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Preface

On behalf of the Executive Committee of the ECCOMAS Congress 2024, it
is my great pleasure to welcome the organizers and all participants at the
Special Technology Sessions (STS) on ‘Green and Digital Technologies for
Climate, Energy and Transport Challenges’, mainly addressing technology
topics in sustainable aviation with the key goal of contributing to reduc-
ing the emission of relevant areas of aviation, surface transport and renew-
able energies. Those topics focus on diverse aspects ranging from advanced
computational physical and mathematical methods, multi-disciplinary design
and optimization, the impact of artificial intelligence, high-fidelity simulation
technologies, and wing design to critical technologies and operational aspects.
In particular, we are grateful to Prof. Jacques Periaux, Dr. Tero Tuovinen,
Prof. Gabriel Bugeda and Dr. Dietrich Knoerzer, members of the Industry
Interest Group (IIG) of ECCOMAS, for putting forward all the organization
of the STS, which have been an important part of the ECCOMAS Congresses
since 1996, playing a significant role in establishing a link between research
and industry.

José César de Sa, Chairman of ECCOMAS Congress 202



Foreword

The initiative for the Special Technology Sessions (STS) at the ECCOMAS
Congress 2024 in Lisbon, Portugal and the preparation of this STS Book of
Abstracts was undertaken and managed by the ECCOMAS Industry Interest
Group (IIG) 1.

The ECCOMAS Congresses and the industry technology-oriented STS
have a long tradition, based on the fact, that the industry in Europe had
and still has a strong need for advanced computational methods especially
in fluid dynamics, structure mechanics and design optimisation. Here the
Aeronautics sector was and still is a front runner in the application of ambi-
tious numerical methods. Therefore, numerous Special Technology Sessions
address primarily aeronautics research topics already since the ECCOMAS
Congress 1996 in Paris. But the STS also provide an emphasis on technolo-
gies and research of industrial relevance for surface transport, energy and
manufacturing.

For the ECCOMAS Congress 2024, the STS series are collected under
the title ‘Green and Digital Technologies for Climate, Energy and Trans-
port Challenges‘, in the view of the increasing demand for technologies and
innovation for climate neutral and sustainable operation of future aviation,
surface transport and other industries.

On the first day, Daniel Reckzeh, Airbus Technology will deliver a semi-
plenary lecture with the title ‘Energy Efficiency - A Key Lever for Sustainable
Flight’, as a scene setter for the series of STS.

For the ECCOMAS Congress 2024, numerous senior experts from Europe,
China and Japan have organised their STS together with knowledgeable spe-
cialists as speakers from industry, research institutions and academia. They
all together ensure the high scientific and technical quality of the STS. In
total, fifteen (15) STS address relevant technological themes of aeronautics,
transport and industry with twenty one (21) sessions with more than 100
papers on four days. This booklet provides the abstracts of the STS and
of their contributing papers. It should give guidance to interested partici-
pants in finding for them interesting STS contributions. Many papers and
even complete STS present the technological achievements of collaborative
projects, which were or are supported by the Research & Innovation Frame-
work Programmes of the European Union as Horizon Europe.

The STS Organizing Team would like to thank the Executive Commit-
tee of the ECCOMAS Congress 2024, especially its Chairman Professor José
César de S4, for welcoming and integrating the STS in the conference pro-

thttps:/ /www.eccomas.org/comittees /industry-interest-group-iig,/



gramme. Our thanks go also to Daniel Reckzeh for his lecture and to the
chairpersons and speakers of the STS, as they ensure the scientific quality by
their effort. We acknowledge the support of the CIMNE Congress Bureau
acting as the ECCOMAS Secretariat and thank especially Gemma Barberillo
Nualart and Alessio Bazzanella for all their help and for integrating the STS
in the conference. We hope, the readers will appreciate the overview that
this STS Book of Abstracts provides and will use it for finding interesting
technological contributions of the industry-oriented STS.

The STS Organizing Team

Gabriel Bugeda, CIMNE / UPC, Spain, bugeda@cimne.upc.edu

Jacques Periaux, CIMNE, Spain, jperiaux@gmail.com

Tero Tuovinen, JAMK Univ. of Applied Sciences, Finland, tero.tuovinen@jamk.fi
Dietrich Knoerzer, Aeronautics Consultant, Brussels, Belgium / Aachen,
Germany, dietrich.knoerzer@outlook.com

Barcelona / Jyvéskyld / Brussels / Aachen, June 2024



ECCOMAS Industry Interest Group

The ECCOMAS Industry Interest Group (IIG) is a special interest group
operating within ECCOMAS. Its main objective is promoting research and
innovation (R&I) with industrial relevance. Its activities include strength-
ening the link to the industry and developing contacts between ECCOMAS
and the different R&I related services of the European Commission.

For promoting these interactions, the main activity of the IIG is organ-
ising various kinds of events such as thematic conferences and workshops.
Since 2016, the IIG organises industry relevant special technology sessions
(STS) at the large ECCOMAS Congresses. At these events, technologists
from industrial sectors and experts from the scientific community can ex-
change their experiences and future needs. These conferences and workshops
provide also opportunities for learning, future oriented discussions and new
initiatives. The I1G also aims to represent a valuable platform for networking
crucial for building stronger collaboration.

At the ECCOMAS Congress 2024 in Lisbon, Portugal, the ECCOMAS
Industrial Interest Group organises fifteen (15) STS with twenty one (21)
sessions, which focused on industrial, environmental and societal challenges
in aviation, surface transport and other industries. By this the IIG offers
answers to ECCOMAS Congress participants on uprising issues as Artifi-
cial Intelligence (AI), innovative digitalized methods, providing numerical
solutions in particular for sustainable developments and greening mainly in
aviation but also in surface transport.
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Daniel Reckzeh, Airbus Technology, Semi-Plenary Speaker

Semi-plenary Lecture

Daniel Reckzeh joined the German Aerospace Center DLR and later Airbus
after graduating in 1997 in Aerospace Engineering at the Technical University
of Braunschweig, Germany. He has taken various leading positions in Airbus
Flight Physics, having been involved in the design of the A380, A400M and
various Research & Technology Programmes and was playing a driving role
in the invention of the A350XWB multifunctional wing concept.

In his current role as Senior Manager in the Airbus Technology Program,
Daniel is responsible for Overall Aircraft Design & Integration and Flight
Science Technologies. Besides this, he is leading the Research & Technol-
ogy organisation on the Airbus site in Bremen. Daniel is holding an Airbus
Aircraft Architect position and also an Expert role in the technology field of
multidisciplinary wing design. He is member of the Senate of the German
Aerospace Society (DGLR) and leads the section "manned aircraft".

As a scene setter for the STS, he delivers the Semi-Plenary Lecture on Mon-
day, 3rd June 2024 (SPL04 at13:45 - 14:30 in Auditorium VI):

Energy Efficiency - A Key Lever for Sustainable Flight



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 — 7 June 2024, Lisbon, Portugal

Semi-Plenary Lecture SPL04

"Energy Efficiency" - A Key Lever for Sustainable Flight

Daniel Reckzeh

Senior Manager, Airbus Technology, Airbus Commercial, Airbus Allee 1, 28199 Bremen, Germany
daniel.reckzeh@airbus.com

Abstract
Key Words: Energy efficiency, next generation aircraft, sustainable fuels, air transport system

Advanced aircraft technologies for low drag, low weight and low specific fuel consumption are
more important than ever to master the challenge towards more sustainable flight. Significant
efficiency improvements are mandatory to limit the fuel consumption for next generation
aircraft, either to drastically reduce the CO2-impact from in transition period still fossil
kerosene based propulsion or to mitigate the drawback from the significant affordability
challenge of future sustainable fuels (SAF or H2). Besides this efficiency challenge also the
capability for more flexible flight trajectories is key, to mitigate non-CO2 impacts on global
warming (such as contrails) and to drastically cut noise emissions. Nevertheless, full
compliance in terms of certifiability, manageable manufacturing cost and full operational
compatibility to the air transport system are crucial requirements to ensure economically viable
future products.
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ECCOMAS Congress 2024
3 - 7 June 2024, Lisbon, Portugal

STS 233

Advanced Computational Physics/ Computational
Mathematics Methods and Tools for Improving a
Climate Neutral Digitalized Transport

Chairs: Jacques Periaux' and Gabriel Bugeda®

International Centre for Numerical Methods in Engineering (CIMNE)
Edifici C1 Campus Nord UPC, C/ Gran Capita S/N, 08034 Barcelona, Spain,
https://www.cimne.com,! jperiaux@gmail.com, ? bugeda@cimne.upc.edu,

Session Abstract

Key Words: Aviation CO2 emissions, aviation non-CO2 emissions, cirrus formation

The results on research and innovation (R&I) in Computational Physics/ Computational
Mathematics, which are to be presented in this STS by invited scientists, technologists and
meteorologists, will consider the minimisation of aviation CO2 and non-CO2 emissions with
following targets:

Increase the scientific understanding related to the contribution of aviation Greenhouse
gas emissions to climate change;

Increase performances of multi engines distributed propulsion particle emissions
characterisation;

1i1) Achieve better performances with hydrogen and aviation synthetic fuel reducing further

non-CO2 emissions;

Characterize better the contrail formation and effects and provide more insight in the
aviation NOx emissions and ozone formation,;

Develop further real-time decision-support software for airlines and ATM, to predict
the location and global warming impact of contrail and contrail cirrus formation.

This STS will provide the audience with innovative methods and tools in different i) -v) sectors
recent studies showing the decrease of CO2 — non-CO2 emissions and the cost-effective

mi

tigation measures and computations resolving uncertainty short term or long terms climate

impact.
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Horizon Europe is the EU Framework Programme for Research and Innovation, which aims to
build a knowledge- and innovation-driven society and competitive economy and contribute to
sustainable development also in an important high-tech sector as aviation. The public-private
partnership Clean Aviation and the transport related collaborative research address the critical
technologies for greening aviation.

In spring 2022 the stakeholders of aviation organised in ACARE — the Advisory Council on
Aviation research & Innovation in Europe — published Europe’s vision for sustainable aviation
under the title ‘Fly the Green Deal’ [1].

Europe’s aviation sector continues its resilient and pioneering spirit as it leads the world’s
transport system into its new era of great transformation. Surviving the pandemic, it is adapting
rapidly to satisfy the rising demand for competitive air mobility services while managing a
scarcity of resources and embracing the new challenges of climate change and energy transition.
Facilitated by ACARE, the European Commission, its Member States, aviation research
organisations, design and manufacturing industries, airlines, airports, and aviation energy and
service providers have all joined together to envision a synchronized transformation path that
will ensure that Europe can lead the world towards a climate neutral, citizen centric and
competitive air mobility system. “Fly the Green Deal” is Europe’s vision for sustainable
aviation. It describes the actions and actors necessary towards aviation’s three main strategic
goals. It details three time horizons and defines as well the requirement for a proactive and
synchronised implementation framework facilitated by the European Commission and EU
Member States that includes both the initiating instruments (policies, regulations and
incentives) and a system of measuring and impact monitoring to ensure the goals are achieved.
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The radiative transfer equations have three spatial dimensions, two radiational dimensions, one
frequency variable, and possibly time. In this work, without loss of generality, they are reduced
to a nonlinear integro-differential system and solved by an iterative scheme which is shown to
be monotone and convergent. At each step, two large integrals of convolution type need to be
computed. The kernel matrices are assembled in compressed form using Hierarchical matrices,
with the help of the H-Matrix high performance parallel library Htool'. The whole method is
implemented in FreeFEM? [3], a free open-source software designed for multi-physics
simulations. The resulting method is of complexity n log(n), where n is the number of vertices
of the physical domain.

As an example, the method is applied to the temperature and radiation in the valley of Chamonix
(France), the challenge being the large variation of density, altitude and light reflection due to
snow and clouds. Our method is able to handle 240K physical points, all directions of radiation
and 683 frequencies in less than 35 minutes on an Apple M1 laptop [1]. The method has also
been extended to handle reflective boundary conditions [2].
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The recent development of drones for very high altitudes or hybrid airships that generate aerodynamic lift in
addition to the aerostatic lift typical of airships brought attention to the analysis and design of very low
Reynolds number configurations. This work, in particular, focuses on the design issues of a propeller for this
type of airship equipped with electric propulsion, which must offer high performance in terms of efficiency
in the presence of phenomena such as the transition from laminar to turbulent flow and laminar bubbles.
Dealing with these phenomena in the design phase is difficult because their correct prediction requires
sophisticated and computationally expensive computational models. The approach followed here is
hierarchical and is based on a hierarchy of solvers of increasing fidelity, moving from an integral boundary
layer coupled to a potential solver with compressibility correction to approaches based on the coupling of
solvers of the Euler or Reynolds Averaged Navier-Stokes equations (RANS) coupled boundary layer with
simple transition models, up to RANS solvers with transitional turbulence models such as y-Res.

The adopted approach starts from the 2D multi-point design of various airfoils for different radial stations of
the propeller blade, carried out with an evolutionary approach, and, in a second step, these profiles are used
to design the propeller blade.

The developed methodology is demonstrated in a challenging case study in which we will also try to evaluate
the margins of uncertainty of the developed design.
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To reach climate neutrality in aviation, electric propulsion is one of the many different
alternatives currently looked into. A recurrent approach in electric propulsion for short haul
commercial flight is to apply distributed propulsion along the wing span using small electric
driven jets. These electric jet engines use a fan to accelerate the fluid and generate the thrust.
The efficiency of the fan is in direct relation to the range of the aircraft for a given installed
battery capacity and is therefore crucial for a successful introduction of electrically propelled
flight.

This lecture looks into a multidisciplinary optimization framework for turbomachinery that
enables the design of highly performant fans. A Reynolds Averaged Navier Stokes solver is
integrated with a Computational Structural Mechanics solver to strike a balance between
aerodynamic efficiency and structural integrity. Adjoint solvers for both domains have been
derived to provide gradient information to a Sequential Quadratic Programming optimizer. The
developed optimization strategy is applied to the well-known NASA rotor 37 test case as a
prototype for later use in electric propulsion systems.
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Distributed propulsion is used with small or medium-sized engines installed on the rear of the
aircraft instead of centralized installed large engines. This disruptive configuration improves
the propulsion efficiency by distributing exhaust and filling the velocity deficit due to the wake.
It changes the layout of traditional aircraft with centralized installation thrust and alleviates also
the high-performance requirements and difficulty to design large engines.

This lecture surveys propulsion efficiency, aerodynamic characteristics, airframe and engine
integration, structural weight, flight stability and control, the effect of boundary layer ingestion
on fuel efficiency, and active control to reduce distortion of inlet flow, the mechanism for
improving thrust and fuel efficiency.

Based on the above analysis, the distribution criteria of the thrust, interference characteristics
between jet and wake flow, design optimization methods considering the boundary layer
ingestion as well as active flow control tools for improving the distortion of air flow at the inlet
of the engine are introduced.

Finally, in the context of climate neutrality and combining the distortion of micro engines,
aerodynamic, structural dynamics and flight control, the multidisciplinary shape design
optimization of a Blended Wing Body (BWB) aircraft with distributed propulsion is performed
with evolutionary computing and results are presented and discussed.
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Both the United Nations climate conference of Paris in December 2015 and Europe's Vision for
Aviation 'Flightpath 2050' sets have set a target of 75% reduction of specific fuel consumption
by 2050, compared to the standard for civil aviation in 2000. To achieve this ambitious goal,
we need to work on three topics: improvement of engine efficiency, reduction of the aircraft
weight, and aerodynamic drag reduction.

In this session, we cover some aspects of the last topic, the reduction of aerodynamic drag. The
latter consists of two main components: lift-independent (friction or viscous) drag and lift-
dependent or induced drag [1]. Both drag components will be addressed in the session.

Regarding friction drag reduction, we present new developments of the application of natural
laminar flow. We will consider forward-swept wings, which make it easier to keep the
attachment line laminar. Furthermore, we take a look at a backward-swept, laminar wing with
a reduced chord which is complemented by a larger span. This approach combines two
advantages. The smaller chord-Reynolds number makes it easier to achieve and maintain
laminar flow, and the increased span reduces the induced drag.

Then we will present the latest results of Clean Aviation [2, 3] regarding hybrid laminar flow
control applied to wing and horizontal tail plane.

In the second part of the session, we address new structural concepts combined with advanced
load alleviation, which have a great potential to allow for a lighter wing with increased span,
and, thus, reduce lift-dependant drag [4]. A fuel burn reduction of 30 % compared to the state-
of-the-art reference Aircraft A321neo is expected.
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Within the frame of DLR internal Project TuLam a short and medium range transport aircraft
with a natural laminar flow forward swept wing (NLF-FSW) was designed, [1]. Top level
aircraft requirements were taken from the reference aircraft Airbus A320, in particular the
design Mach number of MD = (.78 was kept. The basic idea then was to exploit the beneficial
effect of a combination of forward sweep and taper which leads to a wing with low leading-
edge sweep (-17° compared to +27° for an A320), while in the recompression zone the sweep
is the same as for the backward swept one. Due to the low leading-edge sweep, attachment line
transition and cross-flow instability growth can be controlled solely by natural means, i.e.
contour shaping. Hence, it was possible to design a wing with the transition line on the upper
surface located approximately at the shock position of 65% chord without additional wave drag
penalties. In order to verify the NLF-FSW concept, a wind tunnel model was derived from the
final wing-body configuration and subsequently tested in the European Transonic Windtunnel
ETW, see Fig. 1 (left). Polars were measured at design as well as off design conditions, with
the Mach number ranging from low-speed at M = 0.2 to high-speed at M=0.82. All polars were
run with transition free on the upper surface as well as transition fixed at approximately 5%
chord. Transition detection was performed at selected polar points using the temperature step
technique (typical result see Fig. 1). However, Reynolds number for all polars was with 16. Mio
only 2/3 of the free flight value in order to prevent turbulent wedges induced by leading edge
contamination from small particles in the tunnel as far as possible. Therefore, measured drag
polars have to be corrected for free flight conditions; the respective methodology will also be

presented here.

0.001

-0.0002

-0.0014

Fig. 1: NLF-FSW wing body model in ETW and measured and predicted transition line
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Improving the aerodynamic performance of a transportation aircraft is an important contributor
to achieve the ambitious goal to attain zero net emission in this transportation sector. The
reduction of wing friction drag by delaying transition to keep flow laminar is one of the most
promising efforts to succeed here.

The oral presentation will show the aerodynamic design and analysis of a highly efficient high
aspect ratio wing using natural laminar flow (NLF) shape design intended for a new short and
medium range aircraft.

Unlike previous NLF designs, the cruise design speed is fully comparable to turbulent wing
design in this aircraft category. Nevertheless, the excellent aerodynamic performance of the
wing is based on both the vortex drag benefit achieved by the span increase but also the large
laminar extent of the wing flow. This is realised by using CATNLF [1, 2] section design.

The oral presentation will show the complete design loop from starting with given top level
aircraft requirements (TLAR) and deduced aero requirements, initial section design and wing
planform studies and resulting in the final section design to maximise the overall aero
performance benefit considering all drag components for the entire aircraft mission.

The entire design study is based on 2.5D, 2.75D and finally fully inverse 3D CFD simulations.
For transition prediction a linear stability eN method [3] was used, which provides N-factors
for Tollmien-Schlichting and cross-flow instabilities. During the investigation wing sweep and
corresponding aircraft cruise speed were increased step-by-step to keep the achieved laminar
extent for a robust wing design at design and also off-design conditions.
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The 7th Framework Programme for Research and Technological Development of the European
Union (EU) included Clean Sky Joint Undertaking (JU) as a public-private initiative. The Clean Sky
goal was to develop new technologies to achieve more environmentally friendly aircraft, carrying
out all the steps to reduce the environmental impact of commercial transport aircraft. This was
translated into integrating, demonstrating, and validating technologies capable of reducing CO2,
NOx and noise emissions between 20 to 30% compared to the benchmark aircraft of 2010.

Clean Sky 2 (CS2) has been the successor programme within Horizon 2020 - the EU's research and
innovation funding programme and has had an additional objective to those of the original Clean
Sky: to keep on develop new technologies for reducing environmental footprint and a strong
aeronautical industry and supply chain in Europe to compete globally.

Aernnova has been a partner of Clean Sky and CS2 during the last fourteen years and have dedicated
numerous resources for the development, design, manufacture, and validation of laminar wing like
type surfaces. The challenges have included natural laminar flow and hybrid laminar flow control
technology demonstrators. Aernnova, together with partners, have integrated new solutions in
ground and fly demonstrators to answer the technological challenges and a further step in its
commitment to play a leading role towards a low-emission and competitive aeronautical industry.
This contribution summarizes these developments and demonstrators.
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As part of the DLR project oLAF (optimal load-adaptive aircraft), a long-haul airliner with
maneuver load reduction limited to aileron deflections and the use of a geared turbofan engine
is being designed and optimized. Adaptive wing technologies based on trailing edge control
surface deflections to reduce drag at cruise and for optimal load reduction are introduced and
supplemented by other structural technologies with increased strain allowable to reduce wing
mass. Using multidisciplinary design optimization, an aircraft design using these technologies
has been made and is compared to the reference aircratft.
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Figure 1: Isentropic Mach number distribution and wing deformations of the reference aircraft.

In this work the results of the aero-structural wing optimizations of the reference aircraft and
the aircraft with a load adaptive wing will be presented. In this optimization process [1], high-
fidelity simulation methods are used to determine the flight performance in the transonic cruise
flight, the loads of the wing in maneuver flight and the mass of the wing box made of fiber
composite materials. Static aeroelastic effects are considered in all flight conditions. The
minimization of the fuel consumption for three typical flight missions represents the objective
function. The geometric integration of the landing gear and the control surfaces, the tailplane
sizing and aircraft trimming are considered. The selected design parameters describe the twist
distribution and the control surface deflections. The results include a detailed presentation of
the aerodynamic performances in the cruise and manoeuvre flight, the wing deformations and
the structural mechanical properties after structural sizing (see examples in Figure 1).
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Load alleviation as a technology can increase the fuel efficiency of an aircraft design by
reducing the wing mass. Furthermore, the reduction of aerodynamic loads on the transonic,
swept outer wing allows for higher aspect ratio wings. Load alleviation therefore is important
for the aircraft design and should be considered within the conceptual design phase.

Here, a design process is shown that integrates the relevant disciplines into the overall aircraft
design through simplified but physics-based models based on the MIT tool ASWING [1]. The
over the air download (OAD) integration tool is OpenAD [1] from DLR. Surrogate model-
based optimizations of the wing shape are done with respect to the fuel consumption. The design
space contains nine geometrical wing shape parameters. Building upon the research of Krengel
and Hepperle [2], the findings reveal that
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With an increased interest in electrification for aviation, attention is drawn to optimising the overall
aircraft/engine thermal management, which involves designing more efficient heat exchangers
(HEX). In this STS, various technologies and software available for both design and optimisation
of cold-plate HEXs will be discussed and reviewed. The focus would be on methods that can both
analyse the heat sources that represents power electronics components for aviation applications and
also design new novel geometries to address the cooling requirements.

One of the key technologies we would like to discuss is the thermal-fluid topology optimisation [1]
for HEXSs for turbomachinery jet-engine applications. Some of the Key technologies for an optimum
design of HEXs would be hi-fidelity conjugate CFD simulation, automatic meshing of very
complex geometries, multi-physics simulation, advances in Additive-layering Manufacturing
(ALM) as well as testing and experimentation to support the design. Novel shapes resulting from
topology optimisation that could only be manufactured using ALM will also be exhibited and
discussed. Furthermore, we explore how these technologies can be extended to other design
problem like the optimum fuel passages for PEMFCs (Hydrogen Fuel Cells), etc.

Presentations are also expected from an ongoing R&D work as part of the EU Horizon Program
(NextAir) to produce a fully-fledged Digital Twin of a Heat-Exchanger [2].
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The strive for electrification in today’s civil aviation industry has brought the need for
increasingly powerful on-board electrical systems, including those meant to replace heavier,
bulkier hydraulic flight control devices. These high-performance electrical components are
bound to produce large amounts of heat that, if not dissipated properly, will lead to
malfunctioning and even permanent damage. For this reason, high performance heat exchangers
represent a key enabler for future advances in aircraft systems electrification and are vital to
meet net zero goals and reduce our aviation’s carbon footprint. For a given volume of the
exchanger, the heat flow rate can be increased by adopting more sophisticated fluid domains.
However, excessive geometrical complexity will lead to an increase in pressure losses, often
resulting in inhomogeneous temperature distributions. I

n this paper, a novel optimization procedure is employed to maximize the efficiency of a high-
performance heat exchanger, while minimizing overall pressure loss and temperature gradients.
The optimization is performed with full-3D high-fidelity computational flow simulations using
the commercial code Ansys Fluent. The geometry of the fluid domain is constituted by triply
periodic minimal surfaces (TPMS), with a parametrization based on thickness and aspect ratios,
done by using the n-Topology suite. To assess the performance gain, the optimized TPMS
design is compared against the baseline one and a conventional serpentine design.
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Computational process of Topology Optimization (TO) aims to determine location, shape, and
connectivity of voids within a solid design space to maximize the value of an objective function,
under specified constraints. In the context of heat exchangers, TO offers enhanced design
flexibility compared to conventional shape optimization, yielding improved performance and
reduced weight. Additive Manufacturing (AM) is emerging as a versatile solution for crafting
intricate geometries resulting from TO, overcoming the limitations of traditional manufacturing
processes.

The objective of this research is to establish a proof-of-concept workflow for the TO of additive
manufactured MCHX. The envisioned application is a cutting-edge cooling system for electric
flight, where MCHX serves as a pivotal component for managing the working temperature of
batteries, fuel cells, and preventing overheating of electronic equipment. The test case involves
a MCHX for on-board power electronics. Optimization goals include maximizing the heat
rejection, while keeping the compliance to constraints on maximum temperature on the solid,
and pressure drop across the device.

TO of MCHX is intrinsically a multi-scale problem. Performances at the macroscale depend on
both the flow regime at the scale of channels and lattice geometry. Simultaneously, microscale
phenomena are driven by operating conditions at the macroscale. To address this,
homogenization theory is employed, treating the lattice matrix as an equivalent porous medium,
whose permeability and heat transfer coefficients are considered non-linear functions of flow
conditions and local lattice geometry. A multi-fidelity Machine Learning (ML) model is trained
offline with data coming from Direct Numerical Simulations (DNS) on a wide set of lattice
cells (microscale) to provide closure relationships for permeability, Forchheimer’s, and heat
transfer coefficient. This approach has the two-fold advantage of reducing the overall cost
associated to the optimization and improving robustness. CFD simulations at the microscale are
performed in OpenFOAM, while Immerflow (Optimad) has been employed for macroscale
simulations. The optimization process is managed by modeFRONTIER.

The resultant optimized geometries exhibit an uneven distribution of lattice parameters, leading
to a substantial increase in flow path tortuosity for the coolant. The increased tortuosity leads
to an increase in the residence time of the coolant which has a beneficial effect on heat
dissipation as demonstrated by the 27% increase in heat rejection compared to a uniform lattice.
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Future aircraft power electronics requires careful management of the heat generated by the
resistors. This involves designing and optimising more efficient compact heat exchangers
(HEX). In this paper, a cold plate HEX will be defined in detail such that other researchers can
make use of it for their future comparative and validation studies. High-fidelity simulation
results for the traditional, namely serpentine cooling passages will be provided and compared
to different topology optimised shapes.

In particular, a class of triply periodic minimal Surfaces (TPMS) namely Gyroids and Diamonds
are used as initial shapes for the fluid passages. The design space is made of the TPMS periods
in three x, y & z directions, and their relative thickness variations. The objective functions
defined as the peak surface temperature, gradient of the temperature and total pressure, all of
which are aimed to be minimised. The coolant fluid is a mixture of water and ethylene-glycol
mixture.

The performance of the HEX 1is assessed using a high-fidelity CFD model making use of
conjugate heat transfer by solving the RANS equations with k- SST model in Ansys Fluent.
Different fluid and solid meshes have been generated using ICEM and an in-house version of
the Boxer, a cut-cell Cartesian meshing tool. A grid-independent solution was sought, aiming
for a y+ of 1 on all viscous surfaces.
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In the scope of the RECET4Rail European Union (EU) project we aim at better understanding
how Additive Manufacturing (AM) technologies can contribute to Traction Drive (TD) sub-
systems through the development and manufacturing of new types of heat exchangers based on
lattice structures. In particular, we focus on the design of an AM-based heat exchanger through
a Multidisciplinary Design Optimization (MDO) process. We show how the GEMSEO
framework [1] (https://gemseo.readthedocs.io) can be used with several features (sensitivity
analysis, surrogate modeling, gradient-free optimization, etc) to implement the optimization
process from industrial tools despite the complexity of the problem and accounting for several
practical constraints.

The process is based on three chained tools which are wrapped into GEMSEO disciplines: (1)
a CAD builder that parametrizes the geometry, (2) an automatic mesher based on ANSYS
Design Modeler and Meshing, (3) a coupled fluid-thermal model, implemented through the
ANSYS Fluent solver. Each tool is installed on a different execution machine with a different
operating system. Especially, the coupled fluid-thermal model runs on a distant HPC through a
job scheduler access. Platform services from GEMSEQO are used to handle those distributed
executions thanks to ssh-based disciplines and scheduler based disciplines. The optimization
problem is formulated in order to minimize the thermal resistance of the heat exchanger subject
to an allowable pressure loss. The design variables characterize the shape of the lattice
structures such as radii, orientations, cell density which potentially leads to a huge dimension.

Manufacturing constraints have been taken into account through the range of design variables
in order to ensure minimal diameters, limited overhanging and free path for powder removal.
In addition, the outputs of the chain are not differentiated with respect to the inputs which
prevents the use of gradient based algorithm. Those difficulties are limited by reducing the
number of design variables through control points values interpolation, and separating the
global analysis into three phases: (1) an initial Design Of Experiment (DOE) with a sensitivity
analysis, (2) an optimization based on surrogate models built from the initial DOE, (3) a
gradient-free optimization on the real model. Through this analysis, we show how GEMSEO
can be conveniently manipulated to converge toward an optimal solution that satisfies the
constraints and enables to gain 28% on the thermal resistance with a pressure loss increase

of 42%, while satisfying the allowable pressure loss.
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Greener aviation poses significant thermal management challenges. The shift towards greener
aviation concepts and the consequent use of high-power electrical systems (for propulsion or
as secondary systems) is likely to cause increased heat generation and the proliferation of low-
grade heat sources. Similarly, the introduction of geared architecture technologies increases
significantly the heat generated by the propulsion system compared to traditional architectures.
Therefore, the capability to design, analyse and optimise thermal architectures becomes of great

importance.
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Figure 1: I a simple thermal network with three fluids and two heat exchangers

Figure 1 shows a simple thermal network with multiple fluid loops and heat exchangers. Many
methods of simulation currently rely on a steady-state approach based on effectiveness-NTU
methods to analyse heat exchangers [1]. However, in future thermal architectures transient
operations will be of great interest. Hence, a dynamic modelling capability for thermal
management systems is needed.

Modelica is identified as a promising tool for this type of analysis [2], which will be extended
for multi-disciplinary system design. This work presents an assessment of the capability of
steady state modelling techniques as a key enabler.

Two heat exchanger models were considered for the HX02 and HX04 of Figure 1. Figure 2
shows the Modelica set up for the dynamic simulation of the heat exchangers. For both models
two different steady state formulations were used for the overall heat transfer coefficients (U):
formulation combination C uses a typical textbook value [3]; formulation combination D is a
constant value derived from averaging the overall heat transfer coefficient (U) derived from the
heat exchanger supplier data for HX02 and HX04 performance. Transient rig data was available
for the thermal network of Figure 1 in terms of thermocouple and flow meter measurements
(see ident locations of Figure 1).

The results of the Modelica analysis are compared with the rig temperature data in Figure 3 and
Figure 4: as expected, C is performing relatively well during steady state operation but shows a
discrepancy up to 5% in transient operation. While D is qualitatively satisfactory, it exhibit
quantitative discrepancy even in the steady state operation.
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Efficient transportation of perishable goods, such as food and medicine, poses substantial
challenges in maintaining their quality and timely delivery. This session aims to address these
hurdles by introducing innovative computational and technological solutions.

In this session, we will delve into enhanced logistics planning strategies that leverage cutting
edge machine learning methods. By harnessing predictive analytics and adaptive algorithms,

we aim to develop transport route planning, minimizing transit times and mitigating
environmental impact.

The session will showcase a diverse range of research endeavors and practical implementations,
emphasizing the crucial role of technology in elevating the standards of transporting perishable
goods. Join us as we explore pioneering advancements in transportation technology and
logistics management, setting the stage for more sustainable and efficient delivery systems for
essential goods.
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Due to the rising awareness of the climate crisis different legislative bodies have revised and
added to laws and regulations around emissions and environmental protections. This forces
companies and organizations to upgrade and evolve when it comes to green technologies. New
innovations using algorithms and Al provide invaluable tools in achieving this shift. In this
presentation I will discuss, in the context of logistics and cold transport, the current and
changing legal landscape around emissions, phasing out fossil fuels, and natural protection, and
what this means for the future of the field.
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Cold transportation and its impact on the environment is one of the biggest challenges that we
are facing. This problem has many sides and many different solutions to it. The biggest
obstacles are faced with maintaining the cold chain, rising CO2 emissions, and inefficient
transportation and cooling methods. The most promising solutions are optimization, the use of
Al methods, and more efficient solutions for maintaining the cold chain. In this presentation we
will discuss the refrigerated transportation system, how it impacts the environment, and what
are the weak points we should consider.
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We identify potential areas where artificial intelligence (AI) may be applied to optimise the cold
chain logistics. The advantages of Al over human beings in the operation of refrigerated trucks
and management of supply chains are overviewed. In particular, the potential of machine
learning for implementation of self-driving trucks is considered, while the potential of
predictive artificial intelligence for optimal product distribution is noted. Moreover, we identify
the risks arising from the implementation of artificial intelligence.
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We identify potential areas where artificial intelligence (AI) may be applied to optimise the cold
chain logistics. The advantages of Al over human beings in the operation of refrigerated trucks
and management of supply chains are overviewed. In particular, the potential of machine
learning for implementation of self-driving trucks is considered, while the potential of
predictive artificial intelligence for optimal product distribution is noted. Moreover, we identify
the risks arising from the implementation of artificial intelligence.



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3—7 June 2024, Lisbon, Portugal

STS 239-5
Passive Cold Transportation Method

Juha Harjula', Jukka Proskin’

' CHS Group, Turvalaaksonkuja 2, 01740 Vantaa, Finland, juha.harjula@chs.fi
*Coldest Chain oy, Kauppakatu 28 A 59, 40100 Jyviskyl4, Finland, jukka.proskin@gmail.com

Key Words: Cold chain, passive cooling, cold transportation

Passive refrigerated transport unit:

1) Saves CO2 in emissions and expenses due to top class insulation, which does not require
external energy to sustain the wanted temperature.

2) There is no need for expensive and rarer special equipment. Any unit or vehicle can be used,
so loading and filling rate can be optimized and maximized. This reduces CO2 and saves costs.

3) The transport chain is stable and safe because there is no need for external supply of energy
during the trip. This eliminates the risk of breaking the cold chain due to running out of energy
or breaking of vehicle. This reduces waste and spoilage.

4) The transportation unit is recyclable and useable in multiple purposes. The unit can be
directly placed where the customer needs it, and separate sales units are not needed. This saves
materials, costs, and CO2.
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The applied aerodynamics analysis of transport aircraft still poses high challenges on the
capabilities of numerical simulations. In past years, this series of STS focused specifically on
the high-lift regime, where the demand on accurately predicting stall onset achieved to a
sophisticating level. Nowadays, new challenges arise with the progress on active flow control
technologies and load control as well as new types of propulsion. This issue of the STS is
intended to provide insight into such activities tackling the improvement of simulation
capabilities for complex aircraft configurations, as there are:

* low-speed assessment of different propulsion concepts;

* unsteady active flow control for load alleviation;

* simulation of strut-braced wing aircraft.
Contributions are coming from running international research projects governed by EU funded
Research and Innovation Actions, contributions to Clean Sky 2 and Clean Aviation Joint
Undertakings, as well as other national and international cooperation activities. The following
contributions are foreseen:

1. “Unsteady simulations of an aircraft in take-off conditions with installed engine and rotating
fan” by F. Sartor, F. Moens & O. Atinault (ONERA)

2. “About the Ability of Anisotropic Mesh Adaptation to Capture Complex Physics on a
Transonic Tandem Compressor” by E. Guilbert*, A. Remigi, M. Philit & F. Alauzet (Equipe
Inria-ONERA & Safran Tech)

3. “Numerical Analysis of a Large Scale Distributed Propulsion Experiment at High Lift” by
J. Oldeweme, T. Lindner, C. Bode, P. Scholz & J. Friedrichs (TU Braunschweig)

4. Aerodynamic Investigation of a Propeller-Driven Transport Aircraft with Distributed
Propulsion within the IMOTHEP Project” by D. Keller, A. Visingardi, L. Wiart, Y.
Maldonado, F. Morlando & G. Andreutti (DLR, CIRA & Safran Tech)

5. “Increasing Take-Off Performance of a Distributed Propulsion Wing Section using
Segmented Flaps” by T. Lindner, J. Oldeweme, J. Friedrichs & P. Scholz (TU
Braunschweig)

6. “Investigating Truss-Braced Wing Configuration through CFD Based Analysis” by M.
Hothazie, D. Crunteanu, I. Bunescu & M. Pricop (INCAS)

7. “Fluidic Actuation for Gust Load Reduction on an Aircraft Wing” by A. Bauknecht, F.
Siebert& K. Khalil (TU Braunschweig)

8. “Assessment of engine/airframe aerodynamic performance: comparison between ONERA,
DLR, NLR and Airbus” by F. Sartor, A. Stiirmer, M. Laban, S.R. Janssen & B. Caruelle
(ONERA)

Contributing papers to the session parts A and B:
Part A: STS 240-1 to STS 240-4; Part B: STS 245-5 to STS 245-8;



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 — 7 June 2024, Lisbon, Portugal

STS 240-1
Unsteady Simulations of an Aircraft in Take-Off Conditions
with Installed Engine and Rotating Fan
Fulvio Sartor!*, Frédéric Moens' and Olivier Atinault!

"ONERA — The French Aerospace Lab, 8 rue des Vertugadins, 92190 Meudon, France,
fulvio.sartor(@onera.fr

Key Words: CFD, rotating fan, high-lift, take-off, installation effect, engine performance

Numerical simulations have been performed to reproduce the flow around an aircraft in take-
off conditions with installed engine, rotating fan and high-lift devices, by modelling the external
aerodynamics of the plane as well as the internal aerodynamics in the secondary flow of the
engine, located under the wing. These calculations take into account most of theelements of a
transport aircraft and allow to finely model the interactions between theengine and the airframe.
The analysis allows for an evaluation of both internal and external flow features of a civil
aircraft equipped with engines with very high bypass ratio.

Figure 1: Overview of the configuration (left), high-lift devices (center), Chimera assembly detail (right)

The identified test case is the fusion between one of the NOVA configurations [1], the aircraft
demonstrator designed by ONERA, with the ASPIRE engine [2], resulting from a previous
collaboration between the partners [3]. This document presents the technical activities
performed at ONERA on the NOVASPIRE configuration in take-off conditions with rotating
fan, in the frame of the ADEC project, funded by the Clean Sky 2 Joint Undertaking under the
European Union’s Horizon 2020 research and innovation programme, with the Grant
Agreement No 945583. The starting point of the simulations is the cruise conditions with
rotating fan, thoroughly described in a previous publication [4]. High-lift devices are added to
the clean configuration with Chimera approach, as illustrated in Figure 1.

The article will first present the strategy adopted, the grids generation and the approach for both
computing and post-processing. Then the results of the unsteady CFD simulations are presented
and discussed, including both the external flow around the aircraft and an analysis of the engine
performance. A comparison between the results obtained on the isolated engine during a
previous project [2,3] is also included.
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The scope of this paper is to show the ability of metric-based anisotropic mesh adaptation to
accurately capture flow features on a common complex test case: a transonic compressor with
variable stator vane in tandem arrangement. The metric-based anisotropic mesh adaptation
framework has been already applied successfully to an isolated compressor [1] and a film-
cooled nozzle guide vane turbine [2]. Therefore, this technology seems quite appropriate for a
transonic tandem compressor configuration thanks to its ability to increase locally the accuracy
of the solution. In this work, the metric-based anisotropic mesh adaptation framework is applied
to the 1.5 stages of the TUDa-GLR-Open Stage transonic axial compressor involving several
rows interaction [4]. Several aspects have to be taken into account to extend mesh adaptation
for such configurations.

First, multi-row machine is composed of several rows which may have large domain volume
variation and which involve different physics. In that context, error estimate cannot be applied
as it. We propose an extension of the interpolation error estimate in order to equi-distribute the
error over all the rows whatever their size and the physics involved. This provides consistency
in the mesh adaptation process.

Second, the rotor-stator interaction is modeled with mixing plane boundary condition technique
that has been first introduced by Denton et al. [3]. It allows removing the dependency of the
results on the relative position between the rotor and the stator. The idea is to average quantities
along the pitch direction at the outlet of the row, those averaged values are transferred to the
next row. And, vice versa. Associating mesh adaptation with mixing planes requires that the
position and the distribution radial discretization must be automatic and consistent with the
current adapted mesh. Therefore, after each mesh adaptation, a specific radial discretization for
the mixing plane is built based on the current adapted mesh size. These radial discretizations
are different on either side of the mixing plane as the adapted meshes do not match on either
side.
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Distributed propulsion configurations are a promising concept for future aircraft systems,
promising a significant increase in overall aircraft efficiency and thus a reduction in CO2 and
other emissions. Hereby, distributed propulsion configurations offer an increased design space
in terms of reliability, safety and weight distribution. However, not all interactions in such
integration have been investigated or understood. Hence, it is not yet possible to reliably predict
the aerodynamic effects of close wing coupling at the edge of the flight envelope on the basis
of aerodynamic models and simulations. This is particularly true in the high-lift regime, where
the flow over the wing tends to detach and exhibits highly non-linear aerodynamic effects.
Furthermore, the unsteady propeller-propeller and propeller-wing interactions are a major
challenge on top. As part of the Clean Sky 2 project CICLOP, aerodynamic propeller-wing
interactions of such a configuration at high lift were investigated experimentally [1]. The wind
tunnel model features a two element wing ¢ = 0.8 m with three co-rotating propulsion units with
a diameter of Dp= 0.6 m.

The focus of this work is a validation of the numerical simulation methods of different
complexity of the propeller (Actuator Disc, steady-state RANS and unsteady RANS) used as
standard in the design process on the basis of the experimental data [1]. The aim is to provide
an evaluation of a well-founded and reliable qualitative and quantitative prediction of the
distributed propulsion configurations. The focus of the evaluation is on design parameters that
determine both positive and negative aerodynamic influences as well as the interaction of the
propellers with each other, the effect of the wing on the propeller and the effect of the propeller
wake on the wing. In addition to a periodic boundary environment, comparisons will also be
made in wind tunnel environment. Here, besides the wind tunnel walls, the suspension of the
drive trains and other geometry of the wind tunnel are included. As performed in the
experiment, different relative propeller positions and thrust level are considered. Both, the wing
and propeller performance are highly dependent on different positions [2].
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Figure 1: Actuator disc RANS simulation of DP-model
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In the framework of the European IMOTHEP project, a novel regional propeller-driven
transport aircraft concept with distributed propulsion is investigated [1]. A key feature of this
aircraft design is the hybrid-electric approach allowing for fully electric flights on short range
missions while extending the range with an integrated gas-turbine for longer range missions.
Electrifying the powertrain allows to benefit from several advantages distributed propulsion
promises such as reduced vertical tail size, reduced requirements for installed power, and
potentially lower structural weight. Moreover, gains in overall aircraft efficiency may arise due
to improved aero-propulsive efficiency.

The present publication illustrates the comprehensive collaborative work of Safran Tech, CIRA,
and DLR that was carried out within the IMOTHEP project with regard to aero-propulsive
efficiency of the investigated aircraft design. Various numerical studies on basic aspects like
propeller position as well as detailed design studies on propellers, propulsion integration, and
high-lift devices were carried out. A wide range of numerical methods ranging from lifting line,
over unsteady vortex-lattice and surface vorticity panel methods to Reynolds-averaged Navier-
Stokes computations were thereby utilized and compared with each other. The studies led to
important design parameter sensitivities and recommendations that were subsequently fed back
to the overall aircraft design. Moreover, the design studies yielded an increase of 10% in
aerodynamic performance (L/D) and a reduction of -6% in the required propulsive power.
Considering the slipstream effect during the high-lift design indicated a potential for improved
climb performance.

Figure 1: Flow visualization of IMOTHEP regional propeller-driven transport aircraft concept
with distributed propulsion computed with RANS
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Figure 2: Wake development from the wing + propellers configuration computed with unsteady VLM
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Electrically powered transport aircraft promise to be one answer to the need of energy efficient
configurations. Independent of the source of electricity (turbo-electric/fuel cell/battery hybrid),
at industry relevant transport capacity the integration of high power electric motors is both an
opportunity and challenge for the air frame designer. Distributing multiple drive units along the
wing reduces the power per propulsor to moderate levels. Such distributed propulsion (DP)
concepts benefit from increased total disc area on the propulsion side and higher maximum lift
of the wing. The benefits are opposed by the propeller-wing interaction leading to distorted lift
distributions and additional drag from nacelles and slipstream velocity. Taking these parameters
into account, a system efficiency of a periodic wing section with distributed propulsion is
evaluated with RANS in this paper. The findings are backed up with wind tunnel data, verifying
the RANS + actuator disc approach at high lift. On system level, the additional wing drag due
to DP dominates the DP efficiency, while the propulsive efficiency alone is only slightly
increased. Therefore, in this paper we strive to reduce the drag of the DP wing section at a
constant thrust and lift requirement. While the viscous drag in the slipstream velocity can only
be slightly reduced by a changing the radial blade loading of the propeller, the induced drag
due to spanwise lift variation in the propeller wake is partially compensated for by deferentially
changing the flap angle of the wing. The potential of such a spanwise varying DP wing section
is evaluated in the final paper.
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Figure 1: Differential flap deflection to reduce spanwise circulation variation.
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Meeting the demand for high-performance, aerodynamically efficient aircraft requires not only
optimizing existing designs but also exploring novel configurations. Among these, the strut-
braced wing configuration shows promise due to its potential for superior aerodynamic
performance driven by an increased aspect ratio wing coupled with structural efficiency.
However, designing and optimizing such a configuration requires the use of high-fidelity
solvers, especially in regions where shock-wave interactions within the transonic regime occur.
The computational demands, including time and power requirements, pose challenges in
optimizing strut-braced wing configurations, necessitating the development of an efficient
framework for aerodynamic performance evaluation. This paper aims to overcome these
challenges by developing a framework based on high-fidelity open-source codes such as
ADflow[1] and pyHyp[2]. Key to this framework is the integration of an effective hyperbolic
meshing technique based on the overset method, in order to significantly reduce computational
requirements and enable in-depth parametric studies and optimization processes tailored to the
geometric characteristics of the wing and strut shape and positioning.
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Figure 1: Overset mesh technique Figure 2: Aerodynamic framework

In this case, a cartesian mesh is initially created to serve as the background mesh. After that,
hyperbolic meshes are then generated for the wing and strut, starting from an already generated
structured multiblock surface mesh as can be seen in Figure 1. The grid generation approach
employs hyperbolic grid generation techniques that utilize partial differential equations to
create smooth, high-quality cells. This process ensures proper alignment of grid lines with the
geometry. Additionally, a collar mesh near the wing-strut intersection enhances mesh quality
and ensures valid overset operation. This automation procedure of the entire framework
encompasses not only volume mesh generation but also geometry and surface grid generation,
utilizing MATLAB and ICEM as can be seen in Figure2.
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For analysing the aerodynamic performance, ADflow solves the Reynolds-averaged Navier-
Stokes (RANS) equations coupled with the Spalart-Allmaras turbulence model. Steady-state
flow simulations use a multi-grid approach, initializing with the approximate Newton-Krylov
(ANK) algorithm for initial iterations and transitioning to the Newton-Krylov (NK) algorithm
for final stages. Thus, this framework enables analyses that hold the potential to contribute with
new aerodynamic insights beneficial for designing and optimizing the strut-braced wing
configuration.
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Active gust load alleviation can help realize reductions in structural weight and climate-relevant
emissions of future transport aircraft by limiting peak aerodynamic loads experienced in flight. Fluidic
concepts (Surface and Coanda jets) can help achieve this target as they have high lift control authority
and are potentially faster than conventional control surfaces [1].

In this study we investigate the unsteady performance and gust load reduction capabilities of fluidic
actuation concepts using unsteady Reynolds-averaged Navier—Stokes (URANS) simulations with the
DLR TAU code. The fluidic concepts are implemented on a supercritical airfoil and their steady and
unsteady lift change performance characterized and compared with that of a trailing edge flap. The
results show that the fluidic actuators can deliver comparable gust load alleviation performance as the
trailing edge flap for well-predicted gust encounters and outperform the flap for delayed gust detection.
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As a partner in the EU funded Clean Sky 2 project ADEC (Large Passenger Aircraft platform,
dedicated to innovative motorized aircraft configuration - Grant Agreement No 945583), ONERA,
DLR and NLR are contributing with Airbus to an investigation of the capability of current advanced
CFD approaches to reproduce the flow around a complex configuration, representative of an
airplane equipped with a UHBR engine (Ultra High Bypass Ratio), installed under the wing.

Numerical simulations have been performed to reproduce the flow around the aircraft, including
the installed engine and the rotating fan, by modelling both the external aerodynamics of the plane
and the internal aerodynamics in the secondary flow. On this type of configurations, the interactions
between the engine and the airframe are reinforced because of the large diameter of the engine and
its proximity to the wing.

Figure 1: ONERA simulation in take-off conditions

The identified test case, named NOVASPIRE, is the fusion between one of the NOVA

configurations [1], the aircraft demonstrator designed by ONERA, with the ASPIRE engine [2],

resulting from a previous collaboration between the partners [3].

The article will present a summary of the results of each partner, including a code-to-code

comparison of 360° URANS computations needed to reproduce both the airframe, in cruise and

high-lift conditions, and the nacelle with a geometrically fully modelled fan and OGV (Outlet Guide

Vane). The code-to-code comparison is done between the structured solver of the els4 code, the

ENFLOW solver (structured, developed by NLR) and the TAU solver (unstructured, developed by

DLR).
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The “European Green Deal” [1] has set ambitious goals for the transport sector, calling for a
90% reduction in its greenhouse gas emissions by 2050. To achieve this systemic change, the
European Commission has adopted the “Sustainable and Smart Mobility Strategy” [2] which
aims to ensure that the EU transport sector is fit for a clean, digital and modern economy. Among
others, this strategy indicates that all modes of transport should be made more sustainable, and
outlines the need for the decarbonisation and energy efficiency improvement of aviation and
maritime transport in particular. To this end, digitalisation and automation will become
important drivers to deliver on these greening objectives and to maintain and reinforce the EU’s
leadership, and competitiveness. It is also essential that key digital enablers for design,
manufacturing and automation are in place for all transport modes. This includes electronic
components for mobility, network infrastructure, cloud-to-edge resources, data technologies
and governance, digital twins, as well as Artificial Intelligence (Al).

Thanks to the continuously increasing capabilities of high-performance computing (HPC)
hardware, digitalized design can facilitate the testing, certification and deployment of the
innovative solutions required to minimize the environmental impact of airborne and waterborne
transport. Further advancement of multi-disciplinary design optimization methodologies and
simulation tools, along with integration of Al methods and big data analysis are thus important
challenges to address, in order to reduce emissions during the industrial production process and
the entire product lifecycle.

The European Commission’s European Climate, Infrastructure and Environment Executive
Agency (CINEA) is currently implementing a broad portfolio of collaborative R&I projects,
funded under Horizon 2020 and Horizon Europe, which are contributing to the European Green
Deal through the aforementioned specific technological challenges. These projects are
developing and applying advanced methods for modelling, simulation, optimization and design
of technologies contributing to the mitigation of the environmental impact in airborne, road and
waterborne transport. The portfolio of EU-funded projects managed by CINEA is expected to
be further enhanced by selecting new projects from upcoming calls for proposals within the
Horizon Europe Cluster 5 on Climate, Energy and Mobility.
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This research extends the original Pickup and Delivery Problem (PDP) framework [1] by
introducing a Crossdock (CD) to facilitate the efficient exchange of goods exchange among
connected vehicles, reducing the delivery routes and running times. Operational constraints
including time windows, vehicle capacities, and crossdock synchronization are considered,
along with specific requirements for perishable goods, aiming to reduce the distance of long
trips. This extension, named the Pickup and Delivery Problem with Crossdock for Perishable
Goods (PDPCDPG), is formulated as a nonlinear programming problem. Leveraging
linearization and valid inequalities, a reformulation of the PDPCDPG is performed, resulting in
a Mixed-Integer Linear Programming (MILP) model. This enables the computation of globally
optimal solutions through Branch-and-Cut algorithms. Computational experiments on
benchmark instances demonstrate the stability and effectiveness of the proposed approach.

Building upon this, in the context of the EU Horizon Europe project CONDUCTOR [2], we
propose a time-based Rolling Horizon extension to enhance real-time route optimization,
considering dynamic traffic conditions. Integration with the Aimsun traffic simulation software
enables the application of both offline and online simulation approaches, incorporating real-
world network dynamics. Through iterative updates of travel times and route scheduling, the
PDPCDPG's performance is optimized within evolving traffic environments. This integration
offers transportation and logistics companies a practical solution for time-sensitive deliveries,
enhancing operational efficiency and responsiveness to real-world challenges.

Results demonstrate that vehicle routes are optimized in real-time, and travel times and overall
costs are reduced. It is also expected to reduce the vehicle kilometres travelled and improve the
quality of transportation company services currently offered. The project's innovations will
therefore lead to smoother urban traffic, less pollution, and a higher quality of delivery services.
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Accurate and reliable traffic flow forecasting is of primary importance for traffic planning and
management. While there is a growing interest in real-time traffic forecasting models, accurate
predictions remain a challenge due to the dynamic nature of traffic systems and the multiple
factors that affect the traffic flow. Point forecasts do not provide insights regarding uncertainties
associated with forecasts. Furthermore, many traffic flow models fail to produce prediction
intervals that accurately capture the uncertainty of the forecasts. Therefore, we investigate the
use of quantile regression models [1] for traffic flow forecasting and highlight their tendency to
generate prediction intervals that are too narrow and poorly calibrated [2]. To address this issue,
we propose using conformal predictions, which allow us to achieve well-calibrated prediction
intervals leading to more accurate, reliable, and therefore trustworthy predictions.

Additionally, we show that using quantized conformal regression to calibrate machine learning
models offers much more accurate predictions that do not deviate significantly even for longer
forecasting horizons. This advanced approach enhances the robustness of the forecasts by
effectively addressing the uncertainties inherent in the traffic system, thus providing a more
reliable tool for traffic management and planning.
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As ongoing urbanization increases worldwide, cities face the challenge of accommodating
growing populations while maintaining efficient and sustainable transportation systems. The
emergence of connected and autonomous vehicles promises transformative changes in urban
mobility. This paper outlines developments and innovations that aim to seamlessly integrate
autonomous vehicles into the complex ecosystem of urban mobility. This is part of the Horizon
Europe project CONDUCTOR [1], which aims to design, integrate and demonstrate advanced
traffic and fleet management that enables efficient and globally optimal transportation of
passengers and goods, while ensuring seamless multimodality and interoperability, through
dynamic balancing and priority-based management of automated and conventional vehicles.
We build on the fleet and traffic management solutions in the Collaborative, Connected, and
Automated Mobility (CCAM) ecosystem.

We will develop the next generation of multi-level simulation models and tools enabled by Al
and data fusion. These will enhance the capabilities of transportation authorities and operators
to become true conductors of future mobility networks. We will apply and test a portfolio of
enhanced solutions in complementary environments in different regions. These include use
cases in five European countries (Greece, Italy, Slovenia, Spain and the Netherlands):

Integrated Traffic Management (demonstrated in Athens, Madrid and Almelo), Demand-
Responsive Transportation (between Slovenian cities and Italian airports) and Urban Logistics
(in Madrid).

The CONDUCTOR project final results are expected to demonstrate that delays at traffic lights
are reduced, door-to-door travel times are shortened and passengers have a better experience of
public transport. It is also expected to improve the quality of transport services currently offered
and reduce the length of traffic queues. The project's innovations will therefore lead to smoother
urban transportation, less pollution and a higher quality of life.

The authors acknowledge the financial support of the Slovenian Research and Innovation
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received funding from the European Union’s Horizon Europe Research and Innovation
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Artificial Intelligence is considered one of the key enabling technologies that can lead to the
successful deployment of automated vehicles. By leveraging the huge amount of data collected
by new and powerful sensors, artificial intelligence can revolutionise the future of automated
driving functions. However, the benefits of artificial intelligence in automated driving are
hampered by ethical risks that can compromise its adoption by car drivers, passengers or
vulnerable road users such as pedestrians, cyclists, or persons with disabilities.

The EU-funded AI4CCAM projecti aims to address this hurdle by developing trustworthy by-
design artificial intelligence methods and models for automated driving functions. Leveraging
the Trustworthy Al guidelines —a document created by the European Commission’s High-Level
Expert Group on Artificial Intelligence — and the ethical recommendations for automated
driving scenarios with ethical risks involving vulnerable road users, (ii) the design of a
trustworthy deep learning architecture which embeds pedestrian and cyclist behaviour
anticipation models, (iii) scene understanding through qualitative constraint acquisition, (iv)
visual gaze estimation and virtual reality, (v) user acceptance studies including levers and
barriers for automated vehicles, (vi) simulate explainable car trajectory prediction models.

Taking into account all the capabilities and potential risks of Al, AI4CCAM creates trustworthy
Al models and methods that will advance the safety and user acceptance of automated vehicles.
These models will be tested on scenarios illustrated in three distinct use cases which will cover
the overall chain Sense-Plan-Act of automated vehicles, as well as the necessary user
acceptance questions that naturally arise when Al models and methods are used. The principles
of trustworthiness identified at a European level will be enriched and transposed into specific
indicators and practices enabling the evaluation of the systems under test.
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The maritime shipping sector is responsible for nearly 3% of the global GHG emissions [1] and
have set ambitious goals to reduce the emissions to net zero emissions around 2050 [2]. This
can only be achieved by a combination of clean fuels and energy reduction. Energy density
characteristics of clean fuels cause the need for more energy storage space on board or take up
more weight.

OPTIWISE set out to accelerate the market implementation of Wind assisted ship propulsion
(WASP) to achieve fuel reduction, by: 1. improving ship design methods for ships with WASP;
2. demonstrating three applications of three WASP solutions (rotor sails, Ocean wings, and
solid sails); 3. promoting the energy saving potential of WASP. Maritime research institutes
MARIN and RISE employ state-of-the-art numerical models to address the complex
interactions involved in wind-assisted propulsion systems. Numerical simulations play a pivotal
role in optimizing the design and performance of these innovative technologies, offering a
detailed understanding of their aerodynamic, hydrodynamic, and structural dynamics.

MARIN’s holistic optimization tool CREATOR encompasses global design aspects of WASP
vessel, including hull design, cargo carrying capacity, powering in calm water, manoeuvring,
seakeeping, and aerodynamic performance. The basis of the global ship design lies in a
parametric ship model, supported by surrogate models generated through machine learning.
These models leverage high-fidelity tools such as RANS, potential flow, lifting line and model
testing. From the performance prediction, the required power profile is derived and used for the
engine room optimisation integrated into the overall design process. An optimisation loop is
performed around CREATOR to find the optimum in terms of for example transport efficiency,
while satisfying various constraints such as limiting ship motions or minimum cargo capacity.

RISE employs the in-house developed software SEAMAN Wind investment decision support
as base for the design process. The ship performance and the voyage & routing modules of
SEAMAN Winds allows predicting in an effective way the KPIs of a WASP vessel. The ship
performance uses hydrodynamic manoeuvring derivatives determined using RANS simulations
coupled with efficient aerodynamic models. The ‘polars’, output from the ship performance
module, are applied in the voyage module to the intended trading route and weather statistics.
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The usage of carbon-fibre reinforced composites (CFRP) to achieve lightweight structures has
further spread throughout the last years in aerospace industry. The lifetime prediction and
structural health monitoring (SHM) of these structures is necessary and costly. The usage of
magnetic microwires embedded within the CFRP is aimed to enable wireless SHM of the
components in service.

In our setup, cobalt-rich magnetic microwires covered by a glass coating are used within
noncrimp fibre (NCF) composites. These magnetic microwires change their electromagnetic
properties while being thermally or mechanically loaded. This change can be detected and
measured wirelessly using for instance a handheld high frequency (HF) reader system. To
achieve a robust signal, electromagnetic simulations are carried out in parallel to experimental
work to understand the physical basics of the interaction between CFRP and the microwires
regarding electromagnetic fields. Unidirectional CFRP shows high orthotropy regarding
electromagnetic properties. Industrially far more relevant multi-ply multi-directional CFRP
shows quasi-isotropic electromagnetic behaviour, which is favourable to the accuracy of the
measurements. A comparison of attenuation at 2.45GHz shows good correlation between
simulations and measurements.

To check for practical industrial usability, mechanical simulations (FEM) are performed to
ensure that the measuring range covers the generally used allowable strains of up to 0.4%. While
accounting for the thermal mismatch in the production process, the orthotropic mechanical
material properties of multi-ply CFRP and microwires as well as the rupture strains of the
microwires, the simulations show that measuring ranges of up to 1.5% are to be expected.

The results indicate that microwires can be used for SHM. Additional work will be carried out
to achieve more robust signals and to allow a quantitative signal assessment regarding different
failure modes of CFRP.

The work is carried out within the Horizon Europe framework (HORIZON-CL5-2021-D5-01)
“INFINITE - Aerospace Composites digitally sensorised from manufacturing to end-of-life”
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Embedding microwires into composite materials is a novel technology that can provide in-situ
and remote data on the structural health of the system [1]. Damages such as delamination,
disbond and cracks in the composite structure induce a change in the stresses and strains on the
microwires, modifying their electromagnetic response [2]. Analysing this response with
artificial intelligence can potentially allow us to not only detect these damages, but also
characterise, localise, and quantify the damage, and possibly predict the remaining useful life
of the structure.

As part of the Horizon Europe project INFINITE, this work aims to develop methodologies for
in-service structural health monitoring of composites equipped with microwire sensors. The
suitable machine learning algorithms include physics-aware three-dimensional convolutional
neural networks, decision trees, logistical regression, etc., all of which require a large amount
of training data, as accurate estimation on training including data instances of all type and levels.
Since experimental data is scarce due to the low readiness-level of the technology, these
algorithms are trained using finite-element numerical computation, which itself has a high
computational cost, while fine-tuning is left to experimental data. Currently, maintenance,
repair, and overhaul activities represent around 10—15% of an airline’s operational costs [3],
which in 2021 meant a global average of USD 234 million per airline [4]. In-situ monitoring of
structural health of composite aircraft components will enable the aerospace industry to move
from schedule-based maintenance to condition-based maintenance, especially for inaccessible
components, by simplifying diagnostics and efficient logistics of repair operations.

This work was funded by the European Union under the Horizon Europe grant 101056884.
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The increasing number of Unmanned Aerial Vehicles (UAV) in urban environments requires a
strategy to minimize their environmental impact, both in terms of carbon foot- print and noise
reduction. In order to minimize these concerns, use of high-performance accelerated Al
methodologies that empower innovative prediction models and optimization of flight planning
with deep reinforcement learning (DRL) is needed.

Our goal is to develop DRL algorithms which are able to make the UAVs navigate
autonomously in urban environments, taking into account the presence of buildings and other
UAVs, optimizing the trajectories in order to reduce both emissions and noise. This will be
achieved using CFD simulations which represent the environment in which UAVs navigate and
training the UAV as an agent interacting with an urban environment and its complexities.

In this work, we show the application of DRL to planes extracted from CFD simulations of an
urban environment represented by a two-dimensional flow field with the presence of two-
dimensional obstacles, representing ideally buildings which are present in the path of the UAV.
The presented methodology was validated by reproducing a simple but funda- mental problem
in navigation, namely the Zermelo's problem [1] which deals with a vessel navigating in a
turbulent ow, travelling from a starting to a target point optimizing the trajectory. This is the
first step towards DRL strategies which will guide UAVs in a three-dimensional flow field
using real-time signals, making the navigation efficient not only in terms of flight time and
avoiding damages to the vehicle, but also reducing the noise produced which would increase
the level of acoustic pollution in cities.
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The STS, organized by Chinese Aeronautical Establishment (CAE), will address the most
recently developed computational methods and its applications in aeronautical science and
technology.

The topics include:

— Computational aerodynamics,

— Computational structure and material mechanics,

— Applications of Artificial Intelligence (AI) in numerical simulations,
— Model-Based Systems Engineering (MBSE) coupled MDAO, and the
— Concepts of new energy air vehicle,

Special aspects will be the applications for the global Climate-Neutral Aviation.
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Model-based system engineering is a promising approach to achieve the design goal of green
aviation by running virtual simulation to reduce energy consumption and emission. The virtual
simulation of airborne systems encompasses the logic simulation of avionics and
electromechanical controllers, as well as functional simulations of subsystems such as power
system and hydraulics system [1]. Certain complex electromagnetic and fluid equations
involved in this simulation possess characteristics of high computational costs and small
convergence solving steps. Such inconsistency in the timescales of the entire simulation system
results in a delay in the overall numerical simulation time. A common solution to address this
issue is to employ surrogate models for model reduction [2].

The current model reduction methods used in airborne system integrated simulations in
practical engineering tasks remain at the interpolation table stage, with low data complexity.
However, most airborne system or module models are multidimensional, making it challenging
to construct high-dimensional surrogate models. To tackle these challenges, this paper proposes
a semi-automatic model reduction method based on large language models and existing mature
fitting algorithms. A complete toolchain for model reduction has been developed, firstly,
utilizing large language models to assist in selecting fitting algorithms and constructing fitted
models. Then, training and deployment of models are conducted using an artificial intelligence
model development platform, which is integrated into the GvSimLab platform to connect to
other airborne system models for joint simulation.

Taking a particular IPMSM module (Internal Permanent Magnet Synchronous Motor) in
airborne VFG system (Variable Frequency Generator system) as an example, compared to the
currently used interpolation tools, this toolchain improves the accuracy of simulating
nonsample data by 15%. Compared with the Simulink model, this toolchain can elevate the
modeling-loop solving time from 30s per thousand steps to nearly real-time at 0.8s with an
accuracy of 96.4%.
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The increase in system complexity has brought about a paradigm shift in research and
development. In order to accurately predict and evaluate the performance, characteristics,
behaviors, and functions of the system, it is necessary to use simulation methods to integrate
the key systems that make up the system virtually and carry out simulation verification in
combination with the scenario environment to ensure that the characteristics and properties of
the system emergence correctly through the interaction of multiple systems, thereby exposing
design problems and faults at the front end and ensuring that the design is correct once and for
all. This study proposes a new system virtual integration framework that adopts systems
engineering methodology and hierarchical abstraction methods. The first layer verifies the
behavior, functions, and interfaces of the system architecture model through discrete event
simulation. The second layer constructs a multidisciplinary coupled dynamic model based on
physical principles to verify the performance, spatiotemporal relationships, and other aspects
of the system. The aim is to achieve design synthesis, virtual testing, requirement verification,
and scheme iteration optimization of the system in the early stages of design, thereby improving
the digital level of equipment research and development.

References

[1] H. Feiler, Jorgen Hansson, Dionisio de Niz, Lutz Wrage, System Architecture Virtual
Integration: An Industrial Case Study, Technical Report, CMU/SEI-2009-TR-017,
ESC-TR- 2009-017, 2009.

[2] H. W. Wang, H. E. Zhang. A Distributed and Interactive System to Integrated Design
and Simulation for Collaborative Product Development. Robotics and Computer-
Integrated Manufacturing, December 2010, 26(6):778-789

[3] Xin Huaisheng, Gao Bin, Li Lichao. Simulation Integration Based on HLA and
DDS[J]. Communication Technology, 2011, 07(44): 33-36



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 — 7 June 2024, Lisbon, Portugal

STS 244-3

A Class of Scalloped Riblets for Turbulent Drag Reduction

Yigian Wang"" and Song Fu?

!'School of Mathematical Sciences, Soochow University, Suzhou 215006, China,
vigian@suda.edu.cn
% School of Aerospace Engineering, Tsinghua University, Beijing 100084, China,
fs-dem@tsinghua.edu.cn

Key Words: Scalloped Riblets, drag reduction, tip sharpness

Riblets are small protruding surfaces aligned the direction of the flow, and are one of the most
well-known passive turbulent drag reduction methods. We consider a class scalloped riblet, the
shape of which was constructed by smoothly connecting two third-order polynomials and was
not as sharp in the tip as corresponding triangular riblets with the same height-width ratio.
Numerical simulations were then performed for turbulent channel flow with and without riblet
control at various configurations. The drag reduction rates are obtained and compared. It is
found that the drag reduction rate of a selected scalloped riblet is larger than the corresponding
drag reduction rates of corresponding triangular riblets. Mean flow fields and second-order
statistics of velocity, vorticity, and Liutex, a quantity introduced to represent vortices, were
reported. It was found that streamwise vortices just above the riblet tips, which have a length
scale of 200 — 300 in wall units, have an important influence on those statistics and thus the
turbulence generation cycle and the drag reduction mechanism. Pre-multiplied energy spectra
of streamwise velocity and the Liutex component were reported to reveal the length scales in
the flow field. Instantaneous vortical flow fields visualized by the Liutex method were provided
with emphases on the streamwise vortices just above riblet tips. It should be noted that the class
of scalloped riblets is suitable for investigations on the influences of curvatures at the tip and
the valley of the riblet in future.
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When the stiffness of composite materials varies in space, the tailoring and optimization of
structure performance can be achieved. For high aspect ratio wing, the aerodynamic load of the
wings is gradually transmitted from the tip through the skin, rib, spar to the root. Due to the
design constraints of wing loading and leading and trailing edge control surfaces, the layout
parameters of the wing beam vary less. Based on the weight proportion of the wing spar, rib
and skin, the skin area accounts for a larger proportion. Therefore, optimization of the skin
stiffness can achieve significant improvement space and weight reduction. Large scale design
variable optimization expands the design space and can achieve more refined optimization
design. However, at the same time, the design scheme has poor processability due to the lack
of constraints on the process during design. In particular, large-scale design variables often use
the global optimization algorithm, and the optimization results are decentralized, unable to meet
the requirements of manufacture, and cannot achieve the continuity of force transmission.

This article proposes a genetic algorithm based on strain neighborhood and applies it to the
structural optimization of composite material wings, achieving a reduction in structural weight
while reducing sudden changes in skin ply thickness. The strain neighborhood based method
proposed in this article considers the strain of the upper and lower wing finite element elements
as a dataset. In these datasets, several higher strains will appear, making these elements cluster
centers. Based on the position of the element where these higher strains are located as the center,
according to the principle of four connections, the element with monotonic changes in strain
values and common edges will be divided into a "neighborhood cluster", multiple
neighborhoods can be established based on the strain range. The genetic algorithm optimization
is based on the "neighborhood cluster" as the object. The units within the cluster are optimized
as a whole, reducing the number of design variables and thickness variations between adjacent
units, and also reflecting the continuity of force transmission, improving the continuity and
smoothness of the skin laminate.
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Green aviation is one of the most prosperous areas of civil aviation. Subjected to both battery
energy density and motor power density, electric propulsion will be used in general aircraft at
first stage of electric civil aviation. As to battery and motor technology progresses in the near
future, conceptual design of distributed commuter airplane is performed aim to remote region
transport in this paper.

Firstly, the range and payload of electric airplane are studied according to battery energy density
and lift-drag ration. Results show that, with battery power density 400~500wh/kg, the range
will be 300~500km. if battery power density is 800wh/kg, the range will be 600~1000km.
However, without breakthrough in battery area, main range of electric airplane is limited to
500~1000km and extreme range is less than 1500km.

Secondly, integration design of airplane and propulsion is studied with respect to electric
distributed propulsion configuration. The distributed propulsion system consists of many
highlift propellers which pulls aircraft and enhances downstream wing lift. Results show that,
induced velocity distribution along blade radial direction has significant effect on wing lift
increment. Besides, motor power and flight velocity are critical to the proportion of lift
increment to wing lift without high-lift propeller slipstream. Increasing motor power, the
proportion increases too. While, increasing flight velocity, the proportion decreases. Both
highlift propeller motor power and flight velocity should be decided by the aircraft overall
design.

At last, a conceptual scheme of commuter airplane aimed to remote region transport is depicted
with total take-off weight 1400kg, range 500km, payload 250kg. Battery energy density
400wh/kg is used and lift-drag ration of airplane is 16 in the conceptual scheme. Distributed
propulsion system consists of 10 high-lift propellers with 10kw motor power and a 120kw main
propeller. And the high-lift propellers are operated during take-off and landing phases.
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The STS is based on the project EFACA (Environmentally Friendly Aviation for All Classes of
Aircraft) that is supported by the European union in the period 2023 — 2026. It is intended to
give a global overview of the challenges associated with the greening of aviation, taking as
example an 80-seat 1000-km regional airliner with hybrid turboelectric propulsion, and
including (i) overall design, (ii) critical technologies, (iii) economic and market prospects and
(iv) environmental benefits.

The STS consists of presentations addressing the following topics:

e Overview of all aspects of the project EFACA, with focus on those aspects that have been
selected for the following seven presentations in this STS.

e Preliminary design of an 80-seat 1000 km range regional airliner with hybrid turboelectric
propulsion (HTEP) consisting of gas turbine and hydrogen fuel cell.

e The most innovative element of the electrified regional airliner, namely the HTEP system
as concerns components and integration.

e One of the critical technologies for HTEP, concerning cryogenic fuel tanks for liquid
hydrogen bearing in mind their larger volume compared with traditional fossil fuels for the
same range.

e Another of the critical technologies for HTEP, namely hydrogen fuel cells with particular
challenges of cooling and efficiency at altitude for aeronautical applications.

o Market prospects of the regional aircraft using HTEP as a replacement for existing fossil
fuelled airliners, bearing in mind the additional complexity (preceding presentations) and
environmental benefits (following presentations) and their impact on economics and
operations.

o Benefits of a regional airliner using HTEP as concerns reductions of environmental impact
in terms of emissions and noise at airport and global level.

o Sustainable Aviation Fuels (SAFs) focusing on alternative technologies for the production
of alternatives to current fossil fuels.

Contributing papers to the session parts A and B:
Part A: STS 245-1 to STS 245-5; Part B: STS 245-6 to STS 245-9;
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An overview of Project EFACA (Environmentally Friendly Aviation for all Classes of Aircraft) is
given focusing on the Special Technical Session topics.

The EFACA project [1] supported by the European Union in the period 2023-2026, consists of six
main objectives taking into consideration three TRL3 demonstrations relevant to the greening of
aviation; a preliminary design of propeller and jet driven airliners using hydrogen fuel; and a road
map for achieving the EU environmental objectives for aviation.

Within the three TRL3 demonstrations of high relevance to the greening of aviation and the
development of preliminary aircraft design the project involves:

1. Design, development and test a possibly world-first novel gearbox combining power inputs
from a Gas Turbine Engine (GTE) and an Electric Engine (EE);
2. Improve performance and operating range of Hydrogen Fuel Cells (HFC) for aviation through
a new phase cooling method;
3. Demonstrate a complete liquid hydrogen fuel system from cryogenic tank to fuel transfer,
vaporization and combustion;
4. Design a regional aircraft using hybrid turbo-electric propulsion (HTEP) combining a gas
turbine (GTE) and electric (EE) engines powered by an Hydrogen Fuel Cell (HFC);
5. Design a jet liner with using Liquid Hydrogen (LH) Fuel including all the cryogenic systems;
6. Build a global road map to achieve the EU Environmental Objectives for Aviation relative to
2035 and 2050, taking into account:
a) emerging propulsion technologies (batteries, fuel cells, turbines) and sustainable fuels
(synthetic aviation fuels and liquid hydrogen).
b) application to all classes of aircraft: urban air mobility/helicopters/convertibles,
regional/business, medium, and long-range airliners.
References
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One of the promising ways of implementing environmentally friendly aviation in the segment of
regional transportation is the use of fundamentally new power plants based on hybrid-electric
technology. The practical result of the implementation of such technology can be the development of
a hybrid turbo-electric power plant (Hybrid Turbo-Electrical Propulsion - HTEP) using fuel cells (PE)
powered by liquid hydrogen. In comparison with the well-known ATR-72-600 regional passenger
aircraft, the CO2 emissions of the prospect aircraft with HTEP will be at least 30% lower.

This work is aimed at the preliminary design development of a regional passenger aircraft, which
takes into account formation of the top-level requirements for the aircraft and systems, the
peculiarities of using HTEP with fuel cells, as well as determining the characteristics of the aircraft
taking into account the requirements of layout, aviation safety and operation.

Based on the results of the work, it is planned to obtain justification for the choice of aerodynamic
layout and calculation of the energy balance for the design of a regional aircraft.
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This paper is based on the project EFACA (Environmentally Friendly Aviation for All Classes of
Aircraft) that is supported by the European Union in the period 2023-2026.

The study is based on the idea that the image of a hybrid turbine-electric system with "fuel cells" for
a regional aircraft with a capacity of up to 80 seats and a range of up to 1000 km will be determined
by the type of energy supply (hydrocarbon or hydrogen fuel) to the gas turbine and electric engines.

The use of a sequential approach to the definition of the HTEP design includes the initial definition
of the top-level requirements for the HTEP and the aircraft, the evaluation of conceptual schemes for
the HTEP power supply, the preliminary formation of HTEP component designs, the further
development of fuel supply, storage, fuel conditioning, and power distribution and manage systems.

In the next step, according to the selected evaluation criteria, the optimal scheme will be determined
to provide energy to the HTEP with fuel cells. Taking into account the influence of the level of
hybridisation of the propulsion system on its configuration, as well as a comparison of the hybrid-
electric aircraft with its existing analogue (ATR 72), a more accurate assessment of the performance
of the regional aircraft will be made.

The performance of the propulsion concept, which consists of an air propeller driven by a gearbox
combining turbine and electric motor drives, will be assessed in the first TRL3 level demonstration
bench test.
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Hydrogen is increasingly seen as a key energy carrier in transitioning towards a decarbonized global
energy system. In particular, hydrogen stands as a pivotal factor in fostering environmentally friendly
aviation. The storage system is essential to utilize hydrogen for propulsion in commercial aircrafts.
This review concentrates on cryogenic tanks for physically storing hydrogen in liquid form. The main
challenge of integrating large liquid hydrogen tanks into the aircraft is the low volumetric density of
the fuel. When compared to conventional fuels, hydrogen offers only a quarter of the energy content
per unit volume, and three times the energy content per unit mass. Effective storage solutions are
crucial to aircraft usefulness, since liquid hydrogen typically requires voluminous, heavy, and well-
insulated tanks. Literature highlights the dependence of the optimal solution on the aircraft's range
category.

This research focuses on the review of hydrogen fuel containment systems in short- and medium-
haul flights. The objective of this analysis aims to spotlight the design intricacies involving key
parameters such as diverse tank structures, layouts, shapes, venting pressures, and insulation
strategies.



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 — 7 June 2024, Lisbon, Portugal

STS 245-5
Cooling Design and Refrigerant Selection of an Aviation PEM Fuel Cell System

Xin Gao'”*, Arne Schweinitz?, Michael Heere?

Inst. of Internal Combustion Engines and Fuel Cells, TU Braunschweig,
Hermann-Blenk-Strafle 42, 38108 Braunschweig, Germany, https://www.tu-braunschweig.de/ivb

! xin.gao@tu-braunschweig.de,
arne.schweinitz@tu-braunschweig.de,

2

3 m.heere@tu-braunschweig.de

Key Words: PEM Fuel Cells, PCHP cooling, Test rig

Electromobility and especially air mobility is increasing its share among all transportation sectors.
Along the process, hydrogen-electric propulsion relying on polymer electrolyte membrane (PEM)
fuel cells as a most promising and key disruptive solution, is gradually stretching its popularity among
aircraft belonged to more segments. However, in the trend, aviation still put stringent requirements
on the 1) efficiency, 2) specific power, 3) specific energy, and 4) reliability, of these fuel cell systems.

Effective cooling could be a main contributor to all the requirements. Based on our previous
simulation work proposing a novel cooling solution, namely PCHP cooling, in our current project
EFACA (Environmentally Friendly Aviation for all Classes of Aircraft), we are building a test rig
demonstrating the cooling concept. Currently, we are in the stage of detailing the design of the test
rig including the selection of the major component, especially the phase-change refrigerant and
deciding their optimal operating settings.

For these purposes, we are taking two paths, 1) thermodynamic modeling approach, and 2) industrial
practices, i.e., engineering know-hows and market availability. In this presentation, we are going to
show our findings and decisions so far along the progress of building such test rig.
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With highest priority of climate change in near future the aircraft noise in/around airports is still
considered as important but with the priority global GHG emissions. Balanced approach realized
during last few decades by ICAO provided the huge reduction of noise exposure around the airports
worldwide and a number of impacted people by noise. Aviation sector is expected to triple the air
traffic (taking in mind only the development of usual air traffic without the contribution of the new
Urban Air Mobility and other Advanced Air Mobility approaches) through 2050 and the benefits of
balanced approach must not be diminished. It means that noise reduction technologies will develop
in a same way as during previous decades as for new designs of the aircraft so as for new low-noise
operation procedures. If to look at new supersonic aircraft future technologies are also considered in
mostly traditional development of noise reduction in engines and airframes (as considered now by
EU SENECA project).

The EU concept of environmentally friendly aviation by 2050 (compared to 2000) provides for the
use of new technologies for aircraft designs still in operation: to reduce the perceived aircraft noise
by 65%. Achieving these goals requires evolutionary changes in aircraft design, improved
aerodynamic configurations and the use of innovative engines. Taking in mind the highest priority
for climate change goals globally and in particular for aviation sector the revolutionary aircraft
designs are subject for noise control also. The existing taxonomy of noise sources and roadmaps for
their reduction should be widened to cover the new designs and technologies.

The acoustic performances of radically new innovative aircraft concepts should be in line with
evolutionary achievements. The electrification of aircraft propulsion promises a significant reduction
of aviation emissions and progress toward of strategic goals achievement. But their main noise
sources like the propellers and airframe dominant sources still need for further improvements to reach
the EU strategic goal in perceptive noise. The recommendation for EU EFACA project relates to the
implementation of hybrid electric propulsion technology (combination a gas turbine and electric
engines) for propeller-driven regional aircraft must be accompanied with appropriate noise reduction
efforts. Principles of aircraft hybrid electrification should be enough not only for necessary emission
reduction of GHGs by regional aircraft in flight, but the goals in aircraft noise reduction should be
reached.

An important element in the reduction of aircraft noise emissions around the airports is the use of
optimal flight procedures — noise abatement procedures (NAPs). In combination with the planned
changes in design technologies, the existing guidelines will need to be revised for NAPS.
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Climate change is the megatrend that will have the biggest impact on the development of sustainable
air transportation in near future. Aviation sector is expected to triple its proportional share (taking in
mind only the development of usual air traffic without the contribution of the new Urban Air Mobility
and other Advanced Air Mobility approaches) of a Paris compatible 1.5°C budget. ICAO basket of
measures to keep the temperature change under this limit, including aircraft technology (up to 25%)
and operation improvement (up to 9%) for fuel burn reduction by engines and new revolutionary
designs of the aircraft, deployment of sustainable alternative fuels (over 40% of fuel burn reduction),
market-based measures as pushing system for quicker and more efficient implementation of the first
three, etc. Pioneering sustainable technology is allowing the civil aviation sector to embrace the next
generation of aviation through electrification and alternative fuels including hydrogen. If to look at
new supersonic aircraft future technologies are considered in mostly traditional development of
emission reduction in combination with SAF for fuel burn by their engines (as considered now by
EU SENECA project).

Radically new innovative aircraft concepts are necessary for implementation in aircraft design, which
efficiency in emission reduction should be much higher than for current evolutionary concepts. The
electrification of aircraft propulsion promises a significant reduction of aviation emissions and
progress toward the strategic goals achievement. The first recommendation for EU EFACA project
relates to the implementation of hybrid electric propulsion technology for propeller-driven regional
aircraft. Principles of aircraft hybrid electrification should be enough for necessary emission
reduction of GHGs by regional aircraft in flight, so as the goals in aircraft noise and local air quality
should be reached.

Hydrogen fuel, which is burnt in combustion chambers of the engines directly (instead of usual fossil
fuel or/and SAF from renewable resources), is the crucial potential technology for eliminating aircraft
GHG emissions for the most popular groups of aircraft — short/medium range and long-range aircraft
(their contribution in aviation sector is over the 90 %). Airbus is evaluating several hydrogen
approaches for future aircraft designs (ZEROe), which include “direct hydrogen” and “hydrogen fuel
cells”. With hydrogen as a fuel, either in combustion engines or used in a fuel cell, there are no in-
flight CO; emissions whatsoever. The second recommendation for EU EFACA project relates to the
implementation of hydrogen fuel cells and liquid hydrogen fuel system for propeller-driven regional
aircraft and jet airliner correspondingly.
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For very large aircraft and very long distances, low-carbon alternative fuels are at present the only
viable replacement in near term for fossil fuels, contributing towards sustainability targets before
electric and hydrogen technologies will become mature. Since the interest on Sustainable Aviation
Fuels (SAF) is growing, more pathways will be introduced and approved in the near future.

The scientific research is mainly focusing on the production of advanced biofuels and e-kerosene.
Biofuels from biomass or waste (cooking oils, fats) and advanced biofuels that are synthesized from
solid feedstock, biomass like crops, or algae. E-fuels or e-kerosene are synthetic fuels or synfuels,
synthesized from hydrogen and carbon dioxide taken from industrial, biomass or direct-air capture.

For the advanced biofuels, beyond existing modern technologies for SAFs production, novel
pathways are proposed, mainly related to the conversion and fermentation of feedstocks to alcohol
and then biofuels. The main techniques are: Alcohol to Jet Synthetic Kerosene with Aromatics (ATJ-
SKA), approved by ASTM (American Society for Testing and Materials) in 2023, and the novel
technologies L-ETH-Jet, Biochemical conversion of lignocellulose to ethanol process; SYN-FER-J,
Gasification, syngas fermentation to ethanol process; S-ETH-J, Sugarcane juice to ethanol by sucrose
fermentation process.

E-fuels are produced using renewable energy for fuel synthesis. New technologies for e-fuels
production, like power-to-liquid process are promising for reducing greenhouse gas emissions in
aviation. They are not yet available on the market, but there is a growing interest from various
companies in establishing production facilities. Moreover, a growing enthusiasm for the
electrochemical route has potential to improve e-kerosene production.
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The classification of commercial airplanes typically includes three categories: single-aisle (narrow-
body), twin-aisle (wide-body), and regional aircraft, the smallest variant. This classification aids in
understanding sizes, capacities, and integrating hybrid technologies. Aircraft with electric and hybrid
propulsion systems are expected to impact the regional market, potentially replacing turboprop
models but not conventional jets entirely.

Before COVID-19 emerged, regional aviation experienced significant growth, comprising over 12%
of global available seat kilometres (ASK). However, the pandemic's aftermath profoundly impacted
global economic progress and air travel, leading to a gradual recovery. Projections indicate that global
passenger traffic, measured in revenue passenger kilometres (RPK), will return to pre-pandemic 2019
levels by 2024. This recovery is driven by pandemic recovery efforts, geopolitical factors, and shifts
within the aviation industry. Forecasts suggest that global RPKs will maintain a steady annual growth
rate of 3.2% until 2042. The translation of this growth into the regional aviation market, along with
evolving dynamics, will significantly influence the adoption and success of innovative hybrid
aviation technologies.

The EFACA Project, funded by the European Union from 2023 to 2026, focuses on developing a
hybrid turbine-electric propeller (HTEP) aircraft system integrated with fuel cells for regional aircraft
with up to 80 seats and 1000 km ranges. The project outlines top-level requirements, evaluates power
supply frameworks, develops component designs, and enhances fuel supply, storage, conditioning,
and power distribution systems. This paper explores the potential market for the HTEP aircraft design,
analyzing affected markets, including hybrid and fuel cell-powered aircraft, and the regional aircraft
sector. It scrutinizes market shares within regional and short-haul routes pre- and post-pandemic,
offering insights crucial for refining top-level aircraft requirements, particularly flight range. The
paper is organized as follows: Section 1 corresponds to introduction. Section 2 discusses the
technological attributes of the proposed hybrid electrical fuel cell aircraft concept; Section 3 delves
into the prospects for various aircraft markets, aiming to identify the most viable segments for the
hybrid aircraft; Section 4 presents an analysis of market shares for regional and short-haul routes pre-
and post-pandemic to estimate potential market size; and finally, Section 5 offers concluding
remarks.

Acknowledgement:

Acknowledgement to the EU Horizon Europe EFACA project No 101056866 “Environmentally Friendly
Aviation for all Classes of Aircraft”.



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 -7 June 2024, Lisbon, Portugal

STS 247

Disruptive Aircraft’s Wing Configurations towards
Greening of Aviation

Chairs: Marianna Braza! and Yannick Hoarau?

! Institut de Meécanique des Fluides de Toulouse, IMFT, UMR 5502 CNRS-INPT-UT3 UMR, Allée
du prof. Camille Soula, 31400 Toulouse, France, marianna.braza@imft.fr

2ICUBE - University of Strasbourg, ICUBE UMR 7357, Laboratoire des Sciences de 1'Ingénieur,
de I'Informatique et de I'lmagerie, 67081 Strasbourg, France, hoarau@unistra.fr

Session Abstract

Key Words: Smart Morphing and Sensing, Wing Design, High-Fidelity Numerical
Simulations, Aerodynamic Performance, Emissions Reduction

The present STS at ECCOMAS 2024 will include five contributions concerning novel wing morphing,
able to drastically increase the aerodynamic performances leading to a considerable fuel’s
consumption decrease and noise sources reduction. Emphasis will be attributed in the efficiency
of multiscale electrical actuations with increased DoF over strategic areas of the lifting
structures. The presentations analyse the morphing effects on the fluid-structure interaction,
beneficially manipulating the surrounding turbulence towards drag reduction, increase of lift
and noise sources attenuation. The new morphing designs ensure a considerable energy decrease
for the propulsion, beneficial for all sources of renewal energy.

These studies are a continuation from the EU-funded Horizon 2020research project N° 723402
SMS,  “Smart Morphing and Sensing for  aeronautical  configurations”,
https://cordis.europa.eu/project/id/723402 and www.smartwing.org/SMS/EU.

They are performed in the context of the HORIZON-EIC-2023-PATHFINDER Project N°
101129952 — BEALIVE, "Bioinspired Electroactive multiscale Aeronautical Live skin",
https://cordis.europa.eu/project/id/101129952.

The presentations included in this STS analyse through High-Fidelity numerical approaches,
the effects of spatial and temporal modulation of the actuation frequencies and amplitudes
applied through novel smart actuators disposed in a distributed way on the “skin” of the lifting
structure. These designs are able to produce optimal interfacial layers interacting with the
coherent and chaotic turbulence structures and applying deformation of strategic parts of the
wing.

The topic of this session prepares future wing design for aeronautics industrial applications
aiming at saving energy and at reducing the pollution through these new, multiple-degrees-of
freedom morphing concepts, enabling a considerable reduction of emissions, meeting the targets
fixed by Flightpath 2050: Europe’s Vision for Aviation [1].

[1] European Commission, DG MOVE/ DG RTD, Flightpath 2050: Europe’s Vision for
Aviation: Maintaining global leadership and serving society’s needs, Publications
Office, 2012, https://data.europa.eu/doi/10.2777/15458.
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The present paper presents a new electroactive morphing concept studied by the IMFT and
LAPLACE laboratories, able to drastically increase the aerodynamic performance. This concept,
using a series of MFC (Macro-Fiber-Composite) piezoelectric actuators disposed along the trailing
-edge area, as well as along specific rows in the region of 70% of the chord, has been investigated
by High-Fidelity numerical simulations and refined physical experiments around the so-called
“Reduced Scale” (RS) A320 wing prototype of 70 cm chord of the HORIZON-PATHFINDER
Project N° 101129952 - BEALIVE - "Bioinspired Electroactive multiscale Aeronautical Live skin".
The experiments and the simulations have been accomplished at 10° of incidence, Mach number of
0.06 and Reynolds number of 1 Million, corresponding to onset of take-off conditions. A specific
emphasis has been attributed on the lift increase, drag reduction and on noise sources reduction by
attenuation of harmful instabilities. The actuators motion and the slight deformation of the trailing-
edge area has been numerically modelled by means of the Arbitrary Lagrangian-Eulerian (ALE)
method with the CFD solver NSMB (Navier-Stokes Multi Block). Concerning the turbulence
modelling, the Organised Eddy Simulation (OES) approach [1] has been employed. As
demonstrated in our numerical and experimental studies, the Trailing-Edge (TE) vibration
significantly increases the lift force in the order of 5%, while generation of Travelling Waves (TW)
along the rear part of the suction side notably reduces drag by an order of 6%. These performances
have been obtained through generation of smaller-scale vortices from the vibrations that interact
with the existing coherent vortices in the shear layers (Kelvin-Helmholtz (KH)) and von Karman
(VK) vortices farther downstream, as well as with smaller chaotic turbulent vortices. The dynamic
manipulation of these vortices produces an “eddy-blocking” effect, that leads to a considerable
thinning of the shear layers and of the wake’s width.
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Figure 1: Top: PSD of pressure fluctuations signal for the morphing case and static case for the pressure sensor
S1 located at x/c=0.80. Re=10°. Angle of incidence 10°. (a) experiments; (b) simulations. Bottom: zoom of the flow
structure near the trailing edge and wake. TT: Turbulent-turbulent interface. TNT: Turbulent-non-turbulent.
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3D numerical simulations are performed around the Reduced Scale A320 wing prototype of the H2020
N°723402 EU project SMS: “Smart Morphing and Sensing for aeronautical configurations”,
https://cordis.europa.eu/project/id/723402/fr, www.smartwing.org/SMS/EU. The wing has 70cm chord
and 56cm span and is investigated in the subsonic regime at Reynolds number 1 million and for 10°
incidence using the Navier Stokes Multi-Block (NSMB) code. Bioinspired electroactive morphing is
numerically investigated through vibration and slight deformation in the near trailing edge region, using
the ALE method for mesh deformation and the Organised Eddy Simulation (OES) turbulence modelling
approach, [1], sensitized to the coherent structures physically correct development, also including the
DDES-OES case (Detached Eddy Simulation with embedded OES). Following a previous 2D numerical
study [2], a linear time modulation of the trailing edge actuation frequency (wobulation) is carried out

MACH: 0.01 0.0635284 0.117059

o Vorticity i 50 1695.83 3341.67

Figure 1: Top: Static (unactuated) case showing the separation area (blue) and the multitude of vortices including
shear-layer and von Karman ones, as well as the secondary instability along the span. Bottom-left: Morphing with
linear variation versus time of the actuation frequency (wobulation) in the near-trailing edge region showing
considerable attenuation of the secondary instability. Bottom-right: enhancement of a more orderly vortex
structure than the static case with decrease of the spanwise undulation, shown through the Q criterion
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A new bioinspired electroactive morphing concept through Traveling Waves (TW) applied along a
rear part of the suction side of the “Reduced Scale (RS) A320 morphing wing prototype of the
HORIZON-2023-PATHFINDER-Open-Project N° 101129952-BEALIVE — "Bioinspired
Electroactive multiscale Aeronautical Live skin" has been numerically investigated in low subsonic
regime (Mach number of 0.063), Reynolds number of 1 Million and incidence of 10°, corresponding
to take-off conditions. The TW are implemented over an optimised zone of the wing’s suction side
(Fig.1). The effects of this morphing concept, (examined in parallel through experimental studies
by IMFT & LAPLACE Laboratories) are investigated in respect of aerodynamic performance
increase. The simulations used the Navier Stokes Multi-Block (NSMB) code, including the
Arbitrary Lagrangian Eulerian (ALE) methodology for dynamic grid deformation, and the
Organised Eddy Simulation (OES) turbulence modelling approach, [1,2]. The RS prototype has a
70 cm chord and span of 56 cm, operating at an incidence angle of 10°. A boundary layer separation
occurs in the static (non-morphing) case, at around 80% of the chord. The significant shear
downstream results in the formation of Kelvin-Helmholtz (KH) vortices, and farther downstream,
to von Karman (VK) vortex shedding. A very large parametric investigation has been carried out,
involving thousands of combinations of the following parameters to analyse the influence on the
aerodynamic forces and study optimal regimes: wavelength (1), frequency (f), amplitude (a), and
the actuation zone location, [x,/C, xs/C]. The oscillations created by the waves interact with the
separation and the shear layers and promote a more organized flow structures with a significant
reduction of the spanwise secondary instability. This is obtained through manipulation of the
detrimental effects of surrounding turbulence through this morping concept and producing
significant impacting feedback effects on the upstream wall pressure distribution, leading to
increased performances. For optimal sets of the TW parameters, an increase in the lifi-to-drag
performance reaching 9% has been obtained The optimal parameters are used in the experimental
studies carried out in the BEALIVE project, where the traveling waves can be materialised through
novel piezo-actuators.
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Figure 1: Traveling wave morphing par;rneters (left), vortical structures manipulated through
Travelling Wave morphing (f = 300Hz,a = 1mm, A = 6cm, Zone = [0.2 — 0.7]m)
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The present study focuses on a morphing A320 wing prototype with a 70 cm chord length, incidence
of 1.8°, upstream Mach number of 0.78 and Reynolds number 4.5 x 10°. The study is part of the
HORIZON-2023-PATHFINDER-Open-Project N° 101129952-BEALIVE - "Bioinspired Electroactive
multiscale Aeronautical Live skin". This study aims at exploring actuation surfaces beyond the most
downstream position of the shock in respect of buffet, creating a “live-skin” surface through a
Traveling Wave (TW) approach (Figure 1). A large numerical parametric study is conducted to
identify optimal frequency, amplitude and wave-length ranges of the TW in respect of aecrodynamic
performance increase. The grid deformation due to the TW has been handled by the Arbitrary
Lagrangian-Eulerian (ALE) method in the CFD solver NSMB (Navier-Stokes Multi Block). The
Organised Eddy Simulation (OES) approach has been used for the turbulence modelling, sensitized to
coherent structures physical development capturing. The study revealed the development of buffet
instability at 1.8° angle of incidence concerning the unactuated (static) case. Furthermore, the research
highlighted a significant feedback effect from the near wake unsteadiness towards the Shock Boundary
Layer Interaction (SBLI) region and even upstream of it. By enhancing this effect through morphing
that manipulates the downstream unsteadiness, (fig.1) specifically the Kelvin-Helmholtz and von
Karman vortices, the study demonstrated that this morphing effectively reduces the wake thickness
and suppresses the buffet instability (fig.2) yielding a drag reduction in the order of 6% and a lift-to-
drag increase of 2.5%.

o [

Figure 1: Left: Travelling Wave approach. Right: Illustration of the formation of KH vortices within the buffet
cycle and their feedback effect together with the near wake unsteadiness, both affecting the upstream region.
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Figure 2: Left: static case: formation of KH vortices and thick wake. Right: TW case: reduction of the
wake thickness and suppression of the shear layer instabilities by reducing the shock motion: difference
between blue (morphing) and red (static) vertical lines.
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In the context of the European project HORIZON-2023-PATHFINDER-Open-Project N° 101129952-
BEALIVE- "Bioinspired Electroactive multiscale Aeronautical Live skin" and the national French
research project ANR-EMBIA, a Reduced Order Modelling (ROM) is proposed for turbulent flows
surrounding morphing wings. The Reduced Scale (RS) A320 wing prototype of the BEALIVE project
has been considered at a Reynolds number of 10° and incidence of 10 degrees in the low subsonic
regime (Mach number in the order of 0.06). The wing is deformed during time using a Traveling Wave
(TW) concept, trailing-edge vibrations [1,2], or cambering [3]. This leads to a displacement of the
coordinates as a function of time and requires a mesh deformation. As consequence, large parametric
studies with various parameters require time and resources. To tackle this issue, a ROM is developed
based on the Proper Orthogonal Decomposition (POD) approach and Machine Learning. The ROM is
constructed using an enriched POD of multiple simulations. An interpolation is conducted using a
trained Machine Learning algorithm to improve the prediction. The new model not only accounts mean
solutions efficiently but predicts transient dynamics like boundary layer separation, shear layer, and
main instabilities in the near wake associated with coherent structures development. This is achieved
while maintaining and capturing correct energy distribution of turbulent structures and considering
smaller energy chaotic structures by using spatial modes (Figure 1).
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Figure 1: High-Fidelity simulation with POD high energy modes and spectra of their temporal

coefficients as well as POD shape modes in the near wake.
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The paper introduces an innovative methodology for efficiently designing intelligent
deformable aeronautical configurations capable of achieving predefined target shapes through
the strategic adjustment of Shape Memory Alloy (SMA) actuators. SMA-based actuation plays
a pivotal role in morphing concepts widely utilized in aeronautics, contributing to improved
aerodynamic performance by dynamically altering wing geometry.

The study presents a novel and robust algorithm specifically crafted to predict the nonlinear
response within the SMA-structure interaction, further enhanced by its integration with an
optimization method. This combined approach facilitates the accurate prediction of optimal
structural and operational parameters aligned with the desired shapes for the controlled
configuration. The design methodology, outlined in this research, meticulously selects key
design parameters — such as the actuators’ placement and operational temperature — tailored
to specific loading conditions. Different case studies are considered in order to showcase the
implementation of the proposed approach.
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This session will include contributions from researchers working on advanced aerodynamic
simulation and shape optimisation, such as hybrid RANS/LES, and shape design optimisation,
such adjoint based methods, for applications from the design of very large off-shore wind
turbine blades to potential future large transport aircraft, such as the blended wing body and the
truss-braced wing aircraft.
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Due to the rapid deployment of wind energy, most newly constructed wind turbines are built on
varied terrains to take advantage of topographic flow enhancement. During this process, other
terrain-induced flow phenomena in the atmospheric boundary layer (ABL) would affect the
performance of wind turbine as well as their wake characteristics. Thus, prior to wind farm
construction, the wind resource assessment and wind turbine wake behavior evaluation in the
complex terrain are become increasingly crucial for wind energy projects. However, knowledge
on these issues is still limited.

In the complex wind farm, a highly unsteady and multi-scale coupling phenomenon exists, with
the largest vortices being on the scale of kilometers while the smallest vortices are on the scale
of millimeters. Under such circumstances, numerical simulation is a powerful tool to help
understand the temporal-spatial characteristics and mechanism behind the complex wind
phenomenon. Thus, the coupling of mesoscale and microscale simulation method, which is
designed to predict the spatial changes in the multi-scale turbulent wind flow, becomes a
promising way in the wind energy research.

In this work, a meso-microscale coupling methodology is developed and used to investigate
wind characteristics under varying atmospheric stabilities over complex terrain. In which, the
Weather Research and Forecast (WRF) model is used to mesoscale meteorology simulation,
meanwhile the Large-Eddy Simulation (LES) method is employed to capture transient turbulent
flow structures, which are important features of the ABL that interact with turbine wakes. The
coupling methodology uses time-varying flow outputs from the mesoscale WRF model as
boundaries for the microscale LES model. With Askervein hill and Blound island as test cases,
the coupled simulation performs well at reproducing the vertical profiles of averaged wind
speed. With atmosphere gets more stable, shear patterns get more pronounced. In the contrast,
surface layer is more well-mixed under convective stabilities.
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The aerodynamic design of supersonic aircraft necessitates the comprehensive consideration of
multiple conflicting design objectives and multi-disciplinary characteristics. However, the
efficiency of heuristic algorithms in solving multi-objective aerodynamic problems
significantly decreases with the increase in the number of design variables and objectives.
Although gradient-based adjoint optimization methods can eliminate the constraints of design
variables on aerodynamic optimization and have high optimization efficiency, they are prone to
getting stuck in local optima and are difficult to apply in multi-objective optimization. To
overcome these shortcomings, a manifold-guided multi-objective gradient-based algorithm
(MG-MOGBA) is proposed. This algorithm enhances the optimization efficiency of the
algorithm by coupling the multi-objective gradient operator with the predicted Pareto front (PF)
manifold structure to guide the population search direction and reduce the search space. A multi-
objective aerodynamic optimization framework based on the discrete adjoint method is
developed to automate the aerodynamic optimization process. Test functions and airfoil
optimization results confirm that the proposed algorithm achieves superior results with fewer
iterations and is more efficient than heuristic algorithms. The four-objective supersonic civil
aircraft example demonstrates that the algorithm can effectively handle high-dimensional multi-
objective aerodynamic optimization problems. A potential equilibrium solution increased the
cruise factor by 17.5% and 12.8% under supersonic and transonic conditions respectively,
reduced the maximum overpressure of the sonic boom by 25.1%, and decreased the root bending
moment by 20.3%. Overall, MG-MOGBA can efficiently solve high-dimensional multi-
objective aerodynamic optimization problems and has good scalability for the dimensions of
design objectives and variables (Figure 1).
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Icing on rotor blades can reduce aerodynamic characteristics and pose a serious threat to
helicopter flight safety. The rotor undergoes periodic movement with variable pitch during
forward flight, which can be simplified as the pitching oscillation process of the rotor airfoil.
The unsteady characteristic of icing on oscillating airfoils presents a challenging problem
compared to icing on fixed wings.

To address this issue, numerical simulations of the unsteady airflow field in an unstructured
overlapping grid system and the impact characteristics of supercooled water droplets based on
the Euler method were conducted. Subsequently, the unsteady icing calculation method was
improved based on Myers icing model. Additionally, a dynamic grid generation method called
DGRBF (Radial Basis Function based on Delaunay Graph) was developed for multi-step icing
calculations. A set of unsteady numerical simulation methods has been developed for icing on
oscillating airfoils.

The study analysed the effects of parameters such as average angle of attack, oscillation
amplitude, and oscillation frequency on the icing process. In comparison to the static condition,
the pitching motion of the airfoil takes into account the periodic variation of the angle of attack.
The presence of a larger range of supercooled water droplets on the airfoil leads to increased
icing and a higher icing limit. The final ice shape is not significantly affected by the oscillation
frequency and amplitude of the airfoil's pitching motion at the average angle of attack.
Additionally, there is no significant difference between the ice shape under the pitching motion
and the ice shape at rest.

Furthermore, the comparison between the numerical simulation results and the icing wind tunnel
test results revealed a strong correlation in the macroscopic characteristics, including the icing
limit, ice angle position, and maximum icing thickness. This confirms the accuracy and
reliability of the calculation method. As a result, the developed unsteady icing numerical
simulation method exhibits great potential for engineering applications.
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Blade tips play an important role in the efficiency of gas turbines in minimising the adverse
effects of the tip leakage flows. Various tip shapes such as squealers and winglets have been
proposed and investigated for improving the performance. The advance of adjoint based
methods have allowed for more flexible tip shape to be parameterized with hundreds or
thousands design variables. However, the flexibility also increases substantially the dimension
of the design space so that the searching for the optimum becomes a lot more costly. In this
paper, we present a parameter reduction method based on the sensitivity obtained from the
adjoint solution so that the optimiser can narrow down on the key design parameters for efficient
shape optimisation without the constraints of pre-specified topologies.
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The calculation of water droplet impact characteristics is essential for predicting aircraft icing.
The Lagrangian method is commonly used because it can track particle trajectories,
deformation, breakup, and splashing. However, its 3D computational speed has been criticized.
This paper proposes a parallel strategy based on particle parallelism, which enhances the
computational efficiency of the Lagrangian method. The method partitions the domain by
particles to calculate the water drop field, as shown in Figure 1, maximizing parallelism
efficiency. This approach's effectiveness has been demonstrated on two-dimensional
NACA23012 airfoils, with a remarkable acceleration effect. As shown in Figure 2, the time
required for the case is reduced to one-fourth of the time required for a single core with an
increase in cores. It is expected that extending this method to 3D and achieving parallelism on
a larger scale will further reduce 3D Lagrangian computation times.
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Figure 1 4-core system droplet trajectory Figure 2 Cost of time for different cores
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Industrial design is facing new challenges in a world threaten by global warming, economical
and geo-political instability. In this contest, the need of decreasing emissions in air, for all the
activities related to aviation, transport and renewable energy, has become an utmost priority,
also considering the commitments made by the European Commission for the next years.

In particular, net greenhouse gas emissions will have to be reduced by at least 55% by 2030,
and at the same time it will be necessary to fulfil the growing energy demand of all the EU
industrial countries.

Following this perspective, the new emerging technologies in Industrial design, many of them
already developed in the framework of several European Programme of Research & Innovation
projects, need to reach soon a TRL of over 8-9 level, which means that they need to be
implemented in a complete and qualified system, ready for the commercialization.

This STS addresses all the emerging technologies which aim to reach a greener transition of the
industrial design, and includes in a non-exhaustive way efficient Multi-Disciplinary
Optimization (MDO) methodologies, Design based on Artificial Intelligence, whether by
Surrogate Models, Machine Learning, Reduced Order Models or Multi-Fidelity Models, and
Robust Design or Design under Uncertainties.

This STS invites experts from industry, research institutions and universities, to present their
recent studies and applications of the new emerging technologies above mentioned in the design
of greener, more efficient and more sustainable aviation and transport systems, or renewable
energy.
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This presentation focuses on the development of tailored reduced-order models (ROMs)
designed for bifurcating nonlinear parametric partial differential equations (PDEs). In this
framework, multiple solutions can emerge for a given physical and/or geometrical parametric
instance. Traditional certified reduced basis techniques struggle to accurately represent
bifurcating phenomena, as error estimations become unreliable when bifurcations occur.
Consequently, ROMs for bifurcating nonlinear PDEs have primarily relied on data compression
strategies, such as proper orthogonal decomposition.

The primary objective of the talk is to propose an innovative tailored greedy algorithm for
bifurcating nonlinear PDEs based on deflation-based strategies. These algorithms can (i)
simultaneously certify multiple behaviors of the system through the deflated-greedy approach
and (i1) identify the parameter responsible for the non-uniqueness of the solution through an
adaptive greedy approach, even when provided with limited information about the parametric
space.

The deflated-greedy method leverages various techniques, including deflation and continuation,
to enrich the reduced space with bifurcating solutions. On the other hand, the adaptive-greedy
approach exploits the non-differentiability of the solution with respect to the bifurcating
parameter.

The effectiveness of these strategies is tested on the Navier-Stokes equations in a sudden
expansion channel, featuring three coexisting solutions for a single parameter. The results are
compared in terms of accuracy and error certification against the high-fidelity solution,
contrasting with standard greedy and proper orthogonal decomposition methods.

This talk show results from works with several collaborators: F. Ballarin, C. Canuto, T. Chacon
Rebollo, M. Girfoglio, A. Ivagnes, T. Iliescu, G. Rozza.



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3—7 June 2024, Lisbon, Portugal

STS 267-2

Bayesian Multidisciplinary Optimization of Transonic Strut-Braced Wing
Aircraft Based on Multi-Fidelity Reduced Order Surrogate Model

Shon Mori'*, Mathieu Balesdent', Loic Brevault!, Sylvain Dubreuil?, Cédric Liauzun®

"ONERA - DTIS, Université Paris Saclay, 91123 Palaiseau, France, www.onera.fr/en
shon.mori(@onera.fr, mathieu.balesdent(@onera.fr, loic.brevault@onera.fr
2ONERA - DTIS, Université de Toulouse, 31055 Toulouse, France, sylvain.dubreuil@onera.fr
3ONERA - DAAA, Université Paris Saclay, 92320 Chatillon, France, cedric.liauzun@onera.fr

Key Words: Multi-fidelity surrogate modeling, Gaussian process, reduced order model,
proper orthogonal decomposition, multidisciplinary analysis and optimization,
strut-braced wing

Research Context

The civil aviation industry grapples with the challenge of minimizing environmental impact.
Innovative concepts, like the High Aspect Ratio Strut- Braced Wing (HARSBW), offer
potential efficiency gains [2], but their Multi-Disciplinary Analysis and Optimization (MDAO)
face challenges due to transonic flight and complex aerodynamic-structural coupling [3].
Numerical optimization of such a concept requires the use of high-fidelity solvers, and the
induced numerical cost limits its practical application. A Bayesian multi-fidelity optimization
framework is investigated in this paper as an alternative to enable the parametric study of this
concept.

Prior Art

HARSBW?’s appeal lies in its acrodynamic efficiency, achieved through a higher Aspect Ratio
(AR) strut-braced wing [3]. Existing studies employ MDAO, addressing aero-structural
coupling complexities.

To assess preliminary aircraft design performance in MDAO, Fluid-Structure Interaction (FSI)
analysis involving aero-structural Multidisciplinary Analysis (MDA) must be conducted for the
parameterized design domain. Traditional dense sampling of the design space for global
optimization is computationally expensive and intractable. This study employs a novel
approach of using Proper Orthogonal Decomposition (POD) for dimension reduction of
pressure and displacement field coupling variables and constructing Gaussian Process (GP)
surrogate models for MDA coupling [1]. Multi-fidelity models utilize low and high-fidelity
aerodynamic solvers, such as Vortex Lattice Method (VLM) and CFD Euler, achieving
accuracy and efficiency.

The study aims to develop a multi-fidelity Bayesian MDAO by refining the multi-fidelity POD-
GP MDA process and exploring enrichment strategies to efficiently obtain the global optimum
in the preliminary design of HARSBW.

Problem Statement and Expected Outcomes

This paper investigates enrichment strategies for the multi-fidelity reduced-order surrogate
model (MF-POD+GP) in MDAO for preliminary aircraft design. The study emphasizes an
active learning process leveraging multi-fidelity GP’s uncertainty quantification for efficient
model enrichment by maximizing the accuracy of the model in the optimal regions of interest
and minimizing computational costs. Enrichment targets both the POD basis and GP surrogate
model, capturing the full range of physical phenomena in the design domain. The expected
outcome is a complete and efficient MDAO process on the refined MF-POD+GP model with
active learning applied to the HARSBW preliminary design.
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Many industrial processes and products are affected by uncertainties arising from several
factors, such as dimensional tolerances, manufacturing errors, fluctuating or unknown
operational parameters. In engineering design, the uncertainties of the design parameters are
transferred to the system responses, in such a way that they must be described in terms of
statistical distributions rather than single deterministic values.

To deal with problems affected by a large number of uncertainties and expensive simulation
time, e.g. CFD analyses, it is particularly important to develop methodologies which are at the
same time accurate and that can rely on a limited number of sample evaluations.

In this paper, we propose an Uncertainty Quantification (UQ) method based on Reduced Order
Model (ROM) and non-intrusive Polynomial Chaos Expansion (PCE) to efficiently compute
the uncertainty propagation of a vectorial field of interest.

The method is first applied to a RANS flow over an airfoil with uncertain angle of attack and
Mach number, to evaluate its accuracy in terms of results and efficiency in terms of limited
number of CFD samples evaluation, compared to other methods.

The method is then applied to the Euler flow over a supersonic jet aircraft, to estimate average
and standard deviation of the pressure field in each grid point, due to the propagation of
uncertain operational parameters.
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Soft Pneumatic Actuators (SPAs) are characterized by a rather simple structure with a series of
inner chambers that are pressurized to trigger a deformation and produce forces. In this context,
Additive Manufacturing (AM) was successfully applied to produce enhanced SPAs by
exploiting design freedom and customizing them for specific tasks. A faithful prediction of the
behavior of a SPA would allot the production of optimal SPAs avoiding a cumbersome trial-
and-error approach. Nevertheless, performing FEM analyses of 3D printed soft structures it’s
not a trivial task. This study aims at the development of a FEM model to simulate a generic 3D
printed bellow SPA performing a pure planar bending motion under pressurization that can be
used with different SPA design parameters.

The obtained model is used to evaluate properties like the bending angle and exerted forces
given a certain combination of design parameters. The performances of a bellow SPA are
influenced by several factors (main dimensions, material, operating pressure, shape of the
chambers, etc.); this study has considered three main contributors to the bending behavior: wall
chambers thickness, number of bellow segments and operating pressure. Many configurations
were printed in TPU using FFF printer and tested using a physical rig that measures the bending
angle of the actuator and the generated forces.

FEM analyses were carried out within Ansys 2019 using a static structural analysis with the
actuator fixed at one extremity and pressurized internal surfaces. As hyper-elastic material,
Mooney-Rivlin 5-parameters model was used, according to [1]. Material parameters were
identified for a limited number of configurations, due to high computational costs, through an
optimization process that minimized the bending angle error with respect to actual values. Other
actuator configurations were simulated using various sets of parameters derived from the
optimization stage and confronted with the physical test results. The results show a valid
approximation obtained across the different configurations of the actuators; insights on
plausible material parameters for generic 3D printed bellow SPAs were identified. In
conclusion, the study has allowed the development of an effective methodology to simulate the
behaviour of a generic 3D printed TPU bellow SPA with satisfying level of approximation.
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Additive manufacturing (3D printing) of metals has risen in popularity in industrial
applications. A key aspect is that there are very few or no geometric restrictions. Particularly,
the 3D printing of metals allows one to make complex, durable, custom parts. [1]

For the last few years, our group has investigated [2] the thermomechanical behavior of 3D
printing of metals in the laser-based powder bed fusion (L-PBF) process, also known as
selective laser melting (SLM). Here we highlight the main results of the research.

We construct a thermoviscoelastic continuum model for the case where a thin fin is being
printed at a constant velocity. We use a coordinate frame that moves with the printing laser, and
apply a Eulerian perspective to the moving solid. We consider a steady state similar to those
used in the analysis of production processes in the process industry, in the field of research
known as axially moving materials. We demonstrate the model with material parameters for
316L steel.

As our main result, we obtain the steady-state deformation shape in the wake of the focus spot
of the laser in a two-dimensional setting. Another important result are nondimensional
parameters derived from a one-dimensional model. Similarly to how the Reynolds number
governs flows, these parameters govern the behavior of the printing process.

Finally, we extend traditional linear rheology by introducing a kinetic inductor element,
inspired by electrical RLC circuits, to complement the classical spring and dashpot elements.
This adds the inertial response of the material to the constitutive law. This modification
becomes important in settings with quickly varying loading. Although the effect is negligible
in most cases for steel, for soft materials under acoustic or ultrasound loading, the magnitude
of the inertial term becomes important.
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Within the framework of the European Project SSECOID: Stability and Sensitivity Methods for
Flow Control and Industrial Design, this Special Technology Sessions (STS) aims to uncover
ongoing advances in numerical and computational methods for fluid mechanics. This broad
goal encloses not only the development of standard numerical schemes for the integration of
the Navier Stokes equations, but also state-of-the-art Lattice Boltzmann or the difficulties and
progress in the application of high-order schemes to more realistic industrial configurations, in
particular the implementation of prevailing methods in present and future computational
platforms, with an eye on exascale computing.

Moreover, the huge amount of data generated by numerical tools needs further postprocessing:
data assimilation methods and machine learning as a way to obtain the flow sensitivity under
perturbation, eventually linked to stability, optimization and control, can provide very valuable
information about the flow. Several algorithms, such as DMD, POD, SPOD or Resolvent can
obtain very important information that helps to identify relevant features, which are critical to
understand the flow behaviour and, finally, will provide valuable information to control it.

New developments and application of those methodologies to feature detection, optimization
strategies and control are welcome.

Contributing papers to the session parts A and B:
Part A: STS 268-1 to STS 268-4; Part B: STS 268-5 to STS 268-8.
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Laminar Separation Bubbles (LSBs) may adversely affect aerodynamic performance by causing
laminar-turbulent transition. The stability and dynamics of flat plate pressure-gradient induced
LSBs have been studied extensively in the literature [1]; however, surface-induced LSBs,
especially those arising from wavy surfaces, have received less attention [2]. Surface waviness,
by imposing successive adverse and favourable pressure gradient regions on the wall, creates a
complex flow regime, and even can distort the streamlines of flow in a way that affects the
stability characteristics of LSBs and triggers three dimensional instabilities different to the ones
present in flat plate pressure-gradient-induced LSBs.

In this study, the onset of flow separation for numerous sinusoidal surface waviness at various
Reynolds numbers is identified. A scaling law is then established, enabling the prediction of the
geometric parameters leading to flow separation at a specific Reynolds number. Then, several
different cases are selected for further two- and three- dimensional stability analysis using linear
and non-linear frameworks.

Regarding two-dimensional global linear analysis, an extensive study on effects of domain size
and boundary conditions is carried out, and it is shown that choosing the proper domain size
and boundary conditions is essential to recover the growth rate of two-dimensional planar waves
accurately.

To investigate the instabilities of three-dimensional disturbances in a spanwise homogenous
baseflow, a two-dimensional global stability approach is utilized, and the resulting large
eigenvalue problem is solved using parallel sparse linear algebra techniques. It is shown that,
similar to pressure-gradient-induced LSBs on flat plates, three-dimensional instabilities are
triggered prior to two dimensional ones. Interestingly, as the curvature of surface waviness
increases, new zero-frequency three-dimensional unstable modes localized around the rear part
of LSB, not observed in flat plate pressure-gradient-induced LSBs, with relatively large
exponential growth rates become the dominant primary instability. Moreover, it is observed that
as the curvature increases, the zero-frequency unstable mode that exists for flat-plate pressure-
gradient-induced separation bubbles becomes stable and the new localized modes become
unstable. Further, three-dimensional DNS will be carried out to identify the transition
mechanism for different cases with different curvatures.
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Low-pressure turbines (LPT) encounter laminar and/or turbulent boundary layer separation
during operation in a low-Reynolds regime [1,2]. This phenomenon is frequently analyzed
using a wall-bounded bump geometry, which simulates the suction side of LPT blades.
Separated flow leads to adverse effects on aerodynamics and performance, prompting the
exploration of flow control strategies aimed at reducing the size of the separated flow region to
enhance efficiency [3].

This study investigates laminar and turbulent separation over a wall-bounded bump geometry.
Direct Numerical Simulations (DNS) results are examined to unveil the impact of harmonic
inflow and flow actuations with zero-net-mass-flow. Three distinct scenarios involving KH-
instability and/or vortex clusters are revealed. Furthermore, turbulent boundary layer separation
is explored using wall-modeled large-eddy simulations (WMLES) to comprehend the influence
of pressure gradient and freestream turbulence on the separation region with aim for active
control strategies.

Acknowledgments

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska Curie grant agreements No 955923-SSECOID and
101019137-FLOWCID. D.R. also acknowledges funding by the Government of the Community of
Madrid within the multi-annual agreement with Universidad Politécnica de Madrid through the Program
of Excellence in Faculty (V-PRICIT line 3).

References
[1] R. E. Mayle, The Role of Laminar-Turbulent Transition in Gas Turbine Engines (1991)

[2] D. Coull and H. P. Hodson. Unsteady boundary-layer transition in low-pressure turbines.
J. Fuid Mech., 681:370-410, 2011.
[3] R. J. Volino, O. Kartuzova, and M. B. Ibrahim. Separation Control on a Very High Lift

Low Pressure Turbine Airfoil Using Pulsed Vortex Generator Jets. J. of Turbomachinery,
133(4), 04 2011.



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3—7 June 2024, Lisbon, Portugal

STS 268-3

Influence of Free-stream Turbulence and Discrete Roughness
Elements on the Receptivity of Two-dimensional Boundary Layers

Emilio Lopez Figueiras'?*, Daniel Rodriguez? and Jean-Baptiste Gouriet'>

! Aeronautics and Aerospace Department, von Karman Institute for Fluid Dynamics,
Waterloosesteenweg 72,1640 Sint-Genesius-Rode, Belgium,
emilio.lopez.figueiras@vki.ac.be, * jean-baptiste.gouriet@vki.ac.be

? Applied Mathematics in Aerospace Engineering Department, ETSI Aeronatitica y del Espacio,
Plaza Cardenal Cisneros 3, 28040, Madrid (Spain); daniel.rodriguez@upm.es

Keywords:  Receptivity, Transition to Turbulence, Discrete Roughness Element, Freestream
Turbulence, Direct Numerical Simulation, Flat Plate

Among the strategies that could improve the efficiency of nowadays aircraft to decrease their
carbon footprint, the reduction of aerodynamic drag is one of the most important. In that sense,
friction drag is the main contributor to the total aerodynamic drag, and the delay or control of
the processes that lead to the flow transition to turbulence plays a key role in the increase of
aerodynamic efficiency. Receptivity is the mechanism that defines the way that disturbances
penetrate into the boundary layer and have its origin in the incoming free-stream perturbations,
in the surface roughness of the aerodynamic devices or in the interaction between them.

This work will treat the numerical receptivity analysis of incompressible, two-dimensional
boundary layers to free-stream turbulence, discrete roughness elements and their interaction;
giving more knowledge about the physical mechanisms involved in the transition process and
helping to the development of strategies to its delay and control, which can reduce the
aerodynamic drag produced by turbulence.

During several decades, the receptivity of two-dimensional boundary layers has been an
intensive field of research. In this kind of flows, Tollmien-Schlichting waves are the main
sources of instabilities and might be produced by perturbations like discrete roughness elements
or free-stream turbulence, as it is described in [1].

In this work, the influence of the leading edge will be included in the analysis, using the well-
known “modified super-ellipse”, which is defined in the receptivity analysis to free-stream
vorticity modes given by [2]. The domain shape, size and base flow will be common with [2]
too. Additionally, isotropic free-stream turbulence will be generated at the far-field boundaries,
following the work by [3] in a similar way to the one applied to 2

a three-dimensional boundary layer case in [4]. The receptivity to a discrete roughness element
will be also an object of study, taking the experimental work from [5] as a reference to establish
its position along the flat plate chord (based on the roughness Reynolds number Rex) or its
height (compared with the boundary layer displacement thickness at that location), as well as
the boundary layer development along the flat plate geometry. Taking an experimental work as
a reference will be useful to validate the numerical results obtained in this work. The planned
simulations will cover cases that will vary the position of the roughness element along the flat
plate chord with and without the presence of freestream turbulence, responding to the need
stated in [6] to study parameters like the turbulence intensity, which is independent from the
already studied roughness Reynolds number or the roughness element height.
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All the simulations will be run with the spectral elements DNS code for incompressible flows
Nek5000, using the computational resources already allocated at the Tier-1 Computing service
delivered by the Flemish Supercomputer Center (VSC). The simulations and the analysis of the
results are expected to be completed before the second half of February 2024.
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Surface irregularities such as steps, roughness and waviness can have a significant impact on
the laminar-to-turbulent transition process over wings and tails of commercial aircraft. In this
work, the effect of forward-facing steps (FFS) on subsonic crossflow-vortex dominated
boundary layers is investigated. The geometry under study is a swept-wing, which reproduces
the experimental setup of Rius-Vidales et al. [1] in the Low Turbulence Tunnel (LTT) at the
Delft University of Technology. The setup is characterized by the presence of a forward-facing
step with different heights. Results from direct numerical simulations (DNS), conducted in
previous work on this geometry, are here employed as the base flow for the instability analysis.
In particular, two-dimensional linear stability theory (LST-2D) and three-dimensional
parabolized stability equations (PSE-3D) are employed to study the influence of two step
heights on the secondary instabilities of crossflow vortices and identify how those perturbations
change compared to the case without step. Furthermore, the analysis aims to assess the
instability characteristics of the flow in the region downstream of the step and to identify the
unstable disturbances that are developing. In order to cope with a base flow that is periodic in
the direction parallel to the leading edge and features a slow variation along the crossflow-
vortex axis, the stability problem is formulated in a non-orthogonal coordinate system,
following the approach proposed by Li ef al. [2] and later employed by Groot et al. [3] to
perform LST-2D computations on an experimentally measured crossflow-vortex-dominated
flow over a forward-facing step.
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Turbulent flows around airfoils near stalling conditions may be characterized by low frequency
oscillations during which the flow alternates between attached and detached states, and by stall
cells, that are spanwise modulation of the flow on the suction side of the airfoil. Recent studies
[1, 2] have shown that the onset of these two phenomena can be captured using global stability
analysis of the fully turbulent mean-flow estimated within the framework of the Reynolds-
Averaged Navier Stokes (RANS) equations. In this talk, we will investigate the competition
between these two global instabilities but for a transitional flow over a NACA 0012 airfoil at
the Reynolds number Re = 90000.

The transitional nature of the flow is modelled using the linear eddy-viscosity model developed
by Spalart & Allmaras that is coupled here with a correlation-based algebraic transition model.
Similarly to the fully turbulent cases mentionned before, the branch of steady solutions exhibits
a § shape curve with two saddle-node bifurcations. The solutions of the high-lift branch are
however characterized by the existence of a laminar separation bubble (LSB) at the leading
edge. The global stability analysis of these steady solutions is based on the full linearization of
the governing discrete equations, including the turbulence model, the transition model and the
numerical stabilization terms. It reveals the existence of two unstable modes: a two-dimensional
low-frequency mode similar to that found by [2] and a three-dimensional zero-frequency mode
similar to that found by [1]. The competition between these two modes is investigated by
following the corresponding eigenvalues along the branch of steady solutions. Thus, we have
identified the critical angles for each mode and shown that the three-dimensional modes become
unstable prior to the two-dimensional ones, for that particular case.
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High-fidelity spectral/hp methods possess superior diffusion and dispersion properties than
conventional CFD methods and, potentially, better computational efficiency that makes them
attractive for the modelling of transient flows about complex industrial geometries. However,
these methods rely on high-quality curvilinear boundary-conforming meshes. However, the
generation of such meshes for complex geometries is a significant barrier for the
industrialisation of the methods, especially when highly stretched meshes are required to model
high-Reynolds number viscous flow in the thin boundary layers adjacent to body surfaces.

To tackle this problem, we propose an alternative mesh generation workflow, where the
complexity of generating the linear straight-sided mesh is offloaded to a third-party mesh
generator and then all high-order activities are performed in NekMesh. This approach allows us
to generate curved meshes with the same quality as that of the classical high-order bottom-up
approaches [1,2,3], but takes advantage of the superior flexibility, robustness and user-friendly
graphical user interface (GUI) of a state-of-the-art finite volume mesh generator.

We present first the details of a novel method for an efficient reconstruction of the B-Rep
parameterization from the third-party straight-sided mesh that lacks the links to the CAD
information needed for the generation of the high-order mesh. We then describe the state-of-
the-art techniques employed to generate the high-order, namely mesh curving through
projections, surface and volume optimizations with mesh sliding on the CAD B-Rep. We also
discuss the use of high-order mesh modification techniques for improving the overall mesh
quality in the context of hybrid unstructured meshes. Finally, we present some preliminary
results on the application of a posteriori mesh adaptation procedure based on these mesh
modification techniques.

Examples of application involving automotive geometries, such as the SSECOID project
automotive test cases, an Inverted Multi-Element Wing and the full Imperial Front Wing [4],
will be used to showcase the capabilities of the proposed high-order mesh generation and
adaptation workflow and demonstrate the improved quality of the meshes it generates.
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In the present study, we plan to compare different strategies to simulate the upcoming
turbulent boundary layer for LES codes on automotive test cases and quantify the impact.
The test case is the yawed Windsor Body which is one of the two automotive benchmarks
used for AutoCFD 3 and AutoCFD4 workshop [1] and which has extensive experimental
and previous CFD results to compare against. The upcoming turbulent boundary layer is of
similar size as the gap between the bottom of the Windsor Body and the floor, making it thus
a test case of interest to verify the sensitivity to the upcoming boundary layer. For the study,
we will use a low Mach, Finite Volume Wall Modeled Large Eddy Simulation solver
together with the turbulence generator strategies. We plan to run the test case not only at the
operating condition of the AutoCFD workshop but verify the sensitivity to the upcoming
boundary layer thickness and the inlet turbulence intensity. We will analyse the effect on :
the mean forces (drag and side force), the variance of the forces, frequencies of the force
oscillations, wake structures and Cp profiles.

The goal is to understand which metrics are more sensitive to the CFD inlet settings such
that this can be applied to other automotive test cases where the operating conditions
(upcoming boundary layer) are either unknown or incomplete; and thus determine whether
the upcoming boundary layer can explain the differences with experimental results on other
test cases.
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Experimental [1] and numerical studies [3, 2] of transonic flows around airfoil have shown that
the shock unsteadiness (also called buffet) is altered by the laminar or turbulent state of the
incoming boundary layer. By performing LES simulations and SPOD of the transonic flow
around an OALT?25 airfoil, Zauner et al. [2] showed more specifically the co-existence of a low-
frequency buffet mode and an intermediate frequency laminar separation bubble mode. The
present work aims to investigate the onset of such unsteady phenomena by conducting a global
stability analysis of the transonic steady flow within a RANS framework. Towards that
objective, we consider the Spalart-Allmaras model (SAneg) as a turbulence model together with
a y transition model. The study reveals the presence of an unstable low frequency eigenmode,
whose frequency and stable/unstable regions coincide very well with the low frequency buffet
reported by Zauner et al. [2]. Further, performed unsteady simulations (URANS) resemble the
complex dynamics of multiple shock waves and flow separation, in good agreement to the LES
findings. The study will be further extended for higher Reynolds numbers to assess the accuracy
of the proposed RANS global stability framework for laminar transonic buffet prediction.
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The aviation sector presently accounts for over 2% of global greenhouse gas (GHG) emissions,
emissions from international aviation could surge nearly fourfold by 2050 compared to 2010.
It is a collective responsibility of the scientific community and the aeronautical industry to
pioneer novel, more efficient designs. In the pursuit of enhanced efficiency and environmental
responsibility, numerical simulation techniques, such as Computational Fluid Dynamics (CFD),
are emerging as pivotal tools in aeronautical design. These tools will be the linchpin
differentiating success from failure. Nevertheless, despite the current integration of CFD in the
design process, there exists a pressing need to elevate the capabilities of existing numerical
simulation tools tailored for aeronautical design. This entails a transformative shift toward re-
engineering these tools to harness the power of extreme-scale parallel computing platforms.
This strategic transition will empower the aerospace industry to leverage High-Performance
Computing (HPC) within the design loop, a crucial step toward achieving the performance and
environmental objectives outlined in the European Union's ambitious targets.

The present special technology session (STS) will be focused on the efforts to address this
challenge. The topics of interest are related to improving the convergence of current numerical
algorithms; adaptive mesh refinement algorithms; increase the maturity of HoM; overcome
barriers to achieving extreme scale computing (load balancing, communication patterns, GPU
integration, etc.); development of algorithms for data management, visualisation and modelling
and benchmarking of large-scale aeronautical applications.

Contributing papers to the session parts A and B:
Part A: STS 269-1 to STS 269-6; Part B: STS 269-7 to STS 269-12.
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In this work, numerical simulations are conducted using the recently developed generalized
wall-modeled large eddy simulation (GWMLES) model. It consists of an extended formulation
of the classical WMLES approach, which also enables the modeling of the entire log-layer by
using a Reynolds-Averaged Navier Stokes (RANS) model [1]. It provides a level of accuracy
similar to recent LES results, as well as computational cost savings that are proportional to the
Reynolds number in wall bounded flows. Considering standard benchmark cases with features
of industrial flows, GWMLES has been shown to reduce the drawbacks of current
methodologies that are based on near-wall modeled turbulence [2, 3], representing a significant
advancement in the simulation of wall-bounded flows at high Reynolds numbers. The current
contribution reviews the main features and outcomes of the newly developed GWMLES
approach, and showcases its power with a complex industrial case that is representative of an
aeronautical flow. The comparison uses extensive LES and experimental data as references,
with a particular focus on spectral analysis.
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The simulation of time-periodic unsteady flows is a central problem in aeronautical
applications, especially in turbomachinery. The so-called harmonic balance method which uses
a spectral discretisation of the time-derivative has been shown to be a highly efficient approach
for applications in unsteady aerodynamics and nonlinear aeroelasticity [2,1]. In contrast to
linearised frequency-domain methods, harmonic balance takes the nonlinear interaction
between harmonics into account.

In this paper we discuss various solution methods for the harmonic balance equation systems.
Our main focus is on implicit pseudo time marching methods and iterative linear solvers. It turns
out that the choice of an appropriate method depends on the configuration and the degree of
nonlinearity involved. We show that one can, in many situations, simplify the linear implicit
systems, thereby reducing the computational costs considerably. The results, however, also
indicate that such simplification come at the expense of robustness in off-design conditions (e.g.
separated flow) in combination with high amplitude disturbances. This implies that an efficient
overall simulation strategy amounts to applying simplifying assumptions where applicable,
while the robust and computationally more costly variant should only be used for highly non-
linear phenomena.
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Density-based solvers, originally designed for high Mach number flows, suffer from a decrease
in solution quality and convergence rate as the Mach number decreases. Low Mach
preconditioning has been shown by previous investigations [1] to improve the efficiency of
density-based solvers at low Mach numbers in steady-state computations. Applying a similar
procedure, this study presents the implementation of low Mach preconditioning in harmonic
balance solvers to enhance the solution quality and optimize the convergence rate of unsteady
frequency-domain computations in the low Mach regime.

The convergence rate is improved by multiplying the time derivative of the governing equations
with a preconditioning matrix, to equalizes the acoustic and convective propagation velocities.
However, for unsteady equations, the preconditioner introduces a frequency dependence in the
acoustic propagation velocity. Thus, to optimize the convergence rate in the Harmonic Balance
solver, each harmonic requires its own frequency dependent preconditioner. Inaccuracies at low
Mach numbers occur due to the excessive numerical dissipation of the roe solver. In this study
we utilize a preconditioned Roe solver for unsteady computations [2], which ensures the correct
Mach number scaling in the artificial diffusion, significantly improving the solution quality.

Using the low Mach preconditioned Harmonic Balance solver, we computed a laminar cylinder
and found that an inappropriate preconditioner can reduce the convergence rate. Optimal
convergence is attained by employing the steady-state preconditioner for the zeroth harmonic
and applying the frequency-dependent preconditioner for higher harmonics. In addition, the
study highlights the shortcomings of the standard Roe solver in predicting the solution’s
unsteadiness for decreasing Mach numbers. In contrast, the preconditioned Roe solver produces
Mach number independent solutions, establishing its superior predictive capability.
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This work presents the parallel performance of the SOD2D code (Spectral high-Order coDe 2
solve partial Differential equations) [1], a new Continuous Galerkin High-Order Spectral
Element Method (CG-SEM) code designed to solve simulations of both turbulent compressible
and incompressible flows.

The current trend in new High-Performance Computing (HPC) platforms is to achieve higher
computing performances by installing increasingly more modules based on GeneralPurpose
Graphical Processing Units (GPGPUs) [2]. Hence, the new scientific computing codes must be
programmed in such a way that they can benefit from the fine-grained parallelism and large data
throughput of these devices. SOD2D has been coded following this new paradigm, and the
present work aims to assess and analyse the parallel performance and scalability of SOD2D
code, focusing on when running on GPUs.

Preliminary results show an almost ideal parallel efficiency in the weak speedup for all the
computed GPU load ratios, in both compressible and incompressible solvers. Regarding the
strong speedup analysis, the results are also very good, although these are strongly affected by
the GPU load. The strong speedup is highly degraded in cases where the load per GPU is small
and the graphical unit is not performing at its optimal point. Furthermore, the performance of
SOD2D when using MPI versus NCCL (NVIDIA Collective Communications Library)
implementations is analysed and compared, showing the potential and limitations of each one.
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This work will present a GPU-capable low-dissipation semi-implicit SEM algorithm suitable
for performing scale-resolving simulations of wall-bounded turbulent incompressible flows at
high Reynolds. Such a model is motivated by issues encountered when performing LES and
DNSs of typical industrial flows, where small and skew element, especially for the high-order
types of elements used in SEM, can introduce several stability problems even when using the
latest in supercomputing hardware.

To achieve this objective, the open-source code e SOD2D code (Spectral high-Order coDe 2
solve partial Differential equations [1], a new Continuous Galerkin High-Order Spectral
Element Method (CG-SEM), is extended to incompressible flows, using a high-order/splitting
velocity correction algorithm [2] together with a novel extension of the entropy viscosity
method [3]. The resulting low dissipation scheme works will with high-order SEM, physical
based SGS and WMLES models, and is able to be stable and accurate in complex geometries.
The final work will detail the new stabilisation scheme and will discuss out several verification
exercises at relevant Reynolds conditions.
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This work will present a GPU-capable low-dissipation semi-implicit SEM algorithm suitable
for performing scale-resolving simulations of wall-bounded, turbulent compressible flows,
including at supersonic regimes. Such a model is motivated by issues encountered when
performing LES and DNSs of typical aeronautical flows, where small element sizes, especially
for the high-order types of elements used in SEM, imply that the maximum time-step size
possible with an explicit method quickly becomes unfeasible even when using the latest in
supercomputing hardware.

Geometry restrictions in aeronautical bodies, such as at wing tips or trailing edges, impose hard
limits on how large a cell or element in a discretized mesh can be. High-order elements have
their minimal edge size determined by their smallest two-point segment, which can be
significantly smaller than the edge size for very high polynomial orders, a situation that is even
worse for SEM, where nodes closer to the element corners are more tightly packed. Flow
conditions in these regions can dictate minuscule time-step sizes determined by the diffusive
Courant condition, undermining the use of current supercomputing systems.

Semi-implicit schemes propose an interesting solution to this issue: for the compressible flow
equations, the stiff terms that need to be treated implicitly are either linear or quasi-linear,
leading to a much simpler implicit model that does not depend on a linearization procedure like
Newton’s method, while complex nonlinear terms are dealt with by the explicit part, which
presents no computational complexity when compared to an implicit counterpart. Stability
limits for these schemes lead to a time-step size that depends on the convective Courant number,
which is far less restrictive for small element sizes.

We focus on the IMEX family of schemes, an explicit/implicit form of Runge-Kutta time-
marching algorithm capable of using separate Butcher tables. Based on the work presented in
[1], we select a suitable IMEX scheme to couple with the entropy viscosity spatial discretization
described in [2], proceeding to showcase its stability and performance on accelerated hardware
based on our own implementation using OpenACC.
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In this research, we conducted a comprehensive Computational Fluid Dynamics (CFD)
investigation on the DTU-10MW reference blade wind turbine [1], employing the Unsteady
Reynolds-Averaged Navier-Stokes (URANS) K — w SST turbulence model. In general, there is
a lack of experimental data for large horizontal axis wind turbines (HAWT), and most of the
existing studies have predominantly relied on potential-flow methods, Blade Element
Momentum (BEM) methods, and vortex methods [2]. These approaches fail to provide a good
understanding of the boundary layer (BL) dynamics around the turbine blades, particularly in
pinpointing separation points.

Our study addresses this gap by performing a series of 2D simulations on 24 sections cut along
the turbine blade. This allows us to identify for each section, the BL thickness and its time-
averaged separation point, the dynamic lift and drag coefficients, and its associated oscillation
amplitude. The vortex shedding frequency, pressure, and skin friction coefficients were as well
obtained for each section. Some of the results for a wind speed of 10m/s are presented in Figure
1, where the BL time-averaged separation point, its associated frequency, the lift coefficient,
and its peak-to-peak amplitude are introduced as a function of the blade non-dimensional radius.
A good agreement is observed with the previous research undertaken by [3]. This initial
information is needed to implement the Active Flow Control (AFC) technology in the sections
where BL separation exists. After optimizing the AFC parameters and when employing
Synthetic Jets (SJ) on the blade section z/R = 0.35, the resulting CFD simulation shows that the
boundary layer was almost fully reattached, this can be seen in Figure 2 where the streamlines
on the upper airfoil surface for the baseline case and the AFC one are presented. In order to
evaluate the WT efficiency increase, the AFC implementation in the section studied was energy
assessed, it was obtained that the SJAFC system consumed only 6.4% of the increase of energy
generated by the wind turbine, therefore highlighting the potential of AFC techniques to enhance
HAWT’s efficiency. At the moment we are performing the optimization of the five associated
AFC parameters for all sections where the BL is separated, once the CFD simulations with the
corresponding optimized parameters will be done, the maximum HAWT overall power gain will
be obtained. The methodology here introduced can be applied to any HAWT and under any
operating condition, in order to evaluate the maximum energy increase a given WT can generate.
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Figure 1: (a) B.L. separation points along the chord versus the blade. (b) Comparison of Lift
coefficient distribution along the blade (Error bars showing the amplitude of vortex

shading) with previous works [3].
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Figure 2: Streamlines of the temporal average velocity field and contour of turbulent kinematic
viscosity. (a) baseline case at z/R=0.35, (b) AFC case.
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When a car is exposed to lateral wind gusts, the yaw angle of the incident velocity increases,
leading to an intensification of the suction at the vehicle’s rear and elevated drag forces. This
effect is particularly relevant in square-back vehicles, as their drag force is completely driven
by the pressure on their back face. This work focuses on building a surrogate model for the
changes in the aerodynamic performance with the yaw angle of a simplified square-back
vehicle, the Windsor body.

The training (0 =[2,5°, 5° and 10°]) and validation datasets (6 = 7.5°) have been generated with
wall-modeled large eddy simulations at a Reynolds number of Re = 2.9 x 10°. The simulations
have been performed using SOD2D [1] and the obtained results are in agreement with the
experiments from Varney et al. [2].

A variational autoencoder [3] with two latent vectors has been trained with the data of the back
pressure showing that the values in the latent space for the mean back pressure depend linearly
on the yaw angle. Furthermore, when a set of time-correlated snapshots are passed through the
encoder, the latent vector retains the dominant frequencies of the most relevant DMD [4] modes
of the system. With these properties, it has been possible to compute the mean back pressure at
0 = 7.5° with a maximum deviation of 3.1%.

In the final version of this work, the extrapolation of the model outside the training range and
its performance on the wake velocity will also be discussed.
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The modern landscape is characterized by a growing concern for emissions and energy
efficiency, with transportation being a focal point. In this context, the aerodynamic force holds
particular significance in influencing vehicle dynamics. Effectively addressing and mitigating
this force requires the utilization of reliable tools for design enhancement, and Computational
Fluid Dynamics (CFD) plays a crucial role, especially with the incorporation of accelerated
processing through Graphics Processing Units (GPU).

In order to solve this kind of flows, we use a combination of Spectral Finite Elements, operator
splittings on the convective term, and the Entropy Viscosity stabilization model on the GPU
accelerated code SOD2D [1].

Given the inherently turbulent nature of these flows, characterized by temporal and spatial
multi-scale attributes, a proper discretization strategy is essential. For time integration, we use
a fourth-order Runge-Kutta. In space, we start with a coarse mesh and that is later adapted based
on the problem solution [2]. As SEM performance benefits from full-hexadral meshes the
adaptation process utilizes an octree-based structure, resulting in non-conformity across
element faces. Consequently, enforcing continuity across these interfaces becomes crucial. We
choose to impose the solution from the fine interface to the coarse one and the residual in the
opposite case in order to address this issue. Initial implementations of this approach demonstrate
minimal loss of mass and energy for the Taylor-Green vortex case reduced as the polynomial
order is increased. More complex cases as the High Lift Prediction and AutoCFD geometries
will be explored.
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The present work proposes to explore deep reinforcement learning (DRL) methods for
designing optimal active flow control (AFC) strategies for drag reduction using synthetic jets
in wings. In this manner, an agent built through an artificial neuronal network (ANN) finds the
most optimal actuation based on the current state of the flow and previous experiences learned
during the training process.

The first study that successfully applied DRL to AFC problems was Rabault et al. [1], which
considered a 2D cylinder at a Reynolds number of Re = 100. Subsequent investigations
implemented the methodology to 3D cylinders [2], maintaining the Reynolds number low.
Other works also applied DRL and AFC to airfoils or wall-bounded flows, all considering
weakly turbulent conditions. Therefore, the interest is placed now on integrating DLR and AFC
to address more complex flow problems with turbulent conditions.

In the present study, DRL is applied to the SD7003 airfoil at Re = 60000, as previously
investigated in Rodriguez et al. [3], who tested different AFC actuations with synthetic jets. To
assess the capabilities of the methodology in reducing the drag coefficient in wings, the angles
of attack studied are a = 4° and 14°, obtaining promising results in both wall-bounded and
massive separated conditions, respectively.
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In response to the threat of climate change, ambitious targets have been defined at European
level for the environmental performance of the aviation industry, namely dramatic reductions
in greenhouse gas emissions by 2035 and climate neutrality by 2050. These challenging
objectives can only be achieved through radical innovation in aircraft propulsion, including
revolutionary engine architectures and propulsion systems based on alternative fuels.
However, such changes in engine design imply the ability for aerodynamic simulation tools
to explore a larger design space with a higher level of representativeness than current RANS-
based CFD solvers are capable of. Scale-Resolving Simulation (SRS) methods, namely
Large-Eddy Simulation (LES) and Direct Numerical Simulation (DNS), can significantly
contribute to overcome the current barriers.

SRS is nowadays becoming applicable to turbomachine flows of industrial interest by means
of mature high-order numerical methods in combination with new-generation
supercomputers, that offer unprecedented computational power. In this talk, we will present
on-going development efforts at Cenaero to build an SRS capability based on this principle,
with emphasis on two aspects. The first one is the pursuit of high fidelity, both numerical
(with high-order Discontinuous Galerkin method and accurate shock-capturing techniques)
and physical (with representative inlet turbulence injection techniques). The second one is
the efficient exploitation of modern High-Performance Computing (HPC) resources, with
parallel mesh adaptation techniques, statistical convergence estimators and implementation
on modern supercomputing architectures. Examples of applications will be given.

Despite the possibilities offered by the latest HPC systems, SRS methods remain too costly
and specialized to be directly used for design optimization in industrial contexts, which limits
their impact on turbomachine technologies. Another path to exploit the benefits of SRS is
the use of LES and DNS results to benchmark, calibrate and improve turbulence models,
particularly with the help of Machine Learning (ML) techniques. We will show how we
employ SRS methods to generate high-fidelity turbulent flow databases and create new ML-
based wall models.
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A major focus of the new aeronautical programs is the widespread use of numerical simulation
in the design process. Industrial partners anticipate that numerical simulation requirements will
strongly increase, possibly by an order of magnitude. Therefore, it is vital to reduce the
computation times of simulation tools, particularly for aerodynamics, by relying on software
architectures that are efficient in heterogeneous and flexible HPC environments in order to
integrate new numerical models (accurate and efficient algorithms adapted to improved
physical models).

In this context, Airbus, DLR and ONERA launched at the beginning of 2018 the development
of the new generation CFD code CODA [1] to overcome the limits of current CFD tools. CODA

is faster, more automatic and able of simulating complex aerodynamic [2] or Multiphysics
flows. It integrates classical Finite Volume (FV) methods as well as new Discontinuous
Galerkin (DG) methods that have been investigated for non-linear CFD [3] for nearly two
decades in in-house codes and have been subjects of intensive evaluation in international
workshops.

We will present the work carried out recently by ONERA during two collaborative projects:
LAMA in a national framework, and NextSIM in a European framework (leaded by BSC).
More specifically, we will present new developments on high-precision adaptive DG methods
for improving the quality of physical results. This work is partly based on research carried out
upstream in software prototypes and now benefits from the advanced HPC programming
language of the CODA software. We will also show Reynolds-Averaged Navier-Stokes
simulations leveraging efficient implicit resolution methods thanks to new developments on
linear algebra preconditioning [4], as well as on multigrid methods adapted to unstructured
multi-element grids based on optimized coarse grids generation.
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Sustainable aviation is a major challenge that requires technology developments in many
different areas. One important area is the reduction of green-house gas (GHG) emissions, which
is directly related to aircraft operations and energy efficiency. One of the key components for
improving aircraft efficiency is drag reduction, and increased wing aspect ratio is a key enabler
for that.

Therefore, this Special Technology Session (STS) focus on technologies for design and
development of high aspect ratio (HAR) wings for short- and medium range (SMR) aircraft.
This category of aircraft is responsible for a major contribution in aviation GHG emissions and
is therefore important to address. At the same time, these aircraft have high-tech wings with
advanced aerodynamics, optimized structures and complex integration of primary and
secondary flight controls. The further improvement of these high-tech wings requires advanced
modelling, innovative computational methods and design tools for all required technology
areas. In particular, increasing the wing aspect ratio will require special attention for load
control, for which combined numerical-experimental investigations are being pursued for
example in the Clean Aviation UP Wing project.

The STS invited papers on the design, modelling, analysis, testing, validation, manufacturing
and assembly of all the relevant technologies that are involved in the development of these
advanced high-aspect ratio wings.
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Abstract:

Sustainable aviation is a major challenge that requires technology developments in many
different areas. One important area is the reduction of green-house gas (GHG) emissions, which
is directly related to aircraft operations and energy efficiency. One of the key components for
improving aircraft efficiency is drag reduction, and increased wing aspect ratio is a key enabler
for that.

Therefore, the Special Technology Session (STS) 271 will focus on technologies for design and
development of high aspect ratio (HAR) wings for short- and medium range (SMR) aircraft.
This category of aircraft is responsible for a major contribution in aviation GHG emissions and
is therefore important to address. At the same time, these aircraft have high-tech wings with
advanced aerodynamics, optimized structures and complex integration of primary and
secondary flight controls. The further improvement of these high-tech wings requires advanced
modelling, innovative computational methods and design tools for all required technology
areas. In particular, increasing the wing aspect ratio will require special attention for load
control, for which combined numerical-experimental investigations are being pursued for
example in the Clean Aviation UP Wing project.

The STS271 will present papers on the design, modelling, analysis, testing, validation,
manufacturing and assembly of all the relevant technologies that are involved in the
development of these advanced high-aspect ratio wings.

This paper will present a general introduction into the subject of the STS271 and a global
overview of technology developments in the relevant areas.
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As part of Clean Aviation's UP WING project, the present work aims at designing a hydrogen-
powered transport aircraft for a Short-Medium Range mission (239 PAX, 2500 NM) while
reducing its overall energy consumption compared to existing aircraft. From an aerodynamic
point of view, one way to reduce drag is to use a higher aspect ratio wing [3]. The present work
focuses on the transonic aerodynamic design of a strut-braced high-aspect-ratio wing. The study
begins with the overall aircraft study, which provides a preliminary design with the general
shape of the aircraft (positions and dimensions of the horizontal and vertical stabilizers, wing
and fuselage), based on conceptual design assumptions. Then the design process uses the
ESP/CAPS CAD modeler [1] and creates a geometry, which is used to assess the aerodynamic
performance of the configuration (with automatic meshing, CFD RANS simulation and far-
field drag analysis [4]). The aerodynamic wing design also includes an airfoil optimization loop.
The preliminary design takes into account structural considerations coming from low fidelity
models. In the final paper, the aerodynamic performance of the optimized shape will be
analyzed in cruise and off-design conditions.

M | 2 .
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Fig. 1: Isentropic Mach number on the strut-braced wing design in cruise conditions (M=0.78; CI=0.65)

References
[1] Haimes, R., Dannenhoffer, J., Bhagat, N. D., & Allison, “Multi-fidelity geometry-centric multi-
disciplinary analysis for design”, 2016 AIAA Modeling and Simulation Technologies

2] G. Carrier, G. Arnoult, N. Fabbiane, J. Schotté, C. David, S. Defoort, M. Delavenne, E. Bénard
“Multidisciplinary analysis and design of strut-braced wing concept for medium range aircraft”,

2022 AIAA SciTech

[3] G. Carrier and al. “Investigation of A Strut-Braced Wing Configuration For Future Commercial
Transport”. ICAS 2012.

[4] Destarac, D. "Drag extraction from numerical solutions to the equations of fluid dynamics: the

far-field philosophy." Maitrise de la trainée et de I’impact sur I’environnement, 43éme Congres
d’ Aérodynamique Appliquée de la 3AF (2008).



The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024
3 -7 June 2024, Lisbon, Portugal

STS 271-3

Structural Topology Optimization of a High-Aspect Ratio Dry-Wing
for H2-Powered Aircraft

Cédric Julien"", Lander Vertonghen?, Ludovic Coelho® and Frangois-Xavier Irisarri*
'DMAS - Materials and Structures, ONERA, Univ. Paris-Saclay, 92322 Chatillon, France
L* cedric.julien@onera.fr, % lander.vertonghen@onera. fr, *francois-xavier.irisarri@onera.fr

*DAAA - Aerodynamics Aeroelasticity Acoustics, ONERA, Univ. Paris-Saclay, 92322 Chatillon, France
4 ludovic.coelho@onera.fr,

Key Words: Structural optimization, topology optimization, composite materials, Hydrogen fuel

Future environmental regulations put an increasingly stringent pressure on aircraft
manufacturers to go even further in terms of fuel efficiency and reduction in carbon emissions.
However, it is unlikely that the conventional “tube & wings” concept will manage to meet these
requirements. As a result, innovative aircraft concepts have been increasingly studied, that rely
on a combination of lightweight structures and novel energy sources, and feature the need to
reevaluate the nature and positions of fuel storage, so that the wing itself no longer bears the
function of carrying the fuel. The end result is that the design space of the wing itself expands
substantially. New degrees of freedom emerge, from the internal structure of the wing, or the
assembly to the fuselage, to the positioning and integration of movable parts and engines. In
particular, when it comes to the internal structure of the wing, radically novel structural layouts
become possible.

Precisely, the aim of this work is to exploit the potential of structural topology optimization to
define new and interesting layouts for these future wing concepts. Indeed, a common practice
for structural engineers in design offices is to try to find efficient shapes through the use of
structural optimization methods. Among those, topology optimization allows to define a
structure without prior knowledge or assumption on the shape or characteristics of the part [1].
Rather, the design variables are the very topology of the shape, usually characterized by density
[2], as well as the mechanical properties of the material. In that regard, recent approaches have
been able to extend this framework to anisotropic materials, as is typically the case for the
CFRP that are used in the aeronautic industry, thus further increasing the performance of the
optimized structures [3].

As such, the subject of this study is the high-aspect-ratio, strut-braced wing of a SMR
commercial aircraft, powered with liquid H2. Starting from the sizing of this configuration
using “state-of-the-art” methods for a conventional metallic wing-box structure for the wing, a
first structural optimization is performed. The objective of this optimization is to achieve a best
compromise between weight and a set of aeroelastic constraints, through the use of composite
materials and the tailoring of their properties along the wing. The purpose of this first step is to
identify a reference solution, which will serve as a basis for comparison with future designs.

Precisely, a second optimization step is then performed. In this step, a set of specific spars is
selected from the conventional wing-box layout used in the first step. These spars may be
carrying a higher level of loads, or they may be lying on critical locations in the wing, e.g. the
connection with the engine mast or the strut. A topology optimization method dedicated to
anisotropic materials is then applied to each of those domains, in order to find the most efficient
layout possible when using composite materials. These optimized spars are then used in the
calculation of the overall performance of the wing, and quantify the improvement with respect
to the aforementioned reference solution.

To take this a step further and complete the process, future works will focus on extending this
approach to the optimisation of the entire 3D volume of the wing. In particular, the potential of
truss layout optimization will be investigated.
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Abstract

One of the key-elements for high performance aircraft design is to design a high lift system
within the given spatial constraints without having to increase the wing area to e.g. meet landing
speed requirements or, vice versa allow to have a lower wing area, and therefore less wing
weight and less drag.

Recently and especially in the UP-WING project, very high aspect ratio wings have been
designed to increase the aerodynamic performance. In addition to a careful aerodynamics and
structural design due to the high flexibility of a high aspect ratio wing, the wing tip chord will
be very short and can be easily subject to stall, especially at take-off conditions. However, wing
tip stall has to be avoided since often it is not symmetric causing roll instability and is in addition
coupled with loss of aileron effectiveness that will be in the wake of the area of separated flow.

First starting from a baseline cruise wing configuration, and taking into account all design
objective and constrains, the high-lift system has been designed. Nevertheless, taking into
account the short wing tip chord, solutions to avoid wing tip stall are required. Multifunctional
vortex generators have been selected as solutions to avoid wing tip stall. They will have a dual
use, will be used as conventional vortex generators to avoid wing tip stall in low-speed
conditions, but will also be used as load alleviation devices in high-speed conditions. For this
reason, the Vortex generators will be equipped with actuators that will allow for the vortex
generators to be deployed, rotated or retracted so that they can be activated in the optimal
conditions for specific flight conditions, but can also be retracted to avoid drag increase in flight
conditions where they are not needed. In parallel also flow separation sensors will be developed
so that a better knowledge of local flow conditions will support a better control of the vortex

generators. These technical challenges have been addressed within the WP2.4 of UP-WING
project and will be presented in this paper.
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Figure 1: The DLR-F25 configuration for the UP-WING project after iterations during the high-lift design.
1
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The high lift system was designed starting from an initial release of the generic research aircraft

configuration DLR-F25 (Figure 1). The core requirement for the high-lift design was given by

the Top-Level Aircraft Requirements (TLAR) of a high aspect-ratio wing aircraft to achieve an
aircraft of ICAO approach category C [1].

The designed and delivered geometry achieves a maximum lift coefficient in landing

configuration that exceeds the required values according to the TLAR by 1.5%. To avoid wing

tip flow separation active multifunctional Vortex generators have been proposed in combination

with flow separation sensors.
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The UP Wing project investigates wing technologies to be used on a next generation short and
medium range transport aircraft. One promising technique to further reduce structural weight is
active load alleviation. To mature these load control functions, a wind tunnel experiment is
conducted in transonic conditions within UP Wing WP2.3. Based on a reference configuration, a
wing wind tunnel model is developed, featuring sweep and high aspect ratio. In the experiment, a
gust generator introduces disturbances in the airflow, which then interact with the flexible wing,
exciting its dynamics. The motion is sensed by distributed acceleration sensors, load estimators,
and a (virtual) LIDAR. These measurements are provided as feedback / feedforward signals to the
control algorithms to be designed. Three trailing edge control surfaces are actuated to reduce the
loads resulting from the gust encounter.

These two presentations (Part. 1 and Part. 2) aim to give an overview on the activities underway to
design gust load alleviation controllers to be tested in the wind tunnel. Part. 1 will focus on the
numerical model used for model-based controller design, while Part. 2 will be concerned with the
controller design itself. Challenges due to transonic flow conditions will be discussed and first
results will be shown.

The first step in model-based controller design is to generate a numerical model to mathematically
describe the wind tunnel experiment. Two types of models are created:

* a nonlinear simulation model for controller validation,

* a linear state-space model for controller synthesis.

The model includes a structural model derived from a finite element formulation, being condensed
to a set of structural grid point. The acrodynamic model is based on the doublet lattice method. The
aero-structural coupling employs a radial basis function approach. Control surfaces are modelled as
a second order element, while the sensors are modelled purely geometrically, neglecting the very
fast sensor dynamics.

The challenge in controller design for transonic flow conditions is to accurately capture the
nonlinear aerodynamic effects. The aecrodynamic model is typically based on fast aerodynamic
methods, such as the Doublet Lattice Method (DLM) based on linear potential theory are used to
obtain frequency domain data for given reduced frequencies. For transonic conditions this is not
sufficient, hence the DLM matrices will be corrected with data obtained from unsteady higher
fidelity CFD simulations.

For gust modeling the Loewner framework will be used. This framework poses an alternative
approach to transferring frequency domain gust aerodynamics to the time domain, as the classical
rational function approximation (e.g. Roger) is not well suited. The Loewner framework shows
promising results in obtaining a low order gust model.

Any additional sources of detrimental nonlinearities, e.g. free-play, actuator rate limits, etc. also
need to be addressed in the modelling process to allow for an meaningful assessment of the
controller performance.
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Figure 1: Aerodynamic and structural model of the UP Wing wind tunnel model
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The UP Wing project investigates wing technologies to be used on a next generation short and
medium range transport aircraft. One promising technique is active load alleviation. To mature load
control techniques a wind tunnel experiment is conducted within UP Wing WP2.3. Based on a
reference configuration, a wing wind tunnel model is developed, featuring sweep and high aspect
ratio. In the experiment, a gust generator introduces disturbances in the airflow, which then interact
with the flexible wing, exciting its dynamics. The motion is sensed by distributed acceleration
sensors, load estimators, and a (virtual) LIDAR. These measurements are provided as feedback /
feedforward signals to the control algorithms to be designed. Three trailing edge control surfaces
allow to reduce the loads resulting from the gust encounter.

These two presentations (Part 1 and Part 2) aim to give an overview on the activities underway to
design gust load alleviation controllers to be tested in the wind tunnel. Part 1 will focus on the
numerical model used for model-based controller design, while Part 2 will be concerned with the
controller design itself. Challenges due to transonic conditions will be discussed and first results
will be shown.

The numerical model previously presented (Part 1) is used in model-based controller design. The
controllers are synthesized using the linear state-space model of reduced order. The validation of
the controllers is performed in the nonlinear MATLAB-Simulink environment. Aim of the gust load
alleviation control is to reduce the integral loads at the wing-root, while ensuring local loads at more
outboard spanwise locations are not unnecessarily increased.

Multiple control strategies will be examined by different partners. These include:
* Robust control using p-synthesis and H-inf struct,
* Incremental nonlinear dynamic inversion (INDI),
* Output feedback with and without state estimation.

These control strategies will be explained in the presentation. Each control strategy is applied to
multiple test scenarios. The baseline features distributed acceleration sensors as feedback variables.
In a second case, the feedback from the wind tunnel balance can be interpreted as a load estimation.
A third case uses feedforward signals as they would be supplied by a LIDAR system or angle of
attack sensor.
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An important feature in all controllers to be tested experimentally is sufficient robustness. This
poses a great challenge in the UP Wing wind tunnel experiment, as the freestream velocity is similar
to the one that a full aircraft would experience at cruising altitude, while the scale of the wing is
approximately one-sixteenth of the full wing. This leaves very little time to react to a gust interacting
with wing. Dead time in hardware must be reduced, and a focus in the design of the controllers lies
on achieving a good trade-off between robustness and performance.

Preliminary investigations of load alleviation potential have been conducted, analysing the effect
of dead time, limits in actuator capabilities, freestream velocity, and gust parameters. Figure 1
shows the achievable load reduction when applying full state feedback LQR (LQG) and an aileron
deflection limit of 10°, using the two outer ailerons only. The figure shows promising achievements,
being able to reduce the peak-to-peak wing-root bending moment by about 40%. This number will
naturally be significantly reduced when taking further constraints into account, e.g. no full state
feedback being available, but it gives a good estimate of the maximum achievable reduction under
optimal conditions.
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Figure 1: Load reduction (left) and control surface deflection (right) using an LOR controller,
1-cos gust encounter
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Abstract

Vortex generators (VGs) have been used for long time as a device to reduce flow separation.
The concept of vortex generator is to energise the flow so that it will be more resistant to flow
separation and therefore increase maximum lift and improve low speed performances. Vortex
generators are usually fixed, therefore they are used in high lift, low speed conditions. In high
speed they can cause an increase of drag. Therefore, the first idea is to develop active vortex
generators so that they can be deployed only when needed avoiding the undesired drag increase
in flight conditions when they are not necessary.

A non-conventional idea is to use vortex generators not only in low speed but also in high-speed
conditions as a load alleviation device. During a manoeuvre, or in gust encounter, it could be
required a reduction of wing aerodynamics forces to reduce wing design load and allow a design
of a lighter wing. This work could be accomplished by vortex generators, that, if properly
designed can be used to enhance flow separation, for example near wing tip, and therefore
reduce wing loading. Vortex generators used for load alleviation should be usually larger and
placed in specific wing position.

The objective of this work is therefore to design vortex generators with dual use, for both load
alleviation and high lift improvements. This vortex generators should be active so to avoid drag
increase in nominal cruise condition.

First numerical analysis using 2D and 3D CFD simulations was performed to define the design
criteria for sizing and selection of the actuator and size of the vortex vane. Functionality tests
will be performed in CIRA transonic wind tunnel. Test objective I to evaluate actuators
effectiveness in actual load conditions.

vortex vane \\\_
} skin fairing

%’
gear box

/— actuator
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Vortex generators will be numerically modelled for the purpose of load alleviation and flow
separation control. Two concepts for active vortex generators are proposed. The first concept,
shown in Fig. 1, is a switchable vortex generator proposed by TU Delft which is equipped with
an actuator to rotate the vortex vane in a desirable position with respect to the flow.

In the second concept, shown in Fig. 2, CIRA propose a deployable vortex generator featuring
a movable part of the skin which is deployed by a shape memory alloy (SMA) actuator.

. SMA partially ’ N\ SMAfully :
N\ activated \_ activated

Fig. 2: CIRA Vortex Generator concept

The development of multifunctional active vortex generators will be presented. The proposed
concept will be used for both stall prevention in low-speed conditions and load alleviation in
high-speed conditions. In a first phase computational fluid dynamics is used to estimate
geometric parameters of the vortex generators such as size, shape and position. The analysis is
performed in steps: first 2D analysis, then 3D analysis on a wing section and finally analysis
on the actual full 3D wing is performed.

The work is performed by CIRA and Delft University of Technology (TU Delft) in the
framework of the Clean-Aviation Project UP Wing, in cooperation with Airbus, DLR and
University of Bremen.
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Short- and medium-range aircraft are responsible for a major part of the overall green-house
gas emissions in aviation. To reduce this impact, the introduction of ultra-efficient, high aspect
ratio (HAR) wing aircraft with improved aerodynamic performance and thus reduced fuel
consumption can contribute to a more sustainable aviation. Since the integration of the
moveables gets more complex on HAR and slender wings, detailed analysis of the wing and
moveables structural and aerodynamic behaviour as well as of systems integration aspects are
necessary.

The end-to-end simulation  process a)
developed within the DLR Virtual Product
House (VPH) allows such multidisciplinary
wing and moveables design tasks and the
evaluation of optimum configurations [1]. In
the European Clean Aviation project Ultra
Performance Wing (UP Wing), the VPH
simulation process utilizing low- and high-
fidelity methods such as RANS based CFD-
CSM coupling (DLR-Tau and MSC
Nastran) [2] is used to perform an analysis of
the DLR-F25 configuration with different
wingspans. The span scaling of the wing
planform is provided by a coupled overall
aircraft design (OAD) process based on
semiempirical methods. The detailed results
from the VPH process are fed back into the

OAD. to evaluate the target function of a a) Skin friction distribution and stream traces on
combined block fuel parameter for wing upper side;

operationally relevant study missions. On b) Wing deformation for -1g and 2.5g

the resulting trade curve of fuel efficiency

over wing span, the optimal span and wing

moveables configuration is identified.

The main focus here, however, is a discussion of the trade-curve results for selected span
variations with specific focus on the aerodynamic effects.

Figure 1: DLR-F25 baseline aircraft with 45m
wingspan:
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Abstract

Aircraft design, particularly in the preliminary phase, requires damage tolerance (DT)
considerations as a part of the structural optimization. As early design phases do not allow
comprehensive test campaigns or detailed numerical analysis, the conventional DT assessment
methods limit the design space and restrict the DT strain allowable. We present an innovative
method that incorporates DT into the composite structural optimization process, aligning with
guidelines for damage-tolerant aircraft design according to a no-growth approach. Focusing on
the ultimate load static strength requirements for barely visible impact damage of the damage
category 1, we have developed a DT allowable calculation method that is both practical and
robust while enabling the identification of additional load carrying potential.

The core of our approach is a DT assessment process that systematically calculates the DT
allowable through a series of iterative minimization procedures. This process is built upon
established methods for analyzing impact, detectability, and residual strength. The innovative
aspect of our approach lies in its ability to provide laminate-specific DT allowables by iterating
over damage-prone interfaces in a layup, relevant thicknesses for each ply share configuration,
and preselected ply share configurations. This methodology not only ensures a comprehensive
coverage of the design space but also allows for the derivation of the most conservative DT
allowable for the sizing process.

Our findings demonstrate a significant increase in the DT allowable — up to 50% — for optimized
sublaminate configurations where 0°plies are avoided in the outermost layers of a laminate
stack, [1]. When applied to the multidisciplinary aero-structural design of a composite wing,
this results in a potential wing mass reduction of 5%, translating to a fuel consumption decrease
of approximately 1.4%. These results highlight the potential of incorporating DT considerations
in early design stages for more efficient and sustainable aircraft designs.

In addition to a more reliable DT prediction, the evaluation of uncertainty during the design is
of great importance. Therefore, the resulting deterministic design process is extended by a
probabilistic analysis. The presentation gives an overview of the particular inclusion of
uncertainties by means of distributed material properties, as developed within the European UP
Wing project.
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Figure 1: Schematics of the Damage Tolerance assessment to calculate the allowable for the
structural design process.
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Abstract

Global aviation as part of the megatrend “Mobility” has recovered from the Covid-19 crisis
much faster than expected three years ago. This creates significant pressure on all measures to
realize the challenging targets on environmental protection of at least an 80% reduction in
greenhouse gas emissions as set by the IPCC to the climate neutrality goal defined by the
European Union, both for 2050.

While other sectors, e.g. individual ground transportation do have options for reducing their
carbon footprint e.g. through electrification, the very high power demands and energy densities
in aviation do not allow for a direct transfer of such technologies. Liquid H2 (LH2) offers more
energy density and on top to option of processing via gas turbines with their superior power
density or fuel cells, which additional to the carbon footprint also fully eliminates any NOx
emissions. On the other hand, large amounts of LH2 on-board an aircraft are driving the aircraft
volume and thereby its drag. Sustainable aviation fuels (SAF) with drop-in properties are very
advantageous from an operational perspective but (beside large-scale availability) do not offer
the same climate impact reduction. Only synthetic kerosene on Power-to-liquid (PtL) basis
using renewable electric power as a basis resource does offer a fully emission-neutral operation.
From an energy cost perspective and assuming electric power from renewable resources as the
general basis and at given cost level, the pure conversion efficiencies will drive the fundamental
costs. For the Power-to-Gas (H2) process, liquid hydrogen is expected to be producible in large-
scale processes at a level of roughly a factor of two compared to the electric power costs in
2050. For PtL e.g. via Fischer-Tropsch, the price increase will be by about 1.5, depending on
process efficiency and up-scaling effects. These aspects lead to two basic principles:
I.  Future aircraft have to be as energy efficient as possible since either the amount of
energy to be stored on-board of a sustainable aircraft is limited or the costs per kWh of
a sustainable fuel are significantly driving the tickets costs.

II.  Integration of novel energy carriers and propulsion system does always require a full
developed overall aircraft design (OAD) process which most probably will lead to
different configurations being each an optimal answer to their combination of operating
mission and propulsion system.

In turn, this will also lead to a future scenario, where one solution does not fit all, instead
individual airframe concepts and propulsion integration solutions are required for individual
forms following their distinctive function.

Since 2019 the Cluster of Excellence “Sustainable and Energy-Efficient Aviation — SE*A” is
funded by the Deutsche Forschungsgemeinschaft (DFG) as part of the federal German
excellence strategy. SE?A intends to establish the scientific and technological foundations for a
sustainable future global air transport system and its required technologies. Two initial
configurations have been conceptually designed: One with a backward-swept wing and one
with a forward-swept wing (see Fig 1).
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Fig. 1: Starting configurations for mid-range reference aircraft design of SE2A Cluster
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Abstract

The paramount goal of aviation until 2050 is a substantial reduction of climate impact. Any
amount of saved energy contributes directly to this. However, reducing the energy demand of
air transport also helps closing the business case for costly alternative energy carriers, such as
liquid hydrogen or sustainable aviation fuels. Due to these changed boundary conditions, it is
reasonable to open and explore the full aircraft design space within research and development.

This requires specific skills and expertise and an approach different from current incremental
development path. Thus, the future generation of engineers needs accordingly to be prepared
and trained. This was the major trigger to start an academic initiative on national level in
Germany, with all universities active in the field of aircraft design (RWTH Aachen, TU Berlin,
TU Braunschweig, TU Hamburg, TU Munich, Univ. Stuttgart) joining the project UNICADO
(UNlversity Conceptual Aircraft Design and Optimization) [1, 2].

The final paper will highlight two aspects:

1) UNICADO is intended to be continuously enhanced and maintained over the years and
it will be published as open source under GNU General Public License in order to enable
a broader community to contribute. Therefore, strict processes for modularization and
(automatic) testing are applied.

2) UNICADO is introduced as design tool in aircraft design classes within the participating
universities. In addition, specific aircraft design labs for concurrent design work will be
established in each location. This allows to offer inter-university classes and student
design competitions.
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The proposed STS will cover computational methodologies and their applications to aircraft
design with particular interest in technologies available for next-generation aircraft such as a
"greener" aviation to mitigate an environmental impact. Examples of the computational
methodologies include multi-objective design optimization, multi-physics simulation including
fluid-structure interaction analysis, (unsteady) aerodynamic simulation, and geometrically
nonlinear and/or material nonlinear analysis of structures.

The application of these methodologies may include but are not limited to a reduction of the
airframe weight by utilizing carbon-fiber-reinforced plastics (CFRPs) and/or thermoplastics
(CFRTPs), optimization of the stacking sequence of CFRPs, a reduction of the aerodynamic
drag by laminarization technology, and design constraints considering flutter and buffet
boundaries by fluid-structure interaction analyses. Furthermore, presentations from industries
and governmental organizations are also welcome to introduce a current status and potential
problems on the development of aircraft with existent simulation technologies.

Finally, we will not limit our scope to the examples above and encourage participants to propose
a wide range of possible simulation technologies and frameworks that would benefit the
development of a new-generation aircraft.
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In this study, we investigate the impact on the aerodynamic performance and the flow field of
civil aircraft with multiple winglets through numerical fluid analysis. The concept of multi-
winglets, inspired by the primary feathers of birds, aims to emulate their function in reducing
induced drag by dispersing wingtip vortices [1]. Previous research [2] applied multi-winglets
on an unmanned aerial vehicle and found that they had a similar effect on their functions in
birds. An additional achievement was an increase in lift by narrowing the gap between winglets.
However, there have been few studies of applying three or more winglets to civil aircraft, and
the physical effects on the flow field resulting from the installation of multi-winglets remain
unexplored.

Therefore, we installed three winglets on the NASA Common Research Model and conducted
numerical analysis under take-off/ landing and cruise conditions. For the multi-winglet model,
the conventional single blended winglet was divided into three sections spanwise, creating a
configuration with different cant angles for each winglet. Additionally, we calculated for the
single blended winglet before division. A comparison was made between the influences on the
multi-winglet's aerodynamic performance and flow field.

As aresult, under take-off/ landing conditions, the lift coefficient of the multi-winglet increased
compared to the single winglet. This improvement is attributed to the acceleration of airflow
between the winglets' slits, leading to a reduction in pressure on the upper surface of subsequent
winglets. On the other hand, the drag coefficient increased under both take-off/ landing and
cruise conditions compared to the single winglet. It is due to flow choking between the winglets'
gaps, causing increased pressure drag as flow stagnates on the front surfaces of each winglet.
Accordingly, it is necessary to adjust to each winglet's cross-sectional shape and cant angle,
especially in conditions where drag reduction is crucial, such as take-off and cruising.
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Modern passenger airliners are designed with optimal efficiency in mind. Therefore, aircraft are
equipped with engines of ever increasing bypass ratio. However, the increased engine cross-
section and the proximity between engine nacelle and wing cause several interaction
phenomena that negatively impact aerodynamic efficiency. This is significant as airframe and
engine are usually developed separately, without these interactions in mind.

We endeavour to identify these interaction phenomena through integrated simulations of
airframe and running engine. The engine is modelled as a bypass channel with rotating fan
based on NASA Rotor67 [1]. The airframe is based on the NASA Common Research Model
(CRM). Airframe and rotor are discretized as two separate domains with unstructured
tetrahedral meshes. Transition between the domains is realized through sliding mesh interfaces
with the rotating domain treated as a frozen rotor.

Boundary conditions were selected to provide rotor inflow conditions similar to [1] to verify
the rotor flow. Surface mesh quality improvements enable a more stable computation with
improved convergence behaviour. Our results show how engine intake spill flow alters the
pressure distribution at the wings, negatively impacting lift. The altered pressure distribution in
turn affects the exhaust jet, which then impacts thrust.
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Figure 1: Absolute flow velocity U in a vertical cut through the engine geometry and rotor Mach
distribution M in a circumferential cut.
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Research in morphing wing technology has shown immense promise in the journey towards
green aviation [1]. The current study investigates the effects of upper surface profile on the
aerodynamic performance of NACA 64 —612 airfoil with the aim of exploring its scope as an
airfoil morphing technique. The study has been formulated as a multi-objective shape
optimization problem by considering drag minimization and lift maximization as the two
objective functions. Morphing of the upper surface has been implemented by adding a
polynomial deflection function to its y coordinates and the aerodynamic coefficients are
evaluated using XFOIL software. The parameters controlling the deflection function are
considered as the design variables and the optimization problem is solved for angles of attack
from 0° to 10" at a Reynolds number of 2.3 x 10° using the MATLAB® global optimization
toolbox. This study provides a method to determine a theoretical upper limit for drag reduction
and lift improvement that can be achieved using upper surface morphing. A maximum increase
of'around 17% and 77% have been achieved in lift coefficient (C) and lift-to-drag ratio (C/Cp)
values respectively. The pareto fronts for angles of attack (AoA) 1°and 7° are shown in Figures
I(a) and 1(b) and the percentage increase in C;/Cp values for angles of attack (AoA) from 0°to
10° are shown in Fig. 2.
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The pursuit of carbon fiber reinforced plastic (CFRP) composite aircraft wings with high aspect-
ratio planforms has garnered significant interest in recent research endeavors. In this study, we
present a comprehensive multidisciplinary design framework that integrates a two-way coupled
aerodynamic-structural simulation, multiscale CFRP composites modeling, structural sizing
techniques, and a NSGA-II multi-objective genetic optimization algorithm. This innovative
approach enables the design of CFRP composite aircraft wings with diverse planforms and
airfoil shapes. The proposed multi-objective design framework incorporates the aerodynamic
drag coefficient and wing structural weight as objective functions, with wing planform
parameters and airfoil shapes serving as design variables. Furthermore, the study explores the
impact of various fiber types and resin types, including both thermoset and thermoplastic resins,
on the aircraft wing design. Through rigorous analysis, we aim to investigate the effects of next-
generation fibers and resins on CFRP composite aircraft wings featuring different shapes. The
study provides a significant step forward in optimizing CFRP composite aircraft wings, offering
an understanding of the intricate relationship between material selection and aerodynamic
performance.
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Cohesive element has been widely-used for the modelling of delamination between plies in a
composite laminate. Despite its popularity, cohesive elements suffer from a well-known limit
on the mesh density — the element size must be much smaller than the cohesive zone size.
Otherwise, the steeply varying stress field in the cohesive zone cannot be integrated accurately,
often leading to under-estimation of the peak cohesive stress and hence a delayed prediction of
damage onset. This results in non-conservative strength predictions for delamination [1].

Based on the earlier work in 2D [2], this work develops a new set of elements for composite
plies and their interfaces. The core insight is that the kinematics of the delaminated interface
should follow from the geometries of the surfaces of the neighbouring plies which are slender
shell-like structures. This means that the traditional approach of using solid-like cohesive
elements (i.e., CO continuous with polynomial shape functions) for delamination is
inappropriate, as they are not designed to represent the kinematics of thin shell surfaces.
Therefore, in this work, the plies will be modelled with C1-continous Kirchhoff-Love thin shell
elements. A special cohesive element is formulated for the interface which conforms to the shell
elements of the plies and shares their degrees of freedom. The proposed method is verified and
validated on the classical benchmark problems of Mode I, Mode II and mixed-mode
delamination. In addition, the Single-Leg Bending problem of a complex angle-ply laminate is
modelled with the proposed method. All the results show that the mesh size with the new method
can be several times larger than that allowed by the current limit on mesh density while retaining
solution accuracy. This would then enable the accurate modelling of composite delamination
without worrying about the current cohesive zone limit on mesh density, thereby saving a lot of
computing time.
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Reducing the frictional drag of aircraft is an important issue for realizing a supersonic passenger
aircraft because its poor fuel efficiency is one of the major concerns. Due to large swept angle
of main wing and high Reynolds and Mach numbers, boundary layer around the wing is three-
dimensional and growth rate of crossflow instability tends to be very large at position close to
the leading edge. This leads to laminar-to-turbulent transition upstream and significantly
increases skin friction over the wing surface.

For a transonic three-dimensional boundary layer, a direct numerical analysis [1] shows that
this crossflow-induced transition can be suppressed strongly by placing sinusoidal roughness
elements (SREs) near the leading edge, if the shape parameters of SREs such as height and
angle are chosen optimally. The induced distortion of mean flow profile contributes to
stabilization of three-dimensional boundary layer, and thereby the transition position is shifted
downstream. A wind tunnel experiment [2] was also conducted and successfully verified the
expected laminarizing effect of SREs on a swept flat plate at 30m/s wind speed.

In this study, the same laminarizing method by SREs is numerically examined for supersonic
three-dimensional boundary layers on flat plate. Because of the large growth rate of crossflow
instability, it turns out to be difficult to suppress it by SREs for the case of large swept angle.
Nevertheless, by improving the shape of SREs, the suppression effect and transition delay can
be observed at swept angles 27 degrees and 46 degrees when the local Mach number near the
leading edge is about 1.5. This result indicates the possibility of applying SREs on the
supersonic aircraft’s wing for drag reduction.
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The optimal integration of propulsion systems in the next generation of aircraft is a fascinating
and challenging multidisciplinary design problem. To fully realise the combined potential of
next generation aircraft and engine technologies an integrated multiphysics design approach is
key. In this context the German Aerospace Center (DLR), the French Aerospace Lab (ONERA)
and Airbus are currently developing CODA (CFD ONERA DLR Airbus), a next-generation
CFD solver for aircraft and turbomachinery design, devised to be able to fully exploit current
and future HPC architectures [1].

To efficiently simulate turbomachinery components a number of specific boundary conditions
are necessary. In this paper we discuss the implementation of the so-called mixing-plane
boundary condition in CODA. Due to the relative motion between adjacent blade rows in
compressor or turbine stages, the flows within turbomachinery components are inherently
unsteady. To nevertheless efficiently simulate such flows in the context of steady simulations,
approximate artificial boundary conditions (mixing-planes), in combination with some form of
non-reflecting boundary condition, are commonly used between blade rows [2]. The
implementation of such mixing-plane boundary conditions (which are nonlocal in space) in an
highly optimized HPC environment, such as CODA, is nontrivial. In this work we describe the
mixing-plane boundary condition implementation in detail and outline the approach adopted to
minimize its impact on code performance and scalability.
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