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Abstract

Martian conditions present unique challenges for rotorcraft design due to the planet’s lower atmo-
spheric density and lower speed of sound compared to Earth. Consequently, Martian rotorcraft blades
operate in a low-Reynolds-number compressible flow regime, a relatively unexplored domain atypical
for terrestrial helicopters. Non-conventional aerofoils with sharp edges and flat surfaces have demon-
strated improved performance under these conditions, inducing earlier separation and unsteady vortex
roll-up on the suction side. Several studies have performed optimisation using Reynolds-Averaged
Navier-Stokes (RANS) and Unsteady RANS (URANS) solvers. However, given the unsteady, vortex-
dominated, and transitional nature of the flow, RANS/URANS solvers have limited predictive ca-
pability. This thesis overcomes these limitations by employing high-order accurate Direct Numerical
Simulations (DNS) via PyFR to optimise aerofoils for Martian rotorcraft. First, DNS results are
compared against experimental data, contributing to the understanding of Martian aerodynamics and
demonstrating the utility of DNS in accurately resolving Martian flow over triangular aerofoils. Next,
DNS shape optimisation of triangular aerofoils maximising lift and minimising drag is performed,
revealing optimised aerofoils that achieve up to a 48% increase in lift or a 28% reduction in drag
compared to a reference aerofoil previously studied experimentally. Flow characteristics of optimal
aerofoils are analysed to elucidate flow physics that yield optimal performance. The sensitivity of
these optimal aerofoils to free-stream perturbations is then explored by injecting eddies upstream of
the aerofoils. Findings show that such disturbances lead to a breakdown of coherent vortices and a
reduction in aerodynamic forces. This motivates an optimisation that includes free-stream eddies,
revealing that optimal aerofoil shapes are sensitive to free-stream conditions. The work in this thesis

constitutes the first use of DNS for aerodynamic shape optimisation.
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Chapter 1

Introduction

1.1 Motivation

Martian aerial exploration offers the potential to revolutionise our understanding of the Red Planet.
Numerous advances in Mars exploration have resulted from both in-orbit [1,2] and ground-based
missions [3-8]. Satellite missions, while providing extensive data from orbit, lack the ability to conduct
close-up investigations and cannot access specific locations of interest on the Martian surface. Ground-
based vehicles, such as rovers, allow for more detailed exploration, being able to take samples from the
surface and analyse the atmosphere. However, they are limited by the planet’s rocky surface, which
can impede mobility and restrict access to scientifically valuable but otherwise inaccessible regions.
Additionally, the presence of dust, large boulders, and steep slopes further complicates navigation and

increases the risk of mission failure.

Martian aerial vehicles, such as drones and helicopters, can overcome these limitations, providing
unprecedented access to diverse geological formations, polar ice caps, and deep canyons. Furthermore,
aerial vehicles can cover larger areas in shorter timeframes compared to rovers, significantly enhancing
the efficiency of exploration missions. By hovering or landing at points of interest, they can conduct
detailed observations and collect high-resolution data from multiple vantage points. Additionally,
air vehicles can be equipped with instruments for atmospheric sampling, weather monitoring, and
magnetic field studies, complementing the scientific capabilities of ground-based and in-orbit missions

and enhancing the safety and success rate of future robotic and human missions.



1.1. Motivation

On April 19, 2021, NASA’s Ingenuity Helicopter, shown in Figure 1.1 (a), achieved a historic milestone
by performing the first-ever heavier-than-air flight on another planet, in particular, on Mars [9]. This
pioneering flight demonstrated the feasibility of aerial exploration on Mars, paving the way for future
missions. The next mission in sight is the Mars Sample Return (MSR) mission [10], a collaborative
effort between NASA and the European Space Agency (ESA) to bring Martian soil and rock samples
back to Earth. Central to this mission is the Sample Recovery Helicopter (SRH) [11], illustrated in
Figure 1.1 (b), which will be deployed to retrieve sample containers left on the Martian surface by
the Perseverance rover. One or multiple of these helicopters will play a crucial role in transporting
the samples to the Mars Ascent Vehicle, which will launch them into orbit for subsequent capture and

return to Earth.

(a)

Figure 1.1: Artist’s impression of the NASA Ingenuity Helicopter (a) and the NASA Sample Recovery
Helicopter (b). Source: NASA.

The conditions under which rotorcraft must operate on Mars present numerous challenges for their
design. Mars has a thin atmosphere with a significantly lower density at the surface compared to
Earth, about 1% of Earth’s air density at sea level, which drastically reduces the performance of
conventional blades. Although the gravity on Mars is lower (¢ = 3.72 m/s?), this difference does
not compensate for the reduced lifting force of the rotorcraft. Additionally, the speed of sound on
Mars is approximately 72% of that on Earth due to its low surface temperatures and atmospheric
composition, which is predominantly carbon dioxide. This lower speed of sound imposes further
constraints on rotor operation, as it results in higher Mach numbers at the blade tip at lower rotational
velocities compared to Earth, potentially leading to compressibility effects and shock wave formation.
These unique conditions necessitate that Martian rotor blades operate in a low-Reynolds-number

compressible flow regime, a relatively unexplored domain due to the absence of similar conditions in
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terrestrial applications.

When conventional terrestrial aerofoils are tested under Martian atmospheric conditions, they show
a significantly reduced aerodynamic performance since they are not optimised for these conditions.
This underscores the need for the development of new aerofoils specifically designed for the Martian
atmosphere. Recent studies by Konig et al. [12-14] and Munday et al. [15] have investigated the
use of unconventional aerofoils with sharp leading edges and flat surfaces that rely on unsteady lift
generation mechanisms. These induce earlier separation compared to conventional aerofoils, leading to

an unsteady roll-up of coherent vortices on the suction side of the aerofoil, which improves performance.

Several studies [12,13,16] have explored unconventional aerofoils using Genetic Algorithm (GA) shape
optimisations to find optimal designs. Such optimisations involve a high number of evaluations, which,
when combined with computationally intensive Computational Fluid Dynamics (CFD) simulations,
significantly increase the time required to find optimal shapes. Consequently, it is crucial to solve
each geometry with the lowest computational cost possible. These studies employ a Reynolds Av-
eraged Navier-Stokes (RANS) or Unsteady RANS (URANS) approach, which reduces computational
costs compared to higher-resolution CFD approaches. However, given the nature of the flow around
unconventional aerofoils under Martian conditions — which is unsteady, vortex-dominated, and tran-
sitional — RANS/URANS solvers have limited predictive capability, especially at higher angles of

attack where the aforementioned flow physics are more acute [14].

The work presented in this thesis overcomes this limitation by optimising Martian aerofoils using high-
order accurate Direct Numerical Simulations (DNS) via PyFR [17]. DNS provides a more detailed
resolution of the flow field by directly solving the Navier-Stokes equations without any turbulence
modelling. This high-fidelity approach is able to accurately capture the complex flow phenomena
associated with low-Reynolds-number compressible flows around unconventional sharp-leading-edge
aerofoils. The capabilities of PyFR, an open-source Python-based high-order-accurate CFD solver
for unstructured grids, enable DNS that are both highly accurate and run efficiently on a range of
hardware platforms. Additionally, this research investigates the flow physics associated with uncon-
ventional optimal aerofoils, analysing their performance under various conditions to achieve a deeper

understanding of this relatively unexplored domain.

The insights gained from this analysis are expected to contribute to the field of Martian rotorcraft
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design, ultimately contributing to the development of more efficient aerial vehicles for planetary explo-
ration. Additionally, this work provides a robust framework for optimising aerofoils in other similar
flow conditions, benefiting a range of aerospace applications, such as the design of micro-air-vehicle

blades or low-pressure turbine blades for commercial jet engines.

1.2 Objectives

Given the unique challenges posed by the Martian atmosphere, it is essential to design efficient aerofoil
shapes for Martian rotorcraft to enhance and advance the aerial exploration of Mars. This thesis aims
to develop a robust and efficient methodology for optimising aerofoil designs targeting aerodynamic
performance under Martian atmospheric conditions, whilst investigating the flow physics of novel un-
conventional aerofoils through high-fidelity DNS. More specifically, the thesis focuses on the following

objectives:

e Objective 1: Validate the DNS setup and framework against experimental data to ensure

accurate representation of the flow over aerofoils under Martian atmospheric conditions.

e Objective 2: Develop an aerodynamic shape optimisation framework by integrating a GA op-
timisation tool with DNS via PyFR. This includes investigating the most appropriate simulation

setup and post-processing in the evaluation step for a cost- and time-effective optimisation.

e Objective 3: Identify novel optimal unconventional aerofoil designs through the optimisation
framework and thoroughly investigate the flow physics that enhance their performance, compar-

ing them against the flow physics of sub-optimal aerofoils.

e Objective 4: Examine the effects of free-stream eddies on the aerodynamic performance of the
optimised aerofoil shapes to assess their robustness, and analyse the impact on their flow physics

to contribute to the field of Martian aerodynamics.

e Objective 5: Find optimal unconventional aerofoil designs under the effects of free-stream
eddies and investigate the differences between these designs and those optimised for laminar free-

stream conditions, extracting general design conclusions for Martian rotorcraft aerofoil design.

Introduction 4



1.3. Thesis Outline

By leveraging high-fidelity simulations via PyFR and optimisation techniques, this research aims to

contribute to the advancement of Martian rotorcraft aerofoil design.

1.3 Thesis Outline

This introduction sets the stage by detailing the motivation and objectives of the research. The subse-
quent chapters will present the state-of-the-art and theoretical foundations that underpin this study.
Following this, the main body of the manuscript will present the DNS validation against experimental
data, optimisation results, and investigation of the flow physics under different conditions. The thesis
will conclude with a discussion of the key findings and directions for future work. A more detailed

overview of each chapter is provided below:

e Chapter 2: Literature Review
Chapter 2 provides a comprehensive review of the existing literature relevant to the aerody-
namic optimisation of aerofoils for Martian rotorcraft. It includes a discussion on the chal-
lenges presented by the Martian atmosphere, previous computational and experimental research
on Martian aerodynamics and the state-of-the-art in design optimisation of Martian rotorcraft

aerofoils.

e Chapter 3: Numerical Methods
Chapter 3 presents the numerical methods utilised in this thesis for the aerodynamic optimisa-
tion of aerofoils for Martian rotorcraft. Two primary methodologies form the backbone of this
research: Direct Numerical Simulations (DNS) via PyFR for aerodynamic analysis and Genetic

Algorithms (GAs) for design optimisation via pymoo.

e Chapter 4: Direct Numerical Simulations of a Triangular Aerofoil under Martian
Conditions
Chapter 4 validates the DNS setup by comparing simulation results against published experi-
mental data. It discusses the effects of domain span and wind tunnel walls on the flow physics

around a specific triangular aerofoil under Martian conditions.

e Chapter 5: Optimisation of Aerofoils for Martian Rotorcraft using Direct Numerical

Simulations and a Genetic Algorithms
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Chapter 5 presents an optimisation of Martian aerofoils using DNS via PyFR and GAs via
pymoo. First, it compares the use of two-dimensional and three-dimensional DNS as cost function
evaluation for the optimisation at different angles of attack. Next, it focuses on the optimisation
results and it analyses the flow physics induced by the optimal aerofoils to understand their

enhanced performance.

e Chapter 6: Effects of Free-Stream Eddies on Genetic Algorithm Optimisation of
Aerofoils for Martian Rotorcraft using Direct Numerical Simulations
Chapter 6 first examines the impact of free-stream eddies on the performance and flow physics
of optimised aerofoils from Chapter 5. Next, it investigates the effect of injecting free-stream
eddies when evaluating aerofoils within the optimisation, comparing the resulting optimal aerofoil

shapes against results obtained in Chapter 5.

e Chapter 7: Conclusions and Future Work
Chapter 7 summarises the key findings of this research and suggests directions for future work

to further advance the field.

1.4 Publications

The list of publications from the author during this period is documented below.

1.4.1 International Journals

e Caros, L., Buxton, O., and Vincent, P., Optimization of Triangular Airfoils for Martian Heli-
copters using Direct Numerical Simulations, ATAAJ, Vol. 61, No. 11 (2023), pp. 4935-4945
DOI: 10.2514/1.J063164

e Caros, L., Buxton, O., Shigeta, T., Nagata, T., Nonomura, T., Asai, K., and Vincent, P., Direct
Numerical Simulation of Flow over a Triangular Airofoil under Martian Conditions, ATAAJ, Vol.

60, No. 7 (2022), pp. 3961-3972 DOI: 10.2514/1.J061454
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1.5. Scholarships and Awards received during the PhD

1.4.2 International Conferences

e Caros, L., Buxton, O., and Vincent, P., The Effects of Free-Stream Eddies on Optimized Martian

Rotorcraft Airofoils, ATAA SciTech 2024, Jan 2024.

e Caros, L., Buxton, O., and Vincent, P., Optimization of Non-Conventional Airofoils for Martian

Rotorcraft using Direct Numerical Simulations, ICCFD11, July 2022.

e Caros, L., Blank, J., Buxton, O., and Vincent, P., Comparing Strategies for DNS-based Opti-

mization of Airofoils for Martian Rotorcraft, VFS F78, May 2022.

1.4.3 Online Seminars

e Caros, L., DNS-based Optimization of Airofoils for Martian Helicopters using PyFR, PyFR

1.5

Seminar Series on Cassyni, June 2023, DOI: 10.52843/cassyni.6rbryl

Caros, L., Martian Aerodynamics with PyFR, PyFR Seminar Series on Cassyni, May 2021, DOI:

10.52843/471yTq

Scholarships and Awards received during the PhD

NASA Group Achievement Award: Award for contributions to the ROAMX (Rotorcraft Op-
timization for the Advancement of Mars eXploration) team for developing aerodynamic design

technologies for Martian rotorcraft.

Vertical Flight Foundation Scholarship: Award by the Vertical Flight Society Foundation to the

world’s most talented engineering students interested in vertical flight. Monetary award $5,000.

Zonta International Amelia Earhart Fellowship: Award for women pursuing a PhD who demon-
strate a superior academic record conducting research applied to aerospace engineering or space

sciences. Monetary award $10,000.
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Chapter 2

Literature Review

This chapter provides a review of the existing literature relevant to the aerodynamic optimisation of
aerofoils for Martian rotorcraft. First, an overview of the Martian atmosphere’s unique challenges and
their implications for rotorcraft design is presented. Following this, the chapter delves into previous
experimental and numerical studies related to Martian aerodynamics, including research on both con-
ventional and unconventional aerofoil shapes. Additionally, the state-of-the-art in design optimisation
of Martian rotorcraft aerofoils is presented. Finally, the chapter identifies the gaps in the current

literature that motivated the work in this thesis and outlines how this work aims to address them.

2.1 Martian Aerodynamics

The Martian atmosphere presents significant challenges for the aerodynamic design of rotorcraft due to
its unique flow conditions, which differ markedly from those encountered on Earth. The primary char-
acteristic impacting rotorcraft design is the Martian atmosphere’s very low density (p ~ 0.017 kg/ m3)
—around 1% of Earth’s density at the surface — and pressure (P ~ 600 Pa) at the surface. These quan-
tities vary through the seasons due to the carbon dioxide freezing at the poles, with the air pressure
ranging from 100 Pa to 900 Pa. The very low air density at the surface results in a substantial reduction
in rotor lifting force and efficiency, only partially compensated by Mars’ lower gravity (¢ = 3.71m/ s2),
which is about 38% of Earth’s gravity. The lower density of the Martian atmosphere leads to a low

Reynolds number flow, involving distinct flow physics compared to those typically studied for terres-
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trial helicopters. Furthermore, the Martian atmosphere is composed predominantly of carbon dioxide
(95%), with a surface temperature ranging —163°C to —28°C, with an average of around —63°C. This
composition and temperature result in a lower speed of sound (a =~ 244.2m/s), about 72% of that
on Earth. This lower speed of sound places the rotorcraft flow within a compressible regime, where
the Mach number increases rapidly, thereby constraining the rotor’s operational speed range to avoid
high Mach numbers at the rotor tips. Future Martian rotorcraft are expected to employ a co-axial
rotor system with a mass of approximately m = 1.8 kg and a rotor diameter of D = 1.2 m, with blade
chords ranging between 10% and 15% of the rotor radius. These rotors are anticipated to operate at
speeds of up to 2,800 RPM. During hover in the Martian atmosphere, the tip speed is estimated to
be approximately Vi, = 177 m/s, with a corresponding tip Mach number of My, = 0.76 [13]. Given
the low density of the Martian atmosphere and the aforementioned blade dimensions and speeds, the

resulting Reynolds number is significantly lower than in typical terrestrial rotorblade conditions.

The unique combination of low-Reynolds-number and compressible flow conditions on Mars has not
been extensively studied compared to more common flow regimes, such as high-Reynolds-number
compressible flow or low-Reynolds-number incompressible flow. This results in distinctive aerofoil

performance characteristics that differ significantly from conventional aerodynamics.

2.1.1 Sub-Critical Regime on Conventional Aerofoils

The dimensions of future Mars helicopters are planned to be relatively small [11,13,16,18-22], and
considering the low density of the Martian atmosphere close to the surface, a low chord-based Reynolds
number flow (Re =~ 103 to 10%) is expected. An overview of the aerodynamic implications of a low

Reynolds number is presented below.

At the considered Reynolds number, conventional aerofoils experience flow in the subcritical regime,
where laminar to turbulent transition in the boundary layer does not occur. At higher Reynolds
numbers, conventional aerofoils often undergo a laminar to turbulent transition in the boundary layer
due to the growth of convective instabilities. This transition enables relatively high lift-to-drag ratios
since turbulent boundary layers are more likely to remain attached. A turbulent boundary layer
implies higher shear stresses, causing higher friction drag, but also the increase in momentum in the

boundary layer prevents separation, and thus prevents an increment of the pressure drag. Conversely,
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at lower Reynolds numbers, viscous forces become more dominant relative to inertial forces. This
increased dominance of viscous forces reduces flow disturbances, resulting in a delayed or nonexistent
transition. The consequent laminar boundary layer tends to suffer from early separation as it can
only sustain small adverse pressure gradients [23]. Laminar boundary layers with an early separation
provoke a reduced lift, and more importantly, the separated flow significantly increases the pressure

drag; altogether making the aerofoil performance drop [24].

The behaviour of the reattachment process following flow separation is crucial to understanding the
aerodynamics of aerofoils. Initially, viscous-type Tollmien-Schlichting (T-S) waves dominate the insta-
bility leading up to flow separation [25,26]. However, once separation occurs, the shear layer becomes
susceptible to inviscid Kelvin-Helmholtz (K-H) instability. The inflectional velocity profile of the sep-
arated shear layer induces oscillations that can cause the shear layer to roll up, forming K-H vortices
downstream [27,28]. These vortices may merge through mutual induction, ultimately resulting in

large-scale vortex shedding [29].

Laminar separation bubbles (LSBs) play a significant role in the non-linear characteristics of the lift
coefficient curves for aerofoils at low Reynolds numbers [26,30]. These bubbles arise when the laminar
boundary layer separates due to an adverse pressure gradient, transitions to turbulence, and then
reattaches. The process leads to a deviation from the linear lift behavior predicted by Prandtl’s thin

aerofoil theory, even at small angles of attack.

The position and size of LSBs vary with Reynolds number and angle of attack [31]. At low angles of
attack, aerofoils typically exhibit trailing edge separation without reattachment. As angle of attack
increases, the adverse pressure gradient intensifies, moving the separation point upstream and pro-
moting earlier transition. When the separation point is sufficiently upstream, the flow transitions to
turbulent and reattaches. Further increases in angle of attack shift the separation point towards the
leading edge, and at sufficiently high angles of attack, the adverse pressure gradient becomes so strong

that the turbulent boundary layer detaches completely, resulting in massive separation and stall [32].

Transition within separation bubbles occurs at much lower Reynolds numbers compared to classical
natural transition thresholds [31,33]. While T-S wave amplification is similar to natural transition, the
adverse pressure gradient triggers K-H instability in the separated shear layer earlier, causing vortex

roll-up and eventual transition to turbulence. The turbulent flow effectively transports momentum
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towards the wall, facilitating reattachment of the separation bubble. This reattachment process can
exhibit unsteady behavior, known as bubble flapping, where large spanwise structures are shed into

the turbulent boundary layer [25,30, 34].

2.1.2 Sharp Leading Edge Aerofoils

Studies by Munday et al. [15] and Koning et al. [12-14], amongst others, have investigated the use of
aerofoils with sharp leading edges and flat surfaces for Martian applications that rely on unsteady lift
generation mechanisms. These induce earlier separation compared to conventional aerofoils, leading to

an unsteady roll-up of coherent vortices on the suction side of the aerofoil, which improves performance.

When introducing non-conventional aerofoils with sharp leading edges, a higher adverse pressure
gradient compared to conventional aerofoils is induced at the leading edge, generating laminar flow
destabilisation. This effect, together with the K-H instabilty, cause the roll-up of coherent vortices on
the suction side of the aerofoil, without immediate laminar-turbulent transition. This vortex roll-up of
the separated shear layer from a sharp-leading-edge aerofoil is shown by a density gradient plot from a
DNS with PyFR in Figure 2.1. The wave length of the K-H vortices increases as the Reynolds number
decreases. Additionally, at higher angles of attack or at an increased strength of the adverse pressure

gradient, the shear layer oscillations occur earlier and stronger with larger observed K-H vortices.

separated vortex vortex roll-up

shear layer formation /

. e
Kelvin-Helmholtz
instability f

wake

Density gradient
0.0e+00 0.1 0.15 0.2 0.25 0.3 0.35 0.4 5.0e-01
\ |

Figure 2.1: Plot of density gradient from a DNS with PyFR showing the vortex roll-up due to the
Kelvin-Helmholtz (K-H) instability of a separated shear layer from a sharp-leading-edge aerofoil.

The increased performance for these sharp-leading-edge aerofoils at low Reynolds numbers relies on
this roll-up of coherent vortices that mitigate the negative effects of laminar flow separation and gen-

erate an area of high suction in the time-averaged sense by the vortices rolling close to the surface.

Literature Review 11



2.1. Martian Aerodynamics

This lift-generation mechanism differs significantly from the conventional aerofoil low behavior, where
the laminar separation with vortex shedding typically signifies poor aerofoil performance. The sharp
leading edge is also a good choice for a Mars rotorcraft as it has shown relative Mach number in-
sensitivity for 0.15 < My < 0.7 and stability of the laminar separated shear layer for higher Mach

numbers [12,15].

It is important to point out that the performance of sharp leading edge aerofoils at low Reynolds
numbers might be very sensitive to perturbations in the flow, since these can interact with the separated
shear layer on which they depend. Several studies [35-37] have investigated the effects of free-stream
turbulence on the flow over conventional aerofoils and conclude that under low Reynolds number
conditions, the level of turbulence intensity affects the flow characteristics and that higher angles of
attack with flow separation are more impacted by free-stream turbulence. Furthermore, in [37], it was
concluded that free-stream turbulence can induce transition in the separated shear layer, which may,
in turn, induce reattachment. It is understood that the Martian atmosphere is characterised by high
levels of free-stream turbulence [38,39], although very little actual data on the atmospheric turbulent
properties has been published. Additionally, there have been no studies about the effect of free-stream
turbulence or perturbations in the flow on the performance and flow physics of unconventional Martian

aerofoils.

2.1.3 Previous Experimental and Numerical Studies

A small number of wind tunnels have been constructed specifically for Martian atmospheric exploration
and research. Most of these facilities primarily focus on geological and planetary studies [40,41], with
only a few dedicated to Martian aerodynamic research. The Mars Wind Tunnel (MWT) at Tohoku
University [42], shown in Figure 2.2, substantially enhanced the research of Martian aerodynamics over
unconventional aerofoils with its dedicated facility to Martian flows. This facility can simulate low-
Reynolds-number compressible flows by placing the induction wind tunnel inside a vacuum chamber.
This setup allows for the testing of aerofoil performance using either air or carbon dioxide to replicate
Martian atmospheric conditions. Various conventional and unconventional aerofoil shapes have been
tested in the MWT), including the NACAO0012 aerofoil [43,44], the Ishii aerofoil [45,46], flat plates [43]

and triangular aerofoils [15,47].
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Figure 2.2: Imperial College London team, consisting of Prof Peter Vincent, Prof Oliver Buxton and
Lidia Caros (author) visiting and discussing the Mars Wind Tunnel experiments at Tohoku University,
Japan, in collaboration with the ROAMX team from NASA Ames, consisting of Haley Cummings,
Witold Koning and Natalia Perez Perez, and the experimental team at Tohoku University, consisting
of Associate Prof Taku Nonomura, Dr Takayuki Nagata, Yudai Kanzaki, Miku Kasai and Miyagi
Muku.

The majority of other wind tunnel experiments for Mars vehicles have focused on studying the be-
haviour of flow around aerodynamic surfaces at low Reynolds numbers (1,000 to 10,000). Initial
experimental research for low Reynolds numbers includes studies by McGhee et al. [48] which ex-
plored the Eppler 387 aerofoil and studies by Ol et al. [49] on the SD7003 aerofoil, two popular
conventional aerofoils for low Reynolds numbers. Another conventional aerofoil that acquired interest
for Martian flight is the Ishii aerofoil, tested in the Mars Wind Tunnel [45,46]. Several studies also
tested the NACAO0012 aerofoil under different Martian-like conditions [43,44,50]. Recently, there has
also been substantial focus on testing scaled models of aircraft [51] and rotors [52-58] in conditions
close to the ones encountered on Mars. On the side of unconventional aerofoils with sharp edges, recent
research has looked at dragonfly-inspired aerofoils [59,60], angular aerofoils [61], thin flat and cam-

bered plates [43,44], and triangular aerofoils [15,47] which have demonstrated superior acrodynamic
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performance at low Reynolds numbers compared to the previously mentioned conventional aerofoils

designed for low Reynolds numbers.

Computational Fluid Dynamics (CFD) studies of conventional aerofoils targeting low Reynolds num-
bers include Large Eddy Simulation (LES) studies on the Eppler 387 and Ishii aerofoils [45] and
Implicit LES (ILES) [62,63] and Direct Numerical Simulations (DNS) [63] studies the SD7003 aero-
foil. These aerofoils, under low Reynolds number conditions and at low-to-moderate angles of attack,
exhibit a LSB, and, as the angle of attack is increased, they induce laminar separation without reat-
tachment. These investigations have shown to accurately predict the separation and reattachment of

the flow against experimental data.

There have been relatively few studies on unconventional aerofoils for Martian rotorcraft. These
include, but are not limited to, studies on the triangular aerofoil investigated experimentally at the
Mars Wind Tunnel [15,47]. These investigations employ Reynolds Averaged Navier-Stokes (RANS)
simulations, both with [12,13] and without [64] a transition model, as well as commercial finite volume
Navier-Stokes solvers [65] and DNS [15] of the same case. The investigated triangular aerofoil exhibits
a non-linear behaviour in its lift coefficient as the angle of attack increases. This non-linearity arises
from the shift in the flow separation from the apex of the triangle to the leading edge, in a time-
averaged sense, as the angle of attack increases. When the flow separates from the sharp leading edge,
the K-H instability in the separated shear layer triggers the previously described roll-up of vortices on
the suction side of the aerofoil, resulting in a highly unsteady phenomenon. DNS results were found
to qualitatively capture the experimentally observed non-linearity in the lift curve, with quantitative
differences remaining at high angles of attack. The RANS simulations showed, in general, an over-
prediction of the aerodynamic forces, especially at angles of attack where the flow separates from the

sharp leading edge.

A recent study by Koning et al. [14] on performance evaluation methods of aerofoils at low Reynolds
Numbers underscores the importance of employing unsteady Navier-Stokes simulations without tur-
bulence modelling to accurately capture the unsteady and transitional phenomena of vortex roll-up,

which serves as the lifting mechanism for these aerofoils.
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2.2 Aerodynamic Shape Optimisation of Aerofoils for Martian Ro-

torcraft

The potential benefits of aerodynamic optimisation were recognised early on [66,67], but the efforts in
this area were constrained by the computational resources and algorithms available at the time. Now,
with advances in computer processing speeds and the development of new algorithms, aerodynamic op-
timisations involving multiple design variables, multiple objectives, and expensive cost functions have
become feasible. When considering aerodynamic shape optimisation, different optimisation methods
can be used. These are generally classified into two broad categories: gradient-based and gradient-free
approaches. Each approach has their strengths and weaknesses and the choice is typically problem de-
pendent. Gradient-based methods use the derivatives of the objective function with respect to design
variables to find the optimal solution. These methods are efficient and converge quickly but can get
trapped in local minima and require the objective function to be differentiable. In contrast, gradient-
free methods do not require derivative information and can handle non-differentiable, noisy, and
multi-modal objective functions. Genetic Algorithms (GA), a popular gradient-free method, mimic
the process of natural selection by generating a population of solutions and evolving them through
selection, crossover, and mutation operations. While computationally expensive, GAs are robust and
can explore a large design space [68]. Numerous studies have utilised GAs to optimise aerodynamic
shapes [69-74,74-81] for a wide range of aerospace applications, including aircraft wings, UAV wings,
and wind turbine blades, among others. Given that these algorithms typically require a large number
of cost function evaluations, they have usually been coupled with low-computational-cost evaluation
methods, such as potential flow solvers, or moderately expensive ones, like RANS solvers. Higher-
fidelity methods, such as LES, have also been successfully coupled with GAs for optimisation in specific
applications. For instance, Tyacke et al. [82] optimised labyrinth seals for gas turbines using highly
resolved LES (quasi-DNS) to capture the complex unsteady flow behaviour around these geometries,
where conventional RANS approaches had been shown to inadequately model. Similarly, Watson
and Tucker [83] employed wall-modelled LES (WMLES) in conjunction with GAs to optimise the

aerodynamics of turbine blades in the trailing edge region.

The study of aerofoils for Martian rotorcraft is a relatively new and unexplored field. In recent years,

there has been a notable increase in research specifically dedicated to the design of aerofoils for Martian
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vehicles. Notably, the "Rotor Optimization for the Advancement of Mars eXploration” (ROAMX)
team has been at the forefront of this effort, investigating various potential aerofoil shapes for Martian
rotorcraft [11-14,21,22]. Other research groups [16,56,84-96] have also contributed to exploring and

analysing several Martian helicopter design ideas and configurations.

Given the unique flow conditions in the Martian atmosphere and the unexplored domain of uncon-
ventional aerofoils for Martian rotorcraft, aerodynamic shape optimisation offers significant potential
to accelerate the discovery of optimal designs. In this context, it is important to highlight studies by
Koning et al. [12,13] and Sasaki et al. [16] which optimised unconventional aerofoils by integrating
RANS and unsteady RANS (URANS) solvers with GAs. However, given the nature of the flow —
which is unsteady, vortex-dominated, and transitional - RANS/URANS solvers have limited predic-
tive capability, especially at higher angles of attack where the aforementioned flow physics are more
acute [13,14]. Scale-resolving simulations, such as DNS and LES, offer higher accuracy by resolving a
wider range of scales in the flow. These approaches would be computationally prohibitive for optimi-
sation at high Reynolds numbers flows, but they are feasible for the low Reynolds number flows typical

of Martian conditions. To date, there has been no DNS-based aerodynamic shape optimisation.

2.3 Novelty of this Research

The research presented in this thesis addresses the limitations in the field by utilising high-order
DNS for aerodynamic optimisation, which enables the resolution of the unsteady transitional flow
physics associated with sharp-leading-edge aerofoils under Martian conditions. Additionally, this study
allows for an enhanced understanding of the impact of simulation accuracy on Martian aerodynamic
design. Furthermore, it explores new unconventional Martian aerofoil designs under various conditions,
expanding the current knowledge of Martian aerodynamics and identifying the flow characteristics that

contribute to the superior performance of optimal aerofoils.
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Chapter 3

Numerical Methods

This chapter presents the numerical methods utilised for aerodynamic optimisation of aerofoils de-
signed for Martian rotorcraft. The unique atmospheric conditions on Mars necessitate accurate simu-
lation tools and cost-effective optimisation techniques to obtain aerofoil designs in a feasible manner.
Two primary methodologies form the backbone of this research: Direct Numerical Simulations (DNS)

for accurate aerodynamic analysis and Genetic Algorithms (GAs) for design optimisation.

The DNS are performed using PyFR [17], an open-source Python-based high-order accurate framework
for solving advection-diffusion type problems on streaming architectures. PyFR allows for a detailed
resolution of the flow phenomena around unconventional Martian aerofoils, which is critical given
the unsteady, separated, vortex-dominated and transitional low-Reynolds-number flow. Additionally,
PyFR is designed to run across modern hardware platforms and has shown an excellent computational
efficiency, allowing for a feasible cost- and time-effective design optimisation that involves many cost

function evaluations.

For the optimisation process, the pymoo [97] framework is employed, a tool for multi-objective op-
timisation using evolutionary algorithms. In particular, GAs within pymoo are selected, since they
facilitate the exploration of a wide design space based on multiple performance criteria, which is

particularly beneficial for the unexplored domain of Martian rotorcraft aerodynamics.
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3.1 Direct Numerical Simulations with PyFR

PyFR is a cross-platform solver providing high-order accurate solutions on unstructured grids. It
leverages the Flux Reconstruction approach, which enables it to achieve high-order accuracy while
maintaining computational efficiency. PyFR can be deployed on a wide range of hardware platforms,
including multi-core CPUs and GPUs, which is particularly advantageous to accelerate the multiple

large-scale simulations required in this research.

3.1.1 Flux Reconstruction Approach

The Flux Reconstruction (FR) method [98] is a high-order numerical technique used to solve partial
differential equations (PDEs) in fluid dynamics, providing high accuracy on unstructured grids. This
method integrates nodal Discontinuous Galerkin (DG) schemes and Spectral Difference (SD) methods,
achieving high-order accuracy and element locality, which is advantageous for efficient use of modern
computational hardware. An overview of the FR approach is presented below, see [17] for a more

detailed description of the implementation in PyFR, and [98,99] for the extended formulation.

Consider a general advection-diffusion problem within a domain € in Np dimensions

OJug

where ug = ug(x,t) represents the conserved quantity for a particular field variable 8 where x is the
spatial coordinate vector and t is time, and fg = fg(u, Vu) denotes the flux of this particular field

variable, which is a function of all field variables u and their gradients Vu.

Eq. (3.1) can be re-written as a first-order system by using q as an auxiliary variable such that

9
% + V- £5(u,q) =0, (3.2a)

qp — VUE = 0. (3.2b)

To solve this problem, the domain €2 is partitioned into a mesh of N non-overlapping elements such
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that
N-—1 N-—1
Q= U Q., ﬂ Q. = 0.
e=0 e=0

Each element €2, is mapped to a standard element Q. in a transformed space through

x = M. (x), %= M_(x)

where x are the coordinates in the transformed space, and the Jacobian matrices

Je = Jeij = ag\;e’ia Je = det J67
J
oM} 1
e etj aZL‘j ’ e etde J.

which allow for quantities to be transformed to and from standard element space. The governing
equations are then transformed as follows

Ouep

En + Je_lﬁ . feﬁ =0, (3.3a)

Geg — Viteg = 0, (3.3b)

where

Within each standard element, a set of solution points :Z",()u) and flux points a?gf ) are identified, where

0 < p < N(p), where p is the polynomial order. Every pair of flux points along an interface must
have identical coordinates in physical space. These points are used to construct a nodal basis set
8,(0") (x) such that Egu) (5;5,“)) = 0po. This set is obtained by computing the elements of the generalised
Vandermonde matrix V,, = wp(iﬁ,“)), where 1),(X) represents a basis that spans a chosen polynomial

space of order g inside €2.. Then, the nodal basis set can be constructed as Kgu) (x) = Vp_glwg(i).
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The discontinuous solution for the field variable £ at solution points is extrapolated to a discontinuous

solution at the flux points through the following relationship

ul)y = w0 (D). (3.5)

(f)

The two values from each side at the flux points with up = u; o8

UR = u(f)ﬁ being the solution on the right for the element e, flux point p, and field variable 3, are then

being the solution on the left and

used to compute a common solution. The common solution is obtained through Cg(ur,ur), a scalar
function that takes two values at a point and returns a common value. Then, the common solution

can be represented as

Coull) = Cauld) = Ca(ull) ud). (3.6)

Each flux point is associated with a vector correction function g(f )( ) such that all). (f )( 9 )) )

2(f)

poy

where ng ’ is the normalised outward-pointing normal vector at the flux point. The divergence of this

correction function is in the same polynomial space as the solution, maintaining high-order accuracy.

Then, the solution to Eq. (3.3b) can be expressed as

alyy = |5 - Ve ) {eouly —ulll} +ullve )| . (3.7)

X=X¢

where ug)g@&(,u) (X) is an order p — 1 approximation of the gradient obtained by differentiating the
discontinuous solution polynomial. Following the approaches of Kopriva [100] and Sun et al. [101],

physical gradients can be computed to obtain

qc(zaﬂ - J T(u) c(EU)B’ (38)
qll); = (0 (g, (3.9)

where J_,7(") the inverse transpose of the Jacobian matrix.

Then, the transformed flux f.((;;;/)g can be evaluated at the solution points using the physical gradients

and the Jacobian matrices, which allows computing the normal transformed flux at each of the flux
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points

~(fL W) = ()2 ~(u
PO = e &MaY £, (3.10)

For the physical normals at the flux points
(f) — n(f) (f) =J T(f) ( ) (3.11)

where né{? is the outward-facing normal vector in physical space with magnitude n(f ) > 0. At the

interfaces where two elements are adjacent, the condition fl((i{:) = —ﬁé? must be met so that the normal
vector of one element is the negative of the normal vector of the adjacent element, ensuring continuity

across the interface. eo refers to the adjoining point at the interface of element e and flux point p.

Then, the common normal flux at a flux point pair can be expressed as

Fafl) = ~Fasdy) = Fo (uf)u) olf) a0, (3.12)
which can be taken into transformed space via }i{: ) Jg)ﬁneaﬁ}" Lo fL).

Then, an approximation of the divergence of the continuous flux, analogous to Eq. (3.7), can be

computed as

S a@ _[e 230D 0D E) &)
(V : f)ép)ﬁ = [V ’ ggf) (X) {Fﬁfeaﬂ - fea,B } + fevﬁ ’ v&() )<X) - —(w)? (313)

which can then be used to obtain a spatially discretised system of ordinary differential equations with

respect to t as

8u( v
epB _ _ 7—1(u) (u)
ot J (V f)epﬁ (3.14)

which can be solved using various time-stepping schemes.
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3.1.2 Governing Equations

In this work, PyFR [17] is used to solve the compressible Navier-Stokes equations for an ideal gas with

constant viscosity. These can be written as

ou
— f = 3.15
5 + VvV 0, ( )

where u = u(x,t) = (p, pvg, pvy, pvz, E) is the solution with p the fluid density, v = (vy, vy, v;) the
fluid velocity and E the total energy per unit volume, and where f = f(u, Vu) = f! — fV is the flux,

with fi the inviscid flux given by

PUg PUy PUz
puz+p Py pUzVz
=9 poo,  p24p  povy (3.16)
PUZV2 poyv.  puZ4p
ve(E +p) vy(E+p) v(E+p)

where p is the pressure, which for an ideal gas is given by

p=-1) (B JolvI?). (3.17)

with v = ¢, /¢y, where ¢, and ¢, are specific heat capacities at constant pressure and volume, respec-
p/ Cv, D v )

tively, and fV is the viscous flux given by

0 0 0
£ = Ty Ty Ty , (3.18)
Tz Ty T
Vi Jix + AaxT (% %y + AayT (3 <7iz + A@ZT
where the stress-energy tensor is given by
2
Tij = w0y + jvi) = SudiV - v, (3.19)
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with p the dynamic viscosity, A = uc,/Pr, with Pr the Prandtl number, and T is the temperature,
which for an ideal gas is given by
1 1 p

T=——"—=. 2
cwy—1p (3.20)

In the current study, values of v = 1.4 and Pr = 0.71 are used, corresponding to the properties of
air at ambient temperature. While values of v = 1.29 and Pr = 1.18 are more representative of the
Martian atmosphere, the chosen values were selected to align with the published experimental data

used for validating the PyFR simulations (see Chapter 4).

Flow conditions of Mach number M = 0.15 and chord-based Reynolds number Re = 3,000 are
employed throughout this work. Note that the continuum approximation is valid at M = 0.15 and
Re = 3,000 since the Knudsen number K ~ M /v Re < 0.01 [102,103].

3.1.3 Synthetic Eddy Method

PyFR employs the synthetic eddy method (SEM) [104-106] to generate free-stream turbulence in
the computational domain. The SEM is a technique for generating synthetic turbulence by injecting
fictitious coherent eddies into the flow. The SEM implemented in PyFR is based on the work of
Giangaspero et al. [107], and it uses a source term formulation that allows isotropic eddies to be
injected into any portion of the domain, where the turbulence intensity and characteristic length scale
of the eddies can be specified. The characteristic length scale ls defines the spatial size of the synthetic
eddies, which aims to determine the size of the largest energy-containing eddies or integral length scale
in the resulting injected turbulence. Since the flow resulting from the injected eddies does not develop
into turbulence due to the low Reynolds number (Re = 3,000), s here refers primarily to the injected
eddy size. A brief explanation of the SEM implemented in PyFR is presented below, for a more

extensive detailed explanation of the approach see [107].

The SEM aims to define a stochastic signal @;(x,t) where x = (z,y, z). This signal must satisfy the

following conditions

(1) =0 (3.21a)
(@) =1 (3.21b)
(Witj)iz5 = 0 (3.21c¢)
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The instantaneous velocity field ug(x,t) = (u,v,w) is obtained from the mean velocity U = (U, V, W)

combined with the stochastic signal as
up(x,t) = Up(x) + u(x,1) = Up(x) + > _ Apj(x)it;(x, 1) (3.22)
J

where Ay;(x) results from the Cholesky decomposition of the target Reynolds stresses R = AAT,

which for isotropic homogeneous turbulence

R/ 0 0
A=10 R;f 0 and R11 = Roo = Rgs.
0 0 RY

Eddies are generated through a source term formulation within a box that can be placed anywhere in

the domain. The position of each eddy n at time ¢ is computed as

zn(t) = zn(to) + Up(t —to),  yn(t) = yn(to),  zn(t) = zn(to)

where Uy is the bulk velocity at which the eddies are advected through the box. Once an eddy
reaches the end of the box, a new eddy is generated at the beginning of the box. The injected
eddies are translated through the box of eddies with a fixed structure, with all eddies having the
same characteristic length scale/wavenumber. When they leave the box, they interact with the mean
flow and each other, governed by the Navier-Stokes equations, developing into a broader spectrum in

space/time.

The field @;(x) is computed as
N
- X — Xp
u;(x) = ZEjngj (l ) (3.23)
n=1

where €5y, is the sign (+1 or -1) of eddy n for component j, which are drawn randomly from a uniform
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distribution to satisfy condition (3.21c), and where

3
X —Xp Ti — Tng
9; < I > = HGU <l> (324)
i=1

(2

where G;; are the shape functions, and /; are the characteristic length scales in each direction. The
injected eddies in this work are isotropic, therefore, I, = [, = [.. The shape of each eddy is defined
by Gj;j. These have compact support on [—1,1], ensuring that the eddies are spatially localised. To

satisfy condition (3.21b), the functions G;; must satisfy the equation

1 +1

2 _
2/, G2(€)de = 1. (3.25)

Additionally, G;; must be symmetric with respect to £ = 0 to satisfy condition (3.21a). Finally, the

corresponding correlation functions are given by

1 +1

Rij(r) = 5 Gij(§)Gij(§ + 1) dé. (3.26)

The SEM implemented in PyFR employs a source term formulation to introduce the synthetic turbu-
lence into the Navier-Stokes equations, similar to the approach proposed by Schmidt and Breuer [108]
for the digital filter method. This approach allows the turbulence to be injected away from bound-

aries, closer to regions of interest. For the incompressible solver, the source term S,; added to the

Sun(x.1) = u%(x,t)]__ (m — min>

G\

momentum equations is:

where u (x,t) are the velocity fluctuations, t;(x) = l;ip /Us is the characteristic turbulent time scale,
F() = exp(—%éQ) is a smoothing function to avoid strong variations of the source term across the
domain [108], xiy, is the streamwise location of the centre of the injection domain and l;lép is the clipping
length. For the compressible solver, source terms are added to the density, momentum, and energy
equations. To compute the density fluctuations, a strong Reynolds analogy (SRA) originally proposed
by Morkovin [109] for adiabatic wall turbulence is used, which provides a good approximation close
to a nonadiabatic wall [110]. The density fluctuations are then given by

o Uy (X, 1)

p6t) = (p)(r = DNHEE

(3.27)
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The implementation in PyFR is designed to scale efficiently and minimise memory bandwidth re-
quirements. Specifically, by precomputing and caching element intersections of every injected eddy
before the simulation starts, the cost of the implementation is able to scale as the number of eddies
intersecting an element at a given time — which for sensible grid resolutions will remain small —
as opposed to scaling with the overall number of injected eddies, which can be substantial for large

domains and small turbulent length scales.

3.1.4 Simulation Setup

For all simulations presented in this work, fourth-order polynomials were used to represent the solution
within each element of the mesh, thus nominally achieving fifth-order accuracy in space. A Rusanov
Riemann solver was used to calculate the inter-element inviscid fluxes and the Local Discontinuous
Galerkin [111] approach was used to calculate the inter-element viscous fluxes. An explicit 5th stage
4th order Runge-Kutta time-stepping scheme, specifically version RK45[2R+] [112], with a fixed time-
step was employed to advance the solution in time. These schemes are designed to have large time
step stability limits and have been widely adopted in a range of other high-order simulations [113,114].

No anti-aliasing was employed, and all runs were performed using double-precision arithmetic.

The validation of using PyFR for DNS of aerofoils under Martian atmospheric conditions is detailed
in Chapter 4 where various simulation configurations are explored and compared against published

experimental data to ensure an accurate representation of the physics.

3.2 Multi-Objective Genetic Algorithm Optimisation with pymoo

pymoo [97] is an open-source Python-based framework which supports various single, multi, and many-
objective test problems, automatic differentiation for gradients, parallelised evaluation, and tools for
multi-criteria decision-making, and includes various evolutionary algorithms. The framework’s design
enables integration with external software, making it adaptable for complex workflows. Its extensive
customisation options facilitate coupling with various tools, such as PyFR and Gmsh. Gmsh [115] is
the open-source meshing tool that has been used in this work to make automated unstructured meshes

around the geometries.
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3.2.1 Genetic Algorithms

Genetic Algorithms (GAs) [68] are used for the optimisation. These algorithms mimic the process of
natural selection to find optimal solutions. They are particularly well-suited for problems where the
design space is large and complex. Specifically, GAs explore the design space to find the fittest set
of design variables for the given objective functions by evolving populations of individuals through
generations. Although these algorithms require multiple evaluations to converge, they are suitable for
problems with multiple objectives and nonlinear objective spaces with various local optima. Moreover,
they do not require gradient information, which is challenging to obtain for the chaotic unsteady flow
solutions produced by DNS. The particular GA used here is the Non-dominated Sorting Genetic
Algorithm IT (NSGA-II), first presented by Srinivas and Deb [116] as NSGA and later improved by
Deb et al. [117] to NSGA-II.

Population Size and Number of Offspring: The population size remains constant throughout
the optimisation process, meaning that the optimal individuals from generation n can be replaced by
superior offspring in generation n + 1. NSGA-II employs an elitist-preserving approach, ensuring that
the best individuals are retained and transferred to the next generation. This strategy significantly
enhances the performance of the GA and helps prevent the loss of high-quality solutions once they
are discovered. The number of offspring determines how many new individuals are generated and
evaluated by the optimiser at each generation. The number of offspring does not necessarily need
to be the same as the population size. If a more greedy approach is desired and the evaluations are

expensive, the number of offspring can take a lower value.

Selection: Selection is the process of determining the best-performing solutions based on a fitness
function to be parents for the next generation. Various selection methods, such as roulette wheel,
tournament, or rank-based selection, can be used. The operator used in this work is Tournament
Selection [118]. Tournament selection involves randomly selecting a subset of individuals from the
population and choosing the best among them based on their fitness scores. The advantages of this

method include efficiency, diversity and simplicity.
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Crossover: Crossover is the process of combining pairs of parent solutions to produce offspring,
facilitating the exchange of genetic material between solutions to explore the design space. Various
crossover methods, such as single-point, two-point, or uniform crossover, can be applied. In this work,
the Simulated Binary Crossover (SBX) operator [119] is used, which is particularly suitable for real-
valued variables. SBX mimics the genetic recombination process observed in nature by producing
offspring that are likely to inherit traits from both parents while maintaining diversity in the popu-
lation. The SBX operator generates two offspring from two parent solutions by creating a blend of

their genetic information.

Mutation: Mutation is the process of introducing random variations to offspring to maintain genetic
diversity within the population and to help avoid premature convergence to local minima. By slightly
altering solution parameters, mutation ensures that the search process remains explorative and capable
of discovering new and potentially better solutions. In this work, Polynomial Mutation [119] is used,
which is particularly effective for real-valued variables. Polynomial Mutation operates by perturbing
each variable of an offspring with a certain probability, known as the mutation probability. This
operator is designed to create small variations in the offspring, mimicking the effect of mutation in

natural evolution.

3.2.2 Optimisation Process

Figure 3.1 shows the optimisation flowchart. The optimisation process consists of a set of executable
scripts that autonomously interact with each other. All optimisations presented in this work have been
run on the Piz Daint supercomputer at the Swiss National Supercomputing Centre (CSCS). pymoo
and Gmsh were invoked on the login node (Intel Xeon E5-2650 v3 2.30GHz CPU) via Bash scripts
and PyFR was invoked on the compute nodes (Tesla P100-16GB GPUs).

Initial Sampling

The initial sampling in GA optimisation is the first population in the optimisation. The initial sampling
can be designed to maximize exploration of the design space or can be strategically biased using domain

knowledge to improve the search process. In this work, Latin Hypercube Sampling (LHS) is primarily
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Figure 3.1: Flowchart of the optimisation process.

employed for the initial sampling. LHS is a technique used to generate a well-distributed set of points
within the design space targeting domain exploration. The specific details of the initial sampling
methods used for each optimisation are presented in the methodology sections of their respective

chapters.

Design Space and Design Variables

The range of possible aerofoil shapes constitutes the design space, and the variables within that
space are the design variables. This work focuses on optimising triangular aerofoils, where the design
variables are the coordinates of the apex of the triangle. Constraints are incorporated to ensure feasible
aerofoil designs, such as minimum aerofoil thickness and maximum sharpness of the edges to ensure
manufacturability. At each generation, a restriction step is applied, in which any individuals violating
the design space constraints are moved to the nearest point within the design space. More details can

be found in the methodology sections of each optimisation.
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Objective Space and Objective Functions

The metrics that define the fitness score of each individual in the optimisation process are the objective
functions, which form the objective space. This work employs a multi-objective optimisation approach
resulting in multiple Pareto-optimal solutions. The Pareto front represents a set of non-dominated
design solutions. Each solution on the Pareto front ensures that no other solution in the design space
can improve one objective without degrading another. This trade-off between objectives is fundamental
to multi-objective optimisation, providing a spectrum of optimal solutions rather than a single design.
The objective functions in this work are maximising lift and minimising drag. Detailed descriptions

of the cost function evaluations are provided in the methodology sections of each optimisation.

Evaluation

Evaluation involves assessing the fitness score of the offspring regarding the objective functions. In this
work, this step consists of three main stages. The first stage is the geometry and mesh generation with
Gmsh. A notable feature of Gmsh is that it can be scripted via a Python application programming
interface (API). This allows for the mesh automation around each aerofoil proposed by the optimiser
and for easy integration with the pymoo optimisation framework. Then, DNS are run for each aerofoil
shape to assess their aerodynamic performance. pymoo supports parallelised evaluations, enabling
DNS of multiple individuals to be run simultaneously. Additionally, each simulation is parallelised on
multiple Nvidia Tesla P100-16GB GPUs. Finally, the fitness score for each aerofoil is calculated by
post-processing the DNS output based on the two objectives: maximising lift and minimising drag.

More details on each stage are provided in each optimisation’s methodology section.

Genetic Operations

Selection, crossover, and mutation are applied to generate new aerofoil shapes. These genetic opera-

tions are iteratively applied to evolve the population towards better-performing solutions.
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Convergence and Termination Criterion

The optimisation process is repeated until convergence is achieved. The termination criterion in
this work is set based on a specific number of evaluations, considering the available computational
resources. Convergence is assessed by using a hypervolume metric [120], which is calculated as the
area dominated by the Pareto front at a particular generation with respect to a reference point.
Hypervolume is a widely used performance metric [121] as it is Pareto compliant [122] and captures
both convergence and diversity in a single value [123]. Convergence plots for each optimisation can

be found in their respective methodology sections.
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Chapter 4

Direct Numerical Simulations of a
Triangular Aerofoil under Martian

Conditions

In this chapter, a triangular aerofoil studied both experimentally and computationally by Munday et
al. [15], hereafter referred to as Reference aerofoil, is analysed using high-order accurate DNS with
PyFR, as described in Chapter 3, to validate the simulations against experimental data and to assess
the effect of both domain span and wind tunnel walls on DNS accuracy. Specifically, span-wise periodic
DNS are undertaken with various domain spans, as well as full-span DNS in a virtual wind tunnel
including no-slip walls, representative of the real wind tunnel, for a range of angles of attack, with a

fixed free-stream Mach number M = 0.15 and a chord-based Reynolds number Re = 3, 000.

The work presented in this chapter has been published in the ATAA Journal [124].
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4.1 Test Case

The experimental studies of Munday et al. [15] were carried out in the Mars Wind Tunnel (MWT) at
Tohoku University [42]. The test section of the MWT measures 400 mm in length, 150 mm in height,
and 100 mm in width; with the top and bottom walls of the test section inclined at 1.3 degrees to
compensate for boundary layer growth. The triangular aerofoil was placed in the middle of the test
section. It had a chord of 30 mm, a maximum thickness of 1.5 mm at 9 mm from the leading edge,
and spanned the width of the wind-tunnel test section; with a span-to-chord ratio of 3.33. Figure 4.1
shows a schematic of the aerofoil, in which all length scales are normalised by the chord, with its apex

position at (x,y) = (0.3,0.05), hereafter referred to as Reference aerofoil.

In the experiments, various quantities were measured including time-averaged lift, drag and pressure
coefficients defined as

Fp — D—D
—_— Cp= g 4.1
QOOA F 4o ( )

respectively, where F; and Fp are the time-averaged lift and drag forces, respectively, measured
with a force balance, p is the time-averaged static pressure obtained via mid-span pressure tappings

and pressure-sensitive paint (PSP), p, is a time-averaged reference static pressure measured at the

a
aerofoil apex, A is the aerofoil planform area, and ¢, is the time-averaged dynamic pressure. The

time-averaged dynamic pressure was obtained via

qOO - ﬁT,s - ﬁe) (42)

where prg is the time-averaged total pressure measured with a pitot tube in the settling chamber
of the wind tunnel and p, is the time-averaged static pressure measured at the entrance of the test

section.
For the PyFR simulations, instantaneous lift and drag coefficients are defined as

Fr, Fp
- 4.
Cr = . , Cp . , (4.3)

respectively, where F7, and Fp are the instantaneous forces on the aerofoil per unit area measured as
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the sum of viscous and pressure forces in the y and x directions, respectively, and ¢ is obtained via

1
Goo = 5 PooVie (4.4)

where po, is the free-stream density, measured at the centre of the inflow plane. Time-averaged lift
and drag coefficients C';, and Cp, can then be obtained by time-averaging Cy, and Cp, respectively,

over the Data Extraction Period.

| | ! >

0 0.3 1
X

Figure 4.1: Schematic of the Reference aerofoil studied experimentally and numerically by Munday et
al. [15] and used as validation case.

Both the experimental and computational studies of Munday et al. [15] were undertaken with M =
0.15 and M = 0.5, and Re = 3,000 and Re = 10,000, for various angles of attack « in the range
0° < a < 15°. In the present work, we focus on the case with M = 0.15 and Re = 3,000. Under these
conditions, the triangular aerofoil has a highly nonlinear lift curve, and various flow regimes can be
identified, including a laminar two-dimensional regime when o < 7° and a turbulent three-dimensional
regime when « > 9°. Specifically, when a < 7° the flow fully separates from the apex of the triangular
aerofoil, followed by subsequent vortex roll-up. However, when « > 9°, the flow fully separates from
the leading edge, with larger and stronger vortices rolling up on the suction surface compared to
those shed from the apex. These more energetic vortices induce a large area of low pressure on the
suction surface, which enhances lift, but also increases drag. In the transition region between these
two regimes, the point of full separation migrates from the apex to the leading edge, resulting in rapid
variation of lift with «. In the experimental studies of Munday et al. [15], this transition occurs in
the region o = 8° — 9°. However, in the computational studies of Munday et al. [15] it occurs in the
region o = 7° — 8°. The computational studies of Munday et al. [15] comprised span-wise periodic

DNS, with a domain-span to chord ratio of 0.3.
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4.2 Effects of Domain Span

4.2.1 Overview

In this section the effect of domain span on the accuracy of span-wise periodic DNS is investigated.
Specifically, results from two-dimensional (2D) PyFR simulations, and results from span-wise peri-
odic three-dimensional (3D) PyFR simulations with domain span-to-chord ratios of 0.3, 0.6 and 0.9,
are compared with previous experimental and computational results from Munday et al. [15]. All
simulations were undertaken using PyFR v1.10.0. Simulations were undertaken using Nvidia Tesla
V100-SXM2-16GB GPUs on Cirrus at the EPCC Advanced Computing Facility and Nvidia Tesla
P100-16GB GPUs on Piz Daint at the Swiss National Supercomputing Centre (CSCS).

4.2.2 Setup

Startup Process and Data Extraction

All simulations were initiated at ¢t = 0 with a uniform density p = 1.0, velocity v = {vg, vy, v.} =
{1.0,0.0,0.0} and pressure p = 31.746 throughout the entire domain. Simulations were advanced
a period t; to remove initial transients and then for a further t., henceforth referred to as the Data
Extraction Period during which data was extracted for analysis. For 2D simulations ¢; = 10t t. = 10t
when o < 8°, and t; = 15¢., t. = 15¢. when a > 8°, and for 3D simulations ¢; = 40t., t. = 20t. when
a < 8, and t; = 100¢., te = 50t, when a > 8°, and with, in all cases, t. = 1/vy where vy is
the z-velocity magnitude measured at the centre of the inflow plane and time-averaged over the Data
Extraction Period. Note that for the first 5¢. of each 3D simulation, the velocity prescribed at the inflow
plane was modified to have a time-dependent component as follows v = {140.2sin(100¢), 0.2 sin(100t),

0.2sin(100t) } to trigger flow instabilities.

Computational Domain

The origin in the streamwise-vertical zy-plane is located at the leading edge of the aerofoil when o« = 0°.

When changing the angle of attack, the aerofoil is rotated about its trailing edge. The dimensions
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of the computational domain are x € [—10,20] in the streamwise direction and y € [—10,10] in the
vertical direction. These are the same as those used in the computational study of Munday et al. [15].
The span-wise extent of the domain is varied, from zero for the 2D cases to z € [0, d,] for the 3D cases,

where the domain span §, is set to be 0.3, 0.6 and 0.9.

Meshes

For the 2D simulations, meshes are comprised of structured and unstructured regions in the streamwise-
vertical xy-plane. Specifically, structured quadrilateral meshes are located adjacent to the aerofoil
surfaces, extending a distance of 0.2 normally from the upper surface and 0.1 normally from the lower
surface into the domain. For high angles of attack, structured regions on the upper surface are aug-
mented after the apex to extend a distance of 0.5 normally into the domain. Structured quadrilateral
meshes are also located in the wake region, extending a distance of 6.0 downstream of the aerofoil.
The remainder of the streamwise-vertical zy-plane meshes are tessellated with an unstructured mix
of quadrilaterals and triangles. Figure 4.2 shows the mesh in the streamwise-vertical xy-plane for
a = 12°. The 2D meshes have ~ 6 x 103 elements and ~ 160 x 10% degrees of freedom per equation in

total when fourth-order solution polynomials are used to represent the solution within each element.

For the 3D simulations, the analogous 2D mesh is extruded in the span-wise z direction, generating
hexahedra and triangular prisms throughout the domain. The largest 3D meshes have ~ 155 x 103
elements, and ~ 19.4 x 105 degrees of freedom per equation in total when fourth-order solution

polynomials are used to represent the solution within each element.

Finally, we note that a grid independence study was undertaken for the 2D case with & = 15°, in which
the mesh was refined isotropically to have 1.92 and then 5.13 times more elements. This resulted in
values of C'j, varying by less than 0.4%. Moreover, for the 3D case with o = 15° and 0, = 0.9 it was
verified a posteriori in Figure 4.3 that 2.5n > A everywhere in the wake, where

\S/V

- (4.5)

is an estimate of the local solution point spacing, with V' the local element volume and g the polynomial
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Figure 4.2: View of mesh in the streamwise-vertical zy-plane used for 2D and span-wise periodic 3D
DNS with a = 12° of the Reference aerofoil. The origin in the streamwise-vertical zy-plane is located
at the leading edge of the aerofoil when o = 0°.

order used to represent the solution within each element of the mesh, and

_ (V;)” ' (4.6)

is the Kolmogorov length scale, with v the kinematic viscosity and
g = 2V82‘j82'j (47)

the dissipation rate, where s;; is the fluctuating rate-of-strain tensor. This is within the threshold
required to achieve DNS resolution given the simulations are nominally fifth-order accurate in space
[125]. Span-wise periodic DNS with o = 15° and §, = 0.9 was re-started from ¢ = 100t and run for
a further 400t., during which data was extracted for analysis. Figure 4.3 shows plots of A/n along
various mid-span lines for the span-wise periodic and virtual wind tunnel cases, respectively, where A

is an estimate of the solution point spacing given by Eq. (4.5) and 7 is an estimate of the Kolmogorov
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length scale given by Eq. (4.6).
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Figure 4.3: Plots of A/n in the mid-span plane as a function of y at x =3, x =5 and x = 7 (a) and
as a function of z at y = 0.2 (b) for span-wise periodic 3D DNS with o« = 15° and §, = 0.9 of the
Reference aerofoil.

Boundary Conditions

At the x = —10 inflow, x = 20 outflow, y = —10 bottom, and y = 10 top planes a characteristic bound-
ary condition was applied. Specifically, a density p = 1.0, velocity v = {v,,vy,v.} = {1.0,0.0,0.0}
and pressure p = 31.746 were prescribed. An impermeable no-slip adiabatic boundary condition was
prescribed at the aerofoil surface. For the 3D cases, periodic boundary conditions were applied in the
span-wise direction. Taken together these conditions achieved M = 0.15 and Re = 3,000. Note that

no turbulence was injected at the inflow.

4.2.3 Results

Figure 4.4 shows plots of C, and Cp as a function of a for the 2D and span-wise periodic DNS
undertaken with PyFR, as well as for the previous DNS and experimental studies of Munday et
al. [15].

The 2D PyFR results are seen to be in reasonable agreement with the experimental C;, and good
agreement with the experimental C'p for low a. However, as a increases and the flow becomes highly
separated and unsteady, the 2D PyFR simulations start to significantly over-predict both C, and C'p

relative to the experimental results, with discrepancies in Cr, reaching 80% when o = 15°.
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Figure 4.4: Plots of time-averaged lift coefficient C, (a) and drag coefficient C'p (b) as a function of
angle of attack a obtained from the MWT experiments of Munday et al. [15], span-wise periodic DNS
with 6, = 0.3 of Munday et al. [15], 2D DNS using PyFR, span-wise periodic DNS with §, = 0.3, ¢,
= 0.6, 6, = 0.9 using PyFR, and DNS in a virtual wind tunnel using PyFR.

The span-wise periodic DNS results obtained using PyFR with 6, = 0.3 are seen to be in excellent
agreement with both C and Cp obtained from the previous DNS of Munday et al. [15], which
were undertaken using the same domain span to chord ratio of 0.3. The trends in both Cr, and Cp
are also closer to the experimental data than the 2D PyFR results. This is because the span-wise
periodic DNS can capture the breakdown of large vortical structures shed above the suction surface
of the aerofoil. The importance of this effect becomes particularly apparent when « > 9° after the
point of full separation has moved to the leading edge of the aerofoil. Capturing the de-correlation
of these coherent vortical structures is of high importance to accurately predict the performance of
these unconventional aerofoils since they are their primary lift-generating mechanism, as detailed in

Chapter 2.

The span-wise periodic DNS results obtained using PyFR with §, = 0.6 and §, = 0.9 are similar to
those obtained with §, = 0.3 when o« < 9°. However, when o > 9° they achieve better agreement

with the experimental Cr, and C'p. Specifically, except for when o = 13°, discrepancies relative to
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the experimental C;, and Cp are reduced by between 20% and 50%. However, we note that changing

from §, = 0.6 to J, = 0.9 has little additional effect on both C, and Cp.

Figure 4.5 shows plots of C'p for a = 6° and o = 12° on the suction surface of the aerofoil as a function
of Z = x/a, where a is the x-wise distance between the leading and trailing edge of the aerofoil, for
the 2D and span-wise periodic DNS undertaken with PyFR, as well as for the previous DNS and
experimental studies of Munday et al. [15]. For the span-wise periodic DNS C'p was obtained using
Eq. (4.3), where p was obtained at each Z by space-time-averaging static pressure on the suction
surface of the aerofoil in span and over the Data Extraction Period, p, was obtained by space-time-
averaging static pressure within all mesh cells that had vertices coincident with the apex of the aerofoil

and over the Data Extraction Period, and ¢, was obtained via Eq. (4.4).

When a = 6° the 2D and span-wise periodic DNS results obtained using PyFR are seen to be in
good agreement with Cp obtained from the previous DNS and experiments of Munday et al. [15].
However, when o = 12° differences occur. Specifically, the 2D PyFR simulations start to significantly
over-predict C'p above the down-stream section of the aerofoil relative to the experimental results.
Span-wise periodic DNS results obtained using PyFR with §, = 0.3 are seen to reduce this discrepancy,
and achieve good agreement with Cp distributions obtained from the previous DNS of Munday et
al. [15], which were undertaken using the same domain span to chord ratio of 0.3. Increasing the
domain span to 6, = 0.6 is seen to reduce the discrepancy further still, dramatically flattening the Cp
distribution above the down-stream section of the aerofoil, and bringing it significantly closer to the
experimental results. However, further increasing the domain span from 4, = 0.6 to §, = 0.9 has little

additional effect on Cp.

Figure 4.6 shows instantaneous Q-criterion iso-surfaces, coloured by velocity magnitude, for the case
with o = 12° when d, = 0.3 and ¢, = 0.9, and at different points in the shedding cycle. Specifically,
the left-hand column shows the instant of maximum lift in a specific shedding cycle, the middle column
shows an instant of intermediate lift in the same cycle, and the right-hand column shows the instant
of minimum lift in the same cycle. Figure 4.7 shows instantaneous density gradient, at the instant of
maximum lift in a specific shedding cycle, for the case with o = 12° when §, = 0.3 and §, = 0.9, and
in different y-z planes. Specifically, the left-hand column shows a plane at the trailing edge, the middle

column shows a plane half a chord downstream from the trailing edge, and the right-hand column
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Figure 4.5: Plots of pressure coefficient Cp as a function of Z for angles of attack a = 6° (a) and
a = 12° (b) on the suction surface of the aerofoil obtained from the MWT experiments of Munday et
al. [15], span-wise periodic DNS with J, = 0.3 of Munday et al. [15], 2D DNS using PyFR, span-wise
periodic DNS with §, = 0.3, §, = 0.6, §, = 0.9 using PyFR, and DNS in a virtual wind tunnel using
PyFR.

shows a plane one chord downstream from the trailing edge. Note that for the case with §, = 0.3 the

periodic data is repeated three times to facilitate comparison with the §, = 0.9 case.

Taken together, Figures 4.6 and 4.7 show how using §, = 0.3 imposes non-physical periodicity, and
artificially suppresses the three-dimensional breakdown of coherent structures that form above the

suction surface of the aerofoil and in the wake.

4.3 Effects of Wind Tunnel Walls

4.3.1 Overview

This section assesses the effect of simulating the wind tunnel walls on the DNS’ ability to reproduce
experimental results. Specifically, results from full-span DNS of the triangular aerofoil in a virtual wind
tunnel, including all wind tunnel walls, are compared with previous experimental and computational

results from Munday et al. [15].
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Figure 4.6: Images of instantaneous @-criterion isosurfaces Q = 1, coloured by velocity magnitude |v|,
for & = 12° when §, = 0.3 (a), (b) and (c), and J, = 0.9 (d), (e) and (f), at different points in the
shedding cycle: maximum lift (a) and (d), intermediate lift (b) and (e), and minimum lift (c¢) and (f).
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Figure 4.7: Images of instantaneous density gradient magnitude |Vp|, at the instant of maximum lift
in a specific shedding cycle, for « = 12° when 6, = 0.3 (a), (b) and (c), and 6, = 0.9 (d), (e) and (f),
in different y-z planes: (a) and (d) show a plane at the trailing edge, (b) and (e) show a plane half a
chord downstream from the trailing edge, and (c) and (f) show a plane one chord downstream from
the trailing edge. Note that for the case with §, = 0.3 the periodic data is repeated three times to
facilitate comparison with the §, = 0.9 case.
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4.3.2 Setup

Startup Process and Data Extraction

All simulations were initiated at ¢ = 0 with a uniform density p = 1.0, velocity v = {vg, vy, v.} =
{1.0,0.0,0.0} and pressure p = 34.337 throughout the entire domain. Simulations were advanced a
period t; to remove initial transients, where t; = 96t. when o < 8 and t; = 144t. when o > &, and
then a further period t., henceforth referred to as the Data Extraction Period during which data was

extracted for analysis, where t, = 48t. when o < 8 and t. = 72t, when o« > 8, and with, in all cases,

te =1/V00.

Computational Domain

As per Sec. 4.2.2, the origin in the streamwise-vertical xy-plane is located at the leading edge of the
aerofoil when o = 0°. When changing the angle of attack, the aerofoil is rotated about its trailing
edge. The dimensions of the computational domain are z € [—5,8.333] in the streamwise direction,
y € [—2.5,2.5] in the vertical direction at the inlet, and z € [0, 3.333] in the span-wise direction, with
the top and bottom walls inclined at an angle of 1.3° to the streamwise direction. This configuration
matches the working section of the MWT, in which the experiments of Munday et al. [15] were

undertaken.

Meshes

Meshes are constructed by extruding 2D streamwise-vertical xy-plane meshes in the span-wise z direc-
tion. The streamwise-vertical zy-plane meshes are comprised of structured and unstructured regions.
Specifically, structured quadrilateral meshes are located adjacent to the aerofoil surfaces, extending
a distance of 0.2 normally from the upper surface and 0.1 normally from the lower surface into the
domain. For high angles of attack structured regions on the upper surface are augmented after the
apex to extend a distance 0.5 normally into the domain. Structured quadrilateral meshes are also
located in the wake region, extending a distance of 6.0 downstream of the aerofoil, and adjacent to the

top and bottom walls, extending a distance of 0.3 normally into the domain. The remainder of the
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streamwise-vertical zy-plane meshes are tessellated with an unstructured mix of quadrilaterals and
triangles. Extrusion of the 2D meshes in the span-wise z direction, generates hexahedra and trian-
gular prisms throughout the domain. Figure 4.8 shows the external surface of the mesh for oo = 12°.
The mesh has ~ 1.3 x 10° elements, and ~ 138 x 10% degrees of freedom per equation in total when

fourth-order solution polynomials are used to represent the solution within each element.
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Figure 4.8: View of the computational mesh used for the virtual wind tunnel DNS with o« = 12°. The
origin in the streamwise-vertical xy-plane is located at the leading edge of the aerofoil when a = 0°.

Finally, we note that mesh cells adjacent to the wind tunnel walls are sized aiming for §, > A in
the boundary layer, where §, is the local diffusive length scale of a Blasius boundary layer solution.
Moreover, for the o = 15° case, it was verified a posteriori in Figure 4.9 that 2.5n > A everywhere
in the wake. This is within the threshold required to achieve DNS resolution given the simulations
are nominally fifth-order accurate in space [125]. DNS in a virtual wind tunnel with a = 15° was
re-started from ¢ = 144¢. and run for a further 383t., during which data was extracted for analysis.
Figure 4.9 shows plots of A/n along various mid-span lines for the virtual wind tunnel case, where A
is an estimate of the solution point spacing given by Eq. (4.5) and 7 is an estimate of the Kolmogorov

length scale given by Eq. (4.6).
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Figure 4.9: Plots of A/#n in the mid-span plane as a function of y at + =3, v =5 and x = 7 (a) and
as a function of x at y = 0.2 (b) for DNS in a virtual wind tunnel with o = 15°.

Boundary Conditions

At the z = —15 inflow, a total pressure boundary condition was applied. Specifically, a total pressure
pr = 34.8804, a total temperature T = 0.1196 and an inflow angle normal to the inflow plane
were prescribed uniformly. At the x = 8.333 outflow plane, a characteristic boundary condition was
applied consisting of a uniform distribution of density p = 1.0 and pressure p = 34.3365, along with
a spatially varying velocity v = {vg, vy, v.} = {(tanh(8.307(y + 2.803)) — tanh(8.307(y — 2.803)) —
1.0)(tanh(8.307z) — tanh(8.307(z — 3.333)) — 1.0),0.0,0.0}. This velocity profile was selected by fitting
hyperbolic tangent functions to match the velocity distribution observed at the exit plane in a reference
simulation with an extended domain. The use of this profile ensured that the laminar boundary layer
could develop naturally in the domain, avoiding artificial perturbations at the exit, as shown in Fig.
4.10. An impermeable no-slip adiabatic boundary condition was prescribed at the aerofoil surface and
the wind tunnel walls. Taken together these conditions achieved M = 0.15 and Re = 3,000. Note

that no boundary layer and no turbulence was injected at the inflow.

4.3.3 Results

Full-span DNS in a virtual wind tunnel captures two important aspects of the flow physics that are
not present in the previous span-wise periodic DNS. Specifically, blockage effects are captured, as are

interactions between side wall boundary layers and the triangular aerofoil, which lead to span-wise
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Figure 4.10: Plot of the boundary layer thickness dgg as a function of x for the virtual wind tunnel
DNS with a = 11° on the lower and right-hand-side walls, measured at the mid-span and mid-height
respectively, alongside the Blasius laminar boundary layer thickness.

variations in the flow field.

Figure 4.4 shows plots of C;, and Cp as a function of o for DNS in a virtual wind tunnel undertaken
with PyFR, as well as for the previous DNS and experimental studies of Munday et al. [15]. For
the PyFR simulations C7, and C'p were obtained using Eq. (4.3), where Fr and Fp were obtained
by time-averaging the sum of viscous and pressure forces on the aerofoil in the y and x directions,

respectively, over the Data Extraction Period, and ¢, was obtained via Eq. (4.4).

Results from DNS in a virtual wind tunnel are seen to be in excellent agreement with the experimental
Cp, and Cp for low a.. This agreement is markedly better than that achieved using span-wise periodic
DNS. Moreover, it extends through to a = 9°, past the point at which full separation migrates from
the apex to the leading edge of the aerofoil. Indeed, at e.g. o = 8° the resulting error in CJ, relative
to the experimental data is 95% less than that achieved using span-wise periodic DNS. Finally, we
note that when a > 9° discrepancies begin to emerge between results from DNS in a virtual wind
tunnel and the experimental Cj, and Cp. However, these discrepancies are on the whole less than, or

at worst similar to, those achieved using span-wise periodic DNS.

Figure 4.5 shows plots of Cp for @« = 6° and a = 12° on the suction surface of the aerofoil as a
function of Z, for DNS in a virtual wind tunnel undertaken with PyFR, as well as for the previous
DNS and experimental studies of Munday et al. [15]. For the DNS in a virtual wind tunnel C'p was
obtained using Eq. (4.3), where p was obtained at each Z by time-averaging mid-span static pressure
on the suction surface of the aerofoil over the Data Extraction Period, p, was obtained by space-time-

averaging static pressure within the two mid-span mesh cells that had vertices coincident with the
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apex of the aerofoil and over the Data Extraction Period, and g was obtained via Eq. (4.4).

When a = 6° results from DNS in a virtual wind tunnel are seen to be in good agreement with
mid-span C'p obtained from the previous DNS and experiments of Munday et al. [15]. However, when
a = 12° differences occur. Specifically, DNS in a virtual wind tunnel over-predicts C'p above the
down-stream section of the aerofoil relative to the experimental results. The discrepancies are similar

to those that occur for span-wise periodic DNS with 6, = 0.6 and ¢, = 0.9.

Figure 4.11 shows distributions of C'p on the suction surface of the aerofoil for DNS in a virtual wind
tunnel undertaken with PyFR, as well as for the experimental studies of Munday et al. [15]. For the
PyFR simulations, C'p distributions were obtained using Eq. (4.3), where p was obtained by time-
averaging static pressure on the suction surface of the aerofoil over the Data Extraction Period, plus
an additional constant but « dependent shift; calculated to ensure each distribution had the same
span-wise average at the apex as the analogous experimental distribution. This shift was applied in
order to enable (at least qualitative) comparison between results, under the constraint that precise
values of the normalisation constants used to obtain the experimental Cp distributions were no longer
available. For all «, results from DNS in a virtual wind tunnel are seen to be in good qualitative

agreement with C'p distributions obtained experimentally by Munday et al. [15].

Figure 4.12 shows instantaneous ()-criterion iso-surfaces, coloured by velocity magnitude, for various
«, obtained using span-wise periodic DNS with §, = 0.9, and DNS in a virtual wind tunnel. It can be
seen that even for low o, DNS in a virtual wind tunnel leads to the breakdown of span-wise uniform
coherent structures, and hence 3D flow physics. In contrast, the flow remains entirely 2D for span-wise
periodic DNS when « is low. The excellent matching between simulation results and experimental
data at low angles of attack can be explained by this breakdown of 2D structures into 3D flow, and

due to the blockage in the virtual wind tunnel.

Figure 4.13 shows time-averaged velocity magnitude in the mid-span plane with superimposed velocity
Line Integral Convolutions (LICs), for various «, obtained using span-wise periodic DNS with 4, = 0.9,
and DNS in a virtual wind tunnel. Figure 4.14 shows time-averaged wall shear stress magnitude |7|
on the suction surface of the aerofoil with superimposed time-averaged wall shear stress Line Integral

Convolutions (LICs), for various «, obtained using DNS in a virtual wind tunnel. Figure 4.15 shows
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Figure 4.12: Images of instantaneous Q-criterion isosurfaces @Q = 1, coloured by velocity magnitude
|v|, for angles of attack o = 6° (a) and (b), a = 8° (c) and (d), and o = 15° (e) and (f), from span-wise
periodic DNS with span §, = 0.9 (a), (c¢) and (e), and virtual wind tunnel DNS (b), (d) and (f).
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the time-averaged friction coefficient defined as

— T,
or=", (4.8)

)
where 74 is the stream-wise component of the time-averaged wall shear stress and ¢~ was obtained via

Eq. (4.4), on the suction surface of the aerofoil in the mid-span plane as a function of &, for various

«, obtained using span-wise periodic DNS with §, = 0.9, and DNS in a virtual wind tunnel.

vl
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.58

(e) (f)

Figure 4.13: Images of time-averaged velocity magnitude |v| in the mid-span plane with superimposed
velocity Line Integral Convolutions (LICs) for angles of attack o = 7° (a) and (b), a = 8° (c¢) and (d),
and a = 9° (e) and (f), from span-wise periodic DNS with span ¢, = 0.9 (a), (c) and (e), and virtual
wind tunnel DNS (b), (d) and (f).

It can be seen that when o = 7° and o = 9° both the span-wise periodic DNS with §, = 0.9 and DNS
in a virtual wind tunnel exhibit similar separation characteristics. Specifically, when o = 7° a small
recirculation bubble develops after the leading edge, but full separation occurs from the apex, and when

o = 9° full separation occurs from the leading edge. However, when o = 8° separation characteristics
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Figure 4.14: Images of time-averaged wall shear stress magnitude |7| on the suction surface of the
aerofoil with superimposed time-averaged wall shear stress Line Integral Convolutions (LICs) for angles
of attack a = 7° (a), @ = 8° (b), and o = 9° (c¢) from virtual wind tunnel DNS.

differ. Specifically, for span-wise periodic DNS with §, = 0.9, the point of full separation has migrated
to the leading edge, whereas for DNS in a virtual wind tunnel, a small recirculation bubble remains

after the leading edge, and full separation still occurs from the apex. It is this suppression of the point
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Figure 4.15: Plots of friction coefficient éf on the suction surface of the aerofoil in the mid-span plane
as a function of Z for angles of attack o = 7° (a), a = 8° (b), and a = 9° (¢) from span-wise periodic
DNS with ¢, = 0.9 and virtual wind tunnel DNS.

at which full separation moves from the apex to the leading edge that results in DNS in a virtual wind

tunnel achieving much better agreement with experimental C;, and C'p than span-wise periodic DNS
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through to o = 9°, as shown in Figure 4.4.
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4.4 Summary

High-order GPU-accelerated PyFR DNS of flow over a triangular aerofoil, referred to as Reference
aerofoil, have been validated against experiments by Munday et al. [15] at a range of angles of attack,

with a fixed free-stream Mach number of 0.15 and chord-based Reynolds number of 3,000.

First, span-wise periodic DNS of the Reference aerofoil were undertaken. It was found that extending
the domain span from §, = 0.3 to J, = 0.6 improved agreement with associated wind tunnel data.
Extending it further to §, = 0.9 provided little additional benefit. In particular, on extending J, from
0.3 to 0.6 better agreement with C, Cp and mid-span Cp distributions were achieved at high angles
of attack (o > 9°), when the flow is separated. This is because §, = 0.3 was found to artificially
suppress the three-dimensional breakdown of coherent structures that form above the suction surface
of the aerofoil and in the wake. These coherent motions are the primary lift-generating mechanism
of these unconventional aerofoils, therefore, capturing their de-correlation in the spanwise direction
is vital to accurately predicting the aerodynamic forces. Despite this improvement, discrepancies
remained between the span-wise periodic DNS results and associated wind tunnel data for all angles

of attack studied.

Subsequently, full-span DNS of the Reference aerofoil in a virtual wind tunnel were undertaken,
including four no-slip walls representative of the experiment’s wind tunnel walls. These simulations,
which attempt to capture blockage effects and the interaction of wall boundary layers with the aerofoil,
led to further improved agreement with the associated wind tunnel data. Specifically, better agreement
with C, and C'p was achieved for all angles of attack compared with the span-wise periodic DNS
results. In particular, excellent agreement was achieved for low angles of attack (o < 7°) and in the
region where full separation moves from the apex to the leading edge (7° < o < 9°). Moreover, good
qualitative agreement was achieved with spatially resolved Cp distributions on the suction surface of

the aerofoil for all angles of attack studied.

The results are important in terms of understanding discrepancies between previous span-wise periodic
DNS of triangular aerofoils and associated wind tunnel data. They also demonstrated the utility of
high-order DNS with PyFR as a tool for accurately resolving flow physics associated with triangular

aerofoils under Martian atmospheric conditions.
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Chapter 5

Optimisation of Aerofoils for Martian
Rotorcraft using Direct Numerical

Simulations and Genetic Algorithms

In this chapter, optimisation of Martian aerofoils is performed using high-order accurate DNS with
PyFR and Genetic Algorithms (GAs) with pymoo, as described in Chapter 3. Specifically, triangular
aerofoils are optimised under flow conditions of chord-based Reynolds number Re = 3,000 and Mach
number M = 0.15. The chosen Reynolds number, Mach number and angles of attack « are represen-
tative of conditions at the root/mid-section of a rotor blade on a Martian helicopter. First, 2D and
3D DNS optimisations are run at o = 6° and o = 12° initialised with a Latin Hypercube Sampling
(LHS), which will be referred to as 2D-DNS-61,ps, 3D-DNS-61,515, 2D-DNS-12p g and 3D-DNS-12p pg,
respectively. Results are then compared, and the need for 3D DNS is discussed. Then, 3D DNS
optimisation is performed at o = 12° with the results of 2D-DNS-12; gg used for the initial population
of designs, which will be referred to as 3D-DNS-129pg. From each optimisation, optimal aerofoils
are found with improved performance compared to the Reference aerofoil investigated in Chapter 4.
Flow physics associated with the optimal aerofoils obtained from 3D-DNS-125pg are analysed and
compared with the flow physics associated with the Reference aerofoil to understand how they achieve
their improved performance. The work constitutes the first-ever use of DNS for aerodynamic shape

optimisation. The work presented in this chapter has been published as a journal paper in the AIAA

o6
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Journal [126] and as a conference paper in the ICCFD11 conference [127].

5.1 Methodology

5.1.1 Optimisation

The optimisation process is as described in Chapter 3. The selected population size for all optimisations
presented in this Chapter is 30 individuals and 15 offspring based on the nature and availability of

the computational resources.

Design Variables and Objective Functions

The triangular aerofoil to be optimised is represented in Figure 5.1. The design variables are the x
and y coordinates of the aerofoil’s apex, x, and y,, respectively. The coordinates are measured from

the leading edge of the aerofoil when a = 0°.

X

Figure 5.1: Triangular aerofoil with design variables x, and y,.

The objective functions are the time-averaged lift coefficient C',, which is to be maximised, and the
time-averaged drag coefficient C'p, which is to be minimised. C, and Cp, and their respective time-
averaged quantities, C';, and Cp, are defined as in Chapter 4, Equation (4.3). These are obtained
by automatically meshing each of the geometries with Gmsh [115], solving the flow physics with
PyFR [17], and extracting the time-averaged aerodynamic forces. All simulations were undertaken
using PyFR v1.15.0. The simulations ran on Nvidia Tesla P100-16GB GPUs on Piz Daint at the Swiss

National Supercomputing Centre (CSCS).
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5.1.2 Evaluation

Data Extraction

At t = 0, the simulations are initialised with uniform density p = 1.0, velocity v = {vg,vy,v.} =
{1.0,0.0,0.0} and pressure p = 31.746 throughout the domain. Simulations are advanced a period t;
to remove initial transients and then for a further ¢., referred to as the Data Extraction Period, during
which data is extracted for analysis. For 2D-DNS-61xg and 2D-DNS-121,ys optimisations t; = 50t.,
te = 50t., and for the 3D-DNS-61,ng, 3D-DNS-121 55 and 3D-DNS-125pg optimisations t; = 75i.,
te = T5t.. Values for ¢, and t. were selected a priori through manual analysis of the behaviour of
Cr, and Cp for each aerofoil in the initial population. As a reference, Figure 5.2 illustrates C, as
a function of time for a subset of nine aerofoils from the initial population of the 2D-DNS-125pg
optimisation. Additionally, the behaviour of C;, and Cp was manually reviewed a posteriori for each

aerofoil to confirm the suitability of ¢; and ¢..

While this manual approach was effective for this study, it may introduce inefficiencies or potential
averaging errors. Future work should focus on automating the determination of ¢; and t. during
simulations. Techniques for transient detection and averaging, such as those proposed by Bergmann
et al. [128] and Mockett et al. [129], offer promising solutions to streamline this process and ensure

consistency across simulations.

Computational Domain and Mesh

The computational domain and mesh for the triangular aerofoils are analogous to the ones in Chapter
4 for the Reference aerofoil (see Figure 4.2), which have been validated against experimental data.
All triangular aerofoils are defined to have a chord of 1.0 and infinitely sharp leading and trailing
edges. The origin in the streamwise-vertical zy-plane is located at the leading edge of the aerofoils
when a = 0°. The aerofoils are rotated about their trailing edges to achieve the desired angles of
attack of @ = 6° and o = 12°. The dimensions of the computational domain are x € [—10,20] in the
streamwise direction, y € [—10, 10] in the vertical direction and for 3D DNS z € [0, 0.6] in the spanwise
direction. The spanwise extent of 0.6 chords has been selected based on the findings of Chapter 4,

which show that this length is required to avoid constraining the breakdown of coherent vortices at
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Figure 5.2: Cp as a function of time for a subset of 9 aerofoils from the initial population of the
2D-DNS-125pg optimisation. The horizontal red line marks Cr. The vertical dotted lines mark the
start and end of the Data Extraction Period.

angles of attack o > 7° for a triangular aerofoil.

In terms of element count, the 2D DNS meshes have approximately ~ 6 x 103 elements and ~ 160 x 103
degrees of freedom per equation and the 3D DNS meshes have ~ 155 x 10? elements and ~ 19.4 x 10°
degrees of freedom per equation. These are similar to or greater than those used in Chapter 4 for the

Reference aerofoil.

Moreover, for four representative aerofoils on the Pareto front from the 2D-DNS-125pg optimisation,
DNS resolution was verified a posteriori. Specifically, it was determined that 3.57 > A throughout
the wake, where A is an estimate of the solution point spacing given by Eq. (4.5) and 7 is an estimate
of the Kolmogorov length scale given by Eq. (4.6). This is within the threshold required to achieve
DNS resolution given the simulations are nominally fifth-order accurate in space [125]. 3D DNS for
these four representative aerofoils were re-started from ¢ = 150¢. and ran for a further 400¢., during

which data was extracted for analysis.

Figures 5.3, 5.4, 5.5 and 5.6 show plots of A/n along various mid-span lines for four optimised repre-
sentative aerofoils, where A is an estimate of the solution point spacing given by Eq. (4.5) and 7 is

an estimate of the Kolmogorov length scale given by Eq. (4.6).
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Figure 5.3: Plots of A/n in the mid-span plane as a function of y at = 3, z = 5 and = 7 (a) and as
a function of z at y = 0.2 (b) for a representative Pareto optimal aerofoil from 3D-DNS-125pg (Group

1).

Figure 5.4: Plots of A/n in the mid-span plane as a function of y at x =3, z =5 and x = 7 (a) and as
a function of z at y = 0.2 (b) for a representative Pareto optimal aerofoil from 3D-DNS-125pg (Group
2).

Boundary Conditions

Analogous to Chapter 4, a characteristic char-riem-inv PyFR boundary condition with density p =
1.0, velocity v = {vz, vy, v.} = {1.0,0.0,0.0} and pressure p = 31.746, is applied at the x = —10 inflow,
x = 20 outflow, y = —10 bottom, and y = 10 top boundaries to achieve M = 0.15 and Re = 3,000. An
impermeable no-slip adiabatic no-slp-adia-wall PyFR boundary condition is applied at the aerofoil
surface. A periodic boundary condition is applied at the side planes. No turbulence is injected at the
inflow. Note that for an initial 5¢. of the 3D DNS, the velocity prescribed at the inflow plane is modified

to have a time-dependent component as follows v = {1 + 0.2sin(100¢), 0.2 sin(100¢), 0.2 sin(100¢)} to
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Figure 5.5: Plots of A/7n in the mid-span plane as a function of y at =3, z =5 and = 7 (a) and as
a function of z at y = 0.2 (b) for a representative Pareto optimal aerofoil from 3D-DNS-125pg (Group
3).
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Figure 5.6: Plots of A/n in the mid-span plane as a function of y at x = 3, z =5 and x = 7 (a) and as
a function of z at y = 0.2 (b) for a representative Pareto optimal aerofoil from 3D-DNS-12;pg (Group
4).

trigger flow instabilities to accelerate the transient period, with ¢t. = 1.0/vs where vy is the free-

stream velocity.

5.2 Comparison of 2D DNS vs 3D DNS as Evaluation

This section investigates the differences in results when optimising a triangular aerofoil using 2D and
3D high-order accurate DNS with PyFR at two different angles of attack. The aim is to assess the need

for resolving the three-dimensionality of the flow when optimising triangular aerofoils under Martian
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conditions. Specifically, 2D and 3D DNS optimisations are run at o = 6°, referred to as 2D-DNS-61 115
and 3D-DNS-61g respectively, and at o = 12°, referred to as 2D-DNS-121g and 3D-DNS-121 g
respectively, under the conditions of chord-based Reynolds number Re = 3,000 and Mach number

M = 0.15.

5.2.1 Low Angle of Attack, a =6°

2D-DNS-61,55 was run for 15 generations, with 15 individuals in each generation except for the first,
which had 30 individuals, resulting in 240 2D DNS evaluations. Each 2D DNS took approximately 2
hours to run on one Tesla P100-16GB GPU, hence, 2D-DNS-61 115 required approximately 480 GP Uhs.
3D-DNS-61,11s was run for 10 generations due to its higher cost, resulting in 165 3D DNS evaluations
in total. Each 3D DNS took approximately 23 hours to run on 20 Tesla P100-16GB GPUs, therefore,
3D-DNS-61 115 required approximately 80,000 GPUhs. Note that the 3D DNS were run on 20 Tesla
P100-16GB GPUs to achieve a run time below 24h, which is the maximum job duration limit on Piz

Daint. This avoided re-queuing to complete a given run.

Convergence is assessed using a hypervolume metric [120], which is calculated as the area dominated
by the Pareto front at a particular generation with respect to a reference point. Figure 5.7 shows the
hypervolume value, normalised by its value at the final generation, as a function of the number of
generations for 2D-DNS-61,yg (a) and 3D-DNS-61,55 (b). 2D-DNS-61s can be considered converged
by generation 13 as the hypervolume reaches a plateau. 3D-DNS-61,p1g is approaching convergence by
generation 10, but more generations should be run to confirm convergence. This was not done due to

limited resources.

Figure 5.8 shows the design space with plots of z,, y, (a) and Cr, Cp (b) for the initial population
of 2D-DNS-61,5s and 3D-DNS-61,55. 2D-DNS-61,14s and 3D-DNS-6;1,55 were seeded via the same Latin
Hypercube Sampling of the region 0.1 < x, < 0.9,0.02 < gy, < 0.1. The limits of the design space
were selected to avoid unfeasible/unrealistic geometries such as aerofoils too thin to manufacture, or
aerofoils with very blunt leading/trailing edges, whilst retaining substantive coverage of the design

space.

Figure 5.8 (b) shows that most of the aerofoils in the initial population result in very similar C'j, and

Cp when evaluated with 2D or 3D DNS, with some aerofoils showing significant differences in C7,.
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Figure 5.7: Normalised hypervolume convergence as a function of the number of generations for 2D-
DNS—GLHS (a) and 3D—DNS—6LHS (b)

Based on the findings of Chapter 4, large differences in aerodynamic coeflicients were not anticipated
at @ = 6° when using 2D or 3D DNS due to finding a mostly two-dimensional flow for the Reference
aerofoil when a < 7°. Clearly, some of the tested aerofoils exhibit three-dimensional properties that
can not be captured by 2D DNS, which result in an over-prediction of C';, in most cases. Nonetheless,
the set of aerofoils that are non-dominated in this initial population, and hence, that form the Pareto

front at generation 1, show comparable aerodynamic coefficients.

Figure 5.9 shows plots of 24, ¥, (a) and Cr, Cp (b) for the Pareto optimal aerofoils of 2D-DNS-61 15
and 3D-DNS-61,s. Figure 5.9 (a) also shows, represented with lines, the Pareto optimal aerofoils with
minimum Cp, maximum C7, /éD, and maximum C, and the Reference aerofoil. Additionally, Figure
5.9 (b) shows the Reference aerofoil at o = 6° and 2D-DNS-61ys Pareto optimal aerofoils run with
3D DNS. Even though 2D-DNS-61,55 and 3D-DNS-61 155 evolve differently due to the slight differences
in C';, and Cp from generation 1, which leads to testing different aerofoil shapes, both optimisations
evolve to overlapping Pareto fronts of non-dominated solutions, see Figure 5.9 (b). However, these
overlapping Pareto fronts correspond to slightly different aerofoil shapes, see Figure 5.9 (a). To verify
if Pareto optimal aerofoils found from 2D-DNS-61 15 are optimal when considering three-dimensional
physics, they were run with 3D DNS. Figure 5.9 (b) shows that they are still optimal as they are
within the Pareto front of 3D-DNS-61 gs.
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Figure 5.8: Design space with plots of x,, y, (a) and plots of C', Cp (b) for the initial population of
2D-DNS-61,5s and 3D-DNS-61,45, and the Reference aerofoil at o« = 6°.

Figures 5.10 (a), (c), (e) show the time-averaged velocity magnitude in the midspan plane with su-
perimposed velocity line integral convolutions (LICs) for the Pareto optimal aerofoils with minimum

drag (a), maximum lift-to-drag ratio (b) and maximum lift (¢) from 2D-DNS-61,s run with 3D DNS.
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Figure 5.9: Plots of x,, 3y, for the Pareto optimal aerofoils of 2D-DNS-61,1g and 3D-DNS-61 g, with the
minimum C'p, maximum C/Cp, and maximum C, aerofoils and the Reference aerofoil represented
with lines (a). Plots of Cr, C'p (b) for the Pareto optimal aerofoils of 2D-DNS-61ys and 3D-DNS-
61us, the Reference aerofoil at a@ = 6° and 2D-DNS-61,ys Pareto optimal aerofoils run with 3D DNS

(b).
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Figure 5.10: Images of time-averaged velocity magnitude in the midspan plane with superimposed
velocity line integral convolutions (LICs) on the left (a),(c),(e) and images of instantaneous Q-criterion
isosurfaces @@ = 1, coloured by velocity magnitude |v|, on the right (b),(d),(f) for the Pareto optimal
aerofoils with minimum Cp (a),(b), maximum Cp/Cp (c),(d), and maximum C}, (e),(f) obtained
from 2D-DNS-61,yg run with 3D DNS.

Figures 5.10 (b), (d), (f) show images of instantaneous Q-criterion, @ = 3(||2||* — [|S|[?), isosur-
faces of () = 1, coloured by velocity magnitude over the same three Pareto front aerofoil shapes from

2D-DNS-61,5s run with 3D DNS.

The minimum drag aerofoil, Figures 5.10 (a) and (b), exhibits a small laminar separation bubble near
the leading edge and flow separation from the apex of the aerofoil, similar to the Reference aerofoil

at o < 7°. Instead, the maximum lift-to-drag ratio aerofoil, Figures 5.10 (c¢) and (d), and maximum
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lift aerofoil, Figures 5.10 (e) and (f), exhibit flow separation from the leading edge with subsequent
roll-up of vortices, similar to the Reference aerofoil when « > 7°, with the flow appearing reattached
at the apex in the time-averaged sense from the LIC images. The @-criterion images show mostly
two-dimensional flow over the aerofoils for all three cases, even if there is vortex roll-up shedding from
the leading edge for (c) and (f). Three-dimensional structures can be identified towards the trailing
edge in Figure 5.10 (c) for the maximum lift aerofoil, which explains the larger differences in C', for

the maximum lift aerofoil in Figure 5.9 (b).

Given that the three examined aerofoils inhabit the extremes in the objective space, it may be assumed
that all the aerofoils in the Pareto front have similar flow structures, with two-dimensional flow over
most of the aerofoil surface. This corroborates the ability of using 2D DNS evaluations for triangular
aerofoil optimisation at an angle of attack of a = 6° and flow conditions of Re = 3,000 and Mach
number M = 0.15 and, presumably, at lower angles of attack and/or lower Reynolds numbers. Using
2D DNS for cost-function evaluation in the optimisation allows a reduction in cost of approximately

150 times.

5.2.2 High Angle of Attack, a = 12°

2D-DNS-1215g was run for 25 generations, with 15 individuals in each generation except for the
first, which had 30 individuals, totalling 390 2D DNS evaluations. Each 2D DNS took approximately
2 hours to run on one Tesla P100-16GB GPU, hence, 2D-DNS-121 15 required approximately 780
GPUhs. 3D-DNS-12p g was run for 15 generations, resulting in 240 3D DNS evaluations. Each 3D
DNS took approximately 23 hours to run on 36 Tesla P100-16GB GPUs, therefore, 3D-DNS-121 g
required approximately 200,000 GPUhs. Note that the 3D DNS were run on 36 Tesla P100-16GB
GPUs to achieve a run time below 24h, which is the maximum job duration limit on Piz Daint. This

avoided re-queuing to complete a given run.

Similarly to before, convergence is assessed using the hypervolume metric [120]. Figure 5.11 shows the
hypervolume value, normalised by its value at the final generation, as a function of the number of gen-
erations for 2D-DNS-121 5 (a) and 3D-DNS-121 g (b). 2D-DNS-12p g can be considered converged
from generation 20 as the hypervolume reaches a plateau. 3D-DNS-121 g does not show convergence

after 15 generations and more generations should be run. This was not done due to limited resources.
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Figure 5.11: Normalised hypervolume convergence as a function of the number of generations for
2D-DNS-12p s (a) and 3D-DNS-12155 (b). Note that 3D-DNS-121 g does not show convergence and

was not run further due to limited resources.

Figure 5.12 shows the design space with plots of x4, ¥, (a) and Cp, Cp (b) for the initial population
of 2D-DNS-121,ys and 3D-DNS-12;ys. 2D-DNS-121,4s and 3D-DNS-12;1,4g were seeded via a Latin

Hypercube Sampling of the constrained design space. Design space constraints were applied such that

01<2,<0.9, 002<y,<04, yo—24<0, x2,+y,—1=<0. (5.1)

These avoid unfeasible/unrealistic geometries such as aerofoils that are too thin to manufacture, or
aerofoils with very blunt leading/trailing edges, whilst retaining substantive coverage of the design
space. A restriction step was applied in which any individuals violating the design space constraints
were moved to the nearest point within the design space. Note that the constrained design space
for the current optimisations has been extended compared to o = 6° since preliminary tests showed

aerofoils evolving towards the boundaries of a smaller design space.

Figure 5.12 (b) shows large differences in the aerodynamic coefficients obtained from the initial pop-
ulation of 2D-DNS-121s and 3D-DNS-12r 5. Specifically, 3D DNS evaluations show lower Cr, and
Cp compared to 2D DNS evaluations. This aligns with the findings in Chapter 4 for the Reference
aerofoil at various high angles of attack, where the spanwise breakdown of the coherent vortices shed

from the leading edge resulted in a weaker suction.
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Figure 5.12: Design space with plots of x,, y, (a) and plots of C, Cp (b) for the initial population
of 2D-DNS-121,»4s and 3D-DNS-121 g, and the Reference aerofoil at o = 12°.

Figure 5.13 shows plots of 74, ¥, (a) and C, C'p (b) for the Pareto optimal aerofoils of 2D-DNS-121 yg

and 3D-DNS-121g. Figure 5.13 (a) also shows, represented with lines, the Pareto optimal aerofoils
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Figure 5.13: Plots of x,, y, for the Pareto optimal aerofoils of 2D-DNS-121 s and 3D-DNS-121 g,
with the minimum Cp, maximum C7p, /6D, and maximum C aerofoils and the Reference aerofoil
represented with lines (a). Plots of C', Cp (b) for the Pareto optimal aerofoils of 2D-DNS-121 yg and
3D-DNS-121,gs, the Reference aerofoil at o = 12° and 2D-DNS-12;,ys Pareto optimal aerofoils run
with 3D DNS (b).
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with minimum Cp, maximum C/Cp, and maximum Cp, and the Reference aerofoil. Additionally,
Figure 5.13 (b) shows the Reference aerofoil at a@ = 12° and 2D-DNS-12,i5s Pareto optimal aerofoils
run with 3D DNS. Pareto optimal aerofoils from 2D-DNS-121 g in Figure 5.13 (a) show apex positions
(%4, ya) closer to the trailing edge compared to Pareto optimal aerofoils from 3D-DNS-12p yg. Contrary
to the results for a = 6°, Pareto fronts from 2D-DNS-12p g and 3D-DNS-12;5g in Figure 5.13 (b) do

not overlap. Instead, 2D-DNS-1211g shows higher Cr, and lower Cp values.

Evaluating the Pareto optimal aerofoils from 2D-DNS-12; 15 using 3D DNS reveals a shift in the aero-
dynamic coefficients by 5 to 15%. This shift reiterates the previous findings that 2D DNS constrains
the flow, failing to simulate the flow physics accurately. Aside from this shift, most Pareto optimal
aerofoils from 2D-DNS-121 g are positioned in the dominated region of the 3D-DNS-121 g Pareto
front, with a few exceptions. Notably, one exception dominates a solution found by 3D-DNS-12; yg,
while others extend the Pareto front to the left of the objective domain. These indicate that the
3D-DNS-121,1g optimisation has not fully converged, as denoted by the hypervolume metric. Despite
these findings, most aerofoils identified by 2D-DNS-121 35 are non-optimal when evaluated with 3D
DNS. This serves as evidence that optimisation using 3D DNS is necessary to achieve the optimal set

of aerofoil designs at a = 12° under flow conditions of Re = 3,000 and Mach number M = 0.15.

Figures 5.14 (a), (c), (e) show the time-averaged velocity magnitude in the midspan plane with super-
imposed velocity line integral convolutions (LICs) for the Pareto optimal aerofoils with minimum C'p
(a),(b), maximum C/Cp (c),(d), and maximum C7, (e),(f) obtained from 3D-DNS-12ys. Figures
5.10 (b), (d), (f) show images of instantaneous Q-criterion, @ = 3(||2||>—||S||?), isosurfaces of @ = 1,
coloured by velocity magnitude over the same three Pareto front aerofoil shapes from 3D-DNS-121 gs.
The time-averaged LICs show that, for all three cases, the flow separates from the leading edge, with
a vortex rolling up on the suction side of the aerofoil, acting as the lifting mechanism. The @Q-criterion
iso-surfaces show the unsteady nature of the flow, with a three-dimensional breakdown of the stream-
wise vortices in the spanwise direction. The next section investigates the flow mechanisms of optimum

aerofoils in more depth.

As the examined aerofoils inhabit the extremes of the 3D-DNS-12;yg Pareto front, it may be as-
sumed that all aerofoils found in the Pareto front experience similar separation phenomena with

three-dimensional flow structures breaking the coherence of the streamwise vortices. Also, findings
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() (f)

Figure 5.14: Images of time-averaged velocity magnitude in the midspan plane with superimposed
velocity line integral convolutions (LICs) on the left (a),(c),(e) and images of instantaneous @Q-criterion
isosurfaces @@ = 1, coloured by velocity magnitude |v|, on the right (b),(d),(f) for the Pareto optimal
aerofoils with minimum Cp (a),(b), maximum Cp/Cp (c),(d), and maximum C}, (e),(f) obtained
from 3D-DNS-12; ys.

show that Pareto optimal aerofoils from 2D-DNS-121 g evaluated with 3D DNS show similar three-
dimensional physics with spanwise breakdown, but do not maintain optimality. Therefore, it can be
concluded that when optimising triangular aerofoils at o = 12° under flow conditions of Re = 3,000
and Mach number M = 0.15, 3D DNS should be used to capture the fundamentally three-dimensional
nature of the lifting mechanism. Finally, given that the breakdown is expected to be more acute the

higher the angle of attack or the higher the Reynolds number, this statement presumably holds for

Optimisation of Aerofoils for Martian Rotorcraft using Direct Numerical Simulations and Genetic 72
Algorithms



5.3. Optimisation Results at a = 12° using 3D DNS

higher angles of attack and/or higher Reynolds numbers.

5.3 Optimisation Results at a = 12° using 3D DNS

Whilst it has been well established that 2D DNS can miss important flow physics at o = 12°, t is rea-
sonable to assume that the 2D-DNS-12111g results retain enough relevant information to significantly
accelerate the convergence of the 3D-DNS-125pg optimisation. This approach is expected to reduce
the overall computational cost, as 2D DNS calculations are approximately 100 times cheaper than
3D DNS calculations. Using the 2D-DNS-121 15 results as the initial sampling introduces meaningful
physical insights, in contrast to a Latin Hypercube Sampling (LHS) approach, which lacks this added

physical context.

2D-DNS-121 15 required approximately 780 GPUhs as previously stated. 3D-DNS-129pg was run for
16 generations, with 15 individuals in each generation except for the first, which had 30 individuals.
Each 3D DNS took approximately 23 hours to run on 36 Tesla P100-16GB GPUs, therefore, 3D-DNS-
129pg required approximately 210,000 GPUhs. In total, the overall cost of the optimisation was ~
212,000 GPUhs.

Convergence of 3D-DNS-125pg is assessed using a hypervolume metric [120]. Figure 5.15 shows the
hypervolume value, normalised by its value at the final generation, as a function of the number of
generations for 3D-DNS-129pg.  Additionally, the plot shows the hypervolume for 3D-DNS-12p g
normalised by the hypervolume at the final generation of 3D-DNS-129pg. Note how 3D-DNS-125pg
converges faster than 3D-DNS-121 15 since the former is seeded with a biased set of aerofoils closer to

the optimum solution.

5.3.1 Optimal Aerofoils

Figure 5.16 (a) plots apex locations in the z,, y, design space for the initial population (hollow
circles), and Pareto optimal aerofoils (solid circles) from 3D-DNS-129pg, along with the Reference
aerofoil. The optimal aerofoils are thicker than the Reference aerofoil, and their apexes are shifted
downstream. Figure 5.16 (b) plots the initial population (hollow circles) and the Pareto front of

optimal aerofoils (solid circles) from 3D-DNS-125pg and the Reference aerofoil at v = 12° in the C7p,
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Figure 5.15: Normalised hypervolume convergence as a function of the number of generations for
3D-DNS-121 15 and 3D-DNS-129pg. Note that it is normalised by its value at the last generation of
3D-DNS-129pg.

C'p objective space. All the aerofoils on the Pareto front have improved C, and C'p compared to the

Reference aerofoil. Specifically, C', is increased by up to 48% and Cp is reduced by up to 28%.

Based on associated flow characteristics, four distinct groups of aerofoils can be identified on the Pareto
front, defined as per Table 5.1. A detailed discussion of the flow physics associated with each group,
including analyses of Q-criterion isosurfaces, lift coefficient Cf,, time-averaged pressure coefficient C)p,
time-averaged velocity line integral convolutions (LICs) and time-averaged skin friction coefficient C'y,

are presented below.

5.3.2 Q-criterion Isosurfaces and Lift Time Series

Figure 5.17 shows, for a representative aerofoil of each group and the Reference aerofoil, instantaneous
Q-criterion isosurfaces coloured by velocity magnitude |v| (left), Cr, time series for the Data Extraction

Period (middle) and Cp, spectra for the Data Extraction Period (right).

The @Q-criterion isosurfaces show the inherently unsteady nature of the flow over all aerofoils, with
separation from the sharp leading edge and subsequent roll-up of large coherent structures on the
suction side of the aerofoils. In all cases, the flow breaks down in the spanwise direction and becomes

three-dimensional. For Groups 1 and 2, it is easy to identify the rib-roller vortex structure in the wake,
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Figure 5.16: Plots of z,, y, for the initial population (hollow circles), and optimal aerofoils (solid
circles), from 3D-DNS-125pg and the Reference aerofoil (a). Plots of C, C'p for the initial population
(hollow circles), and optimal aerofoils (solid circles), forming the Pareto front, from 3D-DNS-129pg
and the Reference aerofoil (b).
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— — Spanwise C, temporal = ae . = 1e . .
Group Cy, and Cp breakdown behaviour () distribution C distribution
1 Lowest Rib-roller Low amplitude with Plateau with Change of sign at
OwWes vortex structure dominant freq. St =~ 1.1 early fall trailing edge
9 Intermediate Rib-roller Low amplitude with Plateau with  Change of sign at apex
vortex structure dominant freq. St ~ 1.1 later fall and trailing edge
. Spanwise High amplitude with Plateau with Change of sign at apex
3 Intermediate unstructured  dominant freq. St ~ 0.65 later fall and trailing edge
4 Hichest Spanwise High amplitude with Plateau with Change of sign at
& unstructured  dominant freq. St ~ 0.65 later fall trailing edge
. High amplitude with Plateau with Change of sign at
Reference Spanwise . .-
. - dominant freq. St &~ 1.1 and smooth fall and trailing edge and
aerofoil unstructured

energy content at low freq.  lower suction weaker recirculation

Table 5.1: Flow characteristics associated with each of the four distinct groups of aerofoils on the
Pareto front from 3D-DNS-129pg, and flow characteristics associated with the Reference aerofoil.

typical of a mixing layer [130], with periodically repeating cells of span ~0.3 chords. For Groups 3
and 4, the breakdown is unstructured, with no repeating spanwise structures. The C}, time series also
reflect the unsteadiness of the flow that is characteristic of these sharp-leading-edge aerofoils, with
large-amplitude oscillations corresponding to the vortex roll-up. Groups 1 and 2 show lower amplitude
fluctuations than Groups 3 and 4. A correlation between large amplitude fluctuations and high C7,
can be identified from the plots, with Groups 3 and 4 having the highest of both. The spectra show
the dominant frequencies of the C'f, time series for the representative aerofoils of each group. Groups
1 and 2 have a dominant frequency at St ~ 1.1, while Groups 3 and 4 have a dominant frequency
at St =~ 0.6. The Reference aerofoil induces similar flow behaviour to Groups 3 and 4 in terms of
span-wise breakdown and Cp time series. However, its dominant frequency of St = 1.1 is closer to

that of Groups 1 and 2.

5.3.3 Pressure Coefficient Distribution

Time-averaged pressure coefficient C,, is defined as in Chapter 4, Equation (4.1). Figure 6.7 plots
mid-span ép distributions on the surface of a representative aerofoil from each group on the Pareto
front, and the Reference aerofoil, as a function of & = x/a, where a is the z-wise distance between the
leading and trailing edge of the aerofoil. The vertical dashed lines show the position of the apex for

each aerofoil.

The optimal aerofoils exhibit a region of lower ép above the upstream portion of the suction surface,
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Figure 5.17: Instantaneous Q-criterion isosurfaces coloured by velocity magnitude |v| (left), Cf time-
series (middle) and C7, spectra (right) for one representative aerofoil of each group on the Pareto front
from 3D-DNS-125pg and the Reference aerofoil.
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followed by a downstream pressure recovery region, which is typical of a laminar separation bubble
[25,45,131,132]. Specifically, 6,, remains broadly constant over the upstream portion of the suction
surface. There is then a rapid pressure recovery region immediately upstream of the apex, followed by
a final slower recovery region downstream of the apex; although in all cases C}, does not fully recover

to the free-stream value prior to the trailing edge.

The Reference aerofoil exhibits a relatively much flatter C), distribution over the suction surface of
the aerofoil, attaining significantly higher C), than the optimal aerofoils over the upstream portion of

the suction surface, but a slightly lower value over the downstream portion of the suction surface.
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Figure 5.18: Plots of mid-span C, distributions on the surface of a representative aerofoil from each
group on the Pareto front from 3D-DNS-125pg, and the Reference aerofoil, as a function of . The
dashed lines show the position of the apex for each aerofoil.

5.3.4 Velocity Line Integral Convolutions (LICs) and Skin Friction Distribution

The time-averaged skin friction coefficient Cy is defined as in Chapter 4, Equation (4.8). Figure 6.8
plots time-averaged velocity magnitude |v| in a span-wise constant plane, with superimposed time-
averaged velocity Line Integral Convolutions (LICs) [133] (left), and C distributions on the suction
surface as a function of Z (right), for a representative aerofoil from each group on the Pareto front,

and the Reference aerofoil. The dashed lines show the position of the apex for each aerofoil.

For the optimal aerofoils, the LIC plots show two large recirculation regions adjacent to the suction
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Figure 5.19: Time-averaged velocity magnitude |v| in a span-wise constant plane, with superimposed
time-averaged velocity LICs (left), and mid-span C # distributions on the suction surface as a function
of Z (right), for a representative aerofoil from each group on the Pareto front from 3D-DNS-129pg,
and the Reference aerofoil. The dashed lines show the position of the apex for each aerofoil.
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surface, which are responsible for the increased lift. The recirculation regions can also be identified
from the two pronounced negative peaks in the C ¢ distributions. aerofoils in Groups 2 and 3 experience
a change in sign of 6f near the apex, which signifies reattachment in the time-averaged sense. The
flow then separates again downstream of the apex, with vortices rolling up on the downstream suction
surface of the aerofoil. aerofoils in Groups 1 and 4 show a similar éf distribution to those in Groups
2 and 3, but without reattachment; they induce separated flow, in the time-averaged sense, for the
entirety of the chord. All the aerofoils induce a change of sign of 6f near the trailing edge due to the
vortex generated by the flow coming from the pressure surface being sucked upwards to the suction

surface.

The Reference aerofoil exhibits fully separated flow from the leading edge with a recirculation region
further downstream and further away from the suction surface compared to the Pareto optimal aero-
foils. Consequently, the Reference aerofoil is unable to create such a strong overall suction effect, as

observed in the C, distribution in Fig. 6.7.

5.4 Summary

Triangular aerofoil shapes with sharp leading edges have been optimised for Martian atmospheric
conditions, targeting aerodynamic performance. Optimisations have been performed with both 2D
and 3D DNS with PyFR, at angles of attack « = 6° and o = 12°, with a chord-based Re = 3,000
and Mach number M = 0.15. Specifically, multi-objective optimisation was performed to maximise

liftt and minimise drag, yielding a Pareto front of non-dominated aerofoils.

For low angles of attack (o = 6°), it has been shown that the optimal aerofoils induce predominantly
two-dimensional flow. 2D and 3D DNS evaluations have given similar aerodynamic coefficients, which
resulted in similar optimum aerofoil shapes for both optimisations. Furthermore, the 2D DNS Pareto
optimal aerofoils evaluated with 3D DNS are still within the 3D DNS Pareto optimal set of solutions.
Thus, 2D DNS optimisation can be used to optimise triangular aerofoils at low angles of attack such

as a = 6°, under the conditions tested.

On the other hand, at an angle of attack of a = 12°, optimisation with 2D and 3D DNS yields different

results. It has been shown that 2D DNS evaluations over-predict lift and under-predict drag at o = 12°
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due to the lack of capturing the three-dimensional breakdown of vortices. When evaluated with 3D
DNS, the 2D DNS Pareto optimal aerofoils fall into the dominated area of the 3D DNS Pareto front.
Furthermore, Pareto optimal aerofoils rely on the vortex roll-up shed from the leading edge with a
three-dimensional breakdown in the spanwise direction. Hence, 3D DNS optimisation is necessary to

optimise triangular aerofoils at high angles of attack such as o = 12°, under the conditions tested.

A set of Pareto optimal aerofoils is obtained from 3D DNS optimisation at a = 12° with 2D DNS
optimisation results as the initial sampling. The resulting aerofoil shapes are investigated in terms
of @-criterion isosurfaces, lift coefficient spectra, pressure coefficient distributions, velocity line in-
tegral convolutions and skin friction distributions to elucidate the flow physics that yield optimal

performance.

The aerofoils on the Pareto front achieve optimal performance by exploiting vortex roll-up as a lifting
mechanism. Specifically, they aim to retain a strong vortex close to the upstream portion of the
suction surface, prior to the apex, whilst avoiding excessive inclination of the downstream portion of
the suction surface, which would result in a high-pressure drag. This is achieved by positioning their
apexes downstream of x =~ 0.5 and at y ~ 0.15; setting the upstream portion of the suction surface

approximately parallel to the free-stream flow when o = 12°.

Aerofoils in Group 1 have the lowest C, values since their apexes are upstream of those in Groups 2,
3 and 4, which reduces the extent of the low-pressure region on the upstream portion of the suction
surface. Group 1 aerofoils also have the lowest C'p values, likely because the downstream portion of
their upper surface is less steeply inclined. Aerofoils in this Group exhibit a rib-roller vortex structure

with low amplitude Cp, fluctuations and a dominant frequency at St = 1.1.

Aerofoils in Groups 2 and 3 are in the middle of the Pareto front, with intermediate values of C';, and
Cp. The aerofoils in these groups are characterised by reattachment of the flow near the apex in the
time-averaged sense. They have intermediate values of C';, and C'p because the low-pressure region on
the upstream portion of their suction surface is larger than for Group 1, but their vortices roll up further
from the suction surface compared to Group 4. Groups 2 and 3 differ in their vortex structures and Cj,
behaviour. Aerofoils in Group 2 have a rib-roller vortex structure with low-amplitude Cp, fluctuations
and a dominant frequency at St = 1.1, similar to Group 1. Group 3 aerofoils show higher values of C'r,

and C'p compared to those in Group 2, and they exhibit an unstructured spanwise breakdown of the
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coherent motions shed into the wake, with high-amplitude C, fluctuations and a dominant frequency

at St = 0.65.

Finally, aerofoils in Group 4 have the highest values of C';, and C'p because the low-pressure region
on the upstream portion of their suction surface is larger than for Group 1, and their vortices roll-up
closer to the suction surface compared to Groups 2 and 3. Aerofoils in this Group exhibit similar flow
structures and Cp, behaviour to those in Group 3, with an unstructured spanwise breakdown of the
coherent motions shed into the wake, high amplitude C; fluctuations and a dominant frequency at

St = 0.65.

The optimised aerofoils that form the Pareto front achieve up to a 48% increase in lift or a 28%
reduction in drag compared to the Reference aerofoil. This work marks the first-ever use of DNS for

aerodynamic shape optimisation.
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Chapter 6

Effects of Free-Stream Eddies on
Genetic Algorithm Optimisation of
Aerofoils for Martian Rotorcraft using

Direct Numerical Simulations

This chapter is divided into the following investigations. First, it examines the effect of free-stream
eddies on the performance of optimised triangular aerofoils for Martian atmospheric conditions. Then,
it explores the impact that optimising triangular aerofoils affected by free-stream eddies has on the
resulting optimal aerofoil shapes. The aim is to understand to what extent physics are modified when

the inflow contains free-stream eddies, and whether optimal designs remain the same.

To this end, Pareto optimal aerofoils from 3D-DNS-125pg from Chapter 5 - optimised for steady,
uniform inflow - have been re-evaluated under the effects of injected free-stream eddies with target
values of turbulence intensity of TI = 0.5% and TT = 1% and target values of characteristic length
scales of [s = 0.05 and s = 0.1 chords at chord-based Reynolds number Re = 3,000 and Mach number
M = 0.15 using high-order 3D DNS with the PyFR framework, described in Chapter 3. Results
show that free-stream eddies do affect the performance of optimum aerofoils. Consequently, 3D DNS

optimisation of triangular aerofoils using GAs with pymoo, detailed in Chapter 3, is run with injected
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free-stream eddies with target values of turbulence intensity of TI = 1% and a characteristic length
scale of [s = 0.1 chords at Re = 3,000, M = 0.15 and o = 12° with Pareto optimal aerofoils from
3D-DNS-129pg as the initial sampling. This optimisation is referred to as 3D-DNS-12-FSEspg. Flow
physics from Pareto optimal aerofoils from 3D-DNS-12-FSE3pg are then investigated and compared

against Pareto optimal aerofoils from 3D-DNS-125pg.

6.1 Methodology

Synthetic turbulence is generated via a source term following the extended Synthetic Eddy Method
(SEM) as described in Chapter 3. The source term is based on a superimposition of fictitious turbulent
eddies with prescribed geometrical shapes, random signs and random positions, which are advected
with constant velocity across a predetermined region of space. The injected free-stream eddies are not
referred to as injected synthetic turbulence in this work since they do not develop into turbulence due
to the very low Reynolds number (3,000 based on the chord). The aim is to simulate conditions similar
to the unsteady flow affecting a rotor blade on Mars due to atmospheric perturbations or the wake
of an upstream blade. All simulations in this Chapter were undertaken using PyFR commit bbaaefd
on the develop branch. The simulations ran on Nvidia Tesla P100-16GB GPUs on Piz Daint at the

Swiss National Supercomputing Centre.

The meshes used in this Chapter are analogous to the ones used in Chapter 5, with an additional
structured quadrilateral fine mesh in the area of injected eddies and downstream of it. Figure 6.1
shows the computational mesh used for the simulations with injected free-stream eddies, in particular
for the Reference aerofoil. The centre plane of the box of injected eddies is located at a distance
of 1.0 upstream of the leading edge when the aerofoil is at an angle of attack of o = 12°. The
streamwise extent of the box is 0.2, the vertical extent is 1.0 and the spanwise extent is the same as
the domain size, 0.6. Figure 6.1 shows the box of injected eddies illustrated in red. The resulting
three-dimensional meshes have ~ 200 x 10% elements and ~ 25 x 109 degrees of freedom per equation
in total. The boundary conditions, initial conditions and Data Extraction Period are analogous to the

ones in Chapter 5.
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Figure 6.1: Computational mesh for the Reference aerofoil. The box within which free-stream eddies
were injected is shaded red for a specific characteristic length scale of Is = 0.1.

6.2 Effects of Free-Stream Eddies on Optimised Aerofoils from 3D-
DINS-125ps

The work presented in Chapters 4 and 5 investigated the flow physics that enhance performance of
triangular aerofoils for Martian Rotorcraft. Findings indicate that the aerodynamic forces of optimal
aerofoils are influenced by the coherence of the large vortical structures that roll on the suction side
of the aerofoils, as well as on the dynamics of flow separation and reattachment. It is anticipated that
optimal aerofoils are sensitive to free-stream perturbations since these can affect the flow around the
aerofoils in various ways. Free-stream eddies may interact with the separated shear layer, influencing
the large-scale vortices on the suction side and altering the flow reattachment. This interaction can
also prompt an earlier transition, leading to a reattachment of the flow. Moreover, free-stream eddies
can impact the large-scale vortices in the wake, thereby affecting the aerodynamic forces. This section

alms to investigate the extent to which these physical phenomena are affected and altered.
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Optimal airfoils from 3D-DNS-129pg from Chapter 5 - optimised for steady, uniform inflow - have been
used to investigate the effects of free-stream eddies with various turbulence intensities and length scales
on optimal Martian Rotorcraft triangular aerofoils. Due to a lack of published data on free-stream
turbulence measurements in the Martian atmosphere, the target values of turbulence intensity and
characteristic length scales for the injected eddies have been chosen intuitively. The length scales of
the eddies are selected to be comparable to the chord length to maximise their impact on the flow over
the aerofoils. It is assumed that eddies larger than the chord would induce quasi-steady conditions,
while the influence of eddies smaller than the chord would average out across the span of the wing,
thereby having a less significant effect. The injected free-stream eddies in this investigation have target
values of turbulence intensity of 0.5% and 1% and target values of integral length scales of 0.05 and
0.1 chords. All simulations are run at chord-based Reynolds number Re = 3,000 and Mach number

M = 0.15 using high-order 3D DNS with PyFR.

6.2.1 Aerodynamic Performance

Figure 6.2a plots apex locations in the x,, y, design space for the Pareto optimal aerofoils from 3D-
DNS-129pg, with a representative aerofoil from each of the groups identified in Chapter 5 delineated
with dashed lines, using distinct colours for the different groups. Figures 6.2b, 6.2c, 6.2d, 6.2e and
6.2f plot the Pareto front of optimal aerofoils in the C'z,, C'p objective space, with the representative
aerofoil from each group coloured, as well as the C'r,, C'p values of the aerofoil when run with injected
free-stream eddies of various turbulence intensities, TI=1% and T1=0.5%, and characteristic length

scales, Is = 0.1 and Is = 0.05.

When exposed to free-stream eddies, all tested aerofoils exhibit a decrease in C,, ranging between
1% and 27% lower than under uniform conditions. In most cases, a reduction in Cp is also observed,
with variations between +3% and -24%. In general, with the exception of Group 1, a trend can be
identified where, as turbulence intensity and/or characteristic length scale of the free-stream eddies is
increased, the aerodynamic coefficients decrease. The increase in turbulence intensity, in particular,

has a more pronounced impact.

Additionally, by looking at the cases affected by the highest values of turbulence intensity and length

scales, it can be seen that all aerofoils exhibit similar aerodynamic coefficients independently of their
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Figure 6.2: Plots of x4, y, for the optimal aerofoils from 3D-DNS-129pg in grey with one aerofoil
representative from each of the groups identified delineated with dashed lines and colours (a). Plots
of Cr, Cp (b), (c), (d), (e), (f) for the optimal aerofoils from 3D-DNS-125pg in grey with values of
the representative (coloured) aerofoils under the influence of free-stream eddies with target values of
turbulent intensity of TI=1% and T1=0.5% and characteristic length scales of Is = 0.1 and Is = 0.05.
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initial positions in the objective space. This suggests that high levels of turbulence intensity and length
scale can regularise aerofoil performance for the Pareto optimal aerofoils. Conversely, lower levels of
these parameters result in minor variations in the aerodynamic coefficients, leading to positions in the

objective space closer to the uniform-inflow cases.

It is also important to note that the tested aerofoils do not maintain a Pareto-front relationship when
subjected to different free-stream eddies as observed in Figure 6.2b. Some aerofoils become dominated
by others, and their relative positioning within the Pareto front is not preserved. Therefore, not all
optimised aerofoil shapes under uniform-inflow conditions remain optimal when influenced by different

free-stream conditions.

In order to examine how the injection of different free-stream eddies affects the associated flow physics
of the optimal aerofoils, results are analysed and compared against results from uniform-inflow con-
ditions. A detailed discussion of the flow physics associated with each group, including analysis of
Q-criterion isosurfaces, lift coefficient C, time-averaged pressure coefficient C), time-averaged velocity

line integral convolutions (LICs) and time-averaged skin friction C', is presented below.

6.2.2 Q-criterion Isosurfaces and Lift Time Series

Figures 6.3, 6.4, 6.5 and 6.6 show, for each of the representative aerofoils of each group, instantaneous
Q-criterion isosurfaces coloured by velocity magnitude |v| (left), C1, time series for the Data Extrac-
tion Period (middle) and Cf, spectra for the Data Extraction Period (right) for different free-stream
conditions: uniform-inflow (a), free-stream eddies with TI=0.5% and [s = 0.05 (b), free-stream eddies
with TI=1% and ls = 0.05 (c), free-stream eddies with TI=0.5% and Is = 0.1 (d) and free-stream
eddies with TI=1% and Is = 0.1 (e).

In all cases, the Q-criterion isosurfaces show the inherently unsteady nature of the flow over all aerofoils,
with separation from the sharp leading edge and subsequent roll-up of large coherent structures on the
suction side of the aerofoils. Additionally, in all cases, the flow breaks down in the spanwise direction
and becomes three-dimensional. Under the influence of free-stream eddies, the flow exhibits less
spanwise coherence and more unstructured behaviour, an effect that intensifies with higher turbulence

intensity and larger characteristic length scales.
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Figure 6.3: Instantaneous @-criterion isosurfaces coloured by velocity magnitude |v| (left), Cr time
series (middle) and C, spectra (right) for different free-stream conditions for the representative aerofoil
from Group 1 on the Pareto front from 3D-DNS-129pg.
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Figure 6.4: Instantaneous @-criterion isosurfaces coloured by velocity magnitude |v| (left), Cr time
series (middle) and C, spectra (right) for different free-stream conditions for the representative aerofoil
from Group 2 on the Pareto front from 3D-DNS-129pg.
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Figure 6.5: Instantaneous @-criterion isosurfaces coloured by velocity magnitude |v| (left), Cr time
series (middle) and C, spectra (right) for different free-stream conditions for the representative aerofoil
from Group 3 on the Pareto front from 3D-DNS-129pg.
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Figure 6.6: Instantaneous @-criterion isosurfaces coloured by velocity magnitude |v| (left), C7 time
series (middle) and C, spectra (right) for different free-stream conditions for the representative aerofoil
from Group 4 on the Pareto front from 3D-DNS-129pg.
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The Cp, time series also reflect the unsteadiness of the flow that is characteristic of these sharp-leading-
edge aerofoils. Uniform inflow conditions result in higher amplitude fluctuations and a higher C7, than
those seen with injected free-stream eddies. This difference arises from the interaction of free-stream
eddies with the large coherent vortices on the suction side, leading to their breakdown and resulting
in weaker suction due to spanwise de-correlation, as evidenced by the @Q-criterion isosurfaces. The
spectra show the dominant frequencies of the C, time series. For all groups, when run with uniform
inflow, the spectra show much clearer dominant frequencies than when affected by free-stream eddies.
The higher the turbulence intensity and the higher the characteristic length scale of the injected
eddies, the lesser periodicity is maintained in the Cp signal. Interestingly, the TI=0.5% ls = 0.1
combination seems to have a similar effect on the C} time series, and therefore its spectra, to the
TI=1% ls = 0.05 combination across all groups. The most extreme TI and [s values notably disrupt
periodicity and, as shown in Figure 6.2, lead to a significant reduction in both aerodynamic coefficients
due to the breakdown of vortex coherence. Analysis of the Q)-criterion isosurfaces, Cf, time series, and
spectra under these conditions reveals similar flow features across different groups. Moreover, all
aerofoils exhibit notably similar behaviour under the influence of the highest tested values of TI
and [s, reinforcing the observation that free-stream eddies increasingly regularise the performance of

diverse Pareto optimal aerofoils as the TI and ls values are raised.

Examining each aerofoil individually yields additional insights. The aerofoil in Group 1 retains the
dominant frequency that characterised this group of St ~ 1.1. In contrast, the Group 2 aerofoil shows
a shift in dominant frequency from uniform-inflow to injected free-stream eddies, aligning its dominant
frequency (St ~ 0.65) with those of Groups 3 and 4. The dominant frequencies in Groups 3 and 4

remain the same, regardless of the free-stream eddy conditions.

6.2.3 Pressure Coefficient Distribution

The time-averaged pressure coefficient ép is defined as in Chapter 4, Equation (4.1). Figure 6.7 plots
mid-span C, distributions on the surface of the representative aerofoil from each group on the Pareto
front from 3D-DNS-125pg under the five different free-stream conditions as a function of & = x/a,

where a is the z-wise distance between the leading and trailing edge of the aerofoil.

As described in Chapter 5, the optimal aerofoils exhibit a region of low C, above the upstream
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Figure 6.7: Plots of mid-span C), distributions as a function of # on the surface of the representative
aerofoil from each group on the Pareto front from 3D-DNS-125pg when evaluated with uniform inflow
as well as when affected by free-stream eddies with different target turbulence intensities, TI, and
different target characteristic length scales, Is.

portion of the suction surface, followed by a downstream pressure recovery region, typical of a laminar
separation bubble. Specifically, for all groups, ép remains broadly constant over the upstream portion
of the suction surface, with uniform-inflow conditions showing the highest suction. Under the influence
of injected free-stream eddies, as previously noted, the flow de-correlates in the spanwise direction,
which causes a reduction in suction. This effect amplifies with increasing TI and [s values. Groups 1
and 3 show minimal changes in their C,, distribution with the smallest values of TI and Is. Thus, it

can be said that they are more robust to low-intensity, small perturbations in the incoming flow.

After the plateau C), region, there is a rapid pressure recovery region immediately upstream of the

apex. The reduced suction in aerofoils impacted by free-stream eddies results in a less steep pressure
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recovery, reaching similar C), values downstream of the apex. The C), distribution on the downstream
portion of the upper surface when comparing cases influenced by uniform inflow and injected free-
stream eddies shows mixed results. In some instances, free-stream eddies increase suction near the
trailing edge, while in others, they decrease it. The influence of free-stream eddies is less pronounced
closer to the trailing edge given that the coherent vortices on the suction surface are already broken

down at this point for the uniform-inflow cases.

The C), distribution parallels observations from the Q-criterion isosurfaces, Cy, time series, and C7,
and C'p values, where aerofoils in different groups exhibit similar patterns when exposed to the highest

tested TT and [s values.

Despite the reduction in suction and vortex breakdown due to the influence of free-stream eddies, the
optimal aerofoils still leverage vortex roll-up as a lifting mechanism, preserving a low-pressure region

near the suction surface’s upstream section.

6.2.4 Skin Friction Distribution

The time-averaged skin friction coefficient éf is defined as in Chapter 4, Equation (4.8). Figure
6.8 plots mid-span 6f distributions on the suction surface as a function of Z, for the representative
aerofoil from each group on the Pareto front from 3D-DNS-12opg under the five different free-stream

conditions.

As described in Chapter 5 for the optimal aerofoils when evaluated with uniform inflow, a strong
recirculation region can be identified before the apex by the negative peak in 6f, and another, much
weaker, recirculation region can be identified after the apex. When injecting free-stream eddies, the
strength of the recirculation regions is reduced as the target TI and [s values rise, and the negative

peak before the apex expands over a wider area.

In the uniform-inflow cases, aerofoils in Groups 2 and 3 are characterised by a change in sign of C' s near
the apex, which signifies reattachment in the time-averaged sense, while aerofoils in Groups 1 and 4
are characterised by not showing time-averaged reattachment at the apex. When injecting free-stream
eddies, the aerofoil representative of Group 1 still shows no reattachment of the flow at the apex in

the time-averaged sense for any of the TI and /s values tested. Therefore, aerofoils in Group 1 induce
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Figure 6.8: Plots of mid-span Cy distributions on the suction surface as a function of # for the
representative aerofoils from each group on the Pareto front from 3D-DNS-129pg when evaluated
with uniform inflow as well as when affected by free-stream eddies with different target turbulence
intensities, TI, and different target characteristic length scales, Is.

separated flow, in the time-averaged sense, for the entirety of the chord for all tested free-stream
conditions, with generally weaker vortices when injecting free-stream eddies. Aerofoils from Groups 2
and 3 show the same behaviour as for uniform-inflow conditions regarding reattachment of the flow at
the apex. The aerofoil representative of Group 4 shows a change of behaviour with flow reattachment
at the apex in the time-averaged sense for all TI and [s values tested. For aerofoils in Groups 2, 3
and 4, after reattachment, the flow separates again downstream of the apex, with vortices rolling up
on the downstream suction surface of the aerofoil. All aerofoils with all free-stream conditions tested
induce a change of sign of 6f near the trailing edge due to the vortex generated by the flow coming

from the pressure surface being sucked upwards to the suction surface. The strength and size of this
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trailing edge vortex are reduced when injecting free-stream eddies, with a higher impact as the TI and

s values are raised.

6.2.5 Outcomes

This investigation shows that free-stream eddies affect the performance and flow physics of Pareto op-
timal triangular aerofoils from 3D-DNS-125pg under Martian conditions. The injected eddies interact
with the separated shear layer of these aerofoils, resulting in a breakdown of the coherent structures
rolling on the suction surface, which these aerofoils use as their lifting mechanism. As a result, both
aerodynamic coefficients are reduced due to the weaker and less coherent vortices, with a reduction
of the high amplitude fluctuations and the friction on the aerofoil’s surface. Free-stream eddies also
influence the separation and reattachment of the flow and tend to homogenise the behaviour of the
3D-DNS-129ps Pareto optimal aerofoils. Furthermore, when evaluated with the effects of free-stream

eddies, the 3D-DNS-129pg Pareto optimal aerofoils no longer form a set of non-dominated solutions.

The outcomes of this study motivated running a 3D DNS optimisation with injected free-stream eddies
with the highest values of tested turbulence intensity and characteristic length scale upstream of the
aerofoils to investigate if a new set of aerofoils could be found that are optimally adapted for the flow

physics produced by the presence of free-stream eddies.

6.3 Optimisation with Free-Stream Eddies

A 3D DNS GA optimisation of triangular aerofoils was run with injected free-stream eddies with
target values of turbulence intensity of 1% and characteristic length scale of 0.1 chords at Re = 3,000,
M = 0.15 and o = 12°, referred to as 3D-DNS-12-FSE3ps. 3D-DNS-12-FSE3ps was initialised with
Pareto optimal aerofoils from 3D-DNS-125pg re-run under conditions of free-stream eddies with target
values of turbulence intensity of 1% and characteristic length scale of 0.1 chords. It was then run for
18 generations, with 15 individuals in each generation, totalling 270 3D DNS evaluations with injected
free-stream eddies. Each 3D DNS took approximately 23 hours to run on 36 Tesla P100-16GB GPUs,
therefore, 3D-DNS-12-FSE3pg required approximately 220,000 GPUhs. Note that the 3D DNS were

run on 36 Tesla P100-16GB GPUs to achieve a run time below 24h - the maximum job duration limit
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on Piz Daint. This avoided re-queuing to complete a given run.

Convergence is again assessed using the hypervolume metric [120]. Figure 6.9 shows the hypervolume
value, normalised by its value at the final generation, as a function of the number of generations
for 3D-DNS-12-FSE3ps. 3D-DNS-12-FSE3pg can be considered converged from generation 17 as the
hypervolume reaches a plateau. It is presumed that using the Pareto optimal aerofoils from 3D-DNS-
129ps as initial sampling for 3D-DNS-12-FSE3pg allows for a rapid convergence and reduced costs

compared to initialising it from a well-distributed LHS set of aerofoils across the design space.
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Figure 6.9: Normalised hypervolume convergence as a function of the number of generations for 3D-
DNS-12-FSE3ps.

6.3.1 Optimal Aerofoils

Figure 6.10 (a) plots apex locations in the x,, y, design space for all tested aerofoils (hollow) and
Pareto optimal aerofoils (filled) for 3D-DNS-129pg (circles) and 3D-DNS-12-FSEgspg (squares) with
three Pareto optimal aerofoils from 3D-DNS-12-FSE3pg represented with dashed lines, along with the
Reference aerofoil. The aerofoils delineated with dashed lines represent the minimum C p aerofoil (left),
the maximum Cp/Cp aerofoil (middle) and the maximum Cp, aerofoil (right). The Pareto optimal
aerofoils from 3D-DNS-12-FSE3pg have their apexes close to the Pareto optimal aerofoils from 3D-
DNS-125pg with a tendency, in general, to be situated closer to the trailing edge, with comparable or

lower y, locations.

Figure 6.10 (b) plots Cr, Cp for all tested aerofoils (hollow) and Pareto optimal aerofoils (filled) for
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3D-DNS-129pg (circles) and 3D-DNS-12-FSE3pg (squares), as well as 3D-DNS-12;pg Pareto optimal
aerofoils run with free-stream eddies (brown squares) and 3D-DNS-12-FSE3pg Pareto optimal aerofoils
run with uniform free-stream (magenta circles). As discussed previously, when the 3D-DNS-129pg
Pareto optimal aerofoils are evaluated under the effects of free-stream eddies, they show reduced
values of C', and Cp, with different aerofoils yielding very similar performance (brown squares).
Nonetheless, after optimising them under the effects of free-stream eddies, a range of different Pareto
optimal aerofoils with trade-off values of C;, and Cp are found (turquoise squares), dominating the
Pareto optimal aerofoils from 3D-DNS-125pg when affected by free-stream eddies. Still, 3D-DNS-12-
FSE3pg Pareto optimal aerofoils obtain lower C'7, and C'p values compared to Pareto optimal aerofoils
from 3D-DNS-129pg under steady, uniform free-stream conditions. When the 3D-DNS-12-FSE3pg
Pareto optimal aerofoils are evaluated under steady, uniform free-stream conditions, they generally
exhibit higher values of both € and Cp (purple circles). Still, they are dominated by the 3D-
DNS-129pg Pareto optimal aerofoils under steady, uniform free-stream conditions. This implies that
one needs to carefully set the free-stream conditions under which these unconventional aerofoils are

designed since optimal designs appear to be very sensitive to them.

To understand the physics behind the improved performance of the Pareto optimal aerofoils from
3D-DNS-12-FSE3pg and the differences with the Pareto optimal aerofoils from 3D-DNS-129pg, flow
physics are investigated and compared for three aerofoils from each set of Pareto optimal aerofoils.
The analysis includes snapshots of instantaneous density gradient magnitude |Vp| and static pressure
p, time-averaged pressure coefficient C,,, Q-criterion isosurfaces, lift coefficient Cf, time series, time-
averaged velocity line integral convolutions (LICs) and time-averaged skin friction coefficient C'¢. No
groupings of aerofoils were identified based on their associated flow physics for 3D-DNS-12-FSE3pg as
opposed to for 3D-DNS-129pg in Chapter 5 since the effect of free-stream eddies tends to homogenise
the flow behaviour for all the Pareto optimal aerofoils. For this reason, the aerofoils selected for the
analysis are the minimum Cp aerofoil, the maximum C7, /ép aerofoil and the maximum C, aerofoil,
represented with dashed lines in Figure 6.10. These will be compared against the representative
aerofoils from Group 1 (minimum Cp aerofoil), Group 2 (intermediate values of C;, and Cp) and

Group 4 (maximum C7, aerofoil) from 3D-DNS-125pg as described in Chapter 5.
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Figure 6.10: Plots of z,, y, for all tested aerofoils (hollow) and Pareto optimal aerofoils (filled) for
3D-DNS-125pg (circles) and 3D-DNS-12-FSE3pg (squares) with the minimum C'p aerofoil (left), the
maximum C,/Cp aerofoil (middle) and the maximum C, aerofoil (right) represented with dashed
lines (a). Plots of C, Cp for all tested aerofoils (hollow) and Pareto optimal aerofoils (filled) for 3D-
DNS-129pg (circles) and 3D-DNS-12-FSE3pg (squares), and 3D-DNS-129pg Pareto optimal aerofoils
run with free-stream eddies (brown squares) and 3D-DNS-12-FSEspg Pareto optimal aerofoils run
with uniform free-stream (magenta circles) (b).
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6.3.2 Instantaneous Density Gradient and Static Pressure

Figure 6.11 shows instantaneous density gradient magnitude |Vp| (left) and instantaneous static pres-
sure p (right) for three Pareto optimal aerofoils from 3D-DNS-12-FSEspg (a), (c), (e) and three from
3D-DNS-125pg (b), (d), (f). As previously discussed, the free-stream eddies interact with the separated
shear layer and break down the large streamwise coherent vortices rolling on the suction surface of
the optimum aerofoils, which results in weaker, smaller, less coherent vortices. The snapshots in Fig-
ure 6.11 demonstrate this effect by distinctly showing the weaker vortices on the 3D-DNS-12-FSE3pg

aerofoils, (a), (c), (e), as opposed to the large coherent vortices on the 3D-DNS-129pg aerofoils, (b),

(d), (£).

When optimising under conditions of free-stream eddies, optimum aerofoils aim to exploit these smaller
vortices as the lifting mechanism, similarly to 3D-DNS-12opg exploiting the large coherent vortices.
To do this, the position of the apex is moved closer to the trailing edge to allow these vortices to
grow and energise as they roll on the first upper surface of the triangular aerofoil, as observed in
the maximum C, aerofoil in Figure 6.11 (e). The second upper surface avoids a steep inclination to
prevent high-pressure drag, especially in the low C'p aerofoils, see Figure 6.11 (a), similarly to what

was observed for low-C'p optimal aerofoils from 3D-DNS-125pg from Chapter 5.

Due to the larger extent of the first upper surface and the weaker, smaller vortices, Pareto optimal aero-
foils from 3D-DNS-12-FSE3pg show multiple (three/four) vortices rolling on this first upper surface.
Instead, Pareto optimal aerofoils from 3D-DNS-129pg under steady, uniform free-stream conditions
result in one-to-two strong coherent vortices on the first upper surface, with the position of the apex
aiming to maintain them close to the airfoil’s surface to maximise their suction. The flow on the second
upper surface also differs for the two sets of aerofoils. For the aerofoils from 3D-DNS-129pg, when the
vortices reach the apex, they keep rolling close to the surface, generating an area of low pressure, until
they interact with the trailing-edge vortex to produce a more uniform wake, characterised by distinct
shed vortices. Instead, for the aerofoils from 3D-DNS-12-FSE3ps, the vortices separate and mix with

the trailing-edge vortex, resulting in a transitional/turbulent wake.
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Figure 6.11: Images of instantaneous density gradient magnitude |V p| (left) and instantaneous static
pressure p (right) for three aerofoils on the Pareto front from 3D-DNS-12-FSEspg (a), (¢) and (e), and
three from 3D-DNS-129pg (b), (d) and (f).

6.3.3 Time-Averaged Pressure Coefficient on the Surface

The time-averaged pressure coefficient @, is defined as in Chapter 4, Equation (4.1). Figure 6.12
plots mid-span 6,, distributions on the surface of three aerofoils on the Pareto front from 3D-DNS-
12-FSE3pg and three from 3D-DNS-129pg as a function of Z = x/a, where a is the x-wise distance

between the leading and trailing edge of the aerofoil.

Pareto optimal aerofoils from 3D-DNS-12-FSE3pg exhibit weaker suction compared to those from 3D-
DNS-129pg, attributable to the presence of smaller and weaker vortices on their first upper surface due
to the interaction of free-stream eddies with the separated shear layer. Despite the closer proximity
of the apex position of the Pareto optimal aerofoils from 3D-DNS-12-FSEspg to the trailing edge
compared to those from 3D-DNS-129pg, the extent of the high-suction area of the chord remains
similar. In the case of the Pareto optimal aerofoils from 3D-DNS-12-FSE3spg, the majority of suction
occurs before the apex, beyond which the vortices break down and separate, unlike aerofoils from
3D-DNS-129pg, where a large vortex rolls up on the second upper surface, generating suction at the

apex and downstream of it. A tendency can be identified with the Pareto optimal aerofoils from 3D-
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Figure 6.12: Plots of mid-span C), distributions on the surface of three aerofoils on the Pareto front
from 3D-DNS-12-FSE3ps and three from 3D-DNS-129pg as a function of Z.

DNS-12-FSEspg, where the closer the apex is to the trailing edge, the larger the area of high suction
and consequently, the higher the C';. However, this is not observed in the case of the Pareto optimal
aerofoils from 3D-DNS-125pg, where the Group 4 aerofoil apex - associated with the maximum C7, -
is positioned between the apexes of Groups 1 and 2. The higher C, from Group 4 aerofoils does not

result from a larger area of vortex roll-up but instead from the vortices rolling closer to the surface.

6.3.4 Q-criterion Isosurfaces and Lift Time Series

Figure 6.13 shows instantaneous Q-criterion isosurfaces coloured by velocity magnitude |v| (left) and
Cr, time series for the Data Extraction Period (right) for three aerofoils on the Pareto front from

3D-DNS-12-FSE3ps and three from 3D-DNS-125ps.

The @Q-criterion isosurfaces show the interaction of the free-stream eddies with the large coherent
vortices shed from the leading edge which, as explained before, results in their breakdown into smaller,
weaker and less coherent vortices. These display similar structures to those observed for the Pareto

optimal aerofoils from 3D-DNS-129pg exposed to free-stream eddies of TI= 1% and Is = 0.1, see
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Figure 6.13: Instantaneous @-criterion isosurfaces coloured by velocity magnitude |v| (left) and lift
time series C, (right) for three aerofoils on the Pareto front from 3D-DNS-12-FSE3pg (a), (c) and (e),
and three from 3D-DNS-129pg (b), (d) and (f).

Figures 6.3 (d), 6.4 (d), 6.5 (d) and 6.6 (d). As seen for the Pareto optimal aerofoils from 3D-
DNS-129ps exposed to free-stream eddies, the interaction of free-stream eddies with the separated
shear layer results in lower amplitude fluctuations, lower C,, and less periodicity in the Cf, signal.
This is also the case for the Pareto optimal aerofoils from 3D-DNS-12-FSE3pg, which can reduce the
negative structural impact of the unsteadiness associated with these aerofoils on helicopter blades.
The maximum Cp, aerofoil, Figure 6.13 (e), shows higher amplitude fluctuations in the C', time series
with increased vertical suction due to its delayed apex location which, as discussed previously, allows
the vortices to grow and energise. It should be noted that this also results in higher drag, which is

why the minimum Cp aerofoil (a) and the maximum Cp,/Cp aerofoil (c) do not promote this effect.
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6.3.5 Velocity Line Integral Convolutions (LICs) and Skin Friction Distribution

Figure 6.8 plots time-averaged velocity magnitude |v| in a span-wise constant plane, with superimposed
time-averaged velocity Line Integral Convolutions (LICs) for three aerofoils on the Pareto front from

3D-DNS-12-FSE3pg and three from 3D-DNS-129pg.
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Figure 6.14: Time-averaged velocity magnitude |v| in a span-wise constant plane, with superimposed
time-averaged velocity LICs for three aerofoils on the Pareto front from 3D-DNS-12-FSEsps (a), (c)
and (e), and three from 3D-DNS-129pg (b), (d) and (f).

The LIC images show two large recirculation regions adjacent to each suction surface in the time-
averaged sense for all the aerofoils, with aerofoils from 3D-DNS-12-FSE3pg, (a), (c¢) and (e), having
a much lower velocity magnitude |v| than aerofoils from 3D-DNS-129pg, (b), (d) and (f). The first
recirculation region for the 3D-DNS-12-FSE3pg aerofoils occupies a broader area and is more centred
compared to the 3D-DNS-12,pg aerofoils, where the centre is closer to the apex. The second recircu-
lation region for the 3D-DNS-12-FSE;3pg aerofoils is larger and further from the surface, while in the
3D-DNS-129pg aerofoils, the centre is closer to the apex and nearer to the surface. As demonstrated
by the instantaneous snapshots in Figure 6.14, the recirculation regions in aerofoils from 3D-DNS-

12-FSE3ps and 3D-DNS-125pg are caused by different flow mechanisms. For 3D-DNS-12-FSEspg
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aerofoils, the first time-averaged recirculation region results from multiple vortices rolling on the first
upper surface, while for 3D-DNS-129pg aerofoils, it results from a single large, strong vortex rolling
on this surface. The second time-averaged recirculation region for 3D-DNS-12-FSE3pg aerofoils is
caused by flow separation at the apex and trailing edge, leading to a transitional/turbulent wake. In
contrast, for 3D-DNS-125pg aerofoils, it is caused by the same large, coherent vortex from the first
upper surface rolling onto the second upper surface and interacting with the trailing-edge vortex into

a wake characterised by distinct vortex shedding.

The time-averaged skin friction coefficient éf is defined as in Chapter 4, Equation (4.8). Figure 6.15
plots 6f distributions on the suction surface as a function of Z, for three aerofoils on the Pareto front

from 3D-DNS-12-FSE3pg and three from 3D-DNS-125ps.

1072
6.0
—— 3D-DNS-12-FSE3pg minimum C'p aerofoil - - - 3D-DNS-123ps Group 1 aerofoil
—— 3D-DNS-12-FSE3ps maximum Cp,/Cp aerofoil - - = 3D-DNS-123pg Group 2 aerofoil
4.0 ——3D-DNS-12-FSE3pg maximum C', aerofoil 3D-DNS-125pg Group 4 aerofoil

—6.0 | | | | |
0 0.2 0.4 0.6 0.8 1

Figure 6.15: Plots of mid-span Cs distributions on the suction surface of three aerofoils on the Pareto
front from 3D-DNS-12-FSE3ps and three from 3D-DNS-125pg as a function of Z.

The time-averaged recirculation regions identified in the LIC images in Figure 6.14 can be recognised
from the two negative peaks in the éf distributions. On the first upper surface, the smaller, weaker
vortices on the 3D-DNS-12-FSE3pg aerofoils are reflected in the 6f plots with weaker peaks compared

to the 3D-DNS-125pg aerofoils. Additionally, as highlighted by the LIC images, the recirculation
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region is wider for the 3D-DNS-12-FSE3pg aerofoils due to the downstream shift of the apex and the
larger number of vortices occupying the suction surface, as opposed to a strong, more localised vortex
in the time-averaged sense for the 3D-DNS-125pg aerofoils. On the second upper surface, the negative
peak is almost non-existent for the 3D-DNS-12-FSE3pg aerofoils due to the flow being separated in a
transitional /turbulent wake, while it is much more pronounced for the 3D-DNS-12pg aerofoils due to
the vortex rolling on the second surface. The trailing edge vortex, rolling upwards from the pressure
surface, also shows weaker strength for the 3D-DNS-12-FSE3pg aerofoils, influenced by the free-stream
eddies. These differences are similar to the effects of free-stream eddies on Pareto optimal aerofoils
from 3D-DNS-125ps. All Pareto optimal aerofoils from 3D-DNS-12-FSEg3pg exhibit reattachment of
the flow at the apex in the time-averaged sense, with higher friction compared to the Pareto optimal

aerofoils from 3D-DNS-129ps.

6.4 Summary

Pareto optimal aerofoils from 3D-DNS-129pg from Chapter 5 - optimised for steady, uniform inflow -
have been re-evaluated under the effects of injected free-stream eddies with target values of turbulence
intensity of TI = 0.5% and TI = 1% and target values of characteristic length scales of Is = 0.05 and
[s = 0.1 chords at chord-based Reynolds number Re = 3,000 and Mach number M = 0.15 using
high-order 3D DNS with PyFR.

It is found that free-stream eddies break the structure and periodicity of the flow present in the
uniform-inflow cases, with a stronger effect the higher the TI and [s values. Additionally, free-stream
eddies tend to regularise the behaviour of the different optimum aerofoil designs, especially at the
highest levels of TI and [s tested, TI=1% and ls = 0.1. Results also showed that not all optimised
aerofoil shapes under uniform-inflow conditions remain non-dominated when influenced by free-stream
eddies, which motivated optimisation under the effect of free-stream eddies at the highest TI and Is

values tested.

3D-DNS-12-FSE3ps optimisation is run with injected free-stream eddies with target values of tur-
bulence intensity of 1% and characteristic length scale of 0.1 chords at Re = 3,000, M = 0.15 and
«a = 12° with Pareto optimal aerofoils from 3D-DNS-125pg as the initial sampling. New Pareto opti-

mal aerofoils are found which dominate Pareto optimal aerofoils from 3D-DNS-125pg evaluated with
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free-stream eddies. These new aerofoils have their apex positions shifted towards the trailing edge in
x, with similar or lower y positions. The delayed apex position allows for the weaker, smaller vortices
to grow and energise, producing a higher suction, especially for the aerofoils optimised for high lift.
Still, the interaction of the free-stream eddies with the separated shear layer results in a lower suction
and lower amplitude fluctuations of the lift in comparison to aerofoils optimised for steady, uniform
free-stream conditions. As the free-stream eddies break the large coherent vortices rolling over the
aerofoils, the new Pareto optimal designs exhibit flow reattachment at the apex in a time-averaged

sense. This is followed by a subsequent flow separation, leading to a transitional/turbulent wake.

Interestingly, when exposed to free-stream eddies, aerofoils with similar apex positions exhibit com-
parable behaviour, and, as the apex is moved in one direction, one can predict its effect on the
performance of the aerofoil. This makes aerofoils exposed to free-stream eddies more predictable and
less sensitive to variations in the angle of attack, free-stream velocity or gusts compared to aerofoils

under steady, uniform free-stream conditions.

When the 3D-DNS-12-FSE3pg Pareto optimal aerofoils are evaluated under steady, uniform free-
stream conditions, they generally exhibit higher values of both C; and Cp. However, they are
still outperformed by the 3D-DNS-12opg Pareto optimal aerofoils under these same conditions. This
suggests that free-stream conditions must be carefully considered when designing these unconventional
aerofoils as they are highly sensitive to off-design conditions. Since aerofoils on a Martian rotorcraft will
experience a range of different conditions, future work should involve multi-point design optimisation

to improve the robustness of the output designs.

As a general note on the design outcomes from this study, one can conclude that perturbations in the
flow tend to break down the large coherent vortices that Martian aerofoils use as their lift-generation
mechanism and promote reattachment of the flow at the apex. The interaction of free-stream eddies
with the separated shear layer results in a lower suction due to the weaker vortices, but also in a
decreased unsteadiness with lower amplitude fluctuations. This reduction in fluctuations can mitigate

the negative structural impact of unsteady aerodynamic forces on helicopter blades.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis presented a comprehensive study on the aerodynamic optimisation of unconventional aero-
foils for Martian rotorcraft using high-order Direct Numerical Simulations (DNS) via PyFR and Ge-
netic Algorithms (GAs) via pymoo. This study marks the first use of DNS for aerodynamic shape

optimisation. The key findings and contributions from each chapter are summarised below:

In Chapter 4, high-order GPU-accelerated DNS of a triangular aerofoil under Martian atmospheric
conditions were conducted using PyFR. These simulations aimed to validate PyFR against experimen-
tal wind tunnel data and to understand the flow physics associated with a specific triangular aerofoil,

used as reference throughout the thesis, at various angles of attack.

To begin, span-wise periodic DNS of the triangular aerofoil were undertaken. It was found that
extending the domain span from 0.3 to 0.6 chords improved agreement with associated wind tunnel
data. However, extending it further to 0.9 chords provided little additional benefit. In particular, on
extending the domain span from 0.3 to 0.6 chords, better agreement with lift and drag coefficients,
and mid-span pressure coefficient distributions were achieved at high angles of attack (o > 9°), when
the flow is separated from the leading edge. This improvement is attributed to 0.3 chords of domain
span artificially suppressing the three-dimensional breakdown of coherent structures that form above

the suction surface of the aerofoil and in the wake. Despite this improvement, discrepancies remained
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between the span-wise periodic DNS results and associated wind tunnel data for all angles of attack

studied.

Subsequently, full-span DNS of the triangular aerofoil in a virtual wind tunnel were undertaken,
mimicking the wind tunnel test section from the experiments. These simulations, which aimed to
properly capture blockage effects and the interaction of wall boundary layers with the aerofoil, led to
further improved agreement with the associated wind tunnel data. Specifically, better agreement with
liftt and drag coefficients was achieved for all angles of attack compared with the span-wise periodic
DNS results. Excellent agreement was achieved for low angles of attack (o < 7°) and for angles of
attack where full separation shifts from the apex to the leading edge in the time-averaged sense (7° <
a < 9°). For higher angles of attack (a > 9°) results showed improvement, but some discrepancies
still remained. Recommended future work to investigate the physics behind these discrepancies is
presented in the subsequent section. Finally, good qualitative agreement was achieved with pressure
coefficient distributions on the suction surface of the aerofoil for all angles of attack studied compared

to experimental data obtained through Pressure Sensitive Paint (PSP).

These results contributed to the understanding of previously published discrepancies between span-
wise periodic DNS and associated wind tunnel data of a triangular aerofoil under Martian atmospheric
conditions, highlighting the wind tunnel effects on the aerofoil’s flow physics and performance. Addi-
tionally, they demonstrated the utility of high-order DNS with PyFR as a tool for accurately resolving

flow physics associated with triangular aerofoils under Martian atmospheric conditions.

Based on the findings from Chapter 4, Chapter 5 focused on the optimisation of triangular aerofoil
shapes for Martian atmospheric conditions at low (o = 6°) and high (o = 12°) angles of attack with
a chord-based Reynolds number Re = 3,000 and Mach number M = 0.15. These chosen parameters
are representative of conditions at the root/mid-section of a rotor blade on a Martian helicopter.
Specifically, multi-objective optimisation was performed to maximise lift and minimise drag, resulting

in a Pareto front of non-dominated aerofoils.

The investigation showed that 2D DNS optimisation is effective for low angles of attack (a = 6°),
as the flow remains predominantly two-dimensional in nature. 2D and 3D DNS evaluations resulted
in similar aerodynamic coefficients and, consequently, both optimisations resulted in similar optimal

aerofoil shapes, although the 2D optimisation was a factor of 150 times less computationally expensive.
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However, at higher angles of attack (o = 12°), the 2D DNS evaluations over-predicted lift and under-
predicted drag due to the lack of three-dimensional physics. 3D DNS optimisation was necessary to
accurately represent the spanwise breakdown of the coherent vortices that roll up over these aerofoils,
which acts as their lifting mechanism, and obtain the optimal aerofoil designs. As 2D DNS fails to
represent the flow physics over the aerofoils tested in the optimisation, the Pareto optimal aerofoils
obtained from the 2D DNS optimisation fell into the dominated area of the 3D DNS Pareto front

when evaluated with 3D DNS.

Detailed analyses were conducted on aerofoils on the Pareto front for the 3D DNS optimisation at a =
12°, including Q-criterion isosurfaces, lift coefficient spectra, pressure coefficient distributions, velocity
line integral convolutions, and skin friction distributions, to elucidate the flow physics underlying their
optimal performance. The optimal aerofoils were seen to exploit vortex roll-up as a lifting mechanism.
They achieved this by maintaining a strong vortex close to the upstream portion of the suction surface
to increase lift, while avoiding excessive inclination of the downstream portion of the suction surface,
which would otherwise result in high pressure drag. This configuration was achieved by positioning
the apexes downstream of z ~ 0.5 and at y = 0.15, setting the upstream portion of the suction surface
approximately parallel to the free-stream flow when o = 12°. The optimised aerofoils on the Pareto
front demonstrated significant performance improvements, achieving up to a 48% increase in lift or a

28% reduction in drag compared to the reference aerofoil.

Results from Chapter 5 showed that the performance of Pareto optimal aerofoils was very susceptible
to small variations in the location of their apex, with small changes in the design variables having a
large impact on the flow physics and performance of the aerofoil. To further understand the physics
and performance of these unconventional triangular aerofoils under Martian conditions and improve

their robustness, Chapter 6 focused on investigating the effects of free-stream eddies.

First, Pareto optimal aerofoils from the 3D DNS optimisation at & = 12° in Chapter 5 evaluated
with steady, uniform inflow were re-evaluated under the effects of injected free-stream eddies. The
turbulence intensities tested were 0.5% and 1%, with characteristic length scales of 0.05 and 0.1 chords,
at a chord-based Reynolds number of Re = 3,000 and a Mach number of M = 0.15 with high-order 3D
DNS with PyFR. The findings suggest that perturbations in the flow break down the large coherent

vortices that yield the lift-generation mechanism for sharp-leading-edge aerofoils. The interaction of
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free-stream eddies with the separated shear layer results in lower suction and reduced unsteadiness,
with lower amplitude fluctuations, which can mitigate negative structural impacts on helicopter blades.
Compared to uniform-inflow conditions, free-stream eddies disrupt the structure and periodicity of the
flow, with stronger effects at higher turbulence intensities (TI) and larger characteristic length scales
(Is). Additionally, the investigation showed that free-stream eddies tend to regularise the behavior
of different optimal aerofoil designs, especially at the highest levels of TI and Is tested (TI = 1%
and [s = 0.1). Notably, many aerofoils optimised under uniform-inflow conditions did not remain

non-dominated when subjected to free-stream eddies.

To address this, a further optimisation was conducted with free-stream eddies of TI = 1% and s = 0.1
at Re = 3,000, M = 0.15, and o = 12°. The new optimisation identified aerofoils that dominated the
original steady, uniform free-stream optimal aerofoils when evaluated with free-stream eddies. These
new optimal aerofoils exhibited apex positions shifted towards the trailing edge in the x direction,
with similar or lower y positions. As expected, the interaction of free-stream eddies with the separated
shear layer resulted in lower suction and reduced amplitude fluctuations of the lift compared to optimal
aerofoils under steady, uniform free-stream conditions. The delayed apex position in the new optimal
aerofoils allowed weaker, smaller vortices to grow and energise, producing higher suction compared to
aerofoils optimised for steady, uniform free-stream conditions under the effects of free-stream eddies.
Additionally, the new Pareto optimal aerofoils showed reattachment of the flow at the apex in the time-
averaged sense, followed by subsequent separation leading to a transitional/turbulent wake. When
evaluated under steady, uniform free-stream conditions, these aerofoils generally exhibited higher
values of both lift and drag coefficients. However, they were still outperformed by the original Pareto
optimal aerofoils under steady, uniform free-stream conditions, indicating the significant impact of the
free-stream conditions used in the evaluation when optimising aerofoils, and the sensitivity of these
aerofoils to off-design conditions. Considering the effects of free-stream perturbations in the design
process is crucial for the practical application of these aerofoils on a Martian rotorcraft that will
experience variable conditions due to atmospheric perturbations, changes in the operating conditions,

wake effects, etc.
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Future Work

7.2 Future Work

7.2.

1 Discrepancies between the Virtual Wind Tunnel DNS and Associated Mars
Wind Tunnel Data

One avenue for future work is to investigate further the discrepancies between the virtual wind tunnel

DNS and the associated Mars Wind Tunnel data at high angles of attack (a > 9°) for the specific

triangular aerofoil presented in Chapter 4. Hypotheses for the discrepancies are:

1

II

Dissimilarity in the leading and trailing edges between simulations and experiments. All aerofoils
simulated in this work, including those for the DNS virtual wind tunnel, had infinitely sharp
leading and trailing edges. The sharpness of the aerofoil’s edges tested in the experiments was
limited by fabrication tolerances, with a radius of approximately 0.3% of the chord, estimated
by the authors of the experiments. The difference in leading and trailing edges can impact the
separation of the flow and subsequent flow behaviour, which could account for the observed
differences in the aerodynamic forces. A preliminary test has been carried out in this work which
involved rounding the edges of the aerofoil with a radius of 0.3% of the chord while maintaining
the same chord length as in the simulations presented in Chapter 4. The aerodynamic forces
obtained for the rounded-edges aerofoil at angles of attack @ = 12° and o = 15° are presented
in Figure 7.1, alongside the data presented in Figure 4.4 in Chapter 4. These results do not
show much difference compared to previous PyFR DNS virtual wind tunnel data, except for a
small reduction in the forces for a = 15°, getting closer to the experimental data. The reduction
in aerodynamic forces is possibly caused by the delay in flow separation from a rounded edge
compared to an infinitely sharp edge due to a weaker adverse pressure gradient. This delayed
separation with a weaker adverse pressure gradient would generate weaker vortices rolling on
the suction side of the aerofoil, resulting in lower lift and drag. However, the reduction is very
slight and additional simulations should be run testing different radii and possibly increasing the
resolution near the edges. Additionally, these tests should be run for all angles of attack and flow

physics should be analysed to be able to extract conclusive findings.

Chapter 6 revealed the impact of free-stream eddies on the performance and associated flow

physics of various triangular aerofoils. Virtual wind tunnel DNS in Chapter 4 were run with
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Figure 7.1: Plots of time-averaged lift coefficient C';, (a) and drag coefficient Cp (b) as a function of
angle of attack o showing the data presented in Chapter 4 Figure 4.4 including DNS of the triangular
aerofoil with rounded leading and trailing edges in a virtual wind tunnel using PyFR.

steady, uniform inflow conditions, which is unlikely to be the case for the experiments at the Mars
Wind Tunnel. Free-stream eddies interacting with the separated shear layer could be responsible
for the differences in the aerodynamic forces between simulations and experiments. A preliminary
study has been pursued by running PyFR DNS with periodic boundary conditions at the sides
and a span of 0.6 chords — due to limited resources — with free-stream eddies of various turbulence
intensities and characteristic length scales, due to the lack of measurements of the actual values
in the experiments. This has been done for angles of attack of &« = 10°, @ = 12° and o = 14°
where the discrepancies lay. Additionally, for one of the injected free-stream eddy conditions
(TI=1% and ls=0.1), simulations have been run for angles of attack between o = 0° and o = 9°
to ascertain if free-stream eddies would perturb the flow at low angles of attack, which would
alter the agreement between simulations and experiments. Results show no variation in the
aerodynamic forces for angles of attack o < 9°, and a reduction in both aerodynamic forces for
angles of attack a > 8°, with results approaching the experimental data the higher the turbulence
intensity and characteristic length scale of the eddies. These preliminary results motivate further

investigation of the effects of free-stream eddies on this particular triangular aerofoil in a virtual
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wind tunnel setup.
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Figure 7.2: Plots of time-averaged lift coefficient C';, (a) and drag coefficient Cp (b) as a function of
angle of attack o showing the data presented in Chapter 4 Figure 4.4 including DNS of the triangular
aerofoil with periodic boundary conditions at the sides and a span of 0.6 chords using PyFR with
injected free-stream eddies of various turbulence intensities and characteristic length scales.

IIT Finally, the virtual wind tunnel simulations presented in Chapter 4 allowed for the boundary
layer at the no-slip walls to grow from zero thickness. This could be a reason for discrepancies
between simulations and the experiments since the boundary layer at the walls of the Mars Wind
Tunnel test section may already have formed prior to the wind tunnel test section. Results in
Chapter 4 have demonstrated the impact of the boundary layers at the side walls, interacting
with the flow on the aerofoil, and on the top and bottom walls, causing a blockage effect on the
flow. The investigation should look at the effect of imposing various wall boundary layer profiles
at the no-slip walls of the virtual wind tunnel, looking at the effect on the aerofoil’s flow physics

and performance.

These investigations should focus on whether these factors can account for the remaining discrepancies
between DNS results and wind tunnel data at high angles of attack (a > 9°). Furthermore, unsteady
flow physics associated with the point at which full separation moves from the apex to the leading edge

in the region 7° < a < 9° should be examined in greater detail, including the effect of wind tunnel
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walls on this process. Investigating these phenomena will significantly enhance the understanding
of the flow over unconventional aerofoil designs under Martian conditions and how different tools

(experimental and numerical) can provide different insights into flow physics.

7.2.2 Acceleration Techniques for DNS Optimisation

Chapter 5 looked into reducing the cost and time of DNS optimisation by assessing the need for 3D
DNS at different angles of attack and by using a biased set of aerofoils as the initial population.
However, the computational cost of a three-dimensional DNS-based optimisation is still high, and
it should be minimised by making use of efficient optimisation techniques. One way to accelerate
the optimisation process is by fitting a surrogate model to high-fidelity data, which is then used
as the cost function. Aerodynamic design through surrogate-assisted optimisation is becoming an
increasingly popular technique [134,135]. Several studies [136-141] have used surrogate models with
various levels of CFD fidelity as sampling and infill data for aerofoil shape optimisation to reduce the
overall computational resources that are required. However, these studies have focused on conventional
aerofoils. Unconventional aerofoils with sharp edges can cause discontinuities in the cost function,
since, as observed in Chapter 5, small variations in the design space (apex position) cause large
differences in the objectives (lift and drag coefficients). Surrogate models struggle with discontinuities,

which worsens the model’s ability to predict accurately.airfoils

An initial study on the use of a Kriging surrogate model for DNS GA optimisation of triangular
aerofoils has been conducted and presented as a conference paper in the Vertical Flight Society Forum
78 [142]. The Kriging model was used as the surrogate model due to its local approximation property
and higher accuracy compared to other methods [123]. For the generation of the model, pydacefit
[143] was used; a Python toolbox. This work involved comparing two strategies for high-order accurate
DNS-based multi-objective optimisation of unconventional aerofoils under Martian conditions. The
first strategy utilised GA optimisation with DNS for cost function evaluation. The second strategy
employed GA optimisation with a Kriging surrogate model — generated and updated using DNS — for
cost function evaluation. The work only considered 2D simulations due to their significantly reduced
cost. The local accuracy of the model is enhanced periodically using DNS as infill or update points

to rebuild the model, in addition to the initial sampling dataset.
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Results showed that the surrogate-assisted optimisation with DNS infill converged to a Pareto front
close to the 25th generation (390 DNS evaluations) Pareto front from DNS-based optimisation, but
it struggled to cover the entire Pareto front. When the non-dominated aerofoils from the surrogate-
assisted optimisation — which were obtained from the model — were run with DNS, new individuals were
found dominating some of the DNS-based optimisation aerofoils. The convergence of the strategies to
a reference Pareto front was assessed using the IGD+ performance indicator proposed by Ishibushi
et al. [144]. The reference Pareto front consists of a combined set of non-dominated individuals from
both strategies, with the ones obtained from the surrogate-assisted optimisation evaluated with DNS.
The IGD+ metric was computed differently for each strategy as the comparison relies on the cost,
which primarily depends on the DNS evaluations. IGD+ was computed at each generation for the
DNS-based GA optimisation, while, for the surrogate-assisted optimisation, it was computed at each

model update.

Figure 7.3 shows the IGD+ metric as a function of DNS evaluations for both strategies. One can ob-
serve that surrogate-assisted optimisation initially converged much more rapidly towards the reference
Pareto front. However, as the optimisation progressed, the convergence of the surrogate-assisted opti-
misation stagnated and lost its advantage against DNS-based optimisation without a surrogate model.
Consequently, for the case presented here, the utility of the surrogate model for DNS optimisation
is seen to depend on the termination criteria. For example, if one plans to use a termination crite-
rion that requires 100 DNS evaluations, the surrogate assistance significantly improves the obtained
Pareto front. The benefits of surrogate-assisted optimisation can likely be improved by optimising its

parameters.

Future work should look into improving the efficiency of the surrogate model used, including enhancing
the sampling plan and the infill criteria. More sophisticated approaches for sampling a constrained
design space with LHS should be explored. Blank et al. [145] propose different well-spaced space-
filling methods, for instance, discarding unfeasible points and generating new ones from multiple
LHS iterations until the number of desired points is reached. Regarding the infill criteria, different
combinations of the number of exploitation and exploration infill points should be evaluated to improve
the overall efficiency. Additionally, there are methods [145] that drive the infill points towards the

extremes of the Pareto front and, thus, pursue diversity in the objective space.
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Figure 7.3: IGD+ metric as a function of DNS evaluations comparing the convergence of DNS-based
optimisation against surrogate-assisted optimisation DNS infill.

7.2.3 Multi-Point Optimisation

Another proposed avenue for future work is to consider multi-point optimisation, given the sensitivity
that unconventional aerofoils optimised in Chapters 5 and 6 showed to free-stream conditions. When
in operation, the Martian rotorcraft will experience a range of various conditions, including different
turbulence levels, upstream wake effects, varying rotational speeds, diverse pitch angles, gusts, and
other perturbations. To enhance the robustness of the designs, it is important to account for various
expected conditions. Multi-point optimisation involves evaluating aerofoil performance across a range
of operating conditions and considering them through a weighted sum for a single objective function

or through different objective functions.

7.2.4 Increased Design Complexity

Finally, as the field of Martian aerodynamics advances, future research should focus on increasing
the complexity of the optimisation process. This could involve testing more sophisticated aerofoil

shapes and including a range of angles of attack in the optimisation. Moreover, it is important
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to consider objective functions that not only target aerodynamic performance but also address other
critical factors such as structural integrity and weight. Incorporating more complex aerofoil geometries,
additional design variables and/or additional objectives into the optimisation will inevitably increase
the computational cost. Therefore, as mentioned previously, it is imperative to develop and implement

techniques to accelerate and reduce the cost of the optimisation.

These avenues for future work are expected to lead to a deeper understanding of the aerodynamics of
unconventional aerofoil shapes under Martian conditions. Additionally, they will enhance optimisation
techniques for aerodynamic shape design and result in a more comprehensive and robust set of Martian

aerofoils. This will significantly advance and expand the field of Martian rotorcraft design.
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