability curve 
in the Blasius boundary layer. Compared to the downstream forcing approach of [1], the domain length is 
reduced by at least 15% for both cases. Since the inlet disturbance can be imposed at arbitrary streamwise 
locations provided they lie within the linear amplifi cation region, larger reductions are feasible. With the 
initial validation completed for 2D cases, work is underway to apply the methodology in 3D to investigate 
secondary instability and TS wave breakdown on the route to transition, with potential scope for applying the 
methodology to pressure gradient Falkner-Skan cases, by retraining on the appropriate stability eigenfunctions.
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Figure 1. Amplifi cation factor N versus square root of Reynolds number, Rex, compared against experiment [3] for a 
decaying case (left) at F = 162, and an amplifying case (right) at F = 100
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Abstract. Flow regimes of tandem triangular cylinders were studied using PIV at Re = 104 with 
a fi xed spacing of 6D, representing the transitional regime between reattachment and co-shedding 
fl ows. Apex and rotational angles were examined for triangular and square downstream bodies. 
Triangular cylinders may produce up to 2 times longer wakes; apex angle aff ects wake stability, while 
rotational angle governs wake symmetry.
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1.  Introduction

Previous studies have shown that triangular cylinders can strongly alter flow characteristics [1-3]. 
In tandem confi gurations, the upstream body shape infl uences wake structures, with sharp triangu-
lar leading edges delaying fl ow regime transitions compared to square cylinders [2]. Small angular 
variations in triangular arrangements aff ect fl ow symmetry, vortex distribution, and turbulence intensity [4]. 
Th ese fi ndings motivate a systematic investigation of apex and rotational angle eff ects and the classifi cation 
of fl ow regimes at a fi xed spacing of 6D, corresponding to the transitional regime between reattachment and 
co-shedding fl ows [2,5].

2.  Methodology

Th e experiments were conducted in a closed-loop wind tunnel with a square cross-section of 0.3 × 0.3 m and 
a length of 2 m. Two tandem confi gurations were considered: TT and TS, comprising an upstream triangular 
cylinder and a downstream triangular (TT) or square (TS) cylinder of equal dimension (D = 0.02 m, base 
edge length). Th ree upstream apex angles (60°, 45° and 30°) and three orientations relative to the fl ow (0°, 
90° and 180°), denoted as T60–T30 and A0–A180 were examined respectively. A fi xed spacing of 6D and 
a single Reynolds number of Re=104 were examined. Velocity fi elds were measured using PIV at a sampling 
frequency of 600 Hz over a total acquisition of 10 s.

3.  Results

Figure 1 shows the dimensionless streamwise velocity fi elds for case T30 A90, while Figure 2 presents the 
dimensionless wake length behind the upstream cylinder for diff erent upstream orientations in the TS and 
TT confi gurations.

Figure 1. Dimensionless streamwise velocity fi eld
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Th e representative case T30 A90 (Fig. 1) highlights the diff erences observed between the TS and TT 
confi gurations. TT arrangement exhibits longer recirculation zones, lower turbulence levels and more organ-
ised vorticity patterns, whereas the TS confi guration produces shorter wakes, higher turbulence, an earlier 
velocity recovery.

Th ese trends are further illustrated in Fig. 2 which shows that TT confi gurations generate longer wakes 
behind the upstream body. Overall, these observations indicate that the shape and orientation of the upstream 
body strongly infl uence wake development.

4.  Conclusions

Th e results show that TT confi gurations promote wakes with higher coherence of vortical structures and 
more organized patterns than TS confi gurations. Wake dynamics are strongly infl uenced by the upstream 
cylinder orientation which alters the eff ective frontal area and shear-layer alignment. Larger apex angles (T60) 
enhance wake symmetry and smoother reattachment, whereas smaller angles (T30) increase instability and 
orientation sensitivity. In summary, these fi ndings indicate that triangular cylinders off er an eff ective passive 
method for bluff -body wake control, with wake characteristics tunable via apex angle and orientation.
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Abstract. Over the years, GUST team has taken the following small wind turbine blade properties 
into account to optimize its performance: amount, airfoil, pitch angle, chord length, overall span and 
mounting. Every year, the team conducted tests in a wind tunnel at the International Small Wind 
Turbine Contest to check performance of their design. Due to aerodynamic improvements implemented 
between 2016 and 2024, the maximum effi  ciency of the turbine increased from 0.31 to 0.41. High 
effi  ciency and better adaptation to wind conditions enabled an increase in annual energy production of 
up to 80%.
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1.  Introduction

Th e GUST Project (Generative Urban Small Turbine), developed within the Power Engineering Students 
Association at Lodz University of Technology, has been designing a Small Wind Turbine (SWT) for individual 
users since 2015. Th e turbine is limited to a rotor area of A ≤ 2 m², corresponding to a 1.6 m diameter 
Horizontal Axis Wind Turbine (HAWT). Th e maximum power of the turbine is approximately 1-1.5 kW. 
Th is article summarizes the development of the turbine from 2016 to 2026, focusing on the evolution of 
design concepts and aerodynamic solutions. Th e project’s goal is to continuously improve performance by 
increasing power output, effi  ciency and annual energy production (AEP). Annual wind-tunnel testing at 
TU Delft during the International Small Wind Turbine Contest has guided these improvements and supported 
steady aerodynamic and structural optimization. 

2.  Optimization of aerodynamic properties

Wind turbine aerodynamics and power curves are primarily shaped by rotor diameter and the use of a Variable 
Pitch Mechanism (VPM) which optimizes the angle of attack for higher output and low-wind self-starting. 
While large-scale turbines standardize three blades to balance effi  ciency against material and transport costs, 
SWTs often justify a higher blade count for specifi c performance needs.

Furthermore, rotational speed is limited by noise regulations, directly infl uencing the blade twist distribu-
tion and the Reynolds number critical for laminar-turbulent fl ow [1]. Subsequently, the airfoil shape, chord 
length and twist determine the lift-to-drag ratios and structural properties. For household SWT, maximizing 
year-round self-consumption through a low cut-in speed is prioritized over the total energy volume produced.

3.  Performance of the GUST wind turbine

From the beginning of the GUST project, the aerodynamic design of the turbine has been constantly modifi ed 
to achieve the best possible performance in both power generation and Annual Energy Production, two key 
parameters of SWT. Figure 1 shows the historical evolution of the GUST wind turbine aerodynamic design. 
Every year novel solutions are presented, with their positive outcomes refl ected in the curves of Power and 
AEP, based on the wind tunnel tests.
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From 2015 to 2017, at the beginning of the blade design process, a decision was made that rotor geom-
etry would not be changed via pitch adjustment under operation and only a fi xed-pitch rotor confi guration 
would be considered. Initially the design focuses on a three-bladed, fi xed-pitch rotor optimized for a 3–12 
m/s wind speed range which accounts for 98% of total energy production. Th e geometry utilizes S834 and 
S826 airfoils. In 2018 new research has showed that maximum power is obtained at TSR ≈ 3.75, where Cp 
= 0.307. In 2019 studies showed that the highest decremental AEP values occur at wind speeds of 6–7m/s.

From 2021 to 2022, the focus shifted from optimizing S826 chord lengths and solidity to introducing the 
SG6043 airfoil for better low-Reynolds number performance. QBlade [2] simulations of six confi gurations 
revealed that 4-bladed rotors excel at low TSR, while 3-bladed SG6043 rotors off er higher effi  ciency at ele-
vated TSR. In 2024, refi nements to the SG6043 design – including a smaller hub, a 1 cm length extension 
and the introduction of pitch control – resulted in a higher Cp for TSR > 4. By 2025, adaptations moved 
back to the S826 airfoil with a variable pitch hub, featuring a 15 mm tip extension and a converging section 
to further boost aerodynamic adaptability and power generation.

4.  Conclusions

After almost a decade of intensive research into the design of our wind turbine, the authors investigated key 
parameters. Th is work was conducted both independently and in international collaboration and supported 
by advanced computer simulations as well as practical testing in wind tunnels. Th e authors achieved max-
imum turbine effi  ciency of 0.41 and an increase in annual energy production of approximately 80%. Th e 
above research has demonstrated that in-depth analysis of blade design is a critical factor in determining the 
effi  ciency of a wind turbine.
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Figure 1 GUST wind turbine results obtained through wind tunnel testing at TU Delft
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Abstract. Th is study presents an aeroacoustic and aerodynamic investigation of a square cylinder at 
low Reynolds numbers, focusing on the impact of airfl ow velocity and orientation angle on noise 
generation and wake dynamics. Experimental measurements conducted in an anechoic chamber reveal 
that increasing infl ow velocity shifts acoustic peak frequencies upward, while the cylinder’s rotation 
angle signifi cantly alters the spectral composition and the velocity fi eld distribution. Th e results provide 
a physical interpretation of vortex shedding and acoustic shadowing, off ering valuable data for optimising 
ventilation system components and validating numerical fl ow models. 
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1.  Introduction

Aeolian tones generated by air fl owing over structural objects are a critical focus of engineering research, essen-
tial for understanding fl uid dynamics and validating numerical models. Th e study of circular and rectangular 
cylinders emphasizes complex wake dynamics [1, 2, 3, 4, 5]. For rectangular geometries, the length-to-width 
(L/D) ratio remains a decisive factor in determining both the nature and frequency of these acoustic events [6]. 
Th is study examines the acoustic and aerodynamic characteristics of a square cylinder at low Reynolds numbers, 
typical for ventilation systems. Th e experimental methodology allowed the determination of one-third-octave 
spectral analysis at diff erent angle positions of the studied square rod from multiple microphone positions. Addi-
tionally, the velocity fi eld before and after the rod was determined. Th ese integrated datasets provide a detailed 
physical interpretation of the correlation vortex evolution and aeroacoustics emissions of the studied object.

Test procedure

Th e measurements were performed on a specially constructed open-end test stand (with the outlet for the 
anechoic room) at the Institute of Power Energy in Lodz, similar to an open jet anechoic wind tunnel at the 
Institute of Sound and Vibration Research, University of Southampton [7]. Airfl ow was induced by a fan 
mounted on the inlet of the stand and regulated by the power inverter. An acoustically lined three-muffl  er 
was positioned between the fan and anechoic chamber to reduce fan-induced noise at the test section further. 
Th e anechoic test chamber is cubic, approximately 350 m³ in volume, and has walls that are acoustically 
treated with foam wedges, providing a refl ection-free environment. In these studies, acoustic and aerodynamic 
measurements were performed on a single square cylinder (17 × 17 mm). Th e cylinder was supported by two 
vertical side plates that were mounted to the short sides of the nozzle. Th e four angles of square position in 
relation to air fl ow were studied: 0, 15, 30 and 45.
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Th e noise measurements were done in low air-fl ow velocities – 1 m/s, 2.5 m/s, 5 m/s, 7 m/s, 10 m/s and 
12 m/s – which can be referenced to the fl ow in the ventilation system (elements like grills, diff users and slats). 
Th e measurements of 1/3-octave SPL spectrums were recorded using the Nor 140 measuring set with the 
Nor850 software with fi lter Lin and a fast detector in two distances (0.5 m and 1 m). Data were obtained for 
10 s measurement time with a sampling rate of 48 kHz and an RMS detector of 0.1 dB. Th e mean velocity 
in the outlet of the stand test (before and after the rod) was measured by using a wing anemometer connected 
with an HD 2103.2 instrument and calculated by using the logarithmic Chebyshev method. Additionally, 
detailed fl ow measurements every 5 mm in the cross-section of the airfl ow fi eld at the outlet of the channel 
in front of and behind the rod have been performed using the thermo-anemometer measurement technique 
to know the velocity distribution.  

2.  Conclusions

In this work, the 1/3 SPL spectrum and Strouhal number depended on the air infl ow velocity and angle 
position of the studied square rod. Th e Strouhal number generally falls in the range of 0.12 to 0.16 for the 
primary vortex shedding frequency, as it was reported in literature. But results also show that increasing 
infl ow velocity causes the primary SPL peak to shift toward higher frequencies, and the cylinder’s orientation 
signifi cantly impacts noise intensity and spectral composition. For example, a rod with the 0° angle produces 
a single peak, while the 45° angle causes the peak to split into two lower-intensity components. Additionally, 
velocity fi eld mapping revealed distinct areas of acoustic shadowing and local velocity increases that vary 
according to the rod’s position. Notably, the velocity shadowing region was found to be signifi cantly larger 
at a 45° angle compared to the 0° confi guration.
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Figure 1. Scheme of studied square cylinder in the anechoic chamber
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Abstract. Th e fl ow of DNA chains can be interpreted both as the transmission of genetic information 
and as the physical transport of long biopolymers in driven environments. Th is contribution summarizes 
the molecular basis of DNA information fl ow – replication, transcription and translation – and connects 
it to recent advances in the controlled motion, stretching and manipulation of DNA in micro- and 
nanofl uidic systems. Bridging molecular biology with soft-matter physics enables new approaches to 
single-molecule analysis, genome mapping and lab-on-chip technologies. Particular emphasis is placed on 
the nonequilibrium dynamics of DNA under confi nement and external forcing, as well as on the limitations 
of current theoretical models.
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1.  Introduction

DNA is the fundamental carrier of genetic information in all living organisms. Th e classical central dogma describes 
the unidirectional fl ow of information from DNA to RNA to protein. Beyond this informational perspective, 
DNA is also a semi-fl exible polymer whose transport, deformation and alignment under fl ow are of increasing 
importance in biophysics and biotechnology. Understanding both aspects of DNA fl ow is essential for modern 
genomics, synthetic biology and microfl uidic diagnostics. In recent years, micro- and nanofl uidic technologies have 
enabled direct visualization and manipulation of single DNA molecules. Th is has opened a new research fi eld at 
the interface of molecular biology, polymer physics and microfl uid mechanics, where DNA is treated as an active 
material subject to hydrodynamic forces, electrostatic interactions and geometrical confi nement.

2.  Molecular Information Flow in DNA

DNA replication is a semi-conservative process ensuring accurate genome duplication prior to cell division [1]. 
Th e coordinated action of helicases, polymerases and ligases yields extremely low error rates, on the order of 
10⁻⁹ per base pair after proofreading [2]. Transcription converts genetic information into RNA via RNA poly-
merase-driven synthesis, followed in eukaryotes by splicing, capping and polyadenylation. Translation at the 
ribosome decodes mRNA into proteins, with ribosomal RNA catalyzing peptide bond formation. Translation 
rates typically range from 5 to 20 amino acids per second and depend on codon usage and ribosomal kinetics [3].

While DNA → RNA → protein is the dominant pathway, important extensions exist. Reverse transcription 
enables RNA-to-DNA information transfer in retroviruses and RNA-dependent RNA polymerases replicate 
RNA genomes in RNA viruses. Epigenetic regulation, including DNA methylation and histone modifi ca-
tion, modulates gene expression without altering nucleotide sequences [4]. Th ese mechanisms illustrate that 
information fl ow in biological systems is more fl exible and adaptive than the classical linear scheme suggests.

3.  Physical Transport and Deformation of DNA

From a physical standpoint, DNA behaves as a charged, semi-fl exible polymer with a persistence length of 
approximately 50 nm. Under confi nement and external forcing, DNA exhibits stretching, coiling-stretch 
transitions, anisotropic diff usion and strong hydrodynamic coupling to surrounding fl uid. Recent experiments 
in micro- and nanofl uidic systems demonstrate precise control of DNA motion using pressure-driven fl ow, electric 
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fi elds and geometrical confi nement [5]. In particular, the work reported in [6] shows that long DNA molecules 
can be reproducibly stretched to more than 80–90% of their contour length in engineered microchannels. 
Th ese results provide quantitative insight into DNA rheology, polymer–wall interactions and nonequilibrium 
conformational dynamics.

Such experiments confi rm that DNA dynamics cannot be described solely by equilibrium polymer sta-
tistics. Instead, strong coupling between hydrodynamic forces, thermal fl uctuations and molecular elasticity 
must be taken into account. Th is is especially important in lab-on-chip devices, where confi nement scales are 
comparable to the persistence length of DNA.

4.  Critical Perspective on Recent Modeling Approaches

A recent theoretical study by Słowicka et al. [7] proposes a continuum framework for DNA transport in 
microfl uidic environments. While the model provides an analytically tractable description of polymer migra-
tion under external forcing, it relies on several strong assumptions that limit its physical relevance. In partic-
ular, DNA is treated as an eff ectively homogeneous viscoelastic continuum, neglecting its discrete molecular 
structure, long-range hydrodynamic interactions and stochastic conformational fl uctuations. As a result, 
important phenomena observed experimentally – such as coil–stretch transitions, intermittent trapping near 
channel walls and large molecule-to-molecule variability – cannot be captured by the proposed formulation.

Moreover, the model in [7] does not account for electrostatic eff ects and counterion dynamics which are 
known to play a dominant role in DNA mobility and stretching in realistic microfl uidic conditions. Conse-
quently, while the approach may be useful for qualitative scaling arguments, it should not be interpreted as 
a predictive theory for single-molecule DNA transport.

Th is highlights a broader issue in current literature: overly simplifi ed continuum models may obscure 
the fundamentally stochastic and multiscale nature of DNA fl ow and should be carefully validated against 
single-molecule experiments.

5.  Conclusions

Th e concept of DNA fl ow unifi es genetic information transfer with polymer transport physics. Classical 
molecular biology establishes how information is replicated and expressed, while modern microfl uidics enables 
direct control of DNA as a fl owing chain.

Future research should integrate single-molecule experiments, mesoscale simulations and refi ned theoretical 
models that explicitly account for molecular discreteness, hydrodynamic interactions and electrostatic eff ects. 
Such an approach is essential for reliable prediction and control of DNA behavior in micro- and nanoscale 
devices, with direct implications for diagnostics, genome mapping and synthetic biology.
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ACTIVE FLOW CONTROL FOR DRAG REDUCTION – 
MACHINE LEARNING STRATEGIES COMPARISON
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Abstract. Th is study investigates active fl ow control for drag reduction using waste heat converted into 
electrical energy. A rotating cylinder was tested with a 3D model and wind tunnel validation (Re 8798–
70388). Th e PPO-based DRL controller reduced drag by ~6% with robust performance, the PID 
controller achieved ~5% with lower adaptability and open-loop control gave ~3% with oscillations.

Keywords: Computational Fluid Dynamics, Active Flow Control, Deep Machine Learning, Drag Reduction.

1.  Introduction

One of the biggest concerns in engineering is how to transport people and goods effi  ciently, which requires 
increasingly faster and more energy-effi  cient vehicles. However, power demands continue to grow, while 
fossil fuel reserves and electrical energy resources remain limited.

In road vehicles, nearly 50% of the chemical energy from fuel is lost as waste heat in the engine. At a 
constant speed of 80 km/h, approximately 50% of the non-thermal losses are attributed to aerodynamic drag, 
while drivetrain and rolling resistance account for around 38% [1]. Th e implementation of thermoelectric 
systems for recovering engine waste heat can generate up to 1 kW of electrical power from a diesel truck 
engine [2]. Th is recovered energy can be used to power active aerodynamic actuators like fans or rotating 
components of vehicle body. Compared to passive aerodynamic devices, active systems have been shown to 
reduce aerodynamic drag more eff ectively.

Th e control system developed for this task must be robust and versatile. Th e utilization of deep machine 
learning off ers the potential to reduce the complexity associated with model development and tuning. As a 
test case, a rotating cylinder was selected for numerical investigations. Th e present study extends the concept 
introduced in previous work [3] by transitioning from a two-dimensional numerical framework to a fully 
three-dimensional confi guration and by complementing the simulations with wind tunnel experiments. Th is 
approach enables a more realistic representation of fl ow structures and provides experimental validation of 
the control strategy under practical operating conditions. Th e added comparison baseline is a PID regulator 
with tabulated coeffi  cients and open-loop regulation. Active fl ow control training environments need to 
be prepared carefully and have a high level of fi delity, while also employing dimension reduction to ensure 
the model can provide reasonable response times during the training process. Th is can be achieved using 
tailored (designed for faster convergence and validated against the k-omega SST) turbulence models which 
were applied in the control part of the study.

2.  Test and numerical setup

Th e test set consists of a rotating cylinder assembly, with pressure-sensing orifi ces installed on the cylinder 
surface in eight sections (input to the controller). Th e cylinder is mounted on a rotational table which allows 
the angular velocity to be set. Th e coarse computational mesh cross-section is shown in Figure 1. Th e mesh 
is designed to obtain high-fi delity fl ow data in the test section of a small wind tunnel (Armfi eld C30).
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Th e computational domain consists of a velocity inlet (maximum 4 m/s which corresponds to 40 m/s in 
the test section) and a pressure outlet. Th e mesh contains 4.5 million hexahedral elements. Th e boundary 
layer sizing aims to achieve y+~ 1 for both the cylinder walls and the tunnel test section. Th e Reynolds numbers 
for the studied fl ow cases are 8798 (5 m/s), 35194 (20 m/s) and 70388 (40 m/s). Th e cylinder diameter (25 mm) 
is used as the characteristic length and the upstream fl ow velocity defi nes the fl ow condition.

Numerical simulations were performed using Ansys Fluent 2025R2, utilizing GPU acceleration to achieve 
transient solutions with the k-omega SST-SBES model. Preliminary calculations for the initialization of 
transient studies were performed using RANS (Reynolds-Averaged Navier-Stokes) and the two-equation 
k-omega SST turbulence model.

3.  Control Strategies

Closed-loop control is implemented using the Proximal Policy Optimization (PPO) algorithm within 
a deep reinforcement learning (DRL) framework. In this approach, system feedback is incorporated 
through a cost function, referred to in reinforcement learning terminology as the reward function. 
Th e reward is formulated based on key aerodynamic and actuation parameters, including drag, lift and the 
cylinder’s rotational velocity.

For comparison, a conventional tabular PID controller and an open-loop control strategy withpredefi ned 
actuation were also implemented. Th e PPO-based DRL controller achieved a drag reduction of approximately 
6%, representing the highest performance among the tested methods. Th e open-loop strategy resulted in a 
3% drag reduction but exhibited signifi cant oscillatory behaviour. Th e PID controller achieved about a 5% 
drag reduction, however, its performance was less robust under varying fl ow conditions compared to the 
PPO-based approach.
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Figure 1. Flow fi eld (velocity at Re = 8798) and computational mesh used in studies
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VALIDATION OF A NUMERICAL MODEL 
FOR THERMOMAGNETIC CONVECTION OF A 
PARAMAGNETIC FLUID IN STRONG MAGNETIC FIELDS
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Abstract. Th ermo-magnetic convection in a paramagnetic fl uid was investigated experimentally and 
numerically in a shallow Rayleigh–Bénard (RB) enclosure. Experiments for various magnetic fi eld 
strengths and temperature diff erences were compared with quasi-DNS simulations accounting for 
gravitational and magnetic buoyancy. Global heat transfer, quantifi ed by the Nusselt number was 
validated using uncertainty-aware error metrics and trend analysis with respect to the magnetic fi eld. 
Strong agreement was observed, with regression slopes near unity, small statistically insignifi cant 
intercepts and high correlation coeffi  cients, confi rming the numerical model accurately reproduces the 
evolution of thermo-magnetic convection and its global heat transfer.

Keywords: Computational Fluid Dynamics, Experimental Fluid Mechanics, Th ermo-magnetic Convection, 
Heat Transfer.

1.  Introduction

Th ermo-magnetic convection results from the interaction between temperature-dependent magnetic sus-
ceptibility and applied magnetic fi eld gradients, enabling active control of buoyancy-driven heat transfer 
in weakly magnetic fl uids. Advances in high-intensity superconducting magnets have enabled experimental 
and numerical studies demonstrating signifi cant enhancement or suppression of convective heat transfer. 
However, most previous studies have limited validation to qualitative visual comparisons, without detailed 
statistical assessment of global heat transfer.

Th is study validates a numerical model of thermo-magnetic convection in a shallow enclosure through 
direct comparison with experimental data, focusing on global heat transfer. Uncertainty-aware error metrics 
account for experimental uncertainties, while trend analysis with respect to magnetic induction assesses the 
model’s ability to reproduce the observed heat transfer evolution. Th is approach provides a solid, physically 
meaningful framework for validation and supports predictive reliability in magnetically controlled heat 
transfer applications.

2.  Numerical model

Th ermo-magnetic convection was simulated by coupling the equations of non-isothermal incompressible 
fl ow with a stationary magnetic fi eld. Th e magnetic fi eld was computed in the magnetostatic limit using 
a fi nite-element formulation of Ampère’s law, and the resulting magnetic induction and its gradients were 
introduced as body forces in the fl ow solver. Th e fl ow was modeled using the Boussinesq approximation, 
considering both gravitational and magnetic buoyancy. Th e magnetic force was formulated using Curie’s 
law. A quasi–DNS approach without a turbulence model was adopted. Simulations were performed in 
a 3D domain corresponding to the experimental geometry, using second-order accurate fi nite-element 
discretization in space and an implicit second-order time-integration scheme. Th e simulations were initialized 
from a purely conductive temperature fi eld and advanced until statistically steady conditions were reached. 
Global heat transfer was quantifi ed by the time-averaged Nusselt number at the heated wall and compared 
with experimental data.
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3.  Results

In Figure 1, the correlation between the Nusselt number determined numerically (Nunum) and experimentally 
(Nuexp) is presented. Th e relationship between these quantities was described using a linear regression model:

Th e obtained slope is very close to unity and the intercept is small and statistically insignifi cant (pvalue = 0.69) 
indicating the absence of a systematic error between the results. In Figure 1a most of the measurement 
points are located within ±10% of the ideal agreement line (Nunum = Nuexp), demonstrating very good 
model–experiment consistency. Th is indicates a high quality of the numerical model predictions, regardless 
of the Nu values. Th e second plot (Fig.1b) confi rms this observation from the regression statistics perspective. 
Th e narrow 95% confi dence and prediction bands indicate a small data scatter and a good ability of the model 
to predict experimental values. High Pearson and Spearman correlation coeffi  cients (rP = 0.986, rS = 0.9821) 
and determination coeffi  cient (R2 = 0.972) validate a strong linear relationship between the numerical and 
experimental results. Th e pvalue (p < 1032) for both correlations further confi rms the statistical signifi cance of 
the relationship between results, while the analysis of confi dence and prediction intervals indicates a good 
predictive capability of the model for Nu values.

Th e conducted statistical analysis clearly shows a good agreement between numerical and experimental 
Nusselt numbers. Th e numerical model reliably reproduces the global heat transfer and the observed diff er-
ences fall within the range considered a high-quality fi t. Consequently, the obtained results confi rm both the 
accuracy and the usefulness of the numerical model for analysing global heat transfer. Th e fact that the ade-
quacy of the numerical model has been demonstrated authorizes the use of simulation results for an objective 
and precise determination of the ranges of laminar, transitional and turbulent fl ows in thermo-magnetic RB 
convection, based on the turbulence intensity criterion.
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Figure 1. Correlation between numerical and experimental Nusselt number results
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SCALING OF TURBULENCE KINETIC ENERGY DISSIPATION 
AND TEMPERATURE VARIANCE DESTRUCTION RATES IN 
DRY CONVECTION AND IN MARINE BOUNDARY LAYERS 
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Abstract. We derive a functional relation between scalar-equivalent Taylor constant Cεθ and Taylor 
microscale-based Reynolds number Reλ. We then test the formula against two datasets: one collected 
during Methane-to-go experiment (MtG), representing cloudless atmosphere over land, and one 
collected during MAGPIE project, which represents cloudy atmosphere over subtropical ocean. We 
investigate the vertical distribution of the quantities characterising turbulence, and notice the expected 
surface eff ect. Various numerical eff ects and their infl uence on results were also tested, highlighting the 
robustness of the analysis.

Keywords: Atmospheric Science, Turbulence, Non-Stationarity.

1.  Introduction

Turbulence is an inherent property of atmospheric fl ows. Its better representation in numerical weather and 
climate models is key to their better accuracy. For example, clouds are associated with the biggest uncertainty 
in models, and turbulence in clouds plays a crucial role in their dynamics and microphysics. In equilibrium 
turbulence, it is assumed that the energy production rate at the largest scales is equal to the energy dissipation 
rate at the smallest scales. Th en, in non-equilibrium turbulence, this balance is disturbed. Such disturbance 
may come from sudden physical processes, e.g. sudden decrease of forcing [1, 2, 5]. An analysis of non-equi-
librium turbulence has been performed in the past for the velocity spectrum, however no such analysis has 
been performed for scalar (temperature) spectrum. In this project, we have derived the formula stemming 
from the assumption of non-equilibrium of the scalar spectrum and tested it against measurement data.

2.  Data and Methods

Th e data used to verify the approach comes from two measurement campaigns: one conducted in Silesia 
region in southern Poland during Methane-to-go Poland measurements [3] and the second one conducted 
near Barbados in 2023 as part of Moisture and Aerosol Gradients / Physics of Inversion Evolution (MAGPIE) 
project. In both of these measurements an Ultra Fast Th ermometer [4] was installed on top of a measurement 
platform (helicopter platform or research aircraft) and data was collected along the fl ight path, consisting of 
horizontal segments and profi les. From the obtained data, we have obtained profi les of quantities characterising 
turbulence, as well as the quantities needed to verify the derived formula. Th e TKE dissipation rate was 
obtained using the power spectral density method.

3.  Results

We have derived an expression connecting the Taylor microscale-based Reynolds number and the Taylor law 
coeffi  cient for scalar variance destruction Cεθ of the form:

Cεθ ~ Reλ
a (1)
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where a is a function of the inverse of timescales:  and . Th e above formula was tested against measure-
ment data from MtG and MAGPIE research campaigns, and the results are plotted in fi gure (1):
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Figure 1: In panel (a), we test the formula derived for velocity spectrum [1], 
and as we can see, it agrees quite well. In panel (b), we test the derived formula for scalar spectrum. It agrees in some 

cases (dry convection - green dots) but disagrees in other (clouds - orange points; measurements near the surface - 
blue points). Th e results, their robustness and implications will be discussed during the talk
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Abstract. Th is study evaluates experimental correlation and a RANS-based transition model for 
predicting surface heat fl uxes on the Mars 2020 aeroshell. Numerical results for various fl ow regimes 
are validated against fl ight data. Results demonstrate that incorporating the Kato–Launder limiter is 
essential for the reduction of turbulence production at the bow shock on the aeroshell forebody. Both 
the correlation and the standard γ–Reθ model produce heat-transfer rates that match the fl ight data.

Keywords: Computational Fluid Dynamics, Mars Reentry Capsule, Th ermal Protection Systems, Hypersonic 
Flow, Correlations, Reynolds-Averaged Navier-Stokes.

1. Introduction

Th e Mars entry, descent, and landing process may be divided into several distinct phases, each subject to 
strongly varied fl ow and thermal conditions. In the initial approach phase, the spacecraft is directed into 
the entry corridor by the spacecraft’s propulsion system. After the initial cruise stage separation, the lander 
capsule enters the Mars atmosphere. During this drop, the body of the capsule experiences peak heating as 
well as maximal pressure which typically occurs 70–90 seconds after entry for large blunt-body type aero-
shells (cone-like shape). High thermal loads are observed during peak heating, reaching 50–100W/cm². 
A laminar-to-turbulent transition may occur on the surface of the capsule due to rapid changes in Reynolds 
number, bow-shock-induced disturbances, surface roughness due to ablation and strongly varying thermal 
conditions, making the prediction of surface heat transfer particularly challenging. Accurate assessment of 
the resulting thermal loads, however, remains crucial for designing the Th ermal Protection System (TPS) 
and the overall feasibility of the mission.

Th is study investigates the applicability of the Edquist [1] correlation and the γ–Reθ model by Menter et al. 
[2] in predicting transitional fl ow behaviour and thermal loads on the smooth surface of the capsule at selected 
trajectory points of the Mars 2020 mission [3]. Th e predicted heat fl uxes are assessed using reconstructed 
heat-shield data inferred from surface thermocouple measurements acquired during Mars entry and landing.

2. Numerical approach

For predicting the fl ow and heat transfer characteristics over an aeroshell (Fig. 1a), the density-based solver 
of Ansys Fluent has been employed. Th e time-averaged reacting Navier–Stokes equations, together with the 
turbulence or transition model equations, were solved for a Mars-representative environment. Chemical 
non-equilibrium was modelled using the Mars5speciesMcKenzie mixture which includes CO, O2, C, O and 
CO2, along with the McKenzie chemical mechanisms. N2 was added to the mixture, but it did not participate 
in any reactions. It was added exclusively to establish the mass fraction composition of the Martian atmos-
phere in the free stream as 97% CO2 and 3%N2. Th e mixture’s density was modelled as an ideal gas, with 
specifi c heat based on the NASA9 piecewise polynomial function, thermal conductivity derived from kinetic 
theory, and molecular viscosity calculated using Sutherland’s law. Th e surface of the capsule was treated as 
supercatalytic. Th ermal radiation was not included, as it has a minor impact on the capsule forebody [3]. 



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

120

3.  Results

Figure 1a shows contours of velocity magnitude with superimposed velocity vectors, along with the static 
pressure distribution on the aeroshell surface, for a freestream Mach number of Ma = 23.35 and an inlet 
fl ow angle of α = 16° (diameter = 4.5m). Th e bow shock wave is clearly visible in the front part of the cap-
sule. Figure 1b shows a comparison of fl ight-measured and computed heat-transfer rates at the symmetry 
plane of the front-cone surface using the Wilcox k–ω model with the Edquist correlation [1], and the γ–Reθ
model. Two levels of freestream turbulence were assumed, one corresponding to a laboratory experiment 
(Tu = 0.5%) and one to fl ight conditions (0.1%). Good correspondence is reported, proving the credibility 
of the numerical techniques. Th e paper will discuss other fl ow conditions and provide a summary of the 
results and conclusions obtained.
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Figure 1. Th e fl ow and heat transfer results for trajectory point t = 73.3 sec (peak heating)
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Abstract. Th is study performs a linear stability analysis of steady fl ow past elliptic cylinders with varying 
aspect ratio (Ar). Th e analysis focuses on examined the blockage eff ect on recently reported linearly 
unstable modes [1] in the wake of elliptic cylinders. A change in blockage signifi cantly aff ect the critical 
Reynolds number (Rec) and Strouhal number (Stc ) for all three modes.
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1.  Introduction

Linear stability of bluff  body fl ows, particularly fl ow past circular and elliptic cylinders, has been extensively 
studied, with several works [1-4] reporting their stability characteristics. Previous studies show that changes 
in the cross-stream width of the domain, known as the blockage eff ect [2-3], signifi cantly aff ect critical 
parameters such as the Reynolds numbers and Strouhal numbers. Th is study focuses on investigating the 
eff ect of blockage on recently reported unstable modes [1]: primary wake mode (PWM), secondary wake 
mode (SWM) and tertiary wake mode (TWM) in the wake of elliptic cylinder.

2.  Numerical Method and Flow-Setup

Th e equations governing the fl ow are the incompressible form of the Navier-Stokes equations. Th e author 
utilizes the stabilized fi nite element formulation for computing the steady fl ow and for solving the linear 
stability equations. Th e fl ow setup and the computational domain are shown in fi gure 1. Th e semi-major axis 
is used as the length scale; the minor axis is 2b, and the aspect ratio is Ar = b/a. In this study, the boundaries 
of the domain are positioned far enough from the cylinder to minimize any substantial impact on the over-
all fl ow fi eld. To investigate the impact of blockage, the author had considered fi ve diff erent lateral widths 
(H = 100, 50, 30, 20, and 10). Th e linear stability analysis is performed using the same fi nite element mesh 
as in our recent publication [5]. For steady fl ow computation, the boundary conditions are shown in fi gure 1. 
For linear stability analysis, the same boundary conditions are applied, except at the infl ow boundary where 
the velocity components are set to zero.

Figure 1. Computational domain and boundary conditions: H is the half cross-stream width. 
Th e cylinder centre is at the origin of the Cartesian coordinate system. 

Th e semi-major axis of the ellipse is used as the characteristic length scale
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3.  Results and Discussion

Th e author determined the critical parameters for PWM, SWM, and TWM corresponding to their zero-
growth rates. From fi gure 2, it can be observed that Ar has a signifi cant eff ect on the variation of Rec with H. 
In contrast, Stc variation does not show any qualitative change with Ar. Based on the trend in the Rec curve, 
we therefore divide the plots into two categories for PWM and SWM. Th e top row of fi gure 2(a) shows the 
results for Ar = 1.0. For this case, Rec fi rst decreases with blockage and then increases. Th e non-monotonic 
variation of Rec with blockages is similar to that presented by Kumar and Mittal [2]. Th e second row of fi gure 
2(a) shows the results for other aspect ratios (0.01 ≤ Ar ≤ 0.75). It is observed that the Rec monotonically 
decreases as we increase the blockage. Th is possibly happens because the decrease in the aspect ratio causes 
the shear layer on either side of the cylinder to become stronger, leading to stronger instability of the wake 
and a consequent decrease in the critical Re. But the author expects that as we bring the boundary closer 
to the cylinder, it will make the fl ow more stable like Ar = 1.0 and the critical Re value will increase. At this 
moment, this is a conjecture which needs a separate study to come up with a defi nite conclusion. Th e plot 
shown in fi gure 2(b) illustrates how Rec and Stc change with H for SWM. Th e top row presents the results for 
higher aspect ratios (0.5 ≤ Ar ≤1.0). Here, Rec is found to increase with increase in blockage. An exception is 
Ar = 0.5. In this case there is no signifi cant change in Rec down to H = 10. In the second row of fi gure 2(b), 
results for lower aspect ratios (0.01 ≤ Ar ≤ 0.375) are shown. Th e relationship between Rec and blockage 
exhibits a non-monotonic pattern. For all Ar, both in the top and bottom row of the fi gure, Rec seems to settle 
beyond H = 50. Th e Stc curve however shows an increase with blockage for all Ar. For TWM (fi gure 2c), Rec

fi rst increases with blockage, reaches a maximum at H = 30, and then decreases. Unlike PWM and SWM, 
the trend for TWM is same for all Ar. Stc for TWM shows a monotonic increase with blockage for all Ar.
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Figure 2: Eff ect of blockage on Rec and Stc for (a) PWM, (b) SWM and (c) TWM for aspect ratio (0.01 ≤ Ar ≤ 1) 
and domain size (10 ≤ H ≤ 100)
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Abstract. It is well established that particles in particle laden fl ows get jammed between walls in 
suffi  ciently narrow rock fractures. Th is jamming, which for proppant particles is called screen-out, is 
assumed to occur abruptly when a certain size-exclusion criterion is matched. In this presentation 
the authors show the results of numerical simulations done with coupled Lattice Boltzmann Method 
and Discrete Element Method, that show no such clear cut-off  for rough fracture geometries. In such 
geometries screen-out occurs smoothly across particle concentrations. Finally the infl uence of particle 
shape is discussed.

Keywords: Computational Fluid Dynamics, Particle laden fl ow, Lattice Boltzmann Method, Discrete Element Method. 

1.  Introduction

Predicting the eff ective permeability of a fracture to particle laden medium, such as a proppant carrying fl uid, 
is integral for the planning of hydraulic fracturing (HF) for non-conventional gas extraction. Th is permeability 
is infl uenced by factors ranging from fracture width, roughness, connectivity and tortuosity of natural and 
induced fractures. Th ese geometrical parameters can vary substantially. Th e size of injected particles can also 
vary by orders of magnitude. Th e resulting variabilities, mean that HF treatments are frequently not repeatable 
which can only be improved with deeper understanding of the transport processes involved.

2.  Methodology

Th is study investigates the relationship between eff ective permeability and particle solid volume fraction , 
via direct numerical simulation. Synthetic rough fracture geometries are generated with parameters based on 
surface scans of real coal fractures and fl uid fl ow is simulated in periodic cells of such a generated geometry. 
Th e lattice Boltzmann method (LBM) is used for the fl uid fl ow and the discrete element method (DEM) is 
used for the solid phase.

For coupling the LBM, the partially saturated cell method (PSM) is used. Th e most common approach 
for such coupling consists of four steps, (i) the particle positions, velocities and radii from the DEM solver 
are sent to the LBM solver, (ii) the LBM solver uses these to add obstacles in the fl uid fl ow, (iii) the LBM 
solver then calculates the hydrodynamic reaction forces acting on the obstacles and sends them to the DEM 
solver, (iv) fi nally, the forces are added to the other forces acting on the particles and integrated in time by 
the DEM solver.

In PSM, coverage ratio from zero to one is calculated in every cell of the LBM that is overlapped by a 
particle and subsequently used to force the velocity of the fl uid to be equal to the particle velocity.

3.  Results and Conclusions

For wide apertures, the behaviour of permeability follows an adjusted cubic-law with viscosity adjusted to 
account for particle saturation. Additionally, permeability decreases with increasing fracture roughness. In 
narrow fractures, however, the permeability is strongly infl uenced by so-called bridging and localised clogging
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of the particles. Nevertheless, no clear cut-off  for screen-out (complete jamming) is observed (see Fig. 1), in 
contrast to the screen-out criteria frequently employed by commercial HF simulation software. Such smooth 
screen-out behaviour suggests diff erent mechanisms, to previously assumed, for the sudden high pressure 
increases observed in some HF operations.

Furthermore, the presentation will show dependence of this behaviour on particle shape for non-spherical 
proppant particles.
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JET-MIXING CONTROL LANDSCAPES REVEALED BY 
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Abstract. Th  is work presents a machine-learned control landscape  for global optimization of jet 
mixing from large-eddy simulations at a Reynolds number of 3000. Th e control is implemented 
via axial and radial periodic forcing at the nozzle exit. Th e resulting search space is explored effi  ciently 
using Bayesian optimization with a deep-learning surrogate. A two-dimensional embedding 
of the database reveals basins of attraction for eff ective control, such as a blooming jet and 
a suboptimal double-helix mode. Th e resulting axisymmetric-helical radial forcing is further 
refi ned and implemented in the experiment.

Keywords: Turbulence, Jet mixing, Active fl ow control, Machine learning, Data mining.

1.  Introduction

 Jet mixing plays a pivotal role in both academic research and engineering applications[1]. Previous stud-
ies have demonstrated control of entrainment and spreading via external excitation at the nozzle exit[2]. 
However, global optimization of general actuation strategies remains costly and largely unexplored. To enable 
systematic exploration of such high-dimensional actuation spaces, the present study considers general periodic 
forcing in time and space at the jet nozzle exit and investigates its potential using machine learning[3] and 
data mining[4]. Th e authors propose a data-effi  cient Bayesian optimization (BO) combined with topological 
analysis to identify robust mixing strategies in a high-dimensional control space.

2.  Confi guration and Methodology
As illustrated in Fig. 1, the actuation imposed at the nozzle exit includes axial uα and radial components uβ 
uγ. Th e forcing commands are defi ned to approximate a general periodic function of time and azimuthal 
angle with up to 22 degrees of freedom, so that the design space can emulate most forcing modes previously 
studied. Th e optimization problem is formulated to maximize mixing in response to the actuation input, 
parameterized by b. To quantify mixing under non-axisymmetric forcing, the authors introduce an equivalent 
mixing radius, Req, defi ned as the normalized streamwise velocity variance at a cross-section 8D downstream of 
the nozzle, where D denotes the nozzle diameter. Th is high-dimensional optimization is addressed using Bayesian 
optimization (BO) with a deep operator network (DeepONet) as the surrogate model. To further understand 
the learning process, the authors also performed a topological data analysis [5] of the resulting database.
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3. Results

Th e achieved control landscape features two pronounced minima, a global minimum corresponding to a 
7-armed blooming jet, and a suboptimal parameter with a double-helix shape that performs comparably. 
A state-of-the-art BO (blue samples in Fig. 1b) converges towards this double-helix solution. Th e learning 
is accelerated and converges to the global optimum by including the DeepONet (red samples in Fig. 1b). 
Intriguingly, many of the less persistent minima also correspond to known actuated jet mixing mechanisms.

Compared with the unforced jet, both the helical and the blooming jet shorten the length of the poten-
tial core substantially from 7.5D to 2D. Th e valley of the mean centerline velocity is located around 6D in 
the downwash, corresponding to the peak of the fl uctuation profi les. Th e reversal fl ow in the blooming jet 
amplifi es the local turbulence intensity and leads to even negative velocity in the centerline. Th e optimized 
control laws show that the radial component dominates the non-axisymmetric forcing mode. Th e optimized 
forcing for the helical jet is a triple-mode that combines the axisymmetric bulk component, a helical and a 
fl apping mode in the periphery. Th e 7-armed blooming jet is produced by a dual-mode forcing with only 
axisymmetric and helical modes. 

In  the subsequent experimental study [6], radial actuation is applied using eight loudspeakers distributed 
around the nozzle lip of a turbulent jet at a Reynolds number of 10,000. Th e forcing command is further 
refi ned and again converges to an axisymmetric-helical mode.

Th is study demonstrates that deep learning-enhanced BO combined with topological analysis enables 
effi  cient discovery and eff ective interpretation of high-dimensional fl ow-control landscapes.
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Figure 1. (a) Setup and method (b) Topological interpretation of the control landscape
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Abstract. A fl ow entrainment module based on single phase water-water injector-diff user systems 
(or jet pump) is tested experimentally to investigate how its entrainment ratio varies depending on the 
injected fl owrate. Th e design allows for a constant entrainment factor over a broad operating range, 
up to thermal-hydraulic conditions encountered in reactor cores. Measurements are compared with 
analytical and numerical predictions. Th ey support the use of numerical tools for the design of future 
jet pump prototypes.

Keywords: General Fluid Dynamics, Jet Pump, Injector-Diff user, Flow Entrainment.

1. Introduction

Single phase jet-pumps are considered to be used in experimental devices to be integrated in the research 
reactor Jules Horowitz (JHR). Th ese systems enable passive coolant circulation within the devices thanks 
to a remote pump, thereby facilitating maintenance. While they are employed in other industries, nuclear 
applications present a specifi c challenge regarding compactness. Th e design of such systems relies mainly on 
simulations, however, validation data for the targeted operating range and specifi c geometries are missing, 
especially for water fl ow at high pressures and temperatures (up to 330°C). Consequently, experimental 
campaigns have been carried out on CORAIL loop, an experimental facility located in CEA Cadarache 
research centre, in parallel to simulations done at NRCN.

2. Experiments

Th e tested fl ow entrainment unit included two injector-nozzle systems, arranged in parallel. It was inte-
grated into a simplifi ed version of a JHR experimental device, which was connected to CORAIL water loop. 
It embarked a full set of sensors to allow measurement of fl owrate, pressure and temperature at several points 
of the circuit and within the device. 

Th e right drawing of Figure 1 illustrates the operating principle and geometry features of a jet pump. 
Primary fl ow (1) (supplied to injectors by CORAIL facility) exits from the injector nozzle at high velocity 
Vn, entraining a fraction of the fl uid (secondary fl ow (2)) circulating within the device, while the rest of it 
is drawn out to be re-injected as primary fl ow. Primary and secondary fl ows are mixed together through the 
throat of the diff user and then circulate in the device, only to be separated again at the secondary inlet (2) of 
the jet pump. Th e operating point of investigated jet pump is defi ned by a momentum balance of the head 
gained in the jet pump and the pressure loss in the device.

For the considered experimental campaigns, more than 50 sets of operating conditions were tested, 
from reactor start-up conditions (30 bar - 50°C) to Pressurized Water Reactor (PWR) core conditions 
(155 bar - 330°C). Water total mass fl ow rate supplied to the injectors was varied from 15 g/s to 45 g/s.
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3.  Modelling

3.1 Analytical model 

An analytical model of a jet pump system based on balances of mass, momentum and energy [1] was used 
to predict the entrainment factor M, defi ned as the ratio of secondary volumetric fl owrate over primary 
volumetric fl owrate (Q2/Q1). To that purpose, it was combined with a hydraulic model of the device circuit, 
built from correlations for minor and major pressure losses taken in reference [2].

3.2. 2D CFD model 

Due to the lack of experimental data on miniature jet-pumps, a benchmark work was done on an existing 
case from the literature [3], selected from dimensional ratios. Th e comparison of results from several RANS 
models (k-ε realizable, k-ω SST, RSM) and wall treatments has led to the choice of the k-ω SST model with 
linear law for the fi nal set of simulations. Eventually, a mesh sensitivity study was done. 

Th e fi ndings of this benchmark were used to estimate the performance of the fl ow entrainment module to 
be tested on CORAIL loop. A CFD model of the jet pumps was built and associated to boundary conditions 
(pressure drop correlation) to take into account the rest of the test section. 

4.  Results

Th e results are summed up on the graph on the left side of Figure 1 (M as a function of Reynolds number Ren

in the injector nozzle). Experimentally, M is found to be nearly constant around 3.9 over the whole operating 
range. Repeatability of measurements was verifi ed. Modelling results match with the values and behaviour 
identifi ed experimentally, giving confi dence in the use of modelling to support the design of alternative jet 
pump prototypes for the diff erent experimental devices of JHR reactor.
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INFLUENCE OF HUMIDITY ON SELF-EXCITED SHOCK 
WAVE OSCILLATIONS IN TRANSONIC PLANAR NOZZLES
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Abstract. Th e paper summarizes an experimental investigation of how inlet air humidity modifi es 
self-excited shock wave oscillations in planar convergent–divergent nozzles operating under transonic, 
over-expanded conditions. Th e focus is placed on changes in dominant oscillation frequency, shock 
and condensation wave dynamics and the underlying feedback mechanism linking humidity-driven 
condensation with shock wave-boundary layer interaction.
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1.  Introduction

Shock wave-boundary layer interaction in internal transonic fl ows can generate strong, self-sustained oscilla-
tions that adversely aff ect aerodynamic performance, noise and structural loading in propulsion and turboma-
chinery components. While this phenomenon has been widely characterized for dry air, much less is known 
about how realistic atmospheric humidity and associated non-equilibrium condensation alter the unsteady 
shock system in nozzles and ducts. Recent works have shown that moist transonic fl ows can undergo addi-
tional instabilities when condensation couples with inviscid pressure waves, suggesting that humidity may 
signifi cantly infl uence both the amplitude and frequency of shock motion [1, 2]. Th e present study addresses 
this gap by systematically varying inlet relative humidity and characterizing the resulting changes in shock 
wave oscillations and condensation wave behavior in planar convergent-divergent nozzles.

Experiments were performed in an open-loop test stand drawing atmospheric air through three planar 
half-nozzles (N1–N3) with identical throat height but diff erent expansion rates, corresponding to varying 
exit area ratios and exit Mach numbers. Nozzles were operated for nozzle pressure ratios NPR = 1.4, 1.6, and 
1.8, and for three inlet air conditions representative of dry, moderate and humid atmospheres, characterized 
by relative humidity levels of approximately 30, 50 and 70%. High-speed Schlieren imaging at 6000 fps was 
synchronized with high-frequency wall-pressure measurements at three axial positions, yielding time-resolved 
information on shock location, condensation structures and pressure oscillations.

2.  Experimental results

Th e measurements confi rm that nozzle geometry and NPR are the primary factors controlling the base 
frequency of shock oscillations but humidity introduces a systematic secondary modulation of unsteady 
dynamics. For each nozzle and fi xed NPR, increasing relative humidity from 30 to 70% produces a measur-
able rise in the dominant shock oscillation frequency, typically of the order of a few percent, indicating that 
condensation eff ects slightly stiff en the feedback loop linking separated boundary layer, subsonic recirculation 
region and upstream shock motion (Fig. 1).
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Th e condensation wave oscillates at a frequency roughly twice that of the downstream normal shock, revealing 
a coupled two-frequency system where phase-change structures modulate but do not fully lock, the primary 
shock motion. Static wall-pressure measurements with low-frequency transducers capture the average stream-
wise position of both shock and condensation waves, while numerical results reproduce the rapid pressure 
rise across the condensation front that is experimentally under-resolved, confi rming the adequacy of the 
implemented condensation model for engineering-level prediction.

3.  Conclusions

Th e study demonstrates that inlet air humidity, though less infl uential than nozzle geometry and NPR, 
exerts a clear and repeatable impact on the frequency and structure of self-excited shock wave oscillations 
in transonic planar nozzles. Increasing relative humidity consistently shifts the dominant shock oscillation 
frequency upward by several percent and introduces a strongly non-stationary condensation wave whose 
oscillation frequency is approximately double that of the main shock.
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Figure 1. Th e coexistence of a condensation wave and a normal shock wave (min and max position) occur 
in the wet air fl ow through the nozzle N1 for NPR = 1.6
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Abstract. Collision effi  ciency between settling cloud droplets is strongly infl uenced by aerodynamic 
and electrostatic interactions, especially in the presence of electric fi elds. Using analytical models 
for hydrodynamic lubrication and electrostatic polarization, we numerically investigate collisions 
of uncharged droplets over a wide parameter space. Th e results show that strong electric fi elds can 
signifi cantly enhance collision effi  ciency, highlighting its importance in cloud microphysical simulations.
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1.  Introduction

Th e growth of small water droplets with radii of 1–30 μm to precipitation sizes in warm (ice-free) clouds is 
governed primarily by their collision and subsequent coalescence rather than by condensation or evaporation. 
Collisions between settling droplets therefore play a central role in rain initiation. Droplet-droplet collisions 
are infl uenced not only by gravity and inertia, but also by mutual aerodynamic and electrostatic interactions; 
when present, external electric fi elds further modify the forces acting on the droplets. Th e interplay among 
these mechanisms leads to complex collision dynamics that are diffi  cult to isolate experimentally and the 
associated technical challenges further limit laboratory investigations [1].

Numerical simulations off er the fl exibility to study such processes under controlled conditions and sev-
eral studies have examined charged cloud droplets settling in air under electric fi elds. However, collisions 
of uncharged droplets have received comparatively little attention [1–3] and existing studies often rely on 
approximate hydrodynamic descriptions. Moreover, only Plumlee and Semonin [3] employed a rigorous 
model for electrostatic interaction [4], with results restricted to a limited set of droplet sizes, fi eld strengths 
and fi eld orientations. Th e present study addresses these limitations by employing exact analytical models for 
both electrostatic and aerodynamic interactions, enabling simulations over a substantially broader parameter 
space. Th is approach allows a systematic assessment of how electric fi elds, droplet size disparity and short-range 
interactions jointly infl uence collision effi  ciency, providing improved physical insight into the microphysical 
processes governing warm-rain initiation.

2.  Results and discussion

Th e left panel of Fig. 1 shows the electrostatic force component acting along the line of centres for an uncharged 
10–5 μm pair of water droplets in a uniform electric fi eld of 10³ V/cm. Th e left vertical axis presents this parallel 
force as a function of the inter-droplet gap (lower axis) for horizontal (green) and vertical (blue) fi eld orientations. 
Th e right vertical axis shows the same force as the fi eld orientation angle ψ (upper axis) varies from 0 to π/2. 
For two neutral conducting droplets in a uniform electric fi eld, the electrostatic interaction can be either attractive 
or repulsive depending on orientation: the force is attractive when the fi eld is mostly aligned with the line of centres 
and becomes repulsive as the orientation approaches a perpendicular confi guration.
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A transverse force component (not shown) acts to rotate the pair into alignment with the fi eld, where 
attraction dominates. Th e right panel of Fig. 1 presents the collision effi  ciency, E12, for four uncharged 
droplet pairs settling in still air under vertical electric fi elds with intensities ranging from 10⁻¹ to 104 V/cm. 
Th e results indicate that weak electric fi elds (E0 ≤ 10 V/cm) do not appreciably aff ect collision effi  ciency. In 
contrast, stronger fi elds substantially enhance E12, in some cases to values well above unity. Th e infl uence of 
the collected (smaller) droplet size becomes increasingly pronounced as fi eld strength increases, with larger 
collected droplets leading to a stronger enhancement of E12 (note the logarithmic scale of the vertical axis).
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Figure 1. Left panel: the parallel component of F12 versus the size of the gap between the pair (lower axis) 
as well as the orientation of the electric fi eld (upper axis). Right panel: E12 vs. the intensity of a vertical 

electric fi eld for uncharged settling droplet pairs of sizes: 10–3 μm (green), 10–5 μm (blue), 
10–7 μm (orange), and 10–9 μm (red)
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Abstract. Multiphase fl ow measurement remains a signifi cant challenge due to complex fl uid dynamics, 
often limiting the eff ectiveness of conventional techniques. Th is paper focuses on modelling multiphase 
fl ow and radiometric probe response using Computational Fluid Dynamics and User-Defi ned Function. 
Th is approach facilitates probe calibration and performance assessment across various fl ow regimes 
without the need for extensive physical experiments. Th e generated signals allow for the determination 
of void fraction and void velocity, serving as a dataset for training Machine Learning models, leading to 
improved prediction accuracy.
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1.  Introduction

Multiphase fl ows occur across diverse industrial sectors, from mining to the chemical industry appearing in 
distillation columns, reactors or pipelines transporting oil, gas or other mixtures. A common denominator 
connecting these industries is accurate fl ow measurement and regime prediction. 

Advances in numerical simulations and computational power have provided tools to predict the behavior 
of mixture fl ow. Ranging from the Volume of Fluid (VOF) method to computationally demanding Eulerian 
models, Computational Fluid Dynamics (CFD) is now widely employed in both industry and academia. 
However, numerical models require validation against experimental data to ensure solution accuracy or to 
tune the models to refl ect the real, measured values.

Multiphase fl ow measurement remains challenging. Available techniques range from positive displacement 
in-line meters to ultrasonic, electromagnetic, and separation-type meters [1]. Another category includes 
gamma-ray spectroscopy meters. Beyond basic fl ow characteristics such as a velocity, integrating these with 
Machine Learning (ML) yields information regarding the average fl ow of the secondary phase, fl ow regime, 
or even the fl uid type [2].

Th e primary objective of this study is to develop a numerical model of the fl ow and radiometric probe 
setup. Air-water fl ow simulations are performed, using the VOF model, specifi cally for plug and plug-bub-
bly fl ows. A custom UDF code model the radiometric probe’s response, allowing comparison of synthetic 
signals, and derived velocities against experimental data. To the best of our knowledge, the simulation of a 
radiometric probe’s behaviour has not been previously reported in the literature.

Th e simulation capability enhances understanding of the radiometric measurement technique. It allows for 
the investigation of various parameters, including the distance between detectors, signal intensity and temporal 
resolution across diff erent fl ow regimes or fl uid types without extensive physical experiments. Furthermore, 
CFD-generated signals can serve as datasets for ML training, limiting the number of physical experiments 
solely to the fi nal validation of the overall phenomenon. Th e datasets produced by this simulation make it 
possible to gather information about the behavior of various fl ows, for example oil and gas, for which laboratory 
tests are diffi  cult to perform. Additionally, a greater variety of boundary conditions can be applied, such as 
velocities that are impossible to achieve in the current experimental rig. Based on these, datasets, the quality 
of the prediction of ML models can be compared to models trained on experimental data for air and water.
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2. Experimental Facility and Numerical Methods

Th e radiometric fl ow measurement setup consists of a gamma-ray source (Am-241), scintillation probes and 
a channel transporting the air-water mixture. Th e operating principle relies on the diff erential absorption of 
gamma radiation which is higher for water than for air. Consequently, when air bubbles pass through the 
measurement section, an increase in the signal intensity is observed. Based on signal analysis, it is possible to 
calculate the secondary phase velocity, void fraction or identify fl ow regime. Details regarding the experimental 
setup and the measurement procedure are described in reference [2]. 

Numerical simulations model the air-water fl ow in a horizontal channel. Various fl ow regimes, including 
plug and plug-bubbly fl ow are evaluated using the VOF model. Th e VOF model can account for two or 
more phases by solving a single set of momentum equations and tracking the volume fraction of individual 
phases through the domain. 

Th e simulation geometry consists of a horizontal pipe with a diameter of 50 mm and a length of  3500 mm. 
Calculations are performed in 3D using a transient solver to reproduce the dynamic phenomena occurring 
in the experimental setup. Th e probe response is modelled using a developed UDF code. Th e radiometric 
signal is analyzed to obtain essential multiphase fl ow parameters.

Figure 1(a) shows an isosurface of the air fraction from transient calculations for a plug fl ow regime. In 
Figure 1(b), the synthetic radiometric probe response from two probes separated by 97 mm is presented for 
time interval 1 s of fl ow time (from 9 s to 10 s). Th e signal was post-processed to match the experimental 
measured data in terms of range, minimum and maximum with experimentally measured data. 
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Abstract. For chemical reactors using random packed beds, fl ow maldistribution from particle layering 
is a key issue. Th is study employs a validated numerical model to demonstrate that introducing regular 
wall corrugation eff ectively disrupts layering and signifi cantly improves fl ow uniformity, as quantifi ed by 
entropy measures and averaged radial velocity profi les.
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1.  Introduction

Randomly packed beds in cylindrical columns are commonly used in chemical reactors, for instance to support 
catalysts or to increase the interfacial contact area between reactants in absorbers. Process effi  ciency is highly 
dependent on the fl ow characteristics within the bed. In particular, a uniform fl ow distribution is generally 
required, as fl ow channeling can lead to undesirable hot-spots or underutilization of the packing material.

Th e geometry of the random packing itself is a primary cause of fl ow maldistribution, even with a uniform 
inlet. Particles packed against a smooth cylindrical wall tend to form ordered, layered structures which create 
long, continuous channels. Th ese channels act as preferential fl ow paths, bypassing signifi cant sections of 
the bed. Recent studies on spherical particles by Marek et al. [1, 2] have demonstrated that this layering can 
be eff ectively mitigated by applying a regular, periodic corrugation to the container wall, with a wavelength 
several times the particle diameter and an amplitude on the scale of the particle radius. Th ese promising 
geometrical fi ndings necessitate an analysis of the resulting fl uid fl ow performance. Th e present work demon-
strates that, fi rstly, the structure of a random packing within a corrugated-wall container can be accurately 
generated using a simplifi ed numerical model and, secondly, that wall corrugation off ers substantial benefi ts 
for fl ow distribution. Th is improvement occurs even in the near-wall region, where a signifi cant void fraction 
peak persists – similar to the fl at-wall case – yet the fl ow penetration into the corrugation troughs is limited.

2.  Methods

Th e geometrical structure of the random packing is generated using a sequential algorithm. In this method, 
each particle introduced into the container is subjected to physical forces (gravity and contact forces) as well 
as an artifi cial radial force to increase the packing density. Detailed validation against experimental data [3] 
confi rms that the algorithm accurately reproduces the global bed void fraction and the oscillatory radial void 
fraction profi le characteristic of particle layering, while being computationally far less demanding than a full 
discrete element method (DEM) simulation.
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Fluid fl ow in the low Reynolds number regime is simulated using an immersed boundary method, 
which allows the analysis of fl ow in complex geometries on a Cartesian grid. Th e solver is validated against 
experimental radial velocity profi les obtained by Magnetic Resonance Imaging (MRI) [4]. Th e close agreement 
between the simulated and measured fl ow velocity profi les, particularly in the near-wall region, confi rms the 
adequacy of the numerical tools for analysing fl ow in random packings.

3.  Sample results

Figure 1 shows the distribution of fl ow velocity magnitude in a sample packing with a corrugated wall, for a 
uniform inlet velocity profi le (inlet plane on the left side of the structure). Direct numerical simulation enables 
the calculation of averaged radial velocity profi les which typically exhibit strong oscillations when particle 
layering is present. For selected wall corrugation parameters, these oscillations are shown to be signifi cantly 
reduced. Th e characteristic velocity peak near the wall is also considerably diminished, despite the radial void 
fraction profi le maintaining a large peak near the wall due to the corrugation troughs. However, these troughs 
are not easily penetrated by the fl ow.

Following the analysis of the bed’s geometrical structure via confi gurational entropy in [1], the uniformity 
of the fl ow fi eld can be similarly quantifi ed using an entropy measure. It is shown that the Shannon entropy 
associated with the velocity fi eld is higher in the corrugated container than in its fl at-wall counterpart. 
Conversely, for certain corrugation parameters that enhance particle layering (geometric resonance [1]), the 
entropy decreases for both the packing geometry and the fl ow distribution.
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Abstract. Fuel cells (FCs) is a promising green energy technology that widely used in cars, buses, 
airplanes, large and small portable units. Uniform operating temperature is an important condition of 
long effi  cient work of FCs. Existing cooling systems cannot provide uniform temperature distribution 
over the cell. Here an effi  cient cooling system as a fractal-type structure with a set of uniformly distributed 
outlets for the coolant outfl ow onto the working FC is proposed. Geometry of the fractal was optimized 
based on the minimum energy loss approach and validated by CFD computations. It was shown, the 
energy loss due to viscous and thermal dissipation was 8% lower while the fl ow and heat uniformity 
were 12% higher compared to the conventional cooling systems. Due to good scalability of the tree-like 
fractals, such systems can be used from macro- to micro- scales.

Keywords: Fluid Flow, Fuel Cell, Fractal Structures, Cooling, Computational Fluid Dynamics, Multicriteria 
Optimization. 

1.  Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) are widely recognized as effi  cient and clean energy conver-
sion devices for transportation and stationary applications. However, thermal management remains a critical 
constraint for both single cells and FC stacks. During operation, a substantial portion of the electrochemical 
energy is converted into heat and insuffi  cient heat removal leads to temperature gradients, membrane dehy-
dration, catalyst degradation and reduced durability [1-2].

Conventional cooling plate confi gurations such as parallel and serpentine suff er from fl ow maldistribution 
and non-uniform temperature fi elds, particularly at higher current densities or larger active areas. Th ese lim-
itations increase entropy generation and pumping power requirements. Fractal tree-like fl ow design inspired 
by natural branching systems, provide improved fl uid distribution with reduced hydraulic resistance. Based 
on the minimum energy loss principles, fractal geometries enable scalable and uniform coolant delivery at 
low pressure drop [3]. Th is study estimates a fractal fl ow-based cooling plate for single PEM FCs and stack 
confi gurations.

2.  Materials and method

2.1. Fractal cooling design

A tree-like fractal cooling geometry was developed using branching laws derived from minimum energy 
dissipation principles [3]. Th e inlet channel bifurcates into successive branches to ensure uniform coolant 
distribution over the active area. Channel dimensions and branching ratios were selected to minimize total 
hydraulic resistance while maintaining equal outlet fl ow distribution. A conventional parallel channel cooling 
plate with identical external dimensions was used as a reference case.
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2.2. Numerical Model and Simulation Setup

A 3D PEM FC model coupled with the cooling plate was implemented. Th e computational domain included 
the cooling channel and solid layers responsible for heat conduction. Heat generation was introduced as a 
volumetric source term corresponding to nominal operating current density.

Numerical simulations were performed using ANSYS Fluent 2022 R2. Th e governing equations solved 
were [4]:
· Continuity equation,
· Momentum equation,
· Energy equation.

Assumptions included steady-state operation, coolant (Air), constant thermo-physical properties.
Boundary conditions were defi ned as follows:

· Coolant inlet: 
o specifi ed velocity: 2 m/s,
o temperature: 15°C.

3.  Results and discussion

Th e fractal cooling confi guration improved thermal uniformity and reduced hydraulic losses compared to 
the conventional parallel channel design:
· Temperature uniformity improved by 12%, with lower peak temperature and reduced hot spots,
· Total energy losses due to viscous dissipation decreased by 8%, indicating improved thermodynamic 

effi  ciency.
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Figure 1. Schematic of the PEM fuel cell structure coupled with the proposed fractal cooling plate confi guration
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Abstract. Many new nuclear power plants designs aim at relying on natural convection phenomena, 
seeking economic competitiveness. To improve RANS approaches in CFD and validate these new 
designs features, the transition from laminar to turbulent fl ow must be understood, and the infl uencing 
parameters studied. In this work, we investigate the time dependence of the transition position during 
relatively long experiments (4 hours). A clear change in transition altitude over time for several initial 
temperatures is observed. 
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1.  Introduction

Th e behavior of the transition from laminar to turbulent fl ow along a heated vertical plate is still in question 
in the literature, especially for Rayleigh number higher than 1014 [1]. Th e Rayleigh number is defi ned as 
follow, . With g the gravitational acceleration (m/s²), β the thermal expansion coeffi  cient 
(1/K), q the thermal fl ux per unit area (W/m2), L the characteristic length (m), ν the kinematic viscosity 
(m²/s) and α: thermal diff usivity (m²/s). 

Th e transition on a vertical plate has been experimentally studied by Vliet [2] and exhibits diff erent 
behavior function of the heating power. In our study, we impose the heating power to investigate the eff ect 
of time and initial water temperature on the transition. In comparison with previous CFD studies in which 
the timescale is under 1 hour, such as [1]. Th e duration of the performed tests was 4 hours to match the 
timescale studied in [3]. Th e theoretical Ra* is of the order of 1015 in our experimental setup (function of 
the initial temperature).

2.  Experimental method

Th e experiment consists of a tank with internal dimensions of 2 m × 1 m × 0.5 m fi lled with distilled water. 
Th e dimensions are shown in Figure 8-(a). Th e tank is insulated with three layers of insulating material on the 
side. Th is gives a theoretical thermal resistance of 6.9 m²·K/W on the side. On the upper face, a perforated 
layer of insulation limits thermal exchange while allowing instrumentation to pass through. At the bottom, 
no specifi c insulation is applied.

Th e heating plate, shown in red on Figure 1-(a) is 1650 mm high. It’s composed of two zones: a heating 
zone of 1490 mm in height and a non-heating zone of 160 mm. Th e heating power per unit of surface is 
7.23 kW/m2 which corresponds to a total power of 5.2 kW.

Th e heating plate is instrumented with 26 Type-T thermocouples, mounted on the surface at a distance 
of less than 1.5 mm from the wall. 20 of these thermocouples are placed on a vertical line in the middle of 
the heating plate starting at 140 mm of the heating plate lower edge and separated of 60 mm each. 6 ther-
mocouples are placed on the side of this vertical line to evaluate the three-dimensional aspect of the natural 
convection taking place in the experiment. Th e thermocouples have a (measured) response time of 0.3 s. 
Th ey were connected to an acquisition system operating at 10 Hz and thermally isolated in a specifi c box to 
minimize temporal drift (measured).
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3.  Results and discussion 

Figure 1-(b) shows the standard deviation of thermocouple readings after 30 minutes (top) and 3 hours (bot-
tom) of the test. Th e use of the standard deviation to detect the transition from laminar to turbulent behavior 
is based on the recognition of changes in fl ow around the sensor in these two regions. In the laminar region, 
a small standard deviation is expected, whereas in the turbulent region, a high standard deviation is expected. 
Th is change in standard deviation is observed in all tests, regardless of the homogeneous initial temperature 
(indicated by the color of the dots), and at diff erent instant during the test. Th e size of the laminar region, 
denoted as llam, decreases with time, implying that the transition occurs lower down the heating plate. Th is 
conclusion is consistent across all tests.

Th ese fi ndings raise questions about the timescale of the tests performed and the temporal behavior of the 
laminar-to-turbulent transition. An analysis of the displacement velocity of the transition and the infl uence 
of the bulk temperature will be the subject of future work and are intended to be presented at the conference.
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 Figure 1: (a) Test section dimension fi lled with water. (b) Transition position displacement
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Abstract. An optimal design of fl ow-based systems for heating or cooling a given area are essential for 
industry, transportation, electronics and domestic use. Th e target design is considered here as a multicriteria 
optimization problem allowing minimal viscous Zh and thermal Zth dissipation, and maximum  fl ow and 
temperature uniformity at a given volume of the system. Geometry of fractal-type fi ns in the nasal ducts 
of Arctic animals is used as primary evolutionary optimal structure for further CFD-based improvements. 
Optimal scaling for the lengths and wid ths of the fractal fi ns and the number of generations have been 
determined. It was shown, both Zhmin& Zthmin and minimum entropy production criteria produce 
similar optimal designs. As it was shown by CFD computations with AnSys Fluent, the optimized design is 
more effi  cient (>10%) and scalable from micro/nano- heaters and coolers to large industrial systems.

Keywords: Fluid Flow, Biomimetics, Fractal Structures, Heating, Cooling, Computational Fluid Dynamics, Multicriteria 
Optimization. 

1.  Introduction

Effi  cient cooling of engines, reactors and other heat-producing equipment as well as heating of the air inside 
the buildings or fl uids in the tanks needs specifi c geometry of the fl uid-fl ow systems (tubes, channels) with 
higher surface/volume ratios. Surface-fi lling and volume-fi lling fractal systems have higher surface area per 
unit length compared to regular structures. Fractal structures are defi ned here as complex, geometric patterns 
exhibiting self-similarity across diff erent scales, from nano/micro to macro. Th e T-type fractal fi ns can be 
found in the nasal ducts of diff erent Arctic animals [1], which demonstrate effi  cient heating of the inhaled air 
from low (up to -30°C) to body (~40°C) temperatures [2] thanks to the principle ‘split&mix’ in the fractal 
structures of the total length L~5–8 cm only [3]. Th is design was chosen for heating fi ns inside the tube/
channel as nature-inspired solution for fast and effi  cient heating of the cold fl uid fl ow through the tube. It is 
also promising for implementation in the face masks for safe inhalation in cold climate and other breathing 
apparatus with low hydraulic Zh and thermal Zth resistivity based on the multicriteria optimization problem 
Zhmin & Zthmin [4].

2.  Materials and method

A set of T-type fractals with n = 4–6 generations were designed as a fi n inside a long circular tube of a radius 
R = 3.5 cm and L = 5 cm. Th e cross-sections of the fi ns of diff erent widths (wi) and lengths (li), i = 1 - n, 
are presented in Fig. 1. In total, 27 diff erent geometries were considered, with both acute and smoothed 
corners. Th e total volume of the fi ns was taken constant Vs = 45% of the tube’s volume, in accordance to 
biological design of Arctic animals [1-3]. Such structures produce suffi  cient ‘heating via splitting & mixing’ 
at a relative low hydraulic resistivity of the fractal fi ns with n > 6 generations.

Numerical computations were carried out with AnSys Fluent 2025 R1. Laminar and turbulent momentum 
equations with heat equation were solved at a wide range of Reynolds numbers Re = 102 - 104. Th e inlet 
velocity and temperature of the fl uid (air) were taken as vf = 1m/s and Tf = -20 °C. Th e wall temperature
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along the tube’s wall and the fractal fi n was taken constant Tw = 90 °C. Th e fl ow and temperature param-
eters were computed, and the thermal inlet length Lth, hydraulic resistivity Zh = Δp/Qf, thermal resistivity 
Zth = ΔT/Qh, where Δp and ΔT are the pressure and temperature drop along the tube, Qf is the fl uid fl ow 
rate, Qh is the heat fl ux and the total entropy Stot generated by the viscous and thermal dissipation were 
computed. All the pairs of the values (Zh, Zth, Lth, Stot) were taken as optimization criteria for Pareto-based 
multicriteria design optimization at the constrain Vs=const.

3.  Results and conclusions

In the nasal ducts of Arctic animals, the fractal fi ns presented in Fig.1 heat the incoming cold air to comfortable 
breathing temperature of ~22–25 °C within a quite short length of the tube L ≤ 5 cm. Th e T-type bifurcations 
of the fi ns split the fl ow into uniformly thin layers which are effi  ciently and fast heated between the branches 
of the i = 2–4 generations. Higher numbers n > 4 produce solid structures with higher hydraulic resistivity and, 
thus, higher viscous dissipation and entropy production. Th erefore, the fi ns with smoothed branches produce 
smaller viscous and thermal dissipation. Since, optimization problem has no unique solution with Pareto 
frontier approach, a set of best designs with similar entropy productions were selected.

Th erefore, the fractal fi ns allow maximisation of the heat transfer at the fl uid-solid interface at very law 
viscous and thermal resistance, high fl ow and temperature uniformity that is important for diff erent appli-
cations from micro/nanofl uidics systems for large industrial heaters/coolers.
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Figure 1. Temperature distribution inside the fl uid fl ow with diff erent fi ns
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Abstract. Th is study presents a machine-learning-driven approach for the design optimization of 
a high-performance natural laminar fl ow (NLF) airfoil for specifi c fl ow conditions. By employing 
deep-learning-based tailored airfoil modes within a surrogate optimization framework, we 
developed an airfoil for intermediate Reynolds number applications. Th is design meets geometric 
and aerodynamic constraints while maximizing aerodynamic effi  ciency. Performance was validated 
across two design points Re = 2 × 106, and 4 × 106, and M = 0.1 and 0.2, respectively, using 
medium-fi delity CFD. Th e results confi rm the eff ective delay of transition onset and the achievement 
of extended laminar runs resulting in aerodynamic effi  ciency improvement.

Keywords: Aerodynamics, Deep Learning, surrogate optimization, Natural Laminar Flow, Airfoil Optimization, 
Computational Fluid Dynamics.

1.  Introduction

Natural Laminar Flow airfoils are crucial for enhancing aerodynamic effi  ciency by minimizing drag, particularly 
in the context of intermediate Reynolds number applications. Achieving extended laminar fl ow over a signifi -
cant portion of the airfoil surface directly translates to reduced fuel consumption and increased endurance. 
Th e design of such airfoils, however, presents a complex optimization challenge due to the sensitive nature 
of laminar-to-turbulent transition and the need to maintain performance across a range of fl ight conditions 
and geometric constraints. Th is study addresses these challenges by developing a robust NLF airfoil using the 
Effi  cient Global Optimization (EGO) framework, integrating a Kriging-based Gaussian Process Regression 
(GPR) surrogate model with XFOIL evaluations. To enhance optimization effi  ciency, the design space is 
defi ned by tailored airfoil modes extracted via Deep Learning. Specifi cally, a Generative Adversarial Network 
(GAN) is employed to generate realistic airfoil samples, while a Convolutional Neural Network (CNN) acts 
as a geometric fi lter to ensure all candidates remain physically consistent and manufacturable. Comprehensive 
CFD analysis has been performed to ensure the reliability and robustness of the resulting design.

2.  Optimization Methodology

Th e objective of this study is to develop a multi-point natural laminar fl ow (NLF) airfoil design that out-
performs a baseline airfoil, FX63-137m, for the desired fl ight conditions envelop. Th e design space encom-
passes 25 design points (DP) defi ned by Reynolds numbers  and Mach numbers 

. Th e optimization is conducted for an angle-of-attack range of , ensur-
ing all solutions satisfy prescribed geometric and aerodynamic constraints.

Th e NLF airfoil optimization utilizes an Effi  cient Global Optimization (EGO) framework which itera-
tively refi nes a Kriging surrogate model by maximizing the Expected Improvement (EI) function. To ensure 
a physically consistent design space, the airfoil is parameterized using tailored modes extracted via a Wasser-
stein GAN (WGAN) trained on the UIUC database. Th e core of this methodology, as detailed in previous 
work [1], is a surrogate-based optimization approach where costly numerical simulations are replaced by
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computationally inexpensive approximation models, such as Kriging model coupled with XFOIL as the 
aerodynamic solver. Th is allows for eff ective exploration of high-dimensional design spaces, mitigating the 
risk of getting trapped in local minima which is often a concern with gradient-based optimization methods.

2.1. Optimization Problem Statement

Th is is a multi-point design optimization that can be defi ned as follows:
· Objective: Maximize the average value of lift/drag (L/D) for the fl ight conditions envelop;
· Variables: Coeffi  cients of airfoil modes (xshape) (15 modes), Re, Ma and α;
· Constraints: Maximum thickness > 18%, trailing edge thickness t = 0.005c (c is the chord length), airfoil 

thickness > 0.07c @ x = 0.75c, transition location on suction side > 0.54c @ DP1 = (Re, Ma) = (2 × 106, 0.1)
and > 0.5c @ DP2 = (Re, Ma) = (4 × 106, 0.2) , and maximum lift coeffi  cient ≥ 1.25 @ Dp1&DP2.

3.  Aerodynamic Performance and Flow Analysis

To ensure the reliability of the XFOIL-based optimization process and aerodynamic performance improvement, 
extensive CFD validation was performed. Th e CFD framework was validated against the natural laminar 
airfoil developed by NASA, NLF-0416, where it showed a good match with their experimental results [2], 
before it was applied to the baseline and optimized airfoils. Th e RANS simulations were performed using the 

 transition model in ANSYS FLUENT with hyperbolic O-mesh and y+ < 1 to properly 
capture the transition region. Th e simulations were performed for the fi rst and last design points (DP1&DP2) 
for the baseline and optimized airfoils.

3.1. Aerodynamic Performance

Th e optimized airfoil exhibits its maximum thickness further downstream relative to the baseline design which 
promotes a downstream shift of the transition location. Th is modifi cation extends the laminar fl ow region, 
thereby reducing drag. Although there is a negligible improvement in the lift coeffi  cient, the transition delay 
achieved on the optimized airfoil resulted in a signifi cant change in drag which in turn improved the lift-
to-drag by around 10–30% in the angle of attack range of interest, α = [0:5], as shown in Figure 1 for DP1.
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Abstract. Th is work experimentally investigates gravity-driven liquid fl ow in a random packed bed of 
smooth spheres confi ned in a cylindrical column, with emphasis on near-wall behavior under localized 
point injection. Spatially resolved outlet measurements are used to assess the infl uence of sinusoidal wall 
corrugation on liquid redistribution away from the wall.
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1.  Introduction

In random packed beds confi ned in cylindrical columns, the container wall promotes structural ordering 
of particles in the near-wall region. Th is confi nement-induced layering, particularly pronounced in beds of 
spheres, leads to oscillations of the local void fraction and preferential fl ow paths adjacent to the wall, resulting 
in fl ow maldistribution in packed-bed devices.

Recent systematic studies by Marek et al. [1, 2] demonstrated that sinusoidal corrugation of the container 
wall can substantially suppress near-wall particle ordering and reduce void-fraction oscillations across a range 
of column-to-particle diameter ratios Dc /Dp. However, these works focused on the packing structure itself 
and the corresponding impact on fl uid fl ow has not yet been addressed.

In the present work, we experimentally investigate gravity-driven liquid fl ow in a random packed bed of 
smooth spheres bounded by a sinusoidally corrugated wall. Th e study focuses on the near-wall region under 
localized, near-wall point injection, aiming to quantify the ability of wall corrugation to promote liquid 
migration away from the wall.

2.  Experiment

Th e research was conducted using the experimental stand shown in Fig. 1a. Th e core of the setup consisted 
of a vertical cylindrical column fi lled with a random packing of smooth, monodisperse glass spheres. Th e 
column-to-particle diameter ratio was fi xed at Dc/Dp ≈ 10, while the packed bed height H was varied between 
1Dc and 4Dc. Liquid fl ow was driven gravitationally and supplied at the top of the bed through a single capil-
lary, positioned in the near-wall region to probe the ability of the liquid to redistribute away from the column 
wall, providing a localised point source of injection. Th e liquid fl ow rate was fi xed at 50 L/h, corresponding 
to a superfi cial velocity of about 0.8 mm/s.

To investigate wall eff ects, measurements were performed in columns diff ering only in the inner wall geometry 
(Fig. 1b): a reference column with a fl at wall and a column with sinusoidal wall corrugation.

Th e corrugation was characterised by a wavelength of the order of 4Dp, applied identically in both the axial 
and circumferential directions, and by an amplitude of approximately 1.1Dp, corresponding to geometrical 
scales previously shown to disrupt near-wall particle ordering [1,2].

After percolating through the packed bed, the liquid exited the column and was collected using a custom-de-
signed outlet collector (Fig. 1c). Th e collector discretised the column cross-section into 32 azimuthal sectors, 
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each connected to an individual vertical measurement tank. Th is confi guration enabled simultaneous, time-inte-
grated quantifi cation of the spatial distribution of the liquid fl ow at the column outlet. Th e sector numbering 
is indicated directly in the contour maps in Fig. 1d, while the grouping into outlet regions (I–VIII) used for 
regional analysis is illustrated in Fig. 1e.

3.  Preliminary results

Figure 1d shows the evolution of the normalized liquid throughput Φ = (V/A)/(V/A)max with increasing bed 
height H for the smooth-wall column, where V is the liquid volume collected in a given outlet sector and A is 
the corresponding collector pocket area. At low bed heights, the liquid throughput is strongly concentrated in 
sectors adjacent to the near-wall injection location, whereas increasing H leads to progressive radial spreading 
and attenuation of the near-wall dominance.

To facilitate quantitative comparison, the outlet cross-section was further subdivided into eight spatial 
regions (I–VIII), as illustrated in Fig. 1e. Th e upper plot presents regionally averaged values Φϔlat for the 
smooth-wall (fl at) column, while the lower plot highlights the eff ect of wall corrugation through the diff erence 
Φcorr − Φfl at, where Φcorr corresponds to the corrugated-wall column.

Th e regional representation reveals that, for the smooth-wall column, the liquid throughput remains 
strongly biased toward regions adjacent to the wall over a wide range of bed heights. Introducing wall cor-
rugation systematically reduces this near-wall dominance and enhances liquid transport in regions farther 
from the wall, as refl ected by positive values of Φcorr − Φfl at in the inner regions. Th is trend indicates that the 
corrugation promotes radial redistribution of the liquid already at moderate bed heights.

Acknowledgments

Th e work funded by the Polish National Science Centre under Grant No. UMO-2023/51/B/ST8/01624.

References

[1] Marek M., Wilczyński M., Durajski A.P., Niegodajew P., Preventing near-wall particles’ ordering in narrow random 
packed beds of spheres, ‘Advanced Powder Technology’ 2025, vol. 36, no. 11.

[2] Marek M., Wilczyński M., Durajski A.P., Niegodajew P., Reducing wall eff ect in random packed beds of spheres through 
corrugation of the container’s wall, ‘Powder Technology’ 2026, vol. 467.

Figure 1. Schematic of the experimental stand (a), column wall geometries: fl at and sinusoidally corrugated (b), 
sectorized outlet collector (c), contour maps of Φ for increasing bed height H/Dc in the smooth-wall column (d), 

and analysis of Φ in eight outlet regions (I–VIII) (e)



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

147
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Abstract. Th e Porous Media Layer (PML) model in the numerical solver is implemented to simulate 
the eff ects of roughness in the mini-channel fl ow. Th e parameters of the porous material are adjusted to 
the geometry of roughness given in the reference. Th e distributions of the fl ow parameters are compared 
with the DNS results to assess the simulation of the interaction of the roughness sublayer and the outer 
layer.  Th e results provide insight into the limitations of the PML model.
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1.  Introduction

Roughness aff ects many technical applications and modelling the real geometry of roughness is challen-
ging due to the scale diff erences between the roughness, and the fl ow domain. Various approaches exist to 
model surface roughness. Yuan and Piomelli [1] studied the roughness sublayer using DNS of a channel fl ow. 
Th e symmetry at the top wall makes the case like the fl ow between two parallel plates. Periodic boundary 
conditions were applied on the side walls and a constant pressure gradient between the front and back surfaces 
was used to drive the fl ow through cyclic transfer of parameters until convergence. Li et al. [2] simulated the 
same case using LES and compared their results with [1].

Fully resolved roughness provides high accuracy but is computationally expensive, while empirical 
wall-function approaches off er effi  ciency at the cost of limited generality. Alternatively, the porous medium 
layer (PML) roughness model represents the rough surface as a thin homogenised porous layer adjacent to 
the wall, introducing the eff ects of roughness through momentum source terms rather than explicit geomet-
ric resolution. Pahlavanzadeh et al. [3] applied the PML roughness model to the analysis of Tesla turbines, 
demonstrating that it captures the eff ect of roughness height on fl ow parameters and turbine effi  ciency.

2.  Simulation case

Th e case study is adopted from the DNS simulation performed in [1]. Th e domain with dimensions of 6h 
x 1h x 3h, where h is half of the channel height respectively in the x, y, z, was discretised. Th e schematic 
showing how the diff erent roughness layer approaches are defi ned is depicted in Fig. 1. Th e developed fl ow 
is driven by the pressure gradient adjusted for the constant mass fl ow. Th e Reynolds number, defi ned with 
half of the channel height and friction velocity, was close to Reτ = 1000. Th e channels with smooth walls and 
with two values of roughness were considered.

Figure 1. Schematics of random roughness, Yuan and Piomelli roughness, and porous layer
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3.  Numerical model and scope of the study

Numerical simulations employed the fi nite volume method to solve the discretised Reynolds-averaged Navi-
er-Stokes (RANS) equations. Th e simulations presented in this study were performed using the k–ω SST 
turbulence model. In the PML method, a porous layer modifi es the resistance to fl uid fl ow, and the momen-
tum term should be amended with respect to porous parameters. 

Inside the porous layer, the porosity may vary, 0 ≤ α < 1, and the resistance term, assuming steady fully 
developed 2-D fl ow in an isotropic porous medium, can be calculated from the Brinkman-Forchheimer-ex-
tended Darcy equation:

     

where K is the permeability, assuming Cf = 0.55 

Th e study begins with the validation of the proposed approach against the results of [1] and [2]. Th e 
analysis continues with the presentation of diff erent distributions of porous parameters along the porous layer 
to evaluate the performance of the model. Th e main objective was to evaluate the limitations of the PML 
model in refl ecting the interaction between the roughness structures and the outer layer.
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Abstract. Th is paper presents a numerical and experimental analysis of fl ow uniformity in a star-type 
manifold designed for liquid distribution. Th e study compares CFD simulations performed in Ansys 
CFX with experimental measurements on a 20-outlet test rig. Th e results indicate that the manifold 
exhibits a neutral characteristic, with fl ow distribution primarily determined by the hydraulic resistance 
of the connected modules rather than the manifold geometry itself.
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1.  Introduction

Th e objective of this study was to analyze the fl ow uniformity in a star-type manifold in a Segmented/Cave 
confi guration, designed to distribute fl uid into 20 outlets arranged in multiple levels. Th e research involved 
both CFD simulations and experimental validation. Th e study progressed from idealized simulations without 
throttling to analysis including hydraulic resistances of the fi ltering modules.

Flow distribution in manifold systems is important in heat exchangers, fuel cells and chemical reactors 
[1]. Star-type manifolds are promising due to their radial symmetry, though practical implementations often 
reveal discrepancies attributed to manufacturing tolerances [2, 3].

2.  Methods

Th e numerical analysis was performed using Ansys CFX with an unstructured mesh of tetrahedral and 
prismatic elements. A mesh independence study (19.9, 34.5, 58.7M elements) led to selection of the 34.5 M 
grid. Th e k-epsilon RNG turbulence model was chosen for better stability. Water fl ow at 25°C was simulated 
with mass fl ow rate at the inlet and atmospheric pressure at the outlets. Module resistance was modeled via 
a porous media approach (permeability 3.50·10⁻¹⁰ m²).

Figure 1: Schematic of the star-type manifold with 20 outlets
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3.  Experimental setup 

Th e test rig comprised the star-manifold feeding 20 throttling modules, powered by a Seepex BN 5-6L pump. 
Flow was measured by weighing at each outlet, inlet pressure was monitored with an Aplisens AS transducer.

4.  Results

4.1 CFD results

Preliminary CFD simulations without throttling showed near-perfect uniformity across all 20 outlets. 
With module resistances included, mass fl ow variations remained below 1%, while the manifold pressure 
drop (~55 Pa) was negligible compared to module resistance (~2 bar).

4.2 Experimental results and module-tolerance eff ect

Experimental results showed fl ow rate variations of 12.6–20.6%. A module-swap test (Module #6 vs. #12) 
confi rmed that non-uniformity was caused by manufacturing tolerances, not manifold geometry. Tests with 
blocked outlets showed the system adapts with a slight inlet pressure increase.

5.  Conclusions

Th e star-type manifold has a neutral hydraulic characteristic; observed experimental variations were caused 
by individual module resistances. Th e numerical model correctly predicts fl ow behavior when accounting 
for these resistances.
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Abstract Th is paper investigates the infl uence of gap confi gurations – specifi cally the number, size 
and spatial positions – on the aerodynamic performance of a disc-gap-band (DGB) parachute. 
Computational Fluid Dynamics (CFD) simulations were performed to analyse fl ow structures and 
drag coeffi  cient variations. Complementary wind tunnel experiments assessed both drag coeffi  cient 
and stability, with stability quantifi ed by return-to-axis time. Th e study highlights a trade-off  between 
drag and stability, showing that the mid-position gap confi guration provides the best compromise – 
minimizing Cd reduction while ensuring faster stabilization than more extreme arrangements.

Keywords: Computational Fluid Dynamics (CFD), Experimental Fluid Mechanics, Aerodynamic optimalization, Drag 
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1.  Introduction

Disc-gap-band (DGB) parachutes are widely used in aerospace due to their stability and high drag coef-
fi cient (Cd) [1]. Th eir performance is sensitive to geometric modifi cations aff ecting fl ow separation and 
wake structure [2]. Th is study evaluates the eff ect of gap number, size and distribution on Cd using CFD 
simulations complemented by wind tunnel experiments to provide much-needed quantitative data for hybrid 
numerical-experimental approaches.

2.  Geometry of the Disc-Gap-Band (DGB) Parachute and Test Confi gurations

2.1. Disc-Gap-Band Parachute Geometry

Th e DGB parachute consists of a central disc, an annular gap, and an outer band (Fig. 1). Seven confi gura-
tions were derived from a baseline geometry [3] to systematically analyze gap eff ects on fl ow dynamics. Table 
1 summarizes the investigated arrangements.

2.2. Gap Defi nition and Investigated Confi gurations

Th e infl uence of the number, size and position of gaps is investigated for seven parachute confi gurations, 
each diff ering in gap arrangement while maintaining identical reference dimensions. Th is allows a systematic 
comparison of gap confi guration eff ects on fl ow dynamics and drag generation. Table 1 summarizes the 
investigated arrangements.

Table 1. Investigated disc-gap-band parachute confi gurations

Confi guration ID Number of Gaps Gap position Gap Width Description

DBG-1 1 Upper Standard Baseline confi guration

DGB-2 1 Middle Standard Single gap – mid position

DGB-3 1 Lower Standard Single gap – lower position

DGB-4 1 Middle Narrow Single gap – reduced width
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DGB-5 1 Middle Wide Single gap – increased width

DGB-6 2 Upper + Lower Standard Double-gap confi guration

DGB-7 3 Upper + Middle + Lower Standard Triple-gap confi guration

3.  Numerical Methodology

Numerical simulations were performed in a domain extending 20 diameters upstream and 50 downstream 
to ensure a fully developed wake [4]. Turbulence was modeled using the k–ω model, chosen for its ability 
to capture fl ow separation and complex wakes. Th e fl uid was assumed Newtonian with constant viscosity at 
ambient conditions (T = 300 K, p = 1 bar). Velocity inlet and outfl ow boundaries were applied, with no-slip 
on parachute surfaces. A mesh independence study confi rmed converged drag coeffi  cient results.

4.  Experimental Methodology

Wind tunnel tests were performed on rigid models of the DGB parachute to correlate numerical predictions 
with physical fl ow behavior. Th e models were tested in a low-speed wind tunnel and the aerodynamic drag force 
was measured using a calibrated force balance across a range of Reynolds numbers. Experimental observations 
show that variations in gap confi guration signifi cantly aff ect force fl uctuations and drag levels. Specifi cally, 
the mid-position gap confi guration (DGB-2) exhibited satisfactory stable behavior – quantifi ed by a reduced 
return-to-axis time – while maintaining high aerodynamic resistance compared to extreme venting arrangements.
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Abstract. Th is research investigates the active suppression of vortex-induced vibrations (VIV) in 
a circular cylinder using a coupled wake-oscillator model. We compare the performance of classical 
PID control with Sliding Mode Control (SMC) to address the inherent nonlinearities of the fl uid-
structure interaction. Th e study evaluates controller effi  cacy across varying fl ow regimes, focusing on the 
stabilization of the wake-oscillator limit cycle and the minimization of control eff ort.
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1.  Introduction

Th is work aims to develop a numerical framework for the real-time suppression of Vortex-Induced Vibra-
tions (VIV) in cylindrical objects. Because VIV signifi cantly degrades system performance and complicates 
bluff -body wake stabilization, it remains the subject of extensive ongoing research [1]. By investigating 
the nonlinear coupling between fl uid wake dynamics and an oscillating body’s response, this study utilizes 
a reduced-order model to streamline the design of feedback control laws.

2.  Model Equations

2.1. Physical Model

Th e dynamics of cross-fl ow VIV for a 1-DOF rigid cylinder is modelled using a semi-empirical wake-oscillator 
framework of the following form [2]:
Structural and fl uid equations

Where is the dimensionless cross-fl ow displacement of cylinder with Y being the dimensional displace-
ment and D the diameter of the cylinder, q is the dimensionless wake variable,  is the reduced damping term, 

 is the reduced angular frequency of the structure, γ is the stall parameter,  is the dimensionless mass ratio, 
 is the Van der Pol coeffi  cient. Th e acceleration coupling model will be used due to its accuracy leading to 

the following form of the coupling terms: . All empirical coeffi  cients will have values assigned 
in consistency with established literature [2].

2.2. Control Algorithms
2.2.1 PID Control

Th e Proportional-Integral-Derivative (PID) Controller [3] is applied to the displacement error  
and it’s control input u is defi ned as:

(1)
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Control objective is to design a control input u(t) such that:

u(t) is introduced as an external forcing term in the structural equation:

Oscillator remains unchanged and is aff ected indirectly through the structural acceleration coupling.

2.2.2. SMC Control

Sliding Mode Control [4] addresses the nonlinearities of the wake dynamics defi ning a sliding surface s in 
the state space: 
where  is a positive convergence gain. Th e control objective is satisfi ed system state reaches and stays on the 
sliding manifold s = 0.

3.  Simulation Methodology

Initial controller prototyping is performed in MATLAB and Simulink using the coupled systems. Th e con-
trollers are fi rst tuned using a fi xed-step Runge-Kutta integrator. Controller parameters are optimized to 
minimize the vibrations. Th e secondary phase consists of results verifi cation by comparing the model results 
with Ansys Fluent simulations done using URANS k-ω SST turbulence model [5]. Th e analysed Reynolds 
number are in range from 10 to 104.
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Abstract. Th is paper focuses on the infl uence of Reynolds number (5.9 × 105, 2.3 × 105) on a fl ow structure, 
an isentropic Mach number distribution, a shock wave position and a boundary layer development on 
the suction side of a compressor stator profi le. Th e eff ects of a shock-boundary layer interaction (SBLI) 
are investigated using numerical and experimental methods. For this purpose, a linear three-profi le test 
section based on a cascade confi guration was designed to reproduce the fl ow representative for a suction 
side of the profi le in cascade.

Keywords: Aerodynamics, Transonic fl ow, Reynolds number eff ects, (SBLI) Shock-boundary layer interaction, 
Compressor cascades, CFD simulation, Experimental validation.

1.  Introduction

Th e development of advanced aero-engine technologies requires systematic increase in effi  ciency and emission 
reduction through the application of higher pressure ratio in transonic compressors. Th ese designs generate 
complex fl ow structures induced by adverse pressure gradients resulting from shock-boundary layer interac-
tion (SBLI) [1]. 

Particularly at low Reynolds numbers, laminar boundary layers upstream of the shock exhibit high sus-
ceptibility to separation, leading to intense turbulence, total pressure losses and may initiate unsteady shock 
oscillations [2], [3]. Th e infl uence of the Reynolds number on the Mach number distribution and a fl ow 
structure on a stator profi le was the subject of numerical and experimental analyses [2]. For this purpose, a 
linear three-blade test section was designed for the IMP PAN transonic wind tunnel (Fig. 1). Th e cascade 
geometry, defi ned by Rolls-Royce Deutschland, was developed to reproduce fl ow structures characteristic 
of full-scale cascade simulations. Th e main objective of the research was a detailed analysis of SBLI mecha-
nisms and their impact on boundary layer development and fl ow separation under varying Reynolds number 
conditions. Th e investigations were conducted for two Reynolds number values representing high-altitude 
cruise and take-off  conditions.

2.  Numerical results and comparison with experiment

Numerical simulations were performed for a compressor stator cascade using the FINE/Turbo Cadence solver 
with a two-equation BSL-EARSM turbulence model, coupled with a laminar-turbulent transition γ–Reθt model. 
Based on the authors experience, this model predicts with a high accuracy the shock-boundary layer interaction 
and separation on the suction side of the stator profi le. A multi-block structured grid with appropriate resolu-
tion in the near-wall region and in the shock wave area was generated in the IGG Cadence, comprising a total 
of 31.7 × 106 grid elements. Computations and experimental investigations were performed for two Reynolds 
numbers: 5.9 × 105 and 2.3 × 105, at transonic inlet conditions consistent with the parameters in the wind tunnel.

Th e Reynolds number was defi ned based on the profi le chord and density which was controlled by the valve 
installed at the inlet to reduce the total pressure upstream the test section, whilst maintaining the target inlet 
Mach number. Numerical computations were validated against dedicated measurements. Th e isentropic Mach 
number distribution was compared with pressure measurements on the stator suction side as well as on the 
upper and lower test section walls. 
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Reynolds number eff ect on the fl ow structure and velocity at selected traverses was investigated and compared 
with measurements upstream and downstream of the three profi les (Laser Doppler Anemometry) and oil 
fl ow visualisation which provided qualitative information about fl ow structure patterns close to the suction 
side and separation regions.

Th e comparison between numerical and experimental results demonstrates correct prediction of the shock 
wave position, Mach number distribution, velocity profi les and size of separation zones, thereby confi rming 
the reliability of the numerical model.
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Abstract. Th e work concerns the aerodynamic analysis of a building quarter in the context of pedestrian 
comfort and urban space ventilation. Numerical studies were performed using the RANS k–epsilon 
method in the ANSYS Fluent environment. A signifi cant impact of the geometric parameters of the 
buildings on wind speeds and average air age was demonstrated, indicating directions for optimising 
the urban layout.

Keywords: Aerodynamics, Computational Fluid Dynamics, Air Pollution, Pedestrian Comfort.

1.  Introduction

Contemporary cities require building designs that minimize the risk of stagnation zones conducive to the accu-
mulation of pollutants, counteract the intensifi cation of the urban heat island eff ect and at the same time do 
not generate dangerously high wind speeds at pedestrian level[1]. Appropriate urban design therefore requires 
a precise analysis of air fl ow, conducted from the perspective of both user comfort and ventilation. Geometric 
parameters can be used to describe the geometry of a building layout[2]. In cooperation with architects, a 
building quarter was developed which is a representative model for this type of construction in Poland. Th e 
aim of the work was to assess wind conditions and identify possible ways to optimize the initial quarter.

2.  Th e subject of the research

Th e proposed building layout was developed after taking into account geometric parameters such as the 
ratio of street width to building height (W/H), fl oor area ratio (FAR), and plot coverage ratio (BCR), which 
determine the local characteristics of air fl ow and the level of ventilation in urban spaces. At the same time, 
it takes into account the legal conditions for design in Poland and was created using software that automat-
ically generates and analyzes various design solutions based on input data such as plot boundaries, building 
boundaries, area and building height. Th e scale of the analyzed geometry corresponds to real-scale buildings 
of height equal to 24 meters.
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3.  Research method and results

Numerical calculations were performed in the ANSYS Fluent environment using the RANS k–epsilon Realizable 
turbulence model. Particular attention was paid to boundary conditions–velocity profi les, turbulent kinetic 
energy and kinetic energy dissipation–as well as roughness, which minimizes the degradation of specifi ed 
profi les along the domain[3]. Th e calculations were supplemented with validation based on wind tunnel 
measurement data provided by the Architectural Institute of Japan which allowed for the assessment of the 
reliability of the results obtained for the analyzed type of development. Two variables were used to assess wind 
conditions. Th e fi rst is the wind speed amplifi cation factor (α), shown of the Figure 1, used mainly to assess 
the risk of excessive gusts which is the ratio of the wind speed at the analyzed height near buildings to the 
wind speed at the same location for undisturbed fl ow. Th e second parameter is the mean age of air (τ), which 
is a measure of the effi  ciency of ventilation and removal of pollutants from the analyzed urban structure. 
It provides information on how long a given air particle ‘lives’ in the analyzed area. In addition, regulations 
and guidelines concerning pedestrian comfort and ventilation used in various countries were analyzed which 
allowed the results to be placed in an international regulatory context. Th e next stage of the research involves 
changes to the geometry of the initial block: varying the height of buildings, manipulating distances from 
neighboring blocks and attempting to plan a so-called ventilation path.

4.  Conclusions

Th e research focused on analyzing aerodynamic conditions in a building block designed based on geometric 
parameters characteristic of selected urban structures in large cities in Poland. Th e results confi rm the need to 
consider aerodynamic issues already at the urban design stage. Th e results of the research can serve as a basis for 
formulating design recommendations concerning the geometry of buildings and the distances between them, 
allowing for the reconciliation of development intensity with the requirements for urban environmental quality.
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Abstract. Th e work addresses the understanding of fl ow complexity around a racing motorcycle while 
cornering, combining telemetry-based boundary conditions, wind tunnel tests and CFD simulations. 
Th e study highlights strong three-dimensionality, asymmetry and curvature eff ects that signifi cantly 
modify aerodynamic forces and moments compared to straight-line motion. Advanced URANS and 
hybrid LES approaches are developed to resolve unsteady fl ow structures and capture mesoscopic vortex 
dynamics that emerge during cornering manoeuvres.

Keywords: Vehicle aerodynamics, Experimental Fluid Mechanics, Computational Fluid Dynamics, Cornering fl ows, 
Telemetry data analysis.

1.  Introduction 

Cornering maneuvers radically change the incoming fl ow direction and eff ective incidence angle along the 
motorcycle length, leading to substantial modifi cations of drag, side force and aerodynamic moments com-
pared to straight-line operation. For high-performance racing motorcycles this has a direct impact on stability, 
balance and tire utilization, making three-dimensional, unsteady fl ow understanding a design-critical issue 
[2, 3, 4]. Th e present contribution builds upon comprehensive experimental and numerical work devoted 
to the analysis of aerodynamic characteristic variations of a racing motorcycle during steady cornering and 
cross-wind conditions [1]. Here we focus on the fl ow-physics perspective: how curvature, lean angle and 
rider posture jointly control the wake structure, pressure distribution and the resulting force-moment system.

2.  Methodology

Investigated scenarios cover straight-line motion, steady cross-wind and steady cornering with varying cur-
vature, referenced to the racing motorcycle Perun with realistic rider geometry. Track telemetry from Poznań 
and Motorland Aragon determines representative combinations of speed, lean angle (approximately 50°) and 
curvature for three cornering radii. From lateral acceleration and GPS data, real path radii and curvatures 
are reconstructed and used to defi ne boundary conditions for simulations. Numerical simulations employ 
a rectangular computational domain with a rotating reference frame to reproduce steady cornering. 
Th e geometry includes three rider-motorcycle confi gurations: upright (φ = 0°), leaned 50° in aerodynamic 
position and leaned 50° with the rider hanging off  and the inner leg extended. Wind-tunnel experiments are 
performed on a 25%-scale simplifi ed model with a six-component balance for straight-line and cross-wind 
cases at Reynolds numbers from 3·10^5 to 1.4·10^6 (full-scale reference).

3.  Results and analysis

Simulation and measurement data confi rm that cornering produces strongly three-dimensional and asymmetric 
fl ow structures with signifi cant wake reorganization compared to straight-line motion. For cross-wind at 
30° yaw, drag coeffi  cient rises by approximately a factor of three, while side force and overturning moment 
increase markedly. In contrast, for steady cornering with a rotating reference frame, a non-intuitive trend
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is observed: drag coeffi  cient decreases as curvature increases, whereas lateral forces and yaw moments tend to 
push the motorcycle out of the turn. Rider position plays a key role in controlling aerodynamic moments. 
Hanging off  with the inner leg extended approximately doubles the yawing moment available for cornering 
initiation compared with the aerodynamic tucked position. Experimental investigation and steady CFD 
simulations of racing motorcycle aerodynamics during cornering reveal rich three-dimensional fl ow physics 
absent from simplifi ed models. Th e counter-intuitive drag reduction with increasing curvature and strong 
dependence of aerodynamic moments on rider position demonstrates the necessity of resolving the complete 
three-dimensional fl ow fi eld. Th e extended URANS employ k–ω SST–SAS formulation, while the hybrid 
RANS–LES simulations use SBES k–ω SST, both capturing mesoscopic-scale vortex dynamics and unsteady 
force fl uctuations emerging during aggressive cornering. A mesh-sensitivity study was performed with grids 
of approximately 50, 100, and 150 million cells, with the highest refi nement concentrated around the 
motorcycle–rider system. Near-wall resolution was enforced at y⁺ ≈ 1 on surfaces using prism cells. A fi xed 
time step was used such that CFL < 20 for ~60% of the cells [5,6]. When combined with validated experi-
mental reference data from wind tunnels and real-world telemetry, these advanced numerical tools will enable 
physics-based design optimization of racing motorcycles and support rider-aerodynamic interaction analysis.
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AERODYNAMIC CHARACTERISTICS OF A LEANING 
RACING MOTORCYCLE UNDER COMBINED SLIP AND LEAN 
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Abstract. Th is study presents an experimental investigation of the aerodynamic behavior of a racing 
motorcycle subjected to combined lean angles and small yaw angles, representative of steady-state cornering. 
Building upon previous tests performed in an upright confi guration, the current work focuses exclusively 
on wind tunnel measurements using a 1:4 scale model equipped with a detailed rider representation. 
Aerodynamic forces, moments and fl ow structures were examined across a range of roll and slip angles. 
Th e goal was to quantify how lean angle infl uences drag, side force and aerodynamic stability under realistic 
cornering conditions.

Keywords: motorcycle aerodynamics, aerodynamics, aerodynamics performance, wind tunnel testing, scale models.

1.  Introduction

Aerodynamic loads during motorcycle cornering diff er substantially from straight-line operation because 
the vehicle operates at signifi cant lean angles and experiences small but non-zero yaw angles arising from 
track curvature and tire slip. Th ese conditions change the eff ective projection of the motorcycle–rider sys-
tem and introduce strong fl ow asymmetries. Building on earlier upright-confi guration measurements, the 
present experimental program focuses on leaned confi gurations combined with small yaw, using a consis-
tent, repeatable protocol suited to low-speed wind-tunnel testing of scaled models. Only a small number of 
experimental studies address motorcycle aerodynamics in leaned and yawed confi gurations, with one of the 
few examples being the wind-tunnel validation work on a scaled speedway motorcycle model [1], whereas 
a far richer body of yaw-focused experiments exists for cars – e.g., Rijns studies on the DRIVAER model [2].

2.  Model

Th e test article is a 1:4 scale model of an electric racing motorcycle developed within Student Association 
for Vehicle Aerodynamics. Th e highly detailed full-scale geometry was adapted for additive manufacturing, 
with simplifi cations limited to fairing thickness, internal components and assembly features. Th e wheels are 
non-rotating in the current campaign. Because the rider’s shape critically aff ects motorcycle aerodynamics, a 
3D scan of the rider in a racing (tucked) posture was used to produce a high-fi delity human model integrated 
with the motorcycle. External surfaces in critical regions (windscreen, upper fairing, shoulder area, tail) were 
smoothed and fi nished to achieve uniform surface quality consistent with scaled testing. Figure 1 shows the 
described model geometry at neutral lean angle.

  Figure 1. Geometry of the tested model
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3.  Methodology

3.1. Wind tunnel and operating conditions

Experiments are conducted in a low-speed wind tunnel at the Faculty of Power and Aeronautical Engineering, 
Warsaw University of Technology. Th e facility features a closed-return circuit with an open test section. 
Th e maximum air speed is 50 m/s, yielding a model Reynolds number of approximately 1×106 for the selected 
reference length. Th e blockage ratio of the motorcycle–rider assembly is about 4%, below the commonly 
recommended 5% threshold for low-speed testing [3]. Ambient conditions (temperature, pressure, humidity) 
are monitored for density correction.

3.2. Test rig

Th e model is mounted on a six-component internal balance located near the model centre of gravity. 
Th e balance was connected to the NI DAQ and LabView environment. A custom angle-setting fi xture enables 
precise and repeatable adjustment of lean (roll) angle and yaw (slip) angle. Th e nominal angle set is: Lean 
(roll): 10°, 20°, 30°, 40°, 50°;  Yaw: 0°, 2°, 4°, 6°. Th e ground plane is stationary (no moving belt) in this 
phase of testing. Th e fork/handlebar assembly is fi xed at neutral steer for all runs.

3.3. Test matrix and sequence

For each lean setting, a yaw sweep is performed at selected tunnel speeds (up to 50 m/s). Additional velocity 
points (e.g., 20/30/40/50 m/s) are included for sensitivity to Reynolds number at representative lean–yaw 
combinations. Th e order of testing is arranged to minimize hysteresis and to maintain stable thermal con-
ditions of the balance.

4.  Scope of results

Th e full results will present:
· Aerodynamic force and moment coeffi  cients as functions of lean and yaw (drag, side force, lift/downforce; 

roll/pitch/yaw moments);
· Uncertainty and repeatability analysis, including sensitivity to Reynolds number within the available 

tunnel envelope.
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Abstract. In the present work, the authors develop a computational framework for high-fi delity direct 
numerical simulations (DNS) and large eddy simulations (LES) of both single-phase and particle-laden 
isotropic turbulence. A new deterministic forcing is developed to control the resolution of both large 
and small fl ow scales, yielding results in excellent agreement with the Kolmogorov theory. To model 
the unresolved turbulence in LES, the authors propose a new spectral eddy-viscosity based on a simple 
diff erential regulator. Unlike the well-established closure which assumes the existence of an infi nite k-5/3 
energy spectrum, the new model accounts for the fi nite resolution of the simulation and promotes the 
development of the inertial subrange. Th e authors extend their pseudo-spectral code to simulate the motion 
of small, heavy inertial particles and demonstrate that the proposed framework signifi cantly enhances the 
predictive capabilities of point-particle LES over a wide range of Stokes and Reynolds numbers.

Keywords: isotropic turbulence, inertial particles, DNS, LES, spectral closure.

1.  Introduction

Dispersed two-phase fl ows with a particulate phase in the form of solid particles, droplets or bubbles consti-
tute a broad class of fl ows relevant to many environmental phenomena and industrial processes. However, 
the turbulent transport of inertial particles remains a major theoretical and computational challenge [1]. 
Th is diffi  culty stems from the intrinsic non-linearity of the problem and from the wide range of spatial and 
temporal scales associated with turbulence and the particulate phase itself. One of the most powerful tools 
for exploring the physics of particle-laden fl ows are direct numerical simulations (DNS), in which the full 
Navier-Stokes equations are solved.

However, the computational cost of DNS still precludes its application to turbulent fl ows at high Reynolds 
numbers. An important alternative are large eddy simulations (LES), where only the large, energy-containing 
fl ow scales are resolved, whereas the eff ect of the unresolved turbulence is often accounted for statistically, 
leading to substantial computational savings. On the other hand, while in single-phase fl ows the conse-
quences of spatial fi ltering can be compensated relatively easily, in dispersed two-phase fl ows the absence of 
small-scale turbulence aff ects inertial particle dynamics and may therefore require more advanced modeling.
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2.  Numerical methods

Th e authors consider an incompressible homogeneous and isotropic turbulence in a triply-periodic cubic box 
of size . Th e fi ltered Navier-Stokes equations are expressed in Fourier space as in [2] to give

where the overline denotes the fi ltered quantity and ve (k, t; kc) is the spectral eddy-viscosity; kc is the cutoff  
wavenumber;  is the projection tensor;  is the Kronecker delta and k = |k|. Th e 
non-linear term in physical space is given by N(x, t) = u(x,t) × ω(x,t) where ω(x,t) is the vorticity fi eld; v is the 
kinematic viscosity of the fl uid;  is an artifi cial force term used to sustain turbulence;  is used to distin-
guish between Fourier and physical space representations. To solve the above equations we use the pseudo-spectral 
approximation with the largest wavenumber limited to ;  is the fl oor function.
For particles much denser than the fl uid, , their motion is governed by

where  is the particle response time; V and a are respectively the particle velocity and radius, 
μ is the dynamic viscosity of the fl uid; g is the gravity.

3.  Results

Th e authors investigated the dynamics of inertial particles in LES at the Taylor-scale Reynolds number 
. As shown on Fig. 1 the instantaneous particle locations in LES (bottom panels) closely correspond 

to those from DNS (top panels). Th e authors argue that the proposed LES can predict certain large-scale 
phenomena, e.g., the clustering at length scales larger than η [3]. 
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Abstract. Th e performance parameters of supersonic ejectors are strongly infl uenced by the mixing 
behaviour of the primary stream and the entrained secondary stream. Introducing chevrons at the nozzle 
exit is a passive method for enhancing mixing in a free jet by generating axial vortices. Th e present 
study investigates the eff ect of chevrons and their geometry on the performance of a supersonic ejector, 
particularly its entrainment ratio. Th e infl uence of chevrons on jet development and mixing in the 
free jet is studied using visualisation techniques. Parametric studies on ejectors with chevron nozzles are 
conducted to obtain performance parameters. Full experimental results will be presented at the conference.

Keywords: Experimental Fluid Mechanics, Ejectors, Chevron Nozzles, Supersonic Jets, Flow Visualisation.

1.  Introduction

Supersonic ejectors are simple mechanical devices that operate on the principle of momentum and energy 
exchange between a driving fl uid (primary stream) and a driven fl uid (secondary stream). High-pressure 
primary fl uid is allowed to expand through a supersonic nozzle. Th e expanded stream facilitates the entrainment 
of the secondary stream through momentum exchange. Th is entrainment process is controlled by shear-layer 
growth, jet spreading and mixing of the expanded jet, and shock interaction in the mixing chamber. Th erefore, 
any modifi cations that improve jet mixing can enhance ejector performance.

Chevrons are V-shaped elements used in designs. Introducing chevrons at the trailing edge of the nozzles 
generates streamwise vortices at the exit plane, increasing the eff ective jet diameter and thereby promot-
ing mixing. While extensively studied in acoustics noise reduction [1,2], their impact on infl uencing the 
entrainment behaviour in ejectors has been underexplored, except for a few recent numerical studies [3,4].

Th e present study primarily aims to explore this gap in the research by focusing on conducting exper-
imental investigations to understand how modifi ed nozzles with chevrons infl uence free-jet mixing and the 
entrainment behaviour of an ejector when a chevron nozzle is employed as its primary nozzle.

2.  Experimental Methodology

Convergent-divergent nozzles with a throat diameter of 2 mm and an exit diameter of 3 mm are used as the 
primary nozzle, yielding an NPR of approximately 8. Chevrons are introduced at the nozzle exit, with chevron 
counts ranging from 3 to 5. Th e length of the chevron, l, is varied so that the ratio (l/ de) takes the value of 1 and 
1.5, where de represents the exit diameter of the nozzle. Two penetration angles of 0º and 2.5° are considered 
to investigate the infl uence of penetration angle on ejector entrainment and jet mixing.

Th e expanded supersonic free jet is visually studied using the schlieren visualisation technique. Th e density 
gradients in the supersonic fl ow are captured, yielding insights into shear layer development and shock structures.

Th e ejector experiments are carried out using the same chevron nozzles. Th e primary stagnation pressure 
is maintained between 2 bar and 5 bar, and a vacuum is maintained in the secondary stream using a vacuum 
chamber. Th e ejector back pressure is regulated to determine the ejector’s operating range. Th e primary and 
secondary mass fl ow rates are measured using calibrated rotameters and pressure measurements.
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3.  Governing Equations

Th e entrainment ratio (ω) for an ejector is defi ned as

where, s and p refers to the secondary and primary fl ow rates respectively.
Th e introduction of chevron geometries at the nozzle exit generates streamwise vortices along the expanded 

jet, increasing the eff ective jet perimeter and thereby accelerating shear-layer growth and entrainment. Th ese 
observations of chevrons in free jets, when applied to ejectors, are expected to increase the entrainment of 
the secondary fl uid without causing excessive pressure losses.

4.  Preliminary Observations and Discussion

Preliminary observations from the experimental trials suggest an enhancement of the entrainment ratio for 
the ejectors with their primary nozzles having chevrons similar to the conclusions reported in [3] and [4]. 
Th is enhancement in the entrainment ratio can be attributed to improved jet mixing resulting from the higher 
shear-layer growth rate. Further experiments are needed to study the eff ect of the chevron geometry on the 
ejector entrainment ratio.

Th e fl ow visualisation study is expected to reveal the increased jet spreading and an earlier breakdown of the 
potential core of the expanding jet by the vortices generated by the chevrons. Simultaneous analysis of these 
data, along with observations of ejector performance, can provide deeper insight into the physics underlying 
ejector entrainment.

5.  Conclusions

An experimental study of chevron-induced mixing and its infl uence on ejector entrainment performance 
has been outlined. Th e experimental study involves measuring the entrainment performance of ejectors 
and visualising the free-jet expansion from conventional and modifi ed nozzles. A qualitative and quantitative 
relationship between shear-layer growth and entrainment enhancement in the free-expanded jet and the ejector 
is developed from these experiments. Th e results and observations of the experiments on the entrainment 
ratio and mixing enhancement will be presented at the XXVII Fluid Mechanics Conference (FMC 2026).
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MESOSCOPIC OSCILLATIONS OF TRIPLE LINE 
IN CAPILLARY FLOWS
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Abstract. Th is work focuses on mesoscopic oscillations of the triple line in capillary tubes, bridging 
microscopic and macroscopic scales. Dynamic contact angle measurements reveal stick-slip behavior 
and interface oscillations at high contact line velocities. Advanced interface tracking enables detection 
of macro- and mesoscopic boundary transitions. Th e study validates and extends the Kistler model 
for water-air-glass systems, showing discontinuities at Re > 400 and demonstrating the necessity of 
replacing static contact angles with advancing angles in velocity-dependent contact angle models.

Keywords: Multi-phase Flows, Contact angle, Micro-fl ows, Experimental Fluid Mechanics. 

1.  Introduction

Understanding triple line dynamics remains critical for accurate numerical modeling of wetting phenomena 
in technological applications from microfl uidics to coating processes. Current dynamic contact angle mod-
els, such as Kistler’s and Shikhmurzaev’s equations, rely on capillary number Ca dependencies and assume 
quasi-static conditions [2,3,5]. However, at elevated velocities in highly inertial fl ows, these models become 
insuffi  cient [1]. Th is work addresses gaps in describing contact angle behavior at high Reynolds numbers 
and in time-dependent fl ow regimes, focusing on mesoscopic oscillations of the triple line in capillary tubes. 
Triple line dynamics span molecular (~50 nm), mesoscopic and macroscopic (~1 mm) scales. Viscous forces 
induce interface bending, causing apparent dynamic contact angle Өd  changes diff ering from static values 
Ө0. At high velocities, inertial eff ects become comparable to surface tension forces. Stick-slip behavior and 
contact line oscillations emerge at specifi c conditions, indicating transitions between wetting regimes [4,5].

2.  Experimental methodology

High-speed imaging with optical magnifi cation up to 8× captures interface dynamics at spatial resolutions of 
~0.5 μm per pixel. Glass capillary tubes with water and glycerol enable systematic variation of capillary number 
( from 10–5 to 10–2) and Reynolds number ( from 1 to 500). Four contact angle 
measurement methods are employed: (1) polynomial fi tting, (2) wall extrapolation, (3) fi xed-distance mea-
surement and (4) Hoff man method based on curvature fi tting (Fig. 1).

3.  Results and analysis
Experimental results reveal distinct oscillatory patterns at intermediate contact line velocities. For glycerol 
fl ow with , stick-slip behavior manifests as periodic jumps and halts accompanied by dynamic 
contact angle fl uctuations (Fig. 1). Oscillations are most pronounced in wall-proximate measurements 
(Methods 1–2), while the Hoff man method exhibits relative stability. Th is suggests mesoscopic interfacial 
deformations temporarily overcome adhesion forces, allowing rapid contact line advancement until surface 
tension restores equilibrium, a critical transition regime where neither purely viscous nor inertial descriptions 
suffi  ce. Surface roughness infl uence: Th e observed stick-slip may be infl uenced by glass surface roughness at 
nanometer-micrometer scales. Surface heterogeneities act as pinning sites, creating energy barriers during triple
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line motion. While present capillaries exhibit optical-grade smoothness (RMS < 10 nm), local defects may 
contribute to periodic transitions at .

Contact angle measurements at diff erent magnifi cations reveal signifi cant discrepancies between macro-
scopic apparent angle (Өap) and microscopic values (Өm) measured within 3% of tube diameter from the wall. 
High-resolution recordings confi rm that proper spatial resolution is essential for capturing oscillatory behavior 
Ca ≲ 10–2. Water fl ow analysis reveals exponential contact angle dependence on Re number, with notable dis-
continuity near Re ≈ 10 and fl ow instability at Re > 10 where the interface becomes severely blurred. Th is is the 
fi rst experimental confi rmation of instability predicted numerically by Spelt [6] for capillary fl ows at elevated 
inertial conditions. For Re > 400 accurate contact angle determination becomes impossible due to interface 
fragmentation, suggesting mesoscopic oscillations evolve into larger-scale instabilities at very high velocities.

Experimental validation of the Kistler model for water-air-glass interfaces reveals reasonable predictions at 
low-to-intermediate Ca numbers but systematic deviations emerge at higher velocities. Model performance 
improves when static equilibrium contact angle is replaced by advancing angle Өadv rather than receding angle. 
Th e observed stick-slip behavior and mesoscopic oscillations are not described by existing continuum-level models, 
indicating the necessity for theoretical development incorporating time-dependent and oscillatory components.
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Figure 1. Changes of contact angle in time.  (glycerol)
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PRE-, NEAR-, AND POST-RESONANCE REGIMES 
OF SHEAR-THICKENING FLUIDS: DISTINCT 
DYNAMIC RESPONSES
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Abstract. Shear-thickening fl uids (STFs) can strongly increase viscosity and generate resistance under 
dynamic loading. We investigate an STF in a mass–spring oscillator excited by an unbalanced rotor with 
a continuously increasing frequency. Measured displacement, rotor speed and STF force reveal three 
regimes: negligible action in pre-resonance, strong damping near resonance, and intermittent impact-like 
peaks in post-resonance.
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1.  Introduction

Shear-thickening fl uids (STFs) become more viscous under shear stress [1], which makes them useful for many 
engineering and scientifi c applications, including passive damping concepts [2]. However, their normal-force 
responses during excitation frequency sweeps is still unclear. Th erefore, a STF-fi lled oscillator under harmonic 
excitation with continuously increasing frequency is studied and compared with an STF-free baseline. Th e 
analysis follows the experimental methodology and parameter identifi cation reported in [3], with emphasis 
on the transient regime transitions during a single sweep.

2.  Experimental setup and procedure

An unbalanced rotor excites a vibrating plate submerged in an STF container, forming an eff ective 
mass-spring oscillator (Figure 1). Rotor speed is obtained from the motor encoder, displacement is measured 
on the moving trolley by a Hall sensor, and the STF reaction force is recorded by strain-gauge sensors mounted 
under the container base. Th e baseline oscillator parameters are identifi ed from STF-free tests (empty con-
tainer, no fl uid). In this study one STF formulation is used.

3.  Results

Th e sweep response shows three regimes. In pre-resonance, the STF force is negligible; near resonance, the 
STF strongly damps the motion and reduces amplitudes; in post-resonance, intermittent impact-like force 
peaks appear. Th is observation can be interpreted, for example, as a combination of low excitation and 
a liquid-like STF response at low shear (before the liquid-solid transition), but this is only an interpretation.
Figure 2 illustrates representative measurements.

Figure 1. Schematic of the oscillator test rig
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4.  Discussion and implications

Th e force history shows that STF engagement is negligible in pre-resonance, becomes signifi cant near 
resonance, and turns intermittent in post-resonance, producing large bursts. Th is behaviour explains why 
displacement suppression is most pronounced around the critical band; in representative sweeps the peak 
drops from about 0.04 m without STF to about 0.01 m with STF. Th e intermittent post-resonance bursts 
indicate a potential increase in irregular force transmission outside resonance.

5.  Conclusions

STFs can eff ectively suppress resonance during a frequency sweep, but may introduce irregular post-
resonance force peaks. Th ese regimes should be considered when designing STF-based structures. Th ese 
fi ndings summarise and extend the sweep-based observations reported in [3]. Further procedure details, 
additional results, and extended discussion will be presented during the conference talk.
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Figure 2. Representative sweep results: (left) maximum displacement versus excitation frequency, (right) excitation 
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EXPERIMENTAL STUDY OF LEFT-TILTED WAVY WALL FOR 
TURBULENT SEPARATION CONTROL
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Abstract. Th e study presents the results of an experimental analysis of the impact of tilted-wavy-wall 
geometry on near wall fl ow subjected to an adverse pressure gradient (APG). It has been confi rmed that the 
use of such geometry reduces the separation of the turbulent boundary layer, thereby reducing fl ow losses.
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1.  Introduction

Th e energy effi  ciency of aerodynamic systems, such as an airplane wing, is fundamentally determined by 
the behavior of the near-wall fl ow, where an adverse pressure gradient (APG) on the suction side of a profi le 
promotes turbulent boundary layer (TBL) separation.

Early experiments by Dróżdż et al. [1] at a friction Reynolds number Reτ ≈ 4000 demonstrated that 
carefully tuning the amplitude (A) and wavelength (λ) of a two-dimensional sinusoidal waviness (WW) on a 
wall surface increases small-scale sweeping motions, in a mechanism similar to amplitude modulation which 
is responsible for increasing τw downstream of the corrugation and delaying separation. Subsequent Large 
Eddy Simulation (LES) work by Kamiński et al. [2] showed that tilting the sinusoid shape to the left causes 
a substantial increase in τw compared to the non-tilted case.

Th e primary objective of this experimental study is to quantify the infl uence of this tilted geometry on 
τw, thereby evaluating its true potential for energy-saving fl ow control under strong APG conditions.

2.  Experimental methodology

Th e research was conducted in a modular wind tunnel at Czestochowa University of Technology, designed for 
wind-turbine blade surfaces studies under realistic atmospheric conditions. Constant-temperature anemometry 
(CTA) was employed to characterize the turbulent boundary layer using a DANTEC StreamlinePro hot-
wire system operated at an overheating ratio of 0.8. Mean velocity profi les and turbulence fl uctuations were 
measured with single hot-wire probes of nondimensional length l+<15. Inlet conditions were maintained 
at Ue,in ≈ 14.5 m/s, corresponding to a friction Reynolds number Reτ ≈ 3100, that is higher than in the 
numerical studies by Kamiński et al. [2].

In the present work, maintaining a constant A/δ ratio and λ = 0.135 m three surface confi gurations were 
tested, i.e. smooth wall (Case A), serving as the baseline and simulating the original NACA 4412 suction-side contour, 
the original symmetric sinusoidal wavy wall section 540 mm long, four periods of λ = 0.135 m (Case B) and the 
left-tilted wavy wall with the same amplitude and wavelength as the symmetric case, inclined according to 
the geometry used by Kamiński et al. in their Large Eddy Simulation [2] (Case C).
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3.  Results and discussion

It was demonstrated that wavy surface geometries can substantially enhance the near-wall velocity which 
shifts the separation point downstream and counteract turbulent boundary-layer separation. Among the 
confi gurations examined, i.e. Cases A, B, and C, the left-tilted wavy wall (Case C) exhibits the strongest eff ect 
(the highest increase of the local skin friction coeffi  cient) which is in clear agreement with LES predictions 
previously obtained by Kamiński et al.[2].

Figure 2.a) illustrates the distribution of the local skin-friction coeffi  cient (cf) along the entire measurement 
section. A consistent increase in (cf) for the left-tilted wavy wall (opened triangles), relative to the sinusoidal 
confi guration, is observed as the distance from the inlet increases. Th e most pronounced diff erence occurs 
at the fi nal measurement location, i.e., x = 1200 mm. For this reason, the detailed velocity and the velocity 
variance profi les are shown in Figure 2.b). Th e data indicates that the increase in shear stress is caused by a 
sharp jump in energy near the wall.

At the upcoming conference, the authors will present additional results and a more detailed discussion 
covering traverses from x = 900 mm to 1200 mm to verify conclusively whether the left-tilted waviness 
indeed represents the optimal geometry.
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MULTIPHASE MODELLING OF VACUUM INSULATED 
TES CHARGING PROCESS
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Abstract. Th e research presented herein consists of an experimentally validated numerical model 
utilising the multiphase Volume of Fluid method. Th e model facilitates the quantifi cation of transport 
phenomena and fl uid-thermal coupling variables. Furthermore, the effi  cacy of the proposed model is 
substantiated through comparison with a model that does not employ the VoF method.
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1.  Introduction

Th e European energy system is undergoing rapid transformation, bringing with it a number of critical 
challenges. Among the most pressing are the intermittency associated with renewable energy generation and 
limitations in power grid capacity. Electrical energy storage systems are often proposed as a remedy; how-
ever, they address only part of the problem. Combined heat and power production remains a cornerstone of 
national energy infrastructures. A fully electrifi ed energy system would necessitate the electrifi cation of all 
heat generation, which in turn would demand an unprecedented expansion of the electricity grid. Such an 
undertaking is currently impractical. Consequently, the energy transition calls for a balanced and carefully 
considered adjustment of current strategies. One such adjustment is the integration of thermal energy storage 
technologies. In particular, latent heat storage based on phase-change materials (PCM) represents a promising 
solution, especially for urban environments.

Numerical analyses have been validated against experimental results so as to quantify transport phenomena 
and thermal coupling variables. Th ese simulations were performed using two otherwise identical models, 
diff ering only in the employment of the VoF method. 

2.  Vacuum chamber effi  cacy

In addition to the multiphase investigation, the presented research also aims to quantify the effi  cacy of vac-
uum insulation by way of conducting separate simulations for diff erent pressure values. Th is information 
will be presented alongside the experimental data which quantifi es the energy supplied to the vacuum pump. 
Analyses of insulation methods and confi gurations are essential for optimizing TES systems, as they directly 
govern heat losses and therefore overall effi  ciency. Minimising dissipation and extending storage duration is 
crucial for this type of system. 

Th is aims to determine the energy effi  ciency, and therefore commercial viability of utilising vacuum insula-
tion. Th e numerical model will elucidate the underlying thermodynamic and physical mechanisms governing 
fl uid fl ow within the vacuum chamber as well as the liquid PCM. Th is will also allow the delineation of any 
discrepancies between the numerical and experimental evaluations.

Experimental investigations were conducted for a low-temperature PCM (melting point circa 335K), which 
was validated by way of a simple numerical model. Th is was later appended to accommodate for an air-fi lled 
section at the top, due to the thermal expansion of the PCM. Th is measure was implemented to alleviate 
the pressure that would otherwise accumulate in this domain. Th e numerical calculations were subsequently 
carried out for materials with more favourable thermal parameters, as well as a high-temperature PCM,
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in order to ascertain the moment in which vacuum insulation began being economically viable. Th e model 
was designed as shown below in fi gure 1:

3.  Equations and mathematics

Th e model was based on a study by Rożek [1]. Th e governing equations consist of energy (1) and 
momentum (2) conservation. A key diff erence in the PCM/air domain is the appending of these 
equations to average the volumetric proportions within its domain.

Th e numerical model was confi gured with a periodic boundary oscillating every ninety degrees. 
Th e interior radius of the PCM module was 14 mm, and the exterior radius was 34 mm. Th e heat 
transfer fl uid fl ow was oriented counter to the gravitational vector as a means of inducing buoyancy
-driven convection, thereby accelerating the melting rate.

Th is confi guration allowed the model to capture the coupled eff ects of natural convection and phase change 
within the PCM domain, while also allowing for thermal expansion to occur. Th is allowed the infl uence of 
temperature-dependent thermal expansion on the system’s thermal behaviour to be examined and compared 
across the diff erent modelling approaches.
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INFLUENCE OF TURBULENCE ON THE FLOW BEHAVIOR 
OF PROPELLER BLADE GEOMETRIES
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Abstract. Th e study examines how turbulence aff ects the aerodynamic performance of a high-performance 
rotor designed to increase thrust and load capacity in UAVs. Turbulence-induced stall reduces rotor 
effi  ciency at high Reynolds numbers, yet propeller design is still largely empirical and based on simplifi ed 
models. Conventional two-equation turbulence models often lack accuracy for rotating fl ows. To address 
this, a Smagorinsky LES approach was implemented in ANSYS CFX to vary operating conditions and 
capture turbulence and stall behavior along the blade in detail. Th e virtual test bench also integrates 
a UAV model to assess fl ight performance relative to rotor geometry. Th is method enables more effi  cient 
and sustainable UAV propulsion development and provides a fully digital workfl ow for future rotor and 
UAV design research.

Keywords: turbulence model, propeller, drone design, fl uid fl ow, blade design, optimization, UAV, Large Eddy Simulation, 
Smagorinsky model, stall eff ect.

1.  Introduction

Selecting the right turbulence model is crucial for CFD-based propeller optimization. Two-equation RANS 
models can misrepresent fl ow physics and overestimate accuracy by up to 60%. Th ey smooth transient 
fl uctuations into a steady eddy-viscosity fi eld eff ectively thickening the fl ow without direction. In contrast, LES 
resolves unsteady turbulent structures instead of averaging them and provide a more physically representation 
and detachment along a blade. [1] Th e Smagorinsky LES resolves large, energy-containing turbulent eddies 
in space and time, allowing it to capture fl ow separation, vortex shedding, and shear-layer instabilities as 
transient phenomena. [2] Th is yields to more realistic predictions especially in wake-dominated regions and 
swirling fl ows around blades. It also explains stall and reduced thrust or lift force for UAV. We present results 
to be compared with further experimental studies. [3]

2.  Model Equations for Large Eddy Simulation (LES)

Transient eff ects are central to the problem the temporal evolution of turbulent structures. Th e time-resolved 
nature of LES allows the simulation to produce turbulence fi elds that represent averages over time rather than 
instantaneous fl ow states. LES provides not only more realistic instantaneous fi elds but also more accurate 
transient statistics such as time histories, fl uctuations of velocities and energy spectra. [2] An additional 
sub-grid scale stress tensor  is added to the Navier-Stokes-Equations and the Boussinesq hypothesis [4] 
leads to the solution of the sub-grid tensor

Th e Smagorinsky model defi nes the SGS eddy-viscosity  [1]. Based on this, the model is often consid-
ered as more accurate in resolution of unsteady turbulence. It requires fi ner spatial and temporal resolution.

(1)

(2)
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It uses a subgrid-scale viscosity spatially fi ltered incompressible formulation. [5] Here the model is a wall-re-
solved LES approach, not a wall-modeled LES, so SGS viscosity must drop to zero near the walls.

3.  Interpretation of LES Simulation Results

Here we use tetrahedral meshes with approx. 1,000,000 cells for the blade as in Chang. [6] Figure 1 
shows vortex core region and pressure fi elds. Boundary velocity is 25 [m/s] lead to Re = 13653.74 
[-] as recommended by Zhang. [7] Results can be seen for diff erent time-steps (dt=0.0003 [s] and 
0.0009 [s]; Cs = 0.1). A swirl at the end can be visualized. Higher pressure zones at the blade lead to 
lower lift-forces (approx. 35 [N]). Vortex cores off er a consistent way to analyze vortex-dominated 
fl ows by large, energy-carrying turbulent structures.

With LES, a wide range of fl ow quantities such as vorticity, Q- and λ₂-criteria, helicity, turbulent kinetic 
energy, strain rate, pressure fl uctuations, and the vortex core can be described. Together, these metrics enable 
precise characterization of tip vortices, separation-driven structures, vortex shedding, shear-layer instabilities, 
and wake topology. Th ey improve understanding of aerodynamic limits, stall, and unsteady eff ects at rotors 
of UAV.
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Figure 1. Vortex core region around a test blade at Reynolds number Re = 13653.74 and pressure 
distribution for diff erent timesteps
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INVESTIGATION OF FLUID FLOW IN THE EJECTOR 
NOZZLE DURING EJECTOR DEEP HOLE DRILLING 
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Abstract. Ejector deep hole drilling utilizes the Venturi principle for machining high quality bores 
in resource effi  cient manner. Metal working fl uid (MWF) fl ow characteristics in the ejector nozzle 
of the system strongly infl uence the process effi  ciency. In this work, the application of the Smoothed 
Particle Hydrodynamics (SPH) method to investigate the MWF fl ow in the ejector nozzle is presented. 
Th e applied SPH method which is highly suitable for transient fl ows with moving boundaries, is then 
validated using experimental tests. 

Keywords: Computational Fluid Dynamics, Smoothed Particle Hydrodynamics (SPH), Ejector Deep Hole 
Drilling, Ejector Nozzle.

1.  Introduction

Ejector deep hole drilling (EDHD) is used for machining high quality bore holes with large length-to-diam-
eter ratios [1]. Metal working fl uid (MWF) supply in the system signifi cantly determines the chip evacua-
tion from the cutting zone and process reliability [2]. As depicted in Figure 1, MWF supplied in EDHD is 
divided into two parts at the supply inlet. Although the volume fl ow distribution depends exclusively on the 
tool design, it is discharged according to a fi xed ratio. Here, 38.1% of the necessary total supplied fl ow   
is guided through the annular channel between the two bars up to the drill head where it emerges through 
bores. Th e MWF then fl ows around the cutting zone and fl ushes away the chips formed during drilling via 
the inner tube. Th e remaining 61.9% of  fl ows through the slits in the inner tube, also known as ejector 
nozzles and is discharged straight out of the system. Th is generates a reduction in the pressure in the inner 
tube and the chip mouth based on the Venturi principle. Th is phenomenon, which is known as the ejector 
eff ect, supports the chip-lubricant mixture fl ow in the inner tube and prevents the MWF leakage to the 
outside of the borehole, thus, enabling a stable drilling process. 

Supply of MWF under high pressure to remove the generated metal chips from the cutting zone often 
demands higher energy consumption in the industrial machining centers. Th e energy demand of EDHD 
can be reduced through improved hydraulic effi  ciency of the ejector nozzle [3]. Th erefore, understanding the 
fl ow conditions in the ejector nozzle using numerical methods such as the Smoothed Particle Hydrodynamics 
(SPH) approach is vital to improve the process effi  ciency.
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2.  Numerical method and simulation model

Th e meshless Lagrangian SPH method is used to evaluate the fl uid fl ow conditions around the ejector nozzle. 
Here, an approximation of the Navier-Stokes equation is obtained by discretizing the continuum medium with 
a set of interpolation points, called particles, that move along with the fl uid fl ow. Due to the Lagrangian nature, 
SPH can be coupled with the Discrete Element Method which is used to model and discretize the solid tool 
structures. Because of the transient nature of the simulation, the simulation domain contains open free surfaces 
and moving structures. Th ese numerical problems are successfully handled by the mesh-free SPH method with 
the additional advantage of the ability to extend the simulation as a liquid-gas multiphase fl ow problem.

As shown in Figure 2, the simulation work is focused on the fl uid fl ow in the ejector nozzle and its 
interaction with the internal tube fl ow transported from the cutting zone. An in-house developed numerical 
solver ‘Pasimodo’ is employed to simulate the problem using the weakly compressible SPH approach in which 
pressure is computed directly from density through an equation of state [4]. In addition, only the Dirichlet 
velocity boundary condition is applied for the fl uid inlets.
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Abstract. Semi-analytical model of 2D fl ow in a Tesla turbine for the low-boiling media is presented. 
Th e model predicts distributions of kinematic and thermodynamic parameters with consideration of the 
real gas equation of state. Th e model enables optimisation of selected parameters. Th e highest obtained 
isentropic effi  ciency for the analysed range of parameters was 70%.
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1.  Introduction

Th e shift towards a carbon-free economy will largely rely on the utilisation of renewable energy sources, such 
as wind turbines or photovoltaics. However, smaller power systems, which may make use of low-temperature 
heat sources, can play a key role in fi lling in areas in which large power systems are not economically or tech-
nically viable. For this reason, systems based on Organic Rankine Cycle (ORC) can be an interesting option 
in this regard. In these systems, low-boiling media are often used as the working fl uid. Th e key component 
of such a system is the expander which converts the enthalpy of a working medium into mechanical power. 
Th e selection of the turbine is of great importance.

On the one hand, the turbine must be selected with consideration of the fl uid’s properties and the processes 
it is intended to perform. On the other hand, an expander must be economically viable. One of the possible 
choices is a Tesla turbine. It is a bladeless which rotor comprises thin disks set apart by a sub-millimetre 
distance. Th e working fl uid expands in the set of nozzles placed above the outer perimeter of the rotor and 
fl ows into the space between the disks. Th e Tesla turbine has multiple advantages that could be benefi cial 
to the ORC systems, e.g. high resistance to erosion or low manufacturing costs. However, the selection of 
geometrical features of the turbine adjusted to a given heat source and working medium poses a great chal-
lenge. For this reason, a mathematical model was proposed within the framework of this paper to assess the 
working conditions of the turbine.

2.  Mathematical model

Th e model was based on the paper by Rusin et al. [1]. Th e continuity equation (Eq.1), momentum equa-
tions in radial (Eq.2) and circumferential (Eq.3) directions and rothalpy equation (Eq.4) constituted the set 
of governing equations. Real gas equation of state was employed based on the RefProp Library to calculate 
physical properties and thermodynamic parameters of real gases. Th e average values are obtained after inte-
grating the equations over the gap size. Th erefore, the local velocities in the equations (1-4) are substituted 
with the product of the velocity averaged across the gap for a given radius and the normalised velocity profi le.
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Th e outer and inner radii in the reference geometry were 0.08 m and 0.04 m, respectively. Th e gap size 
was 0.12mm.

Th e temperatures of the heat source and heat sink were T1 = 95 °C and T2 = 40 °C, respectively, and the 
fl uid temperature at the inlet was superheated by at least 5 K. Th e fl uids under investigation were R1234yf, 
Toluene, R245fa and n-Hexane. Th e optimisation aiming at increasing the isentropic effi  ciency was conducted. 
Th e optimised parameters included the inlet pressure, rotational speed and the outer radius.

3.  Results

Th e highest effi  ciency, equal to 39.7%, was obtained for n-Hexane. It was achieved for rotational speed 
n = 18650 rpm, outer radius r = 0.0592 m and inlet pressure p = 1.26 bar. Th e effi  ciency characteristic as 
a function of rotational speed is shown in Figure 1. It can be seen that after the peak, a sharp decline in 
effi  ciency is observed.
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Abstract. Th e article presents a pre-clinically validated lumped-parameter model to quantify altered 
sinusoidal wall shear stress (WSS) and pressure in resected porcine liver, then extend this model to 
living donor liver transplantation. Methods used to estimate unknown parameters are outlined. It will 
be used to test the hypothesis that WSS exceeding a critical threshold impairs regeneration, leading to 
liver failure. Th is patient-specifi c pre-operative tool can be extended to improve resection outcomes by 
predicting WSS levels that promote regeneration and reduce liver failure risk.

Keywords: Bio-fl ows, hydraulic network model, liver resection, wall shear stress.

1.  Introduction

Th e liver receives dual blood supply from the hepatic artery (HA) and portal vein (PV), which branch through 
multiple generations before converging at the portal triad, located at the corners of hexagonal liver lobules. 
Blood then fl ows through the sinusoids and drains into the hepatic vein (HV) at the centre of each lobule. 
Endothelial cells lining the sinusoids sense hemodynamic changes and transmit signals to neighboring cells, 
triggering liver regeneration after resections. However, the liver’s regenerative capacity is fi nite; excessive 
tissue removal can lead to complications such as small-for-size syndrome (SFSS). Studies indicate that SFSS 
is associated with high portal pressure and sinusoidal wall shear stress (WSS), potentially resulting in endothelial 
cell injury and cell death [1-3]. Th is highlights the importance of studying variation in WSS that plays an 
essential role in initiating and terminating liver regeneration. In this work, we use a lumped parameter model 
[4] for liver blood fl ow to include patient-specifi c anatomy. We validated the model against perfusion data 
of resected porcine livers and extended it to model living donor liver transplantation (LDLT). We aim to 
quantitatively analyze WSS that plays a signifi cant role in liver regeneration.

2.  Methodology

A lumped parameter hydraulic network model of blood fl ow through the entire human liver is used [4] due 
to its computational effi  ciency enabling simulations of the entire human liver. Th e model employs a struc-
ture of ‘edges’ representing blood-carrying vessels and ‘nodes’ denoting points where vessels branch or merge 
(illustrated in Figure 1). An important feature of this model is that it incorporates the Couinaud segmentation, 
which is a common clinical scheme which labels nine diff erent regions of the liver. Each vascular segment has 
hydraulic conductance, based on Poiseuille fl ow, given by:

where d is the vessel diameter, μ is the dynamic viscosity, and L is the vessel segment length. Th e details of 
the associated linear algebra problem are given in [4].

(1)
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Th e model using normothermic machine perfusion data of 15 resected porcine livers is validated. Time series 
measurements of pressure and hematocrits were used as model inputs and corresponding volume fl ow rates are 
compared against the experiments. Morover, measured HA, PV, and HV diameters were used, as well as total 
and graft weights for organ-specifi c input parameters. Th e terminal vessels and lumped sinusoid diameters 
are not directly measurable but signifi cantly control resistance and WSS. For each liver, we calibrate terminal 
HA, PV, HV and sinusoid diameters at one time point using Bayesian optimization to match measured fl ow 
at that time point, constrained by physiological diameter and perfusion ranges [5]. Th e calibrated parameters 
are then fi xed for each liver and used to simulate the full time series to predict WSS. We extended our model 
to perform a retrospective study of LDLT patients. Because the measurement of major vessel and terminal 
diameters is diffi  cult and collateral conductance is challenging to determine, we used Bayesian optimization 
to estimate these parameters across patients using the same parameter estimation approach.

3.  Discussion and Conclusions

Th e simulated PV and HV volume fl ow rates for each liver demonstrate close agreement with measured fl ow 
rates. With the validated model, the sinusoidal pressure and WSS throughout the perfusion duration which 
are central to regeneration but not directly measurable were predicted. It was  planned to correlate these pre-
dictions with regenerative markers and identify WSS thresholds that promote regeneration or cause damage. 
Simulations of LDLT also show good agreement with clinical measurements. We will test whether predicted 
WSS is related to surgical outcomes, including early allograft dysfunction, to support future studies linking 
elevated WSS to regeneration and to develop tools for resection planning and post-operative assessment.
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Figure 1. Schematic of the realistic model of human liver blood fl ow [4]
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Abstract. At present, the power conversion effi  ciency of a solar updraft tower (SUT) is relatively low 
compared to other solar technologies. We enhance system effi  ciency by utilizing a well-designed collector 
with artifi cial roughness elements, optimizing their topology, positioning and size, and employing 
a strategic ground injection method. We also implement a throat-bottom chimney and a well-designed 
turbine. Th ese modifi cations are borne from a fl uid dynamic understanding aimed at minimising 
parasitic and energy conversion losses within the system.
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1.  Introduction

Th e solar updraft tower (SUT) [1] is a prominent example of a non-concentrated thermal system that may 
fi nd applications in agricultural greenhouses, water desalination, humidity harvesting, waste heat recovery 
and urban heat island mitigation. We conduct a computational study to investigate the thermo-fl uid-dynamics 
of a small-scale system (chimney height = 3 m and collector diameter = 3 m) for an SUT. Th e solar-heated 
collector ground builds a low-density air column inside the central chimney. A free convective suction arising 
from the density diff erence between the chimney and the outside atmosphere pushes the air radially inward. 
Th e velocity of radial infl ow increases as it approaches through the converging collector passage towards the 
turbine location at the chimney center. Th e overall effi  ciency of the conventional SCPP is typically low (less 
than 1%), as mentioned by previous researchers [2,3]. One way to improve performance is to utilize a hybrid 
system, e.g., an SUT integrated with a solar still and an air HDH unit [4], yielding 21–39% effi  ciency. On the 
other hand, a remarkable increase in collector effi  ciency by optimizing the ground topology and employing a 
ground-injection method is achieved (Figure 1). Th e improvement of the thermal effi  ciency of the modifi ed 
SUT addresses the challenges of sustainable development from a global perspective.

2.  Methodology

A pressure-based fi nite volume method is employed to solve the continuity, momentum, energy and turbu-
lence transport equations. Th e pressure-velocity coupling is done by the SIMPLE algorithm. Second-order 
accurate discretization schemes are employed, with a scaled residual of 10⁻⁶ as the convergence criterion 
for all fl ow variables in the simulations. A systematic grid independence test determines the ideal mesh size 
(~6.5 million), yielding reasonable accuracy. Th e reliability of the computational method and the appropri-
ateness of various turbulence models are verifi ed with the benchmark experimental data [5] available in the 
literature.
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3.  Major outcomes of a set of numerical experiments

Th is study systematically improves SUT performance through fi ve design interventions. Ground-based 
artifi cial roughness is shown to outperform roof roughness by enhancing thermal mixing. Optimal collector 
performance is achieved using square ground elements of 0.01 m height arranged as non-axisymmetric, 
discontinuous structures with an azimuthal spacing of 4°. Th e introduction of optimized suction and blowing 
slots (~1 mm width) further improves performance by thinning the thermal boundary layer and enhancing 
turbulent mixing, with overall effi  ciency governed by their strategic placement. A throat-bottom chimney 
eliminates recirculation at the collector-chimney junction, yielding a 47% performance improvement over the 
baseline of 25.5% obtained from a conventional SUT [5]. Finally, an optimized axial-fl ow turbine, designed 
using a reduced numerical framework, eff ectively extracts buoyant-fl ow enthalpy, while future extensions may 
incorporate advanced fl uid-dynamic concepts and hybrid smart-grid-integrated systems.
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Figure 1. Schematic of a small scale SUT with proposed modifi cations
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Abstract. We study experimentally and numerically sedimentation of rigid particles with two 
perpendicular symmetry planes for Reynolds numbers much smaller than one. We demonstrate that 
a certain class of shapes tends to a stable stationary orientation. Th ese shapes have the opposite signs of the 
two rotational-translational mobility coeffi  cients, evaluated in the symmetric frame of reference relative 
to the center of mass. We present experimental and numerical methods to determine these coeffi  cients.
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1.  Introduction

Recently, it has been shown theoretically [1] that rigid particles with two orthogonal symmetry planes, settling 
under gravity in the Stokes fl uid, in general do not only move vertically. In addition to translating down-
wards, they perform a complex motion that belongs to one of three classes. Drifters tend to move sideways 
in a fi xed direction and speed while keeping a constant inclination with respect to gravity (similarly as the 
rigid rods). Flutterers [2] all the time change their orientation and direction of their translation sideways, in 
general quasi-periodically. Settlers [3,4] approach a stable stationary orientation, with the intersection of the 
symmetry planes parallel to gravity. 

Th e classifi cation of shapes to one these three classes hinges on their rotational-translational mobility coef-
fi cients, μ42 and μ51, evaluated in the symmetric frame of reference relative to the center of mass. Th e product 
of μ42 and μ51 vanishes for drifters, is positive for fl utterers and negative for settlers. However, looking at the 
particle shape, it is not evident to which class it belongs. Th is work provides experimental and numerical 
methods to determine it.

2.  Experimental, theoretical & numerical methods and results [5]

Our experimental setup consists of a glass tank 20 × 20 × 50 cm fi lled with the silicon oil of kinematic 
viscosity 5 × 10−3 m2 s−1 , and two cameras with perpendicular lines of sight, lamps and millimetre-sized 
particles of diff erent shapes: cones, arrowheads, crescent moons and open rings with diff erent sizes of the 
opening. Th e shapes were chosen similar to the trumb-bells that were shown numerically to reorient to a 
stable orientation [4].

In the experiments, it was demonstrated that the chosen particles approach a stationary orientation and 
stay there for a long time. A special symmetric initial conditions was chosen, for which equations of motion 
simplify (in particular, the center of mass moves in a plane and the rotation takes place only along the 
horizontal axis perpendicular to one of the symmetry planes). Th e solutions of these simplifi ed equations 
were fi tted to the measured time-dependent angles, determine both μ42 and μ51, and show that their product 
is negative. From the stability proof in [1], it was determined that the stationary orientation is indeed stable.
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Numerically, the shapes of the particles used in the experiments were reconstructed as rigid conglomerates 
made of thousands of touching spherical beads. For such rigid objects, the theoretical method was applied, 
based on the multipole expansion of the Stokes equations, to evaluate the mobility coeffi  cients, implemented 
in the numerical program Hydromultipole [6], and a reasonable agreement with the experimental values was 
obtained, with the same conclusion that all the particles are the settlers, and that they reorient rather quickly.

3.  Conclusion

It was shown how to determine experimentally and numerically the rotational-translational mobility coeffi  -
cients μ42 and μ51 of a rigid body with two perpendicular symmetry planes. Th eir signs allow to predict the 
type of the motion – is it a drifter, a fl utterer or a settler. Th e character of the dynamics is important for 
studies of sedimenting fl ocs in aquatic media, marine snow, plastic microparticles translating in air, chiral 
fl uids, ordered anisotropic suspensions and swimming microorganisms. 
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Abstract. Th e authors present a multidimensional modelling investigation on high-pressure reciprocating 
compressors through a 3-D CFD model as well as a macroscopic 0-D model. Reduced models of 
check valve dynamics and ambient heat dissipation were developed through dedicated experiments. 
Comparison with results obtained on a commercial 70 MPa booster confi rms that the framework 
accurately predicts discharge pressures and fl ow rates, hence enabling rapid prototyping, as well as 
detailed design and optimization.
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Booster Pump, High-Pressure.

1.  Introduction

Th e capability to provide high-pressure compressed gas streams is a critical requirement in a diverse range of 
industrial processes, particularly those related to energy storage, green transportation, propulsion systems and 
the petrochemical sector. To meet these demands, oil-free electric driven reciprocating piston compressors 
are commonly employed as booster pumps. Th eir widespread adoption across various platforms is driven by 
their inherent safety, portability, small form factor and fl exible design. Nonetheless, modeling and design of 
such reciprocating compressors become increasingly crucial and challenging as delivery pressures rise.

Th e design space for high-pressure boosters is exceptionally wide and governed by numerous interdependent 
parameters. Th ese include suction and discharge gas temperatures, rotating shaft mechanics, compression ratios, 
gas composition and the material properties of pistons and seals. Due to this complexity, the development of 
new compressors has traditionally relied on expensive and time-consuming trial-and-error methodologies. 
Moreover, comprehensive numerical studies that are experimentally validated for high-pressure applications 
are notably rare in the existing literature [1-2]. Consequently, there is a distinct need for robust modelling 
approaches that can rationalize development and unravel key design constraints.

In this study, a comprehensive multidimensional modelling framework was developed to predict the eff ects 
of operation and design parameters on compressor performance. Th e framework integrates two complementary 
components: Computational Fluid Dynamics (CFD) multiphysics model and a 0-D mathematical model.

2.  Modeling Framework

2.1. Dynamic compression models

A 3-D CFD model, utilizing a deforming mesh through commercial software, ANSYS Fluent, was built to 
simulate complex fl uid fl ow, compression and heat transfer inside the piston-barrel assembly. A macroscopic 
0-D model was developed to predict the main design parameters, mass fl ow rate and pressure inside the barrel, 
with signifi cantly lower computational resources than the 3-D model. It was recognized that the accuracy 
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of both models relies extensively on two sub-physics, check valve dynamics and external heat transfer [3-4], 
therefore additional eff ort was spent to model these phenomena.

2.2. Check valve dynamics

Compressor performance is heavily dependent on transient valve dynamics, as well as common check valve 
properties such as cracking pressure and conductance. To capture dynamic valve operation at high-pressure 
gas fl ow, a semi-empirical macroscopic model was developed where fl ow coeffi  cients were determined through 
separate experiments and CFD analysis.

2.3. Heat transfer analysis

As external heat exchange plays a vital role in performance and effi  ciency, heat dissipation into the ambient 
was investigated separately as a distinct sub-physics component. Steady-state and transient experiments were 
conducted to measure accurate overall heat transfer coeffi  cients describing the heat loss from the barrel to 
ambient which were then cross-checked with computational thermal analysis.

3.  Validation Studies

For validation, mass fl ow rates were measured using a setup with geometry identical to the model. Gas 
was supplied at 4 MPa, while transducers monitored upstream and downstream pressures. Outlet pressure 
was maintained at 14 MPa via a backpressure regulator directing outfl ow into a sealed cylinder. Mass fl ow 
rate was calculated based on the real-time pressure rise within the collection cylinder.

4.  Conclusions

While the CFD model off ers details of internal pressure and temperature fi elds in high-resolution, the 
macroscopic mathematical model was found to successfully capture the trends in main operating parameters 
with much less computational resources. Details related to validation and model comparison will be presented 
and various scenarios of model-based exploration will be discussed.
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Abstract. Th is study analyzes external heat losses in high-pressure compressor housings surrounded by 
annular fi ns. Th ree approaches were used to fi nd the heat transfer coeffi  cient: steady-state experiments, 
transient experiments with an analytical model and CFD validation via ANSYS. Results, demonstrate 
strong agreement between all three methods and reveal that radiation contributes signifi cantly to total 
heat loss. Th e integrated approach ensures robust thermo-fl uidic characterization of the system.

Keywords: Interdisciplinary Areas in Heat and Fluid Flow, Heat Transfer, Computational Fluid Dynamics, Overall 
Heat Transfer Coeffi  cient, Reciprocating Compressor. 

1.  Introduction

Th e overall performance of a compressor is mainly dictated by the management of heat generated during gas 
compression. Excessive internal heat accumulation negatively impacts the thermodynamic and volumetric 
effi  ciency by reducing the discharge mass fl ow rate [1-2]. Furthermore, the operational longevity of critical 
sealant materials, most notably polytetrafl uoroethylene (PTFE) and polyether ether ketone (PEEK) is strictly 
governed by the thermal environment within the compressor assembly. To date, research focused on internal 
heat transfer has been instrumental in predicting temperature distributions across the fundamental stages of 
compression, discharge, expansion and suction [3]. However, investigations into the external heat dissipation 
of reciprocating compressors remain scarce in the literature. Characterizing these external losses is inherently 
challenging, often necessitating the application of complex experimental techniques, such as the integration 
of thin-fi lm heat fl ux sensors or the implementation of rigorous calorimetric approaches which are diffi  cult 
to employ for high-pressure (>10 MPa) compressors [4-5]. Th is study addresses this gap by developing 
accessible methodologies for evaluating external thermal characteristics. Th e authors demonstrate two simple 
experimental approaches to determine the overall heat transfer coeffi  cient (U) for a forced convection-cooled 
annular fi n housing manufactured for a commercial 70 MPa booster, with and without radiation included. 
Results were further corroborated with computational fl uid dynamics (CFD) that resolve the fl ow around 
the fi nned housing.

2.  Methodology

2.1. Steady-state Measurements

Th e determination of U under steady-state conditions was predicated on the equilibrium between constant 
internal heat generation in the piston barrel and peripheral heat dissipation. To establish this steady-state 
temperature profi le, a regulated heat source was employed, with input power adjusted using a variable 
transformer to modulate voltage and a clamp-type ammeter to monitor current. Temperature was recorded 
via a K-type thermocouple positioned at the cylindrical axis of the heat source. Experimental observations 
revealed a proportional relationship between heater power and magnitude of U. Th is result indicates that 
the enhancement of the overall heat transfer coeffi  cient is primarily driven by the intensifi ed contribution 
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of radiative heat loss from the fi n housing surfaces as operating temperatures increase, which is a diffi  cult 
contribution to calculate directly.

2.2. Transient Measurements

To isolate convection and conduction heat transfer from radiative eff ects, an asymptotic approach was 
developed to monitor heat loss under vanishing temperature diff erence between the fi n housing and the 
ambient. Th rough the use of an analytical solution for 1D unsteady heat conduction in cylindrical geometry, 
the authors show that Biot number can be estimated from temperature vs. time data. Custom-manufactured 
cylinders that match the compressor’s internal dimensions were pre-heated in an oven and then placed imme-
diately within the housing. Th e resulting temperature decay data were processed, and the bounds of thef 
linear tail of the logarithmic cooling region was identifi ed based on the R2 value. By extracting the slope and 
intercept from that region, the model enables the estimation of the Biot number and the corresponding U.

2.3. CFD Calculations

Steady-state conjugated heat transfer simulations were performed in ANSYS Fluent to support the results 
obtained with the radiation-free, transient measurements. Since air fl ow over the fi ns was turbulent, the realizable 
k−ϵ turbulence model coupled with a second order coupled solver was preferred. Th e moving reference 
frame method was implemented to simulate the rotation of the cooling fan. Th e CFD model enabled us to 
investigate local temperatures and heat transfer coeffi  cients which were seen to diff er only slightly across the 
entire fi n housing.

3.  Conclusions

Where simple steady-state experiments that characterize extended surface heat losses are always coupled with 
radiation losses, transient heat loss experiments can be conducted at vanishing temperature diff erences to 
minimize the eff ect of radiation, thereby allowing insight into purely convective losses. CFD simulations verify 
the results obtained from transient measurements. Th e authors will detail the measurements, present practical 
advantages and diffi  culties, and elaborate on the simplifi cations made when compared to a full CFD analysis.
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Abstract. Presented research focuses on innovative catalytic carrier inspired by fi sh gills. Th ese 
natural structures have been chosen due to their excellent heat and mass transfer properties, coupled 
with a large specifi c surface area which are desirable features of catalytic support. Th e geometry, 
called ‘Gill-like Structured Carrier’ (GSC), was analyzed through experimental methods and 
Computational Fluid Dynamics (CFD) modeling. Results demonstrate signifi cant heat transfer 
intensity and acceptable fl ow resistance, highlighting the potential of GSCs as catalytic carriers.

Keywords: Computational Fluid Dynamics, catalytic carriers, gill-like structured carriers, heat transfer, fl ow resistance. 

1.  Introduction

Currently, the Earth atmosphere is contaminated with many hazardous substances (like: methane, vola-
tile organic compounds, nitrogen oxides and sulfur oxides) that pose risks to both the environment and living
organisms. Catalytic afterburning in structured reactors may be used for neutralizing these pollutants. 
However, due to increasing air quality requirements, new ways to enhance the transport and fl ow properties of 
these devices are needed. One possibility is to modify the geometry of the catalytic support, that is responsible 
for transporting reagents to and from the catalytic active sites, thus infl uencing the overall rate of the catalytic 
process. During these studies, a new type of catalytic support was introduced. Th e basis for its developing 
was the gills (the fi sh respiratory organ) – structures with high transport intensity and a large specifi c surface 
area, that are also desirable features for catalytic carrier. Th e developed geometry is called Gill-like Structured 
Carrier (GSC). It is inspired by the shape of the fi laments and lamellae found in fi sh gills, as shown in Fig. 1.

Figure 1. Flow through: natural fi sh gills (A, B, D) and GSC (C)
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2.  Results and discussion

Various GSCs types were examined both experimentally and with the use of CFD (Computational Fluid 
Dynamics) modelling. Results for exemplary GSC are presented in Fig. 2. Th e agreement between exper-
imental and numerical results for both the heat transfer coeffi  cient and the Fanning friction factor is high 
(the average relative error was 23 and 11%, respectively). GSC is characterised by high heat transfer coeffi  cients. 
Fanning friction factors are high as well, however it is acceptable considering intense heat transfer properties. 
Th e conducted research indicate that GSC has the potential to be used as a catalytic support.
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Figure 2. Transport (A) and fl ow (B) propertie of GSC
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Abstract. Time-resolved experiments and URANS simulations are combined to investigate unsteady 
shock-boundary layer interactions in an asymmetric convergent-divergent nozzle. Schlieren imaging 
and pressure measurements reveal downstream shock migration and three dominant frequency bands 
linked to shock motion and shear-layer instabilities. Numerical results reproduce the experimental shock 
topology and spectral trends, providing a validated framework for predictive SBLI analysis.

Keywords: Experimental Fluid Mechanics, Computational Fluid Dynamics, Shock Waves, Transonic, Low-Frequency 
Unsteadiness, de Laval Nozzle. 

1.  Introduction

Th is work addresses the occurring of Shock-wave Boundary Layer Interactions (SBLIs) by combining time-
resolved experiments with URANS simulations to investigate unsteady shock motion in an asymmetric con-
vergent–divergent nozzle during supersonic fl ow. Th e study characterizes dynamic shock behavior through 
spectral analysis and examines the infl uence of pressure ratio, providing a validated framework for improved 
predictive understanding of nozzle SBLIs.

Experiments were performed at the Air Test Rig of the Department of Power Engineering and Turboma-
chinery, Silesian University of Technology, using a planar asymmetric convergent–divergent (de Laval) nozzle 
with one straight and one curved wall downstream of the throat. Th e channel expansion is characterized by 
a ratio of maximum channel height to throat height of 4:1, while the throat itself has a square cross-section, 
with a width-to-height ratio of 1:1. Th e nozzle was operated in a blowdown facility providing controlled and 
repeatable pressure ratio, temperature and humidity conditions. Time-resolved Schlieren imaging at 6000 
fps and high-frequency wall-mounted pressure transducers were used to capture shock motion and fl ow 
unsteadiness. Shock positions were extracted using edge detection and pixel tracking, and analyzed using 
FFT and CWT to obtain spectral and temporal characteristics. Complementary URANS simulations were 
performed in ANSYS Fluent 2024 using the SST k-ω model and a structured, multi-block hexahedral mesh 
with local refi nement near the throat and Mach disk. Boundary conditions were prescribed from experimental 
measurements to ensure direct comparability.

2.  Experimental and numerical results

Static pressure and Mach number distributions showed downstream migration and increasing complexity of 
the shock system with rising pressure ratio (PR = 1.44, 1.6, 1.81), transitioning from a stable normal shock 
to a broadband λ-foot structure with enhanced separation and turbulence. Schlieren imaging (Fig. 1) revealed 
shock motion, separation bubbles, shear-layer instabilities and refl ected shocks, and these experimental visu-
alizations were directly compared with numerical Schlieren reconstructions, which exhibited similar shock 
topology and unsteady features, providing time-resolved shock positions for subsequent spectral analysis. 
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Th e λ-foot is formed on both walls, but in the present case, the structure on the rectilinear wall is much 
weaker and associated with a very thin separation region, making it diffi  cult to detect in Schlieren images 
but still visible in the numerical results.

Spectral decomposition of Schlieren-derived shock motion and pressure transducer signals revealed three 
dominant frequency bands, centered near 250 Hz, 500–600 Hz and 800–900 Hz. Representative spectra are 
shown in Fig. 2. Th e lowest band corresponded to large-scale shock oscillations, while the higher bands were 
associated with shear-layer fl apping and small-scale instabilities. As PR increased, the dominant oscillation 
frequency rose while the displacement amplitude of the shock decreased, refl ecting the stabilizing infl uence of 
λ-foot structures relative to normal shocks. Numerical Schlieren reconstructions reproduced the downstream 
migration of the shock system, the development of λ-foot structures and the overall shock topology observed 
experimentally. Spectral analysis of simulated pressure signals revealed the same three frequency bands and 
consistent frequency shifts and amplitude trends across all PRs.
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Figure 1. Comparison of Schlieren images: experimental visualizations 
and corresponding numerical reconstructions obtained with a preliminary coarse mesh

Figure 2. Fast Fourier Transform (FFT) of static pressure signals in the nozzle diverging section: 
(left) experimental measurement shown as spectral power and (right) numerical prediction shown as amplitude 

spectrum at the corresponding location
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Abstract. Th is study proposes using entropy generation to assess fl ow conditions and fl ow conditioners. 
A simplifi ed 1D model suitable for hot-wire anemometry is derived and validated against Prandtl’s 
profi les and experimental data. A new criterion for stream straightener performance is introduced: the 
ratio of fl ow entropy reduction to the entropy generated by the device itself. Th is approach off ers a novel 
metric for evaluating conditioning and relaminarization effi  ciency in engineering applications.

Keywords: Channels, Inner Flow, Straightener, Entropy, Prandtl’s Power Law.

1.  Introduction

Laminar and conditioned fl ows are widely used in technology and science, ranging from wind tunnel experi-
ments to high-precision metrology and biomedical engineering. In these applications, the quality of the fl ow 
directly impacts the reliability of measurements and the effi  ciency of processes. Despite this importance, 
the literature still lacks comprehensive studies on this topic, particularly those focusing on the possibility of 
fl ow relaminarization and a holistic assessment of fl ow character. Although the defi nition of laminar fl ow is 
relatively simple and intuitive, in practice, it is often diffi  cult to determine whether a given fl ow is strictly 
laminar, transitional, or turbulent, or to quantitatively assess the level of turbulence structure beyond simple 
fl uctuation metrics.

Flow assessment is particularly critical in fl ow conditioning, where the goal is to reduce turbulence and 
straighten the velocity profi le. Conventional methods often rely on measuring the turbulence intensity (Tu), 
which quantifi es velocity fl uctuations but does not account for the energy dissipation mechanisms inherent 
in the fl ow. Consequently, relying solely on Tu can be misleading when evaluating the effi  ciency of stream 
straighteners. Flow assessment is, therefore, crucial to verify whether a conditioner is operating properly and 
effi  ciently. Th is topic is signifi cant from both scientifi c/cognitive and engineering perspectives, as it bridges 
the gap between theoretical fl uid dynamics and practical fl ow control.

Th ere are a number of methods for assessing fl ow, described among others in [1, 2]. However, there is 
still a lack of methods that would allow for the evaluation of stream straighteners and conditioners in a way 
other than comparing basic fl ow parameters for a specifi c case. A robust metric should account for the ther-
modynamic irreversibility of the process. Th e solution seems to be to measure the entropy generated by the 
fl ow. It is well established that entropy generation is directly linked to viscous dissipation and heat transfer, 
making it a powerful tool for identifying losses and fl ow irregularities. 

It is known that for a fl uid fl ow, the local entropy generation rate per unit volume can be represented as [3]:
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where  is the viscous dissipation function dependent on the strain tensor [Pa/s], T is the absolute temper-
ature of the fl owing fl uid [K], μ is the dynamic viscosity [Pa·s], u,v and, w are the velocity components in 
x, y, z directions [m/s], respectively. Th e symbol  denotes the time-averaged value, while ` represents the 
fl uctuating component.

It should be noted that the analysis of the total fl ow velocity fi eld is very rarely used. One- or two-di-
mensional fl ows are much more common, and for fl ows through circular pipes, the velocity profi le is most 
often measured in only one axis, treating them as axisymmetric [1, 2, 4]. In such a case, it is necessary to 
calculate the mean square of the gradients of velocity fl uctuations in the radial direction. However, this is 
not always possible, for example, for single hot-wire anemometer (HWA) measurements. Th erefore, a sim-
plifi ed approach can be adopted, in which the entropy generated by turbulent dissipation is ignored, or the 
following simplifi cation can be adopted:

or if it is impossible to calculate the average of the squared gradients of velocity fl uctuations in the radial direction:

where r is the radial coordinate of the pipe [m], and L is the characteristic size of turbulence (e.g. diameter 
of the stream straightener mesh) [m].

Th is paper aims to demonstrate that the measurement of generated entropy expressed by Eq. (3) can be 
used to evaluate the fl ow after conditioning and to evaluate the performance of stream straighteners. For this 
purpose, theoretical velocity distributions based on Prandtl’s power law were analyzed. Next, the measurements 
presented in [1] were used for experimental analysis, and based on experimental measurements using HWA, 
the fl ow assessment using the proposed method was presented. Finally, the stream straighteners were evaluated, 
and their performance was compared based on the ratio of the reduction of the entropy generated by the fl ow 
to the entropy generated by the straighteners.
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Abstract. Turbulence in stable Atmospheric Boundary Layer (ABL) is studied. Unlike the controlled 
laboratory conditions, the fl ows in ABL are inherently non-stationary and intermittent. Th is brings many 
fundamental questions related to their statistical analyses, particularly, how the Reynolds decomposition 
into the mean and eddy parts should be performed. We investigate this problem using the multiscale 
analyses based on wavelets and show that the answer strongly depends on the local stability of the fl ow.
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1.  Introduction

Reynolds decomposition, which separates a variable into a mean and a fl uctuation, , is widely 
used in fl uid mechanics. In atmospheric studies, it is commonly applied to estimate turbulent fl uxes, such as 
momentum  or heat , which are required for assessing energy transfer and atmospheric stability.

In its classical defi nition, the Reynolds mean is obtained as an ensemble average over an infi nite number 
of realizations [1], which can be approximated in laboratory experiments through repeated measurements 
under identical conditions. In atmospheric fl ows, which are inherently transient, this approach is not feasible, 
and time averaging over a fi nite window of length τ is therefore commonly used, but the choice of τ strongly 
infl uences estimated fl uxes. Typically used values are 30–60 minutes, but it lacks strong physical justifi cation.

Identifi cation of turbulent and mesoscale regimes using multiscale analysis provides a more physically 
grounded basis for selecting the averaging time. In this study, wavelet methods are used, although a simple 
moving average can also be applied. Th e results suggest that τ depends strongly on the local stratifi cation 
parameter.

2.  Multiscale analysis and concept of a gap scale

Th e wavelet method is classically used for multiscale analysis, as it ensures an orthogonal and energy-con-
serving decomposition across scales [2]. Th e resulting cospectra the scale-wise covariances show that fl ux 
contributions increase from the smallest scales, reach a turbulent peak, and then decrease. Beyond the zero 
crossing, the cospectrum exhibits more irregular behavior (see Figure 1, left). Hence, the zero crossing scale 
separates the fl ow into two regions, the fi rst one commonly associated with the inertial subrange and small-
scale turbulences and the second with larger-scale mesoscale motions.

With this physical interpretation, the zero crossing of the cospectrum can be adopted as a practical defi -
nition of the gap scale [3]. Automatic detection of this scale enables analysis of larger datasets and facilitates 
further investigations, which is the point of this study.
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3.  Data and illustrative results

Th e dataset used in this study was collected during the MOSAiC campaign conducted in 2019–2020 [4]. 
Th e measurement mast drifted with the sea ice for almost a year, collecting data from sonic anemometers 
and other instruments. Velocity measurements at 10 Hz under stable atmospheric conditions are well suited 
for the purpose of this analysis.

Both panels in Figure 1 present results from the MOSAiC data. Th e left panel shows cospectra computed 
at diff erent times. Although these spectra do not always closely resemble the idealized form, their physical 
interpretation remains possible in most cases.

Th e right panel shows a scatter plot of the detected gap scale versus the stability parameter z/L. On a log-
arithmic scale, a clear trend is observed. For smaller values of z/L, corresponding to near-neutral conditions, 
the gap scale tends to be larger, which is consistent with a well-developed inertial range. For higher values 
of z/L representing strongly stable conditions, the gap scale decreases, indicating suppression of turbulence 
at larger scales.

4.  Discussion

Multiscale analysis can provide valuable insight in atmospheric fl ows and the gap scale concept can help 
in physical justifi cation of the averaging time τ. While the scatter in the data is undeniable, a relationship 
between the gap scale and the Obukhov parameter is visible.

Moreover, in addition to automatic detection, which enables quantitative studies on large datasets, qual-
itative inspection of individual cospectra can also improve understanding of local fl ow conditions and the 
structure of turbulence.
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Abstract. Laminar fl ow past tandem cylinders of unequal diameters is simulated using high-resolution 
DNS of the Navier-Stokes equations, revealing rich wake dynamics with strong vortex-wake interactions. 
Proper Orthogonal Decomposition is used to extract dominant modes, which are employed to 
build physics-based, sparse, and black-box reduced-order models. All ROMs are compared against 
high-fi delity data to assess their predictive capability for the observed dynamics.  
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1.  Introduction

Reduced-order modeling (ROM) provides effi  cient, low-dimensional representations of complex fl uid fl ows, 
enabling analysis, control, and prediction beyond the reach of full-order simulations. While most ROM studies 
focus on fl ows around single bluff  bodies or fully developed periodic regimes, tandem cylinders of unequal 
diameters generate signifi cantly richer wake dynamics due to vortex–wake interference. Th e upstream cylinder 
excites and modulates the downstream wake, leading to multi-scale interactions and amplitude modulation 
that challenge low-dimensional modeling assumptions.

In such interacting-wake confi gurations, preserving long-term stability and accurately reproducing the lim-
it-cycle attractor becomes nontrivial, particularly when diff erent modeling paradigms are employed. Despite 
extensive work on POD-based ROMs, systematic comparisons of modeling strategies for interacting tandem 
wakes remain limited.

Th is work compares three fundamentally diff erent ROM paradigms: physics-based Galerkin projection 
[1], sparse identifi cation via SINDy [2], and black-box supervised machine learning models. To ensure a 
consistent and fair assessment, all models are constructed in the same POD state space derived from high-fi -
delity DNS data. Th e comparison therefore focuses on diff erences in dynamical modeling rather than on 
reduction strategies.

2.  Flow confi guration for Direct Numerical Simulation

Th e laminar fl ow past two tandem cylinders of unequal diameters is simulated at Reynolds number Re = 100 
using the incompressible Navier–Stokes equations. Th e computational domain is discretized with a high-res-
olution fi nite-element mesh of second-order elements (Fig. 1), en-suring accurate representation of vortex 
shedding. Uniform infl ow is prescribed at the inlet, no-slip conditions are applied on the cylinder surfaces, 
and a zero-pressure boundary is imposed at the outfl ow. Time-resolved simulations capture the fully developed 
wake dynamics and vortex–wake interactions between the upstream and downstream cylinders (Fig. 2).
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3.  Modal Decomposition and Reduced-Order Models

Proper Orthogonal Decomposition (POD) is applied to the time-resolved velocity fi elds from the fully 
developed wake to extract the dominant coherent structures. A small number of modes captures the majority 
of kinetic energy associated with vortex shedding and wake interaction.

Th ese modes form the basis for constructing three classes of reduced-order models (ROMs): physics-based 
Galerkin projection, which evolves the modal amplitudes according to the projected Navier–Stokes dynamics, 
sparse identifi cation via SINDy, which selects the most signifi cant interactions among modal amplitudes 
through LASSO regularization, and black-box supervised machine-learning models, trained to predict the 
time evolution of the modal amplitudes without explicit physical constraints. 

All ROMs are built using the same dataset and evaluated in terms of their ability to reproduce the observed 
limit-cycle wake dynamics, modal energy distribution, and long-term stability. Th is unifi ed framework enables 
a direct assessment of how physical structure, sparsity constraints, and data-driven learning infl uence wake 
modelling in interacting bluff -body fl ows.
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Figure 1. Computational domain and its fi nite-element discretization

Figure 2. Instantaneous velocity fi eld visualized with streamlines and vorticity
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APPLICATION OF HELIUM FILLED SOAP BUBBLES 
FOR 3D PIV INVESTIGATIONS OF LARGE SCALE PASSIVE 
FLOW CONTROL DEVICES
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Abstract. Th e paper deals with application of large scale PIV for investigation of fl ow fi eld over 
structured surfaces used for fl ow control. Th e aim of the work was to demonstrate the feasibility of 
Helium Filled Soap Bubbles for investigation passive fl ow control in wind tunnel at real-world scale and 
fl ow speeds. Th e fl ow control strategy relies on creating vortex formations in the boundary layer with use 
of dimples. In order to match the Reynolds number representative for automotive and general aviation 
aerodynamics the measurements were performed in low speed wind tunnel with test section diameter of 
5 m at fl ow speeds of 20 m·s-1 and 30 m·s-1. Application of HFSB enabled for 3D PIV measurements in 
large volume of O(0.5) m3 and revealed change in fl ow topology over structured surface.

Keywords: Aerodynamics, Measurement Techniques, Flow control, Large scale PIV, Helium Filled Soap Bubbles, STB.

1. Introduction

Passive fl ow control with use of structured dimples might prevent turbulent separation, intensify heat transfer 
and reduce drag. Visualization of fl ow topology near the wall surface is benefi cial to understand the infl uence 
of geometrical parameters of this fl ow control devices. Recent advances in eff ective generation of sub-millime-
ter size naturally buoyant seeding in form of Helium Filled Soap Bubbles [1] volume self-calibration together 
with advanced particle tracing algorithms such as Shake-the-Box [2] allowed for performing volumetric PIV 
measurements in large volumes. In this study we investigate the feasibility of large scale PIV for investigation 
of fl ow topology above fl at plate for case of fl at smooth and structured surface at Reynolds numbers repre-
sentative for automotive and general aviation aerodynamics.

2. Materials and methods

Th e test were performed in Łukasiewicz Research Network – Institute of Aviation T-3 wind tunnel in open 
test section of 5 m diameter. Th e test object was a fl at plate (400 mm × 500 mm) with a row of dimples (40 
mm × 10 mm) with -35° and 35° alternating skew angle (see Figure 2 left). Th e HFSB injector in form of 
8 Linear Nozzle Array from LaVision was positioned at the exit of the wind tunnel nozzle. Th e test object 
was placed downstream of WT/HFSB fl ow at the test section end as depicted in Figure 1. Th e test where 
performed at fl ow speeds of 20 m·s-1 and 30 m·s-1.

Figure 1. HFSB 3D PIV STB system in T-3 test section
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2.1. Velocity measurements 

Th e PIV system consisted of a Nd:YAG laser (400 mJ at 15 Hz) with volumetric optics and four cameras 
with 16 Mpx COMS sensors with high quality lenses (f ca 24 mm). Th e volume of 0.6 × 1.2 × 0.8 m3 was 
calibrated with use of fl at dotted calibration target. Th e particle positions and displacement was detected in 
domain 1200 × 200 × 450 mm with double pulse particle tracking algorithm (Shake the Box). Th e particle 
tracks averaged from 1000 measurements were interpolated on cartesian grid with binning procedure with 
3.439 mm grid spacing giving Dynamic Spatial Range (DSR) of 63. Th e Dynamic Velocity Range calculated 
for ensemble PTV measurement is DVR = 125.

3.  Results

Figure 2 shows the 3D velocity field over test object in configuration with and without dimples. 
Th e test show capabilities for large scale volumetric measurements at industrial scale in Łukasiewicz – Institute 
of Aviation T-3 wind tunnel.
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AEROACOUSTIC INVESTIGATION OF TRAVELLING WAVE 
AS FLOW CONTROL FOR AIRFOIL DRAG REDUCTION
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Abstract. Electroactive morphing is implemented on an airfoil through a sinusoidal travelling wave 
actuation. Th e impact of this on the aerodynamic performance of the airfoil (drag reduction) in the 
subsonic regime, is conducted through numerical simulations and the consequent impact on the noise 
emission is also presented.

Keywords: piezo-ceramic actuator, Arbitrary Lagrangian-Eulerian method, FW-H analogy.

1.  Introduction

Taking inspiration from birds, some of which can alter their wing properties to produce small deformations 
and vibrations, to increase their aerodynamic performance while simultaneously decreasing sound (owls), 
an innovative concept called the morphing is applied to an airfoil. Th e morphing concept is implemented 
by a sinusoidal travelling wave actuation (TW) on an airfoil in the low subsonic regime. Th e travelling wave 
actuation has a strong capability to interact with turbulent structures and reshape wake dynamics, thereby 
increasing the lift-to-drag ratio [1]. Numerical fl ow and acoustic investigations are presented for a static and 
morphing airfoil.

2.  Th eoretical background

Th e pressure distribution obtained from the fl ow simulations described in [2] acts as input to the aeroacoustic 
code [3]. Th e travelling wave actuation implemented in the morphing airfoil causes variation of the loading 
forces on the airfoil surface that consequently infl uences the noise emitted. Th is is captured by the pressure 
fl uctuations on the airfoil surface which is encapsulated in the dipole term of the solution derived by Farassat 
[4] for the Ffowcs-Williams and Hawkings acoustic analogy (FW-H) [5].

3.  Methodology and preliminary results

Two-dimensional numerical simulations are conducted for a prototype with a chord of 70 cm length at a 
Reynolds number of 1 × 106, in a subsonic regime (Mach = 0.063). Results show that the upper and lower 
shear layers formed upstream of the separation area and downstream of the trailing edge, respectively, develop 
Kelvin-Helmholtz vortices. Th e two shear layers interact farther downstream and form the von Kármán 
vortex street (Figure 1).
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Acoustic pressure emitted by the morphing airfoil is compared against the static airfoil in both time and frequency 
domains to assess their relative acoustic impact for two microphone locations (representing listeners) - in-plane of the 
airfoil, M4 microphone at (5c, 0, 0) and one out-of-plane microphone, M5 at (c, 0, 5c) with c being the airfoil chord, 
to demonstrate the sound directivity pattern of the wing. Th e time domain results depict that the M5 microphone 
(Figure 2b) emits more sound than M4 microphone (Figure 2a). At both microphone locations, the morphing wing 
reduces noise at low frequencies, while showing varying trends at higher frequencies, compared to the static wing. Th e 
Overall Sound Pressure Level (OASPL) values are also reduced by the morphing airfoil by ≈ 3 dB. Preliminary results 
show a promising trend in the noise reduction potential of the morphing airfoil relative to the static airfoil.
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Figure 1. Streaklines visualisation of the wake in static and TW actuation cases. Th e colour of each particle 
represents its initial position. In the morphing case, a decrease in the drag coeffi  cient of 7.86% is obtained, 

associated with a lift-to-drag ratio increase of 8.67%

Figure 2. Comparison of loading noise for the static/morphing airfoil for selected microphones. 
Left: In-plane microphone, right: Out-of-plane microphone
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Abstract. Th e paper presents the application of an in-house aeroacoustic solver for predicting both 
harmonic and broadband noise generated by Unmanned Aerial Vehicle (UAV) propellers that were 
designed, manufactured and experimentally tested at the Łukasiewicz Institute of Aviation. Th e fl ow 
around small-scale propellers is simulated using the block-structured FLOWer solver, employing RANS 
and DES transitional approaches to turbulence and a fourth-order accurate numerical scheme, while the 
acoustic modeling is based on Farassat’s solution to the FW-H equation (formulation 1A).

Keywords: Aerodynamics, Aeroacoustics, Computational Fluid Dynamics.

1.  Introduction

Unmanned aerial vehicles (UAVs), while invaluable for tasks such as aerial imaging, infrastructure inspection, 
surveillance, goods delivery and medical transport, generate signifi cant noise that adversely aff ects com-
munities, wildlife and environmental comfort. Moreover, drones are increasingly deployed across civilian, 
commercial and military applications. Th e scale and rapid growth of both the global fl eet (2.8M commercial 
units in 2024) and the market, projected to exceed $164B by 2030, underscore the critical need for advancing 
research into UAV aerodynamics, noise generation and mitigation to improve public acceptance.

Th e primary objective of this paper is to numerically analyse the fl ow-fi eld and acoustic emissions (both 
tonal and broadband) of three two-bladed, small-scale propellers (radius R = 0.15 m) designed, manufac-
tured and experimentally tested at the Łukasiewicz Research Network – Institute of Aviation (Ł-ILOT) 
[1–3]. Th ese propellers (designated as in4_11, in8_1 and in10_5) were optimized with respect to aerody-
namic performance and noise generation (see Fig. 1). A benchmark two-bladed propeller of the same radius 
R = 0.15 m from the Technical University of Delft (TUD) was included for reference [4]. Initially, the ref-
erence propeller was investigated at 5000 RPM, corresponding to a tip Mach number of 0.23 and sectional 
Reynolds numbers below 100·103, i.e., within the transitional fl ow regime, to enable comparison with the 
benchmark experimental data from TUD. Subsequently, all four propellers were tested in an anechoic chamber 
under hover conditions at a constant thrust of 8N (Ł-ILOT). Rotor loading (thrust and torque) was measured 
simultaneously with acoustic emissions which were recorded using free-fi eld microphones positioned 1.2 m 
(8R) from the rotation axis at in-plane and out-of-plane locations.

Figure 1. Investigated propeller blades: reference (TUD) and optimized (Ł-ILOT)
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2.  Physical and numerical modeling

Th e physical modelling of low-Reynolds-number fl ows requires accounting for the natural transition of 
the boundary layer from a laminar to a turbulent state which strongly aff ects surface pressure fl uctuations 
induced by laminar separation and shear-layer instability. Such phenomena can be captured using high-fi delity 
numerical approaches, in particular hybrid RANS-LES methods, such as Delayed Detached Eddy Simulation 
(DDES) implemented in FLOWer (DLR) solver. Th ese approaches are commonly based on the SA-type 
or k- SST formulations which act either as Reynolds-averaged turbulence models in RANS regions or as 
subgrid-scale models in the LES zones. Additionally, high-order numerical schemes are preferred, such as the 
fourth-order upwind SLAU2 scheme of Kitamura for spatial discretization and the optimized second-order 
backward diff erence scheme (BDF2OPT) for temporal integration, applied on dense structured grids (Fig. 2).

3. Initial acoustic results

As a result, the resolved surface pressure fl uctuations associated with the fl ow phenomena are supplied to 
in-house acoustic solver as input for the noise analysis, which is based on Farassat’s formulation 1A of the 
solution to the Ffowcs-Williams and Hawkings (FW-H) equation [5]. Th is approach enables the prediction 
of acoustic signals in both the time and frequency domains (exemplary in-plane microphone noise spectrum 
obtained for TUD propeller is presented in Fig. 3.).
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FLOW INSTABILITY IN A CHANNEL WITH OBLIQUELY 
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Abstract. Th e paper presents an analysis of the linear stability of the fl ow of an incompressible Newtonian 
fl uid in a channel with wavy walls. Generally, the angle between the direction of the wall waviness 
and the average pressure gradient driving the fl ow is arbitrary. However, the research focuses on the 
case of small deviations from a confi guration called transverse orientation which is known to lead to 
destabilization of fl ows at very low Reynolds numbers. Th e main aim of the study is to determine the 
eff ect of a slight deviation from this ‘ideal’ orientation on stability characteristics, in particular the value 
of the critical Reynolds number and the form of unstable disturbances.

Keywords: fl ow instability, channel fl ow, wavy walls, critical Reynolds number.

1.  Introduction

Th e study of instabilities in internal fl ows, especially in the context of the mixing enhancement at low Reynolds 
numbers, has remained an important research issue in fl uid mechanics for at least half a century. In order 
to intensify mixing, passive methods are often used, which consist in introducing a properly selected system 
of obstacles into the fl ow area, thanks to which the fl ow obtains a complex, three-dimensional kinematic 
structure. However, this type of manipulation is typically accompanied by a signifi cant increase in hydraulic 
resistance. An alternative approach without this disadvantage is the introduction of transverse periodic wall 
waviness of appropriately selected wavelength and amplitude. In the paper [1], it is shown that it is possi-
ble to reduce the critical Reynolds number below 60, i.e. by two orders of magnitude. Subsequent works, 
e.g. [2], proved that the fl ow obtained as a result of nonlinear saturation of the initial perturbation has 
promising kinematic properties, without the penalty of increased hydraulic losses. Th e subject of the current 
work is to check to what extent this result is sensitive to small inaccuracies of the ideal wave confi guration. 
Th is question is important, as in practice small deviations are inevitable.

2.  Th e subject of the research

Th e subject of the study is the fl ow in a channel with unidirectional and periodic corrugation of the walls, 
forced by a pressure gradient which is oriented at an arbitrary angle to the direction of the corrugation 
(Fig. 1, left). In the coordinate system aligned with the wave crests, the base fl ow has three velocity compo-
nents depending on the two coordinates. Such fl ow kinematics is signifi cantly more complex than in the case 
of ideally transversal case, where the base fl ow is unidirectional.

Consequently, the linear stability analysis is also much more diffi  cult. Th e equations governing evolution 
of small disturbances have been derived in transformed to a convenient reduced form which reduces dimen-
sion of the resulting eigenvalue problem. Th e main goal is to identify the unstable normal mode (or modes) 
and to investigate its parametric variation, in particular to fi nd settings that minimize the critical Reynold 
number. Finally, the main goal is to assess sensitivity of the stability thresholds to small deviations form ideally 
transversal orientation of the wall corrugation.
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3.  Research method

Th is base fl ow is determined numerically using the in-house spectral method using the concept of submerged 
boundaries, as in [3]. Th e resulting fl ow is subjected to linear stability analysis, again with spectral accuracy, 
as in [4]. Th e eff ect of such discretization is an large algebraic eigenvalue problem. Unstable normal modes 
are determined using procedures from the LAPACK library and their parametric variability is tracked using 
the inverse iteration method. Contour maps of the unstable mode’s amplifi cation rates have been created 
(see Fig. 1 right for a sample result). Th e critical Reynolds number and its variation as a function of the angle of 
deviation of the direction of the wall corrugation from the perfectly transverse confi guration are also determined.

4.  Conclusions

Th e calculations carried out lead to the conclusion that with increasing deviation from the ideally transverse 
orientation of the wave, the critical Reynolds number increases. Moreover, the unstable mode is an oblique trav-
eling wave and the disturbed fl ow is quasi-periodic in space. Nevertheless, in the range of small deviations it still 
remains much smaller than in the case of a smooth channel. Th e reason for the increase in the critical Reynolds 
number is the rapid drop of the transverse modulation of the base fl ow velocity with increasing deviation angles.
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Figure 1. (left) Orientation of wall corrugation an mean pressure gradient, (right) the amplifi cation rate plotted vs. 
wave numbers of the disturbance fi eld; Re =100, φ = 87°, corrugation amplitude S = 0.3 and wave number α = 0.8
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Abstract. Th is paper presents a numerical methodology for modeling unsteady fl ows of viscous 
incompressible fl uids within internal domains containing multiple inlet and outlet sections. A new 
formulation of dissipative boundary conditions, incorporating unsteady and direction-sensitive nonlinear 
terms, is introduced. Th e approach enables the imposition of time-dependent fl ow rates and/or section-
averaged pressures at the domain boundaries. Fluid motion unsteadiness is addressed by combining 
Backward Diff erentiation Formulae (BDF) schemes with Operator-Integration-Factor splitting to 
manage advective nonlinearity. Nonlinearity related to the boundary conditions are accounted for using 
a polynomial extrapolation. Numerical simulation results, generated using a spectral-element in-house 
solver applied to a two-dimensional test cases, are also detailed.

Keywords: Navier-Stokes equations, unsteady internal fl ows, dissipative boundary conditions, spectral element 
method, Operator-Integration-Factor splitting.

1.  Introduction

Modeling unsteady fl ows in complex internal domains poses a challenge for both theoreticians and CFD 
practitioners. One of the main diffi  culties is the formulation of physically relevant and numerically tractable 
fl ow conditions at artifi cial boundaries of a computational domain. For internal fl ows, these boundaries 
usually include inlet and outlet sections that arise from trimming a large fl ow domain to a smaller computa-
tional one. Usually, some variant of the open boundary conditions is used, especially at the outlet sections. In 
particular, the so called ‘do-nothing’ conditions are commonly used. Th eir basic variant is easy to implement 
within spectral-h/p element methods and allows for using time-dependent section-averaged pressures and/or 
fl owrates as inputs for fl ow simulations [1]. Nonlinear variants have been also proposed to alleviate tendency 
for numerical instability caused by the occurrence of backfl ow [2]. Yet another variants were design for better 
capturing specifi c fl ow features. Th e dissipative boundary conditions, originally proposed in [3], belong to 
this category. Th ese are the open conditions supplemented with terms which simulate the presence of an 
external fl uid reservoir connected to the fl ow domain through a porous structure obeying the linear Darcy 
law. Clearly, such modifi cation is sound only for fl ows with small Reynolds numbers and slow time variations.

2.  Th e subject of the research

Th e topic of the current study is to generalize the open dissipative conditions for fl ows with strong unsteadi-
ness and with higher Reynolds numbers. To this aim, the unsteady term was added, i.e., the term which 
depends on the rate of change of the fl ow rate, and the inertial term which depends quadratically on the 
fl ow rate. Additionally, the nonlinear term is made direction-sensitive since, in general, the inertial part of 
the pressure loses in a (hypothetical) porous media attached to inlet/outlet sections might depend on the 
bulk-fl ow direction. Hence, the form of the inlet/outlet conditions is:



XXVII FLUID MECHANICS CONFERENCE             Lodz, 23–26 June 2026

210

where ௣, u and μ denote the pressure, velocity and fl uid viscosity. Th e (signed) fl ow rate Qk(t) or the 
far-fi eld reservoir pressure Sk(t) is given at the inlet/outlet Гk. Th e coeffi  cients γk can depend on the bulk-fl ow 
direction, i.e., on the sign of the fl ow rate.

3. Research method

Novel boundary conditions have been included into the weak formulation of the governing equations. Th e 
2nd-order backward-diff erentiation scheme has been used to deal with fl ow unsteadiness. Th e nonlinear 
advective terms have been integrated using the Operator-Integration-Factor Splitting (OIFS) technique. 
Nonlinearity incurred by the boundary conditions has been managed by means of the polynomial extrapo-
lation. Th is way, the numerical problem solved at each time step is linear. To achieve the desired fl ow rates, 
a transient fl ow fi eld is constructed as a superposition of solutions to specifi c Stokes problems. Only one such 
problem is solved in the course of the simulation. Th e test case has been solved with the use of the in-house 
2D spectral-element solver with quadrilateral elements.

4. Conclusions

Novel formulation of the nonlinear dissipative conditions, applicable to unsteady viscous fl ows in duct net-
works, has been proposed, implemented and tested. Th e pros and cons have been discussed.
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Figure 1. (left) Th e fl ow domain with K inlet/outlet sections. Th e fl ow rates are prescribed for fi rst Kv sections, 
while section-averaged pressures are given for the remaining ones, (right) an instantaneous pattern of the vorticity 

fi eld of the test fl ow
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EXPERIMENTAL INVESTIGATION OF A 3D-PRINTED 
HEAT PIPE WITH MATHEMATICALLY DETERMINED 
OPERATING LIMITS
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Abstract. Tests of a 3D-printed aluminium grooved heat pipe (HP) fi lled with propane have been 
conducted. Such geometries of the grooves have not been found in the literature. Th e main limits of HP 
operation have been specifi ed and they will be mathematically described. Th e values corresponding to the 
investigated device will be assessed and the contour of the working region will be drawn. Th e results of this 
work will deliver unique conclusions in the fi eld of HP designs and their novel manufacturing methods.

Keywords: Interdisciplinary Areas in Heat and Fluid Flow, Multi-phase Flows, Experiment, Mathematical Model, 
Th ermal performance.

1. Introduction

A heat pipe (HP) is a sealed mechanical device that transfers heat from one end to another without requiring 
additional energy input. Th e hot part causes the fl uid to evaporate and fl ow to the cold, condensation section. 
Th e fl uid in the liquid phase fl ows back to the evaporator and the cycle continues. HPs are commonly used 
in electronics and aerospace cooling, heat recovery, solar thermal systems or nuclear systems.

One of the methods to enhance HP’s performance is modifying its geometry. Th e external changes improve 
heat transfer between the HP and its environment, while the internal ones aff ect the operating limits. Th ere 
have been theoretical and numerical studies on complex shapes that would be hard to produce with traditional 
methods. Additive manufacturing could be a solution for incorporating these designs into real-world testing 
[1]. Familiarity with operational limitations and, thus, heat transport capabilities is a helpful indicator for 
choosing reasonable production solutions.

Th e authors aim to expand knowledge regarding heat pipe design and its operating limitations. A test rig 
was constructed for conducting experiments over a 3D-printed heat pipe. Th e geometry of the device, namely 
the groove shape, has not been found in the literature. Th us, its thermal characteristics and the derived heat 
transfer limitations will ensure the uniqueness of the research.

2. Test stand description

The constructed test stand was equipped with a single heat pipe during operation, cooling and 
heating mechanisms, a fi lling mechanism, carefully selected sensors and National Instruments measurement 
cards. Th e data acquisition system was prepared in LabVIEW software.

A heat pipe of external diameter 25.4 mm was 3D-printed out of aluminium (AlSi10Mg) in two separate 
parts due to the production limitations. Th e models and their printed versions are shown in Figure 1. Every 
part was connected to an additional aluminium ring that later allowed the connection of those parts with 
bolts. With such a construction, it will be easier to change the sections to ones with diff erent geometry mod-
ifi cations. Th e evaporator section of the heat pipe was 250 mm and it was heated up by three electric heaters 
with a maximum power of 300 W each. Th e condenser section was cooled through a water jacket. Th e liquid 
was delivered at around 10°C, thanks to a chiller and a thermostat. Cold section’s length was also 250 mm. 
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Th e whole heat pipe was 550 long, leaving 50 mm for the adiabatic section. Working fl uid inside the 
heat pipe was pure propane (R290, C3H8).

3.  Heat transfer limitations

Five main heat transport limitations strictly impact the HP’s performance. Combining them all provides 
an operational range from which it is possible to predict the transferred heat. Th ese limitations depend on 
the working fl uid used, the heat pipe’s geometry and the operating conditions. Th e vapour pressure limit 
occurs when the total vapour pressure is balanced by viscous forces, leading to low or no fl ow. Reaching the 
sonic level and velocity by vapour causes the vapour fl ow to choke. Th e entrainment limitation occurs when 
vapour, due to its high shear force, prevents the liquid from returning to the evaporator. Th e circulation or 
capillary limitation indicates that the capillary pressure is insuffi  cient to deliver liquid from the condenser to 
the evaporator. Th e boiling limit is caused by bubbles in the wicks created through nucleate boiling, which 
prevent liquid fl ow [2]. However, in the investigated case there are no wicks, except the rough structure at the 
walls. Th us, it is predicted that the boiling limit will not occur. Th e limitations will be presented in a graph 
with the suggested working range marked. Th e experimental results obtained will be additionally plotted on 
this graph.
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SOME ASPECTS OF MODELLING THE PROCESS 
OF ORGANIC WASTEWATERS REMOVAL IN BIOREACTORS 
AND INFLUENCE OF OXYGEN REGIME ON EFFICIENCY 
OF PURIFICATION
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Abstract. Th e mathematical model of oxygen supply at purifi cation the wastewaters with organic 
pollutants in bioreactors with fi xed biocenosis (biofi lm) is presented. Th e features of modeling of the 
oxygen regime is cosidered. For the valuation of the infl uence of oxygen regime on effi  ciency of wastewater 
tratment the relation of oxygen to ammonium is proposed. Th is relation is the better alternative for 
control of nitrifi cation process in bioreactors in comparison with determined concentration oxygen 
data. Using of proposed relation in practical calculations give the possibility to regulate the wastewater 
treatment processes and allows to improve the effi  ciency of bioreactors exploitation.

Keywords: model, purifi cation, oxygen, organic pollutants nitrifi cation, biofi lm, bioreactor.

1.  Introduction

In biological wastewater treatment reactors the removal of organic contaminants (OC) occurs in aerobic 
conditions that is when oxygen is consumed for bio-oxidation of OC and self-oxidation of cell material and 
also used in other processes that may occur at this time. Th erefore the modeling and development of the 
aeration system consist in investigation of such an oxygen regimes when the rate of the biological treatment 
process should not be limited by the amount of oxygen contained in the reactor.

2.  Aim of invesitgations

Th e aim of investigations was consisted in creation of the mathematical model for valuation and analyse of 
the oxygen regimes in bioreactors according to considered conditions on the base of corresponding equations 
of material balance recorded relative the concentration of oxygen C.

3.  Methods and results

In the given paper the peculiarities that occur in modeling the oxygen regime at aerobic biological treatment 
of wastewaters in bioreactors with fi xed biocenosis are considered. At this for evaluation of removal of OC 
the linear kinetics of reactions of the fi rst and zero orders according to Monod were used. In general case 
the summary fl ow of oxygen entering into biofi lm through its surface is determined by the next equation:

where η – the ratio of  the surface area of the biofi lm when in contact with air bubbles to the total surface 
area of the biofi lm, Dc – coeffi  cient of diff usion in biofi lm, α and β – parameters of kinetic equation relatively 
fi rst and zero order. In other words, the equation (1) takes into account the possible additional fl ow of oxygen 
into a biofi lm both from the volume of liquid in the form of dissolved oxygen and as a result of the so-called 
inter-surface transfer (IST) directly from the bubbles adhered to the biofi lm. Note that the determination of 

zpCnzaCcc CCKCCK
dz
dCDN (1)



XXVII FLUID MECHANICS CONFERENCE                 Lodz, 23–26 June 2026

214

the fl ow of oxygen through the surface of the biofi lm, NC , may be obtained in a result of solving the following 
equation which characterize the consumption of oxygen at the removal of OC by a fi xed biocenose (biofi lm):

For practical calculations the solution of equation (2) is suffi  cient to solve for stationary conditions that occur 
fairly quickly that is when t

C .Th e solution of equation (2) is performed under the following boundary 
conditions, namely: Nc = 0 for z = 0 and 

t
C  for z = δ which allows us to determine the change in the 

concentration of oxygen along the thickness of the biofi lm, δ, and in subsequent calculations for determina-
tion of the concentration on the surface of the biofi lm CC z 0 .
In the above equations and dependencies Ñ , Сδ, Ca, C0  are respectively the concentration of oxygen in the 
biofi lm, on the surface of the biofi lm, in bioreactor and in the wastewaters at the entrance to it; Cp – con-
centration of saturation (soluble) oxygen in the liquid; Rc – the rate of reactions of using oxygen in a biofi lm 
taking into account the oxidation velocity of the isolated substances during the death of microorganisms; 
Kcn, Kc – respectively the mass transfer coeffi  cient for oxygen between the surface and biofi lm and mass 
transfer coeffi  cient of oxygen in liquid fi lm [1-3]. Implementation of the proposed model allows with known 
r characteristics to evaluate the infl uence of oxygen regime on the processes of waste treatment in bioreactors.

4.  Conclusions

At creation of the models of wastewaters treatment it is necessary at fi rst to take into account the heterogeneous 
structure of biofi lm, oxygen supply regimes and correspond balance equations of kinetic reactions. Evaluation 
of oxygen infl uence on the oxidation process ammonium to nitrate with using of the relation O2/N-NH4 is 
recommended. In practical calculations the proposed relation allows to regulate the purifi cation processes 
and improve the effi  ciency of bioreactor exploitation.
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EXPLICIT ALGEBRAIC REYNOLDS STRESS MODEL 
VALIDATION BASED ON SHOCK WAVE-BOUNDARY 
LAYER INTERACTION EXPERIMENT
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Abstract. In the present study the explicit algebraic Reynolds stress model is validated for shock– boundary 
layer interaction at Mach 5 using the experimental wind tunnel data. Wall pressure measurements from 
and velocity profi les were compared against CFD results obtained using two RANS k-ω models: the 
SST and the EARSM WK-BSL. In contrast to the literature, the results indicate that the two models 
implemented in the Ansys Fluent software behave similarly; this is presumably due to the simplifi ed 
implementation of the EARSM model.

Keywords: Computational Fluid Dynamics, Explicit Algebraic Reynolds Stress Model, Shock Wave-Boundary-Layer 
Interactions, Turbulence Modeling.

1.  Introduction

Shock boundary layer interaction plays a crucial role in various engineering applications, such as supersonic 
inlets, wind tunnel facilities and aircraft pylons for dummy equipment. One notable example of this inter-
action is the NASA X-15, where a design issue caused the pylon to melt [1]. Th e phenomenon is currently 
better understood, however, Reynolds Averaged Navier-Stokes (RANS) CFD modelling is still burdened with 
various limitations that become apparent during strong interaction [2].

On the other hand, the Explicit Algebraic Reynolds Stress Model (EARSM) provides better agreement 
with both experimental measurements and Direct Numerical Simulations (DNS) when compared to other 
RANS models. Th is is especially the case when adverse pressure gradients are present, as occurs in shock 
wave-boundary layer interaction (SWBLI) cases [3].

In present study we aim to explore and validate such EARSM models in SWBLI cases due to their promise 
of better agreement with experimental results while preserving the low computational cost of RANS models. 
Th is models have been successfully applied to various cases, demonstrating far greater agreement with exper-
iments than the standard SST model [4]. Th e study focuses on validating experimental data collected in a 
supersonic wind tunnel of a two-dimensional wedge generator of impinging shock on a fl at plate at Mach 5 
[5], using SST and EARSM models available in the commercial software Ansys Fluent. Th is software provides 
the Wallin and Johansson k-ω EARSM model [6] which is implemented with a simplifi ed defi nition of eddy 
viscosity [7]. For this reason, the study focuses on the consequences of this simplifi cation and aims to compare 
it with the approach recommended by the model authors for eff ective eddy viscosity.

2.  Turbulence Models

Wallin and Johansson [6] stated that a formulation with an eff ective eddy viscosity allows for better capture 
of pressure gradients in the boundary layer by enabling asymptotic behaviour of the boundary layer edge. 
Th ey proposed the following defi nition for eddy viscosity:

(1)
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In Equation 1, β* is a constant, k is turbulence kinetic energy, ω is the specifi c rate of dissipation of the 
turbulence kinetic energy and  is eff ective eddy viscosity defi ned as:

In Equation 2, β coeffi  cients are functions of the invariants and  is one of this invariants [6].
Ansys Fluent implementation of the model with standard eddy viscosity is presented as follows:

Th is solution clearly modifi es the diff usion term. In this study, it is aimed to identify the consequences of 
such changes.

3.  Experiment

Th e chosen experiment consists of two plates placed in a supersonic wind tunnel. Th e fi rst plate acts as an 
impinging shock generator. Th e second plate is placed beneath it to create a boundary layer. Th e location 
of the fi rst plate is determined so that the position of the impinging shock is 350 mm from the beginning 
of the bottom plate. Various angles of the fi rst plate were tested, however, the 14° confi guration was of primary
interest since boundary layer separation occurs. Tests were conducted at the DLR Ludwig Tube Wind 
Tunnel Facility under the following fl ow conditions: Mach number M = 5; total temperature T0 = 410 K; 
total pressure P0= 21.2 bar and unit Reynolds number Re = 40 x 10⁶ m–1[5].

4.  Results

Th e results will describe the wall pressure distribution along the plate, as well as the four velocity profi les 
distributed along the fl ow. Additional parameters, such as skin friction, may be used. Th e results will compare 
the SST and EARSM models to the tabulated results from the experiments.
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 SUBCRITICAL TRANSITION TO TURBULENCE IN THE 
FLOW BETWEEN COUNTER-ROTATING CYLINDERS 
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Abstract. Th e subcritical transitional fl ow in the strongly counter rotating Taylor-Couette confi guration 
of radius ratio 0.9 is studied using DNS. Th e attention is focused on the characteristic features of 
the subcritical fl ows: interpenetrating spirals, turbulent spots, intermittency and hysteresis. Reynolds 
number of the inner cylinder Re1 is increased (at fi xed Reynolds number of outer cylinder Re2) to reach 
the turbulent fl ow. Starting from this state Re1 is reduced gradually to show the reverse transition out 
of turbulence to the laminar fl ow (Re2 from -2400 to -1800).

Keywords: Turbulence, Subcritical Transition, Rotating Flows, DNS.

1.  Introduction

In the presentation the subcritical laminar-turbulent transition is studied numerically (DNS) in the short 
Taylor-Couette (TC) confi guration of radius ratio η = R1/R2 = 0.9 (the end-walls are attached to the inner 
cylinder). Generally, in the shear fl ows two types of the subcritical transition are observed: bypass and ampli-
fi cation [1, 2, 3]. Th e bypass means that the linear mechanism is bypassed in transition process – the fl ow becomes 
turbulent if the critical value of Reynolds number is reached. In the amplifi cation scenario, the unstable fl ow acts 
as an intermediary fl ow which triggers the turbulence [2, 3]. Th e main goal of the research on the subcritical 
transition in the TC confi gurations is to deepen our knowledge on the transitional processes occurring in the 
other (more complex) shear fl ows. Th e most characteristic features of the subcritical transition (intermittency, 
hysteresis) can be observed in the simple TC confi gurations. In the TC fl ows, by varying the governing geo-
metrical and physical parameters, i.e. aspect ratio Γ = H/(R2-R1), radius ratio η = R1/R2, Reynolds number 
of the inner cylinder Re1 = 1R1(R2-R1)/, Reynolds number of the outer cylinder Re2 = 2R2(R2-R1)/, a 
rich variety of the fl ow patterns can be observed, [1, 2]. Th e classic subcritical transition occurs in the TC 
confi gurations with the rotating outer cylinder and steady inner one. But, the subcritical transition also can 
occur in the narrow counter-rotating confi gurations ( from 0.9 to 1.0) if the outer cylinder rotates faster 
than the inner one (the amplifi cation scenario is observed). Th e investigations are mostly performed in very 
long cavities to avoid confi nement in the axial direction, see [1, 2]. However, in contrast to most studies in [3] 
the authors have analyzed a subcritical transition in the short counter-rotating TC confi guration of =5.26, 
=0.905, with the end-walls attached to the outer cylinder. Th e results showed strong stabilizing infl uence 
of such end-wall boundary conditions on the fl ow dynamics.

2.  Research objective, results and discussion 

Th e computations are performed in the counter-rotating confi guration of = 4.71, = 0.9, with the end-
walls attached to the inner cylinder. Such end-wall conditions result in the strong fl ow destabilization, in contrast 
to the results obtained in [3]. Th e aim of computations is to show that for an appropriately selected range of Re2, 
the fl ows in short TC confi gurations have the same key characteristics, as those observed in the other shear 
fl ows (e.g. in the circular pipe fl ow). Th e investigations are carried out for Re2 = -2400, -2200, -2000 and 
-1800. Starting from laminar fl ow, Re1 is increased gradually(at fi xed Re2) to reach the turbulent fl ow – the 
state called in [1] ‘featureless turbulence’. With increas ing Re1 the interpenetrating spirals appear fi rst (the 
obtained structures are identical to those described in [3]). With the further increase of Re1 the turbulent spots
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 appear very rapidly (the turbulent spots are surrounded by the interpenetrating spirals). Figures 1a-1f show 
the intermittent fl ow structure obtained for diff erent values of the dimensionless time tΩ1 (the middle sec-
tion of cavity, tΩ1 = 0.0, 0.5, 1, 1.5, 2, 2.5, Re1 = 607, Re2 = -2400). On the abscissa axis (circumferential 
direction) we have from 0.0 to 2π, on the ordinate axis (axial direction) we have z from 0.0 to H. Figures 
illustrate how the turbulent spots move in the circumferential direction. With further increase of Re1, new 
turbulence spots appear which gradually (slowly) fi ll the entire space. Starting from this state the value of 
Re1 is reduced gradually to show the reverse transition leading fi nally to laminar fl ow. In the presentation, a 
detailed analysis of the phenomena occurring in the vicinity of the end-walls is carried out and the analysis 
of the radial profi les of the statistical parameters. Th e used DNS method is based ona pseudo-spectral Che-
byshev-Fourier-Galerkin collocation approximation.

a) 

b) 

c) 

d) 

e) 

f) 
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CONTROL OF INTERFACE OSCILLATIONS IN HANGING 
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Abstract. Th is study investigates long-range interactions and interface oscillations of two hanging 
droplets. External factors such as evaporation and thermal gradients induce local variations in surface tension, 
causing oscillations in nearby droplets without direct contact. Th is work adds a novel aspect, within the 
context of interfacial phenomena and experimental fl uid mechanics, by studying the long-range interactions 
between droplets, based on vapor-mediated motion. In particular, it focuses on the generation and 
control of the interface oscillations for hanging droplets. Th e oscillations are controlled by varying the 
distance between droplets through approach and retraction. Preliminary results show that the amplitude 
of droplet interface oscillations depends on droplet volume and inter-droplet distance.

Keywords: Experimental Fluid Mechanics, Long-range interactions, Vapor-mediated coupling.

1.  Introduction

Droplet dynamics are strongly infl uenced by external factors such as evaporation, ambient vibrations, tem-
perature fi elds and surface tension gradients [1,2]. Th ese factors induce long-range interactions between 
two spatially separated droplets, resulting in motion driven by attractive and repulsive forces acting between 
them [3].

This study focuses on the control of interface oscillations in hanging droplets through long-range interac-
tions. External stimulation by vapor and thermal gradients induces local surface tension variations, causing 
droplets to oscillate without direct contact. Th e study also presents a new method to investigate long-range 
interactions via oscillations induced by thermal waves.

Figure 1. Experimental setup: a) two hanging droplets; b) droplets separated by a glass plate
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2.  Experimental Approach

Long-range interactions were studied using two methods. Method 1: Two droplets (V~4μL) were 
generated at the tips of vertically aligned needles without touching, with an initial inter-droplet 
distance of ∼150 μm [Figure 1a)]. One needle was moved with a stepper motor until the inter-droplet 
distance reached ∼20 μm, inducing oscillations in both droplets. Returning the needle stopped 
oscillations. Each experiment lasted ∼3 min, with several approach-retraction sequences. Method 2: 
A similar motion was applied, with a transparent glass plate inserted between the droplets 
[Figure 1b)]. Th e plate was positioned so that the moving droplet did not touch it, while the fi xed 
droplet adhered to it, forming a liquid bridge between the needle and the plate.

3.  Results and Discussion

Preliminary results show that droplets oscillate when reaching a critical volume (V = 3.8 μL) correlated with 
their resonance frequency if stimulated by external factors (background vibrations or temperature variations). 
Larger droplets oscillate only after evaporation reduces them to the critical volume [Figure 2a)]. A similar 
behaviour is observed when two droplets approach each other: droplets with volumes far from the critical 
value do not oscillate, whereas two droplets near the critical volume begin to oscillate as they come closer 
[Figure 2b)]. Th e results demonstrate that droplet oscillations can be controlled by approaching and retracting 
droplets relative to each other.
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Abstract. Th is paper presents an undergoing numerical study of turbulent fl ow around a twin-foil 
system housing components of a diode-laser hygrometer. Th e objective is to reduce turbulence-induced 
fl ow structures and to lay the groundwork for future investigations of polydisperse particle distributions 
and their impact on laser-light absorption along the hygrometer’s optical path in fl ight deployment.
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1.  Introduction

Accurate, fast water-vapor measurements underpin studies of convection, cloud microphysics, radiative transfer, and 
stratosphere–troposphere exchange yet are diffi  cult where mixing ratios can fall below 10 ppm and instrument 
sampling artifacts (e.g. caused by the fi nite size water droplets or ice crystals) become comparable to the 
atmospheric signal. Optical hygrometers based on diode-laser absorption spectroscopy address this need by 
directly linking measured absorption to H2O number density via well-characterized spectroscopy, enabling 
high precision and rapid time response in fl ight and ground deployments [1, 2]. Open-path airborne systems 
minimize sampling-line ‘memory’ by measuring absorption in the free stream and for this reason they are 
particularly suited for investigations from relatively small cost Unmanned Aerial Vehicles (UAVs) and/or full-
scale planes. However, comparisons continue to show that even high-end hygrometers can disagree under 
challenging conditions, emphasizing that ‘measurement physics’ includes aerodynamics and thermodynamics 
of sampling as much as laser spectroscopy [1-3].

In the presented herein undergoing work, we use Computational Fluid Dynamics (CFD) to provide a quanti-
tative way to design that sampling environment, so the optical path sees air that is representative, well-mixed and 
free of condensed-phase interference. As we plan to place fast infrared hygrometer [3] on the UAV platform, our 
study diff ers from previous investigations, where CFD was used to design closed-path hygrometers, and optimize 
inlets, tubing, and fl ow cells by minimizing recirculation and dead volumes [4]. However, as in the known works, 
we aim to predict spatial gradients of pressure, temperature, humidity along the laser beam that bias retrievals 
of the instruments. Th e main goal of this study is to address a particularly important design problem is the 
multiphase particle fl ow of small droplets or ice particles that may enter the measurement region. Th ese droplets 
can scatter/attenuate the beam, contaminate windows or partially evaporate in heated sections, 
creating time-varying biases that aff ect as true vapor variability. Instruments that separate vapor and total-wa-
ter channels explicitly rely on aerodynamic particle rejection or inertial enhancement; CFD coupled with 
Lagrangian particle tracking can predict size-dependent trajectories, impaction hot spots and evaporation 
timescales under realistic pressure, temperature and fl ow conditions.
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2.  Geometry, methodology and current results

Th e fast infrared hygrometer (FIRH [3]) will be integrated into a system of two foils, each with a chord length 
of 0.15 m. Th e set-up is intended to be mounted on a UAV or aircraft, outside the fuselage boundary layer. 
Th e FIRH diode-laser emitter and receiver are housed in the upper foil, while a mirror that refl ects the laser 
beam is installed in the lower foil. Th e 0.25 m optical path length is twice the distance between the foils, as 
shown in Figure 1.

Th e results presented in this abstract are obtained using OpenFOAM free, open-source C++ library. 
At present, we use standard solver based on the RANS approach with  turbulence model and wall 
functions, coupled with the incompressible momentum and mass conservation equations. A computational 
grid of approximately ∼4 × 105 control volumes is used to discretize two-dimensional computational domain 
with freestream boundary conditions. Th e minimum non-dimensional distance from the wall is maintained at 
about y+~30. Th e initial values of turbulent kinetic energy k and its dissipation rate ε are estimated assuming 
and upstream turbulence intensity of 3%.

A time-marching procedure is employed to obtain quasi-stationary velocity and pressure fi elds. Th e 
results shown in Figure 1 illustrate a modifi cation of the originally proposed geometry (depicted on the left). 
Th e new geometry, based on the modifi ed ClaryYH foil, reduces the size of the recirculation region leading 
to lower drag and decreased turbulent kinetic energy intensity which indicates mitigation of turbulent eddies.
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Figure 1. Twin-foil confi guration at non-zero angle of attack in turbulent fl ow of air Re = 5.5 × 105 Laser 
emitter and receiver (top foil), mirror (bottom foil). Modifi cation (right) of the original (left) aerofoil shape 

reduces recirculation region and based on the levels of turbulence kinetic energy production of turbulent 
fl uctuations (not in the fi gure)
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Abstract. Th is paper investigates the aeroacoustic noise generated by ceiling diff users in HVAC systems 
using an acoustic camera and a single-microphone noise analyser. Measurements were conducted in 
an anechoic chamber at various fl ow velocities, taking into account the infl uence of the measuring 
stand. Th e results demonstrate that the acoustic camera eff ectively identifi es noise source locations and 
structural tonal frequencies. Th is method is faster in terms of identifying noise sources in the facility and 
could be comparable to standardised single-microphone techniques for noise diagnostics and optimising.
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1.  Introduction

Technology is developing quickly in the fi eld of HVAC (Heating, Ventilation and Air Conditioning) inspection 
and maintenance. Acoustic imaging, a technique that enables specialists to truly ‘see’ sound, is among the 
most cutting-edge instruments entering the sector. Acoustic cameras show the intensity of sound, same as 
thermal cameras show variations in temperature. Noise camera with beamforming algorithm is a technique 
where a microphone array is used to visualise the location of a noise signal. Beamforming is a method for 
processing microphone array data to produce images that represent the distribution of the acoustic source. 
It is an imaging technique that applies to continuous or discrete source distributions. Nowadays, the technique 
has become an important tool to minimise the noise in the industry. For example, a comprehensive meth-
odology for identifying and reducing noise emissions from an industrial plant situated near a residential area 
by using the primary tool for localisation, an acoustic camera which utilises an array of 112 microphones 
and the Beamforming Method to visualise sound sources, was tested by Fiebig and Dąbrowski [1]. Acoustic 
camera measurements can also be used to analyse occupational noise exposures. Noise mapping is becoming 
an eff ective tool for visualising noise pollution, supporting decision-making regarding occupational safety, 
creating hazard maps, assessing employee hearing risks and proposing Hearing Loss Prevention Programs [2].

Th e HVAC industry is only now starting to realise the potential of noise cameras because of the increased 
precision of problem diagnosis and the presentation of unambiguous visual proofs of noise leaks. In one of 
the noise studies, an acoustic camera was used to analyse the noise generated by a prototype HVAC unit and 
improve passenger comfort in vehicles. Th e primary goal was the early detection of annoying sounds during 
ventilation system operation which allowed for design modifi cations to be implemented early in product 
development [3].

Th is paper aims to demonstrate that the acoustic camera enables the fast and precise localisation of noise 
sources from end ventilation objects and can also assess the nature of aeroacoustic sources. Th e method was 
applied to an experimental HVAC system that utilised two diff erent ceiling diff users as the end elements. 
Th e measurements were done on the specially constructed test stand with an outlet to an anechoic chamber. 
Th e noise produced by the fl ow was analysed using a noise camera and compared with the standardised single 
microphone method.
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2.  Test procedure

Th e measurements were performed on the specially constructed test stand with the outlet to the anechoic 
room – Figure 1.

Airfl ow was induced by a fan mounted on the inlet of the stand and regulated by the power inverter. 
Th e stand test was equipped with a set of silencers to eliminate fan noise, according to the ISO7235 Stan-
dard. Th e outlet of the test stand was in the anechoic room at the Institute of Power Energy ‘ITC’ in Lodz. 
Th e anechoic test chamber is cubic, approximately 350 m³ in size, and has walls that are acoustically treated 
with foam wedges, providing a refl ection-free environment. Th e measurements were taken at four fl ow velocities. 
Th e measurement of the far-fi eld noise was made by a sound pressure level analyser, located at a distance of 1 
m from the front of the box and directed against the direction of the fl ow, and also by an acoustic camera, with 
40 MEMS microphones and an HD camera and software that allows real-time sound imaging for quick results. 

3.  Conclusions

In this work, the aerodynamic noise generated by the end elements of HVAC systems – ceiling diff users 
– was studied. Th e two types of ceiling diff users with diff erent controlled blades were tested. Th e measure-
ments were made in an anechoic room at low to moderate Reynolds numbers using a specially constructed 
test stand. Th e 1/3 octave A-weighted equivalent continuous sound levels depend on the fl ow velocities at 
various fl ow velocities which were measured using an acoustic camera and sound pressure level analyser. 
Characteristic tonal frequencies were observed in the acoustic spectra for each of the diff users which were 
assigned to their structural components. Th e sound distribution across the diff users, obtained from an 
acoustic camera, allows for the identifi cation of the locations where the highest noise is generated.
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Figure 1. Scheme of test stand in the anechoic chamber
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Abstract. An in-house e-Xtended Discrete Element Method is presented. Th is uses a mixed Eulerian-
Lagrangian framework to simulate the motion and conversion of multiple particles. Coupling 
Computational Fluid Dynamics with the Discrete Element Method enables the model to provide 
a detailed and reliable analysis of complex reactive multiphase fl ows involving heat and mass transfer. 
Th is tool provides particle-resolved data which would be diffi  cult or impossible to obtain through 
high-temperature experiments.
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1.  Introduction

Coupling Computational Fluid Dynamics (CFD) with the Discrete Element Method (DEM) provides a robust 
framework for simulating multiphase systems involving fl uid fl ow and discrete particles. Th is approach is 
widely used in the study of porous media, fl uidised beds and granular systems. However, representing particles 
as simple spheres provides fast solutions but limits the accurate prediction of complex, non-homogeneous 
materials, particularly when structural transformations under thermal or mechanical loading must be resolved. 
Th is work introduces the XDEM (eXtended DEM) method, which effi  ciently couples intra-particle physics 
with Lagrangian-Eulerian approaches. Unlike classical discrete methods, which treat particles as rigid bodies 
with lumped properties, the proposed solution adopts a reactive thermodynamic approach, resolving internal 
heat transfer, species transport, chemical reactions, phase changes and structural evolution at the particle level.

2.  XDEM method

XDEM is advanced software for modelling the behaviour of granular materials subjected to various external 
factors, including diff erent fl ow and thermal conditions [1]. Th e model’s key advantage is that it considers 
the sequence of thermodynamic processes undergone by each particle as it moves in an external fl uid fi eld. 
Th is is mathematically governed by a set of transient one-dimensional balance equations. Th is approach thus 
extends the classical DEM widely used for predicting particle movement. XDEM is coupled with conventional 
CFD. While DEM predicts the position and orientation of each particle in space and time, XDEM also 
evaluates their thermophysical properties, such as internal temperature, density, composition and porosity [2]. 
Th e motion of a particle in the system is determined using the equations of classical mechanics:

where the subscripts appearing with the forces  denote their following types: c – contact, g – 
gravitational, b – buoyancy, d – drag. Th e equations describes Newton’s Second Law for translational 
movement and for the rotation, where Ip [kg m2] is the particle’s moment of inertia,  [rad/s] is

(1)
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the particle’s angular velocity, and  [N m] are the torques. Th e coupling with CFD is performed within 
the OpenFOAM code, considering its porous zone model. Heat and mass transfer from fl uid to/from parti-
cles are performed via the source terms of the corresponding conservation equations. In the case of biomass 
particles, chemical reactions are also considered here.

3.  Results and conclusions

Figure 1 illustrates the temperature of the surroundings and its infl uence on the structure of the cylindrical 
biomass particles after some exposure time in the laboratory reactor [3]. Th e analysed reactor has an unusual 
half-tube shape, designed to visualise fl ame propagation. Due to its particular shape, the acceleration of 
the gas fl ow at the external curved walls is observed and the thermochemical changes diff er from those in 
commonly used cylindrical reactors. Th e hot fl uid fl ows from the bottom, heating the particle bed. Due to 
heat transfer between phases, the particles’ internal structure changes and the bed level decreases. Th e used 
software provides information on all the particles in the system, thus, is a powerful and advanced approach 
for simulating complex multiphase and multicomponent systems.
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Abstract. Th is abstract describes numerical simulations of a wind turbine blade undergoing harmonic 
fl apwise oscillations in a cold-chamber-sized domain, aimed at quantifying aerodynamic damping and 
assessing the infl uence of chamber walls on blade vibrations. An URANS model with mesh morphing 
as well as HAWC2 aeroelastic simulations are used to compute for analysis. Preliminary studies show 
that an increase in temperature causes a slight reduction (below 6%) in the amplitude of the blade root 
bending moments.
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1.  Introduction

HYBRID WIND project (https://hybridwind.dtu.dk/) aims at reducing the cost of wind energy through the 
development of a fast digital twin of a wind turbine intended for monitoring for O&M cost reduction. Th e 
digital twin should be able to predict the characteristics of a wind turbine over a wide range of conditions, 
including weather eff ects (e.g. temperature) and its infl uence on the propagation of defects.

Measurements of vertically mounted blades undergoing cyclic loading can already be found in literature, 
even for long blades such as 52 m [1] and 60 m [2], including artifi cial de-bonding [3]. Th e present models and 
experiment expand on those studies by installing the blade with deliberate imperfection in a cold chamber. Th e 
process of debonding and its impact on blade characteristics will be observed.

2.  Methods

Two modelling methods were used for the task: URANS STARCCM+ simulations and aeroelastic HAWC2 
simulations. Th e former provides high-fi delity results, necessary for validation and fl ow structure analysis, 
while the latter off ers higher computational speed, allowing the computation of a large number of cases.

Th e numerical model is based on the test section of a horizontally mounted 12.6 m wind tur-
bine blade installed in a cold chamber. An exciter with rotating mass is installed to induce cyclic oscil

Figure 1. Distribution of the velocity magnitude for two example blade positions
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lations of the blade in fl apwise direction. Th e measurements in the test section are planned for the fi rst half 
of the 2026 and validated results are expected to be presented at the FMC 2026 conference. Th e blade move-
ment set for URANS simulations was created based on the HAWC2 model and preliminary measurements.

3.  Results

At the current stage of the research the models were tested and sensitivity studies were performed. In CFD, 
a grid independence study was performed, the fi nal grid is an unstructured, polyhedral grid, consisting of 
9.7·106 elements. Various defi nitions of numerical methods were tested, to obtain the best convergence and 
numerical stability, for future comparison with experiment. Th e HAWC2 model was used to create a sensitivity 
study regarding the parameters of the exciter, such as mass, rotational velocity and the position of the center 
of rotation. Figure 1. shows preliminary velocity contours of the oscillating blade in the cold chamber. 

Using the HAWC2 model the blade root bending moments as a function of temperature were determined. 
Th e aerodynamic model of HAWC2 is based on Blade Element Momentum theory, where temperature is not 
considered. Th us, density was used as a substitute, the limits were selected based on extreme values occurring 
in the atmosphere at sea level. Simulations were carried out for densities of 1.0, 1.2 and 1.4 kg/m³. Table 
1 shows the amplitude of root bending moments for the three values of density. Th ere is a slight eff ect of 
density on the amplitude, which increases with decreasing density, likely due to lower aerodynamic damping.

Table 1. Amplitude of blade root bending moments for density equal to 1.0, 1.2 and 1.4 kg/m3 and 
the relative change

ρ=1.0 kg/m3 

(a)
ρ=1.2 kg/m3 

(b)
ρ=1.4 kg/m3 

(c)
Change 

100%·(c-a)/b

Mx [kNm] 54.75 53.75 53.05 -3.1%

My [kNm] 0.15 0.14 0.14 -5.5%

Mz [kNm] 10.53 10.38 10.23 -2.9%
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Abstract. Lifted hydrogen jet fl ames are investigated with emphasis on fl ame base dynamics using large 
eddy simulations performed with the SAILOR code. Global instability (GI) triggered by suction leads to 
the formation of coherent toroidal vortices that strongly enhance mixing upstream of the fl ame base. Th e 
ignition characteristics of stoichiometric mixture are obtained from Cantera. Combined LES and Cantera 
results enable assessment of the role of autoignition relative to GI in the fl ame stabilization mechanism.

Keywords: Combustion, Computational Fluid Dynamics, Lifted hydrogen Flame, Global Instability.

1.  Introduction

Lifted jet fl ames play a crucial role in modern combustion systems, as they eff ectively protect burners compo-
nents from exposure to hot combustion products. Th eir control, however, requires a detailed understanding 
of the stabilization mechanisms that anchor the fl ame at a fi nite distance from the fuel nozzle. Th ese mecha-
nisms depend on degree of premixedness and dominant physical processes such as autoignition in heated 
environments and interactions with large-scale fl ow structures. In particular, coherent vertical structures can 
strongly infl uence fl ame lifting and anchoring by governing fuel-oxidizer mixing upstream of the fl ame base.

A promising strategy for controlling lifted fl ames relies on exploiting the global instability (GI) phenom-
enon [1,2]. Unlike the convective Kelvin-Helmholtz (K-H) instability which produces vortex rings that are 
convected downstream with a limited impact on mixing, GI arises when a locally absolutely unstable fl ow 
region forms due to density stratifi cation or the presence of an external fl ow. Disturbances generated in such a 
region grow both upstream and downstream, leading to a self-sustained oscillatory fl ow and the formation 
of strong, coherent vortices.

In the present study, an annular counter-current fl ow establishes an absolutely unstable region directly 
above the nozzle exit, triggering GI and generating coherent toroidal vortices. Building on previous studies, 
the focus is placed on the dynamics of the lifted fl ame base, with particular emphasis on the quantitative 
contribution of autoignition relative to GI in the fl ame stabilization mechanism. Th e analysis is performed 
using high-fi delity large eddy simulations (LES) carried out with the academic code SAILOR [3] and sup-
ported by Cantera [4] calculations.

2.  Problem description

A nitrogen-diluted hydrogen jet issues into heated cofl owing air under autoignitive conditions. A count-
er-current nozzle confi guration, involving annular suction at the jet periphery, is employed to promote the 
onset of global instability. Th e fl ames are examined under both dry and humidifi ed cofl ow conditions (1–5% 
H2O by mass). Humidifi cation is consistent with current trends in wet and low-emission combustion concepts 
and is used to promote conditions hindering autoignition. Autoignition characteristics are further analyzed 
using 0D batch reactor simulations, with initial mixture compositions corresponding to the stoichiometric 
mixture fraction  of 3D LES cases.
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3. Results

Th e overall fl ame structure exhibits a corrugated fl ame base anchored several nozzle diameters downstream 
of the inlet plane, as shown in Fig. 1(a). Th e fl ow dynamics associated with GI governs the early formation of 
strong, coherent toroidal vortices, identifi ed using the Q-criterion. Th ese structures enhance mixing upstream 
of the fl ame base and control its mean lift-off  position, indicated in Fig. 1 by the red dashed line.

Analysis of temperature evolution along the isoline  in a central axial plane (Fig. 1(b)) 
shows that, prior to ignition, mixture temperatures approach the minimum values required for autoignition 
and remain only slightly below the autoignition temperatures predicted by Cantera. At later times, signifi cant 
temperature variations along this isoline arise due to the presence of the fl ame. Acounting for thermal diff usion 
eff ects, autoignition is therefore likely to contribute to fl ame stabilization. Th e addition of water vapor increases 
the ignition temperature and ignition delay time, which may further infl uence the fl ame stabilization process.
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Figure 1. Lifted hydrogen jet fl ame (a); temperature evolution along the stoichiometric isoline extracted from 
a central fl ame cross-section over the simulation time (b)
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Abstract. Th e infl uence of species diff usion models on LES and DNS of hydrogen fl ames is analysed using a 
simplifi ed canonical confi guration based on the Taylor-Green vortex. Simulations are performed for a range 
of Reynolds numbers to assess how the eff ects of unity and constant Lewis number assumptions, as well as 
mixture-averaged diff usion, depend on the strength of vortical structures and their interaction with fl ame.
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1.  Introduction

Interactions between diff usion fl ames and vortical structures play a crucial role in many practical combustion 
applications. Coherent vortical structures strongly infl uence fl ame curvature and unsteady fl ame behaviour, 
thereby aff ecting local burning rates and fl ame stability. In addition, diff usion fl ames are susceptible to 
quenching processes when subjected to external disturbances such as heat losses or stretch. Th e interaction 
between fl ames and turbulence can further lead to combustion instabilities, which are highly undesirable in 
practical combustion devices [1]. Hydrogen combustion has attracted signifi cant attention as a promising 
pathway toward low-carbon energy system, driven by the growing demand for alternative and sustainable 
energy sources. Th erefore, investigating the interaction between hydrogen fl ames and vortical structures in 
turbulent fl ows is crucial for advancing the fundamental understanding of hydrogen combustion.

To investigate the fundamental mechanism governing turbulent combustion, high-fi delity numerical 
approaches such as Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) are particularly 
well suited. Th ese methods enable detailed resolution of the interaction between fl ow structures and reactive 
processes, providing deep insight into fl ame dynamics, turbulence-chemistry coupling and transport phe-
nomena. Th e Taylor-Green vortex (TGV) is a well-defi ned canonical fl ow that has been widely used to study 
vortex evolution and the laminar-turbulent transition [2]. Th e combination of TGV with a hydrogen fl ame 
provides a valuable benchmark for numerical codes [3] and serves as a simplifi ed framework for investigating 
the fundamental physics underlying turbulence-fl ame interactions [1]. In the present work, a reactive TGV 
is analyzed using diff erent diff usion models, including unity and constant Lewis number assumptions and 
a mixture-averaged diff usion formulation. Simulation are performed using both DNS and LES in order to 
assess how the diff usion models behave in fully resolved simulation and in LES, which is more accessible for 
practical applications, while a range of Reynolds numbers is considered to examine their performance under 
diff erent levels of turbulence intensity.

2.  Confi guration

Following the work of Abdelsamie et al.[3] and Xu, and Chen [1], the computational domain is cubic 
box of size [0, L0]3, where . Th e central region is initially fi lled with a H2/air mixture 
( , where Y denotes the species mass fraction and T temperature, while the sur-
rounding region contains air with . Th e equilibrium state is then computed locally using lib-
Cantera and used to initialize the temperature and species mass fractions. Th e velocity 
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fi eld is initialized using TGV confi guration. Th e initial fi elds of x – velocity (U), temperature T and hydrogen 
mass fraction YH2

 are shown in Fig.1.

3. Preliminary results

Th e comparison of the DNS results is performed for a fl ow characterized by Re = 250 with reference to 
data reported in [3]. Both the temporal evolution of the maximum temperature and the profi les of T and 
YH2

 obtained for constant Lewis number model show excellent agreement with [3] and they signifi cantly
outperform the results obtained using the unity Lewis number assumption. In addition, several test cases at 
diff erent Reynolds numbers, including simulations employing mixture-average diff usion model, are considered 
to enable a more quantitative assessment of diff usion eff ects.
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XXVII FLUID MECHANICS CONFERENCE              Lodz, 23–26 June 2026

233
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Abstract. Th e current research is a follow-up to previous successful attempts at limiting fatigue loads 
on darrieus-type wind turbines, using a specifi cally divided, translated and rotated H-type rotor. 
Th e current purpose is to achieve a similar eff ect by optimizing the skew gradient along the length of 
a helical rotor, while maintaining its effi  ciency and other key performance parameters. A set of interesting 
geometrical scenarios, simulated using URANS will be presented within the full material. 

Keywords: Computational Fluid Dynamics, Aerodynamics, VAWT, Vertical Axis Wind Turbine, Load-limiting, 
Aerodynamic Optimization.

1. Introduction

Both straight-bladed and helical Vertical Axis Wind Turbines (VAWTs) are subject to pulsating loads related 
to a cyclic variation in angles of attack occurring as part of each rotation [1][2]. Cyclic loading, depending on 
actual values can be the cause of fatigue based failure [3] or have no consequence on achieving an expected 
wind turbine operational lifetime.

Within prior research, the authors have presented an experimental and numerical validation of a load-lim-
iting concept using VAWT H-rotors divided in two parts, by specifi c proportions along the length of the 
tower, rotated azimuthally and, in most scenarios also translated horizontally. Th is has yielded very signifi cant 
results. When compared with a single-level test case of identical total rotor height, each verifi ed experimental 
test case presented weighted average reduction values of bending moment amplitudes and maximum values at 
the bottom of the rotor shaft, understood as a shaft attachment height, of 80-84% and 40-42% respectively 
[4]. It was afterwards theorized that it could be very advantageous to use a modifi ed application of the same 
general principles to further optimize helical VAWTs.

2. Description of the solution

Helical, skewed or spiral designs of darrieus rotors typically use heavier blades than their straight bladed 
counterparts which can be a limiting factor for industrial scale installations. In return, due to more smoothly 
covering the azimuth angle during rotation, they off er a reduction in base-relative spanwise bending moment 
leading to lower fatigue loads [5]. With additional shaping this process can be further optimized, combining 
fatigue load reduction with high energy production effi  ciency, no unnecessary material use and self-starting 
properties at any wind-relative position.
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Th e operation of the discussed version of a spiral turbine allows for limiting the bending moments in the 
mounting of the rotor shaft, in a critical element of the structure, by distributing the base-relative bending 
moments more evenly than in Gorlov rotors or similar ones, that have a twist that is either even or symmet-
rical with relation to half the height of the rotor blades. For a large number of blades within a rotor, it may 
be advantageous to have the longitudinal twist angle of the blades in the rotation axis of the rotor along the 
entire height of the rotor from 100% to 120% of the full angle divided by the number of blades in the rotor, 
to ensure the most accurate representation of moments from all attack angles relative to the incoming wind.

If fewer blades are used, the variant in which the longitudinal twist angle of the blades in the rotation 
axis of the rotor along the entire height of the rotor is not less than 90% of the half-full angle divided by the 
number of blades in the rotor may also be benefi cial. Th is allows the construction of rotors with reduced 
skewness and reduced material consumption than the above-mentioned variant, with the most equal repre-
sentation of moments from evenly spaced angles of attack relative to the incoming wind, more eff ective in 
reducing the amplitude of loads and maximum load values in the work cycle at the place of attachment of the 
rotor at the base than in a uniformly twisted rotor. Smaller total skew scenarios focusing on lower material 
use are also tested. Th e full material will show results of URANS simulations of most interesting scenarios of 
turbines having height variable skew.
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Figure 1. Variable-skew VAWT rotor example
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REAL-WORLD AERODYNAMIC AND ACOUSTIC 
PERFORMANCE OF MULTI-DISK RADIAL FANS
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Abstract. Th is paper presents experimental aerodynamic and acoustic characteristics of three Tesla-type 
multi-disk radial fans. Pressure rise, power, effi  ciency and sound power level were measured for various 
volume fl ow rates and rotational speeds. Th e results quantify the low specifi c speed and low-noise 
features that have been reported qualitatively in earlier studies. Th e measurements were performed in 
standardised test rigs to provide reliable reference data for future modelling and design.

Keywords: Experimental Fluid Mechanics, Flow Machinery, Aerodynamic Noise, Multi-Disk Fan.

1.  Introduction

Bladeless multi-disk machines, originally proposed in the early twentieth century by Nikola Tesla, employ 
tangential viscous shear and boundary-layer eff ects between closely spaced disks to transfer energy between 
a rotor and a working fl uid [1]. In such devices, the fl ow is guided by smooth disk surfaces instead of conventional 
blades. Previous studies on disk-type radial fans have indicated a low specifi c speed, i.e. a high pressure rise at 
relatively low volume fl ow rates and have suggested potentially low noise emission [2]. However, the available 
publications focus mainly on theoretical performance estimates or limited aerodynamic measurements, while 
acoustic data remain scarce.

Th e present work provides an aerodynamic and acoustic characterisation of multi-disk radial fans derived 
from the Tesla fl uid propulsion concept. Th e objective is to determine pressure-fl ow characteristics, shaft power 
demand, effi  ciency curves and sound power spectra of such fans for several impeller geometries and rotational 
speeds. Th e experimental results serve as a reference dataset for future modelling and support the development 
of design procedures for bladeless radial fans intended for ventilation applications.

2.  Experimental setup, methods and results

Th ree radial fans with multi-disk impellers were manufactured according to the Tesla fl uid propulsion concept. 
Th e impellers diff er in outer and inner diameters while maintaining a constant number of disks and inter-disk 
spacing. Th e fi rst impeller has an outer diameter d₂ = 250 mm and an inlet diameter d₁ = 105 mm, corresponding 
to a diameter ratio d₁/d₂ = 0.40. Th e second impeller has d₂ = 160 mm and d₁ = 64 mm (diameter ratio 0.40), 
whereas the third impeller has d₂ = 160 mm and d₁ = 96 mm (diameter ratio 0.60). All impellers consist of 
16 parallel disks separated by a uniform axial gap of 1.5 mm and are mounted in a radial fan housing with 
an axial inlet and a tangential outlet, as illustrated in Figure 1.
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Aerodynamic tests were carried out in a standardised test rig compliant with ISO 5801 [3]. Th e fans were 
driven by an electric motor with speed control and measurements were performed at four nominal rotational 
speeds: 725, 1450, 2175 and 2900 rpm. For each speed and impeller confi guration, the pressure rise across 
the fan and the corresponding volume fl ow rate were determined by throttling the system. Th e data were 
processed to obtain pressure-fl ow, power-fl ow and effi  ciency-fl ow characteristics. Acoustic measurements were 
conducted in a reverberation chamber in accordance with ISO3741 [4]. Th e fan outlet was connected to a 
duct terminating in the reverberation chamber. Sound pressure levels were measured at multiple microphone 
positions and converted to sound power levels. Th ird-octave-band sound power spectra were determined for 
all tested rotational speeds and impeller geometries.

At the highest investigated rotational speed of 2900 rpm, the impeller with outer and inlet diameters of 
250 mm and 105 mm achieved a maximum volume fl ow rate of 64 dm³/s, a maximum pressure increment 
of 815 Pa, a specifi c speed of σ = 0.17 at the optimum operating point and an A-weighted sound power level 
LWA of 73 dB. For the impeller with diameters 160 mm and 64 mm, the corresponding maximum volume 
fl ow rate and pressure rise were 27 dm³/s and 292 Pa, with a specifi c speed of σ = 0.21 at the optimum oper-
ating point and LWA = 66 dB. Th e impeller with diameters 160 mm and 96 mm reached a maximum volume 
fl ow rate of 27 dm³/s and a maximum pressure increment of 289 Pa, with a specifi c speed of σ = 0.24 at the 
optimum operating point and an A-weighted sound power level of 64 dB.

3.  Conclusion

Th e experimental investigation provides a consistent set of aerodynamic and acoustic data for radial 
fans equipped with multi-disk impellers derived from the Tesla fl uid propulsion concept. Th e measured 
characteristics confi rm that these machines operate in a low specifi c speed regime, with a relatively high 
pressure rise at modest volume fl ow rates. Th e sound power spectra indicate predominantly broadband noise 
with a limited contribution from discrete tonal components, which is consistent with the bladeless nature of 
the impellers. Th e results fi ll the existing gap in experimental data for multi-disk radial fans and form a basis 
for the development of calculation methods and design guidelines for practical engineering applications.
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Figure 1. Photograph of the prototype fan equipped with a multi-disk rotor
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VORTEX DYNAMICS
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Abstract. A experimentally-generated thermal vortex ring is analyzed from a point of view of the vortex 
dynamics. Th e azimuthal vorticity is dominated by the fi lamentary structures, as expected from the vortex-sheet 
dynamics under an axisymmetric confi guration. Th e spectrum-space budget analysis shows that the cascades of 
energy and enstrophy dominate, respectively, in the large and small scales in analogy with the two-dimensional 
turbulence: the energy cascades upscale as in two-dimensional turbulence, whereas the cascade direction of 
enstrophy oscillated both with time and wavenumber.

Keywords: Experimental Fluid Mechanics, General Fluid Dynamics, Th ermal, Vortex, Turbulence, Energy and 
Enstrophy Cascades.

1.  Experimental Setup

A series of laboratory experiments of the thermal vortex ring was performed over a period of 2010–2012 at 
Geophysical Institute, University of Warsaw by Anna Górska at her PhD project under the supervision of 
Szymon Malinowski. Here, a thermal vortex ring generated by this experiment is analyzed from a point of 
view of the vortex dynamics.

A thermal vortex ring is generated by a buoyancy anomaly released from below. Its evolution is measured 
on vertical section generated by a laser sheet. Th e analysis is performed on this section, adopting the cylindrical 
coordinates defi ned by assuming that the section contains the vertical axis of the vortex ring.

2.  Analysis Results

Th e vorticity in the azimuthal direction is dominated by the fi lamentary structures, shown by the graphics 
below: the vorticity contours (right) closely follow those of tracer in the image (left), suggesting that vorticity 
is advected like a passive scalar. Th ose behaviors are best explained by assuming that the fl ow is dominated 
by the axisymmetric component, although the divergence is found just as comparable in magnitude as the 
vorticity in the azimuthal direction. Th e axisymmetric nature of the fl ow suggested here is consistent with 
Yano and Morrison [1], who found by analyzing a full numerical simulation that the budget of circulation 
and impulse is dominated by axisymmetric components and the non-axisymmetric contribution is negligible. 
It leads to a dynamics similar to the vortex-sheet dynamics under an axisymmetric confi guration and as 
presented by the contour dynamics in Figure 1.
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Budget analyses further suggest the nonlinear dynamics of this thermal vortex ring somehow akin to that 
of the two-dimensional turbulence: the kinetic-energy budget is dominated by an upscale energy transfer 
by nonlinear advection over the smallest wavenumbers (the total wavenumber less than ten), likely as a con-
sequence of the axisymmetric fl ow behaving like a two dimensional turbulence. Th us, the power-spectrum 
slope of -5/3 over this range is interpreted as a manifestation of forward energy-cascading inertial subrange. 
Here, the wavenumber is defi ned by taking the vortex-ring radius as the unit scale.

The enstrophy budget, on the other hand, is dominated by the nonlinearity at the higher 
wavenumbers, over the range of 1-102, suggesting a behavior akin to that of the enstrophy-cascading inertial 
subrange. Th is tendency is also supported by a steeper energy spectrum close to -3 at higher wavenumbers, 
although the power-law behavior is less well defi ned. Moreover, the direction of the enstrophy transfer over 
this wavenumber range is not well defi ned, either, and the sign oscillates over the wavenumbers as well as 
with time. Th us, the result suggests an enstrophy-dominant dynamics over this scale but without representing 
a well-defi ned cascade direction.
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Abstract. Slender industrial structures often have a low mass-to-stiff ness ratio which makes them highly 
susceptible to strongly unsteady and chaotic wind actions. Th e close proximity of adjacent buildings can 
change the wind dynamics acting on a slender structure by creating zones of turbulence and increasing 
wind pressure on the structure. Furthermore, climate change, which is causing an increase in the number 
of violent storms and gales, keeps the issues of structural safety and the proper selection of wind loads in 
the design process constantly relevant. Firstly, this paper presents a parametric CFD analysis, which has 
been examined the impact of wind speed, height and distance of surrounding structure on wind loads 
on a 100-meter steel industrial chimney [1] which allowed the Strouhal number and corresponding 
number to be determined. Next, using momentum-FSI , the critical Strouhal number and resonance 
area were determined. Th e results obtained were compared with the results of the standard Eurocode 
procedure for wind load assessment [2,3] and a comparative analysis was performed.

Keywords: momentum-FSI (CFD-CSD coupling by momentum exchange), Computational Solid Dynamics, the 
Strouhal number, Computational Fluid Dynamics, General Fluid Dynamics.

1.  Research overview

Th e European wind norm allows a simplifi ed procedure for calculating the forces, moments and displacements 
of a slender structure in a wind fl ow even at the critical Strouhal velocity. Th is is the wind speed in which the 
period of the detached von Karman vortices coincides with the period of eigenvalue vibrations of the struc-
ture: . Th e dimensionless frequency of detaching of alternating vortices is called the Strouhal number, 
and knowing it we can determine the critical velocity of the wind as well as the range of lock-in phenomena.

However, as experience shows, determining the Strouhal number for a real construction is not a simple 
matter and requires time and expensive experiments. Th erefore, the aim of the paper is to determine such a 
number – using the momentum-FSI as numerical tools instead of an experimental setup. Th e advantage of 
the momentum-FSI over the experiment is that the data for the condition  are calculated simultane-
ously for  and . Especially, it is important in the case of a semi-fi xed cylinder (Fig. 1a), where Eurocode 
predictions fail and lead to serious failures [1].

Th e analysis refers to the failure of a 100-metre-high steel industrial chimney presented in [1]. Th e geom-
etry of the chimney was recreated on the basis of this work using CAE tools (Figure 1a). Information on the 
distance from the adjacent building or its dimensions was not presented in [1], therefore, the authors decided 
to carry out a variant (parametric) analysis which provides a more general perspective on the case in question.
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Using Strouhal’s defi nition [4] and the experience from [5], we try to reproduce the Strouhal research 
methodology by performing a series of wind loads induced by a pressure profi le generated according to the 
wind standard. According to the European norm, the characteristic speed is the speed at a height of 10 meters 
above the ground level, and it is for this that we determine the Strouhal number, they are aware of the fact 
that it changes with altitude.

Firstly, for determination of the Strouhal law a series of CFD analysis was performed for various wind speed 
and direction values, heights and distances of the surrounding structure. Th e obtained results were critically 
compared with the appointment of Strouhal number in the standard wind load assessment procedure, both 
at EN 1991-1-4:2008 Eurocode [2] and PN-77/B-02011 [3]. Next, removing rigidity assumption for whole 
chimney, and putting its real stiff ness, the momentum-FSI has been performed for the environmental data 
nearly . By analysing a motion of top of chimney (Fig. 1.b) the critical Strouhal number and lock-in 
range where determined. Th e shift of the lock-in region in the right Ur < III has been discovered.

Another aspect of the work is the reference to the PN-77/B-02011 [2] and PN-EN-1991-1-4:2008 [3] 
standard algorithms. Th e authors refer to both algorithms for determining wind loads due to the period in 
which the chimney was built, i.e. 2003 which in Poland was a transitional period from Polish standards to 
European standards in the process of designing buildings.

References

[1] Kawecki J., Żurański J.A., Cross-wind vibrations of steel chimneys – A new case history, ‘Journal of Wind Engineering 
and Industrial Aerodynamics’ 2007, vol. 95, no. 9/11, pp. 1166–1175.

[2] PN-77/B-02011 Obciążenia budowli. Obciążenia wiatrem.
[3] PN-EN-1991-1-4:2008 Eurokod 1. Oddziaływania na konstrukcje. Część 1-4: Oddziaływanie ogólne. Oddzia-

ływania wiatru.
[4] Strouhal V., Über eine besondere Art der Tonerregung,  ‘Annalen der Physik und Chemie’ 1878, b. V,h. 10, 

pp. 216–251.
[5] Ziółkowski P.J., Ochrymiuk T., Eremeyev V., Fluid–solid interaction on a thin platelet with high-velocity fl ow: vibra-

tion modelling and experiment, ‘Continuum Mechanics and Th ermodynamics’ 2023, vol. 35, no. 4,pp. 1495–1521.

Figure 1. a) Chimney scheme b) an example of top moving at the range of lock-in
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Abstract. We introduce a novel cloaking design surpassing prior work by integrating established techniques 
with explicit phase-shift control behind the cylinder. Th is achieves at least 25-fold scattered energy reduction 
versus the reference case, with near-perfect transmission T ≈ 1 over a signifi cant broadband frequency range.

Keywords: Surface water waves, Cloaking.

1.  Introduction

Surface water waves interacting with an impermeable body scatter energy and induce hydrodynamic loads, 
making scattered-energy minimization a central problem in coastal and ocean engineering. Cloaking refers 
to eliminating this scattered fi eld to reduce loading, achieved through metamaterial-inspired designs, that 
have advanced wave control in electromagnetism, acoustics, elastodynamics and water waves. Here, we study 
broadband cloaking of a surface-piercing impermeable cylinder on the channel centreline. Earlier approaches 
using variable bathymetry [1], fl oating plates [2], modifi ed walls [3] or auxiliary cylinders [4] achieved 
perfect cloaking only at selected frequencies or minimized backscattering without accounting for phase shifts. 
Th is work explores a hybrid cloak combining optimized channel-wall geometry and bathymetry to minimize 
the total scattered fi eld across a broad frequency range.

2.  Methods

We consider linear surface water waves in the harmonic regime, restricted to the frequency range where only 
the plane mode propagates. Th e propagation of waves is modeled using the non-dispersive linear shallow-water 
equation under the long-wave approximation ( ).

A priori unknown bottom depths may yield locally signifi cant kh, causing (SWE) to inaccurately describe 
water wave propagation, thus, we also consider the mild-slope equation under the assumption of a mild bed 
slope ( ), which incorporates weak dispersion eff ects

Here  is the free-surface elevation, k the wavenumber, h the water depth and cp, and cg the phase and group 
velocities, related through . In the reference case, waves propagate in a straight channel 
of width L with a fl at bottom and a surface-piercing cylinder of diameter D = 0.6L centered at the origin. 
We consider the objective function

(1)

(2)

(3)
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3.  Results and discussion

Integrating two established cloaking methods reduced the scattering objective function  to 0.0348 (smooth 
bathymetry) and 0.0221 (structured), achieving at least 25-fold total scattered energy reduction vs. the ref-
erence case. Optimal hybrid geometries combining bottom profi les with wall deformations (presented in the 
Figure 1) ensure near-perfect transmission, minimal backscattering and outperform single-method cloaks [3] 
by at least 7-fold greater reduction across twice wider bandwidth.
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Figure 1. Figures a) and b) show optimized geometries; c), d), and e) show the dependence of refl ection |R|, 
transmission coeffi  cient |T| and |T – 1| factor, on wavenumber .
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