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Preface

This new ECCOMAS Thematic Conference focuses on the multidisciplinary design optimization
of aerospace systems, both aircraft and spacecraft. Given the complexity of aerospace design
problems and the ever demanding requirements that must fulfilled, the 21%¢-century aerospace
design must necessarily tackle the physical multidisciplinarity present. The current advances in
algorithms and computing power make possible the design optimization of single components up
to complex systems. Not surprisingly, there is a growing acceptance of multidisciplinary design
and optimization in the Aerospace industry, thanks to algorithms and tool developments, capable
of tackling robust and reliability-based designs.

The goal of AeroBest is to discuss the latest developments in multidisciplinary design, analysis,
and optimization of aerospace systems, covering both manned and unmanned aircraft and space-
craft.

The conference scope encompasses design optimization and inverse problems applied to
Aerospace systems, with focus on aircraft and spacecraft. Aerospace design spans from discipline-
level conceptual and preliminary design studies up to system level studies of complete aircraft or
spacecraft. Multidisciplinary analysis and optimization of conventional and novel configurations
is sought. This includes the coupling of disciplines, such as acoustics, aerodynamics, heat and
mass transfer, dynamics and control, performance and structural mechanics. The discussion of
architectures of discipline coupling is also within the scope of the conference. Focus on numerical
optimization algorithms (deterministic or heuristic), discipline analysis models (high-fidelity, low-
fidelity and surrogate models) and sensitivity analysis techniques is also desired. The nature of
the coupled design problems includes size, shape and topology optimization, using deterministic,
reliability-based or robust design optimization approaches.

This first edition, AeroBest 2021, had been previously planned to be held at Instituto Superior
Técnico of the University of Lisbon but, given the on-going Covid-19 pandemic, it had to be run
online. Nevertheless, we hope all participants made the most of it, to whom we leave a final word
of appreciation for making this conference possible.

Am»tt' }7"’*“"' "(/‘L’

André C. Marta Afzal Suleman
(Conference Chair) (Conference Chair)
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Keynote Lecturers

From 2007 to 2010, he was selected by TEKES governmental Finnish Organization as Dis-
tinguished Professor at the Mathematical Information Technology Department at the Uni-
versity of Jyvaskyla, Finland. In 2010, he received a UNESCO Chair position on Numerical
Methods in Engineering at CIMNE/UPC Barcelona, Spain. Dr. Périaux has built during the

last two decades many scientific and technological cooperations, in Europe, USA, Australia
and China. His research interests include Evolutionary Algorithms, Game Strategies and
Multidisciplinary Design Optimization (MDO). Dr. Jacques Périaux career started at Das-
sault Aviation (France), where he held the roles of Head of the Numerical Analysis Group
in the Département d’Aérodynamique Théorique, High Scientific Adviser of the Advanced
Studies Division, and later chair the Pdle Scientifique Dassault Aviation / University Pierre
et Marie Curie.

Joaguim R. R. A. Martins is a Professor of Aerospace Engineering at the University of Michi-
gan, where he heads the MDO Lab. He is a Fellow of the American Institute of Aeronautics
and Astronautics and a Fellow of the Royal Aeronautical Society. His research involves the

development and application of MDO methodologies to the design of aircraft configura-
tions, with a focus on high-fidelity simulations that take advantage of high-performance
parallel computing. Before joining the University of Michigan faculty in 2009, he was an
Associate Professor at the University of Toronto, where from 2002 he held a Tier Il Canada
Research Chair in MDO. Prof. Martins received his undergraduate degree in Aeronautical
Engineering from Imperial College, London, with a British Aerospace Award. He obtained
both his M.Sc. and Ph.D. degrees from Stanford University, where he was awarded the Ball-
haus prize for best thesis in Aeronautics. He has served as Associate Editor for the AIAA
Journal, Optimization and Engineering, and Structural and Multidisciplinary Optimization.
He is currently an Associate Editor for the Journal of Aircraft.

Prof. Jonathan Cooper holds the Airbus Royal Academy of Engineering Sir George White
Chair of Aerospace Engineering at the University of Bristol. He has an international reputa-
tion for research in aeroelasticity, loads and structural dynamics, having published over 400

technical papers in leading journals and conferences, with 4 written paper prizes, and is the
co-author of the Wiley textbook, Introduction to Aircraft Aeroelasticity and Loads. Over the
past 30 years he has worked closely with industry to develop solutions that enable aircraft
designs to be more fuel efficient and environmentally friendly through exploitation of the
interactions between the airflow and aircraft structures. His Airbus sponsored chair is one
of only 7 in the UK. Prof. Cooper is a Fellow of the Royal Academy of Engineering, a Fellow
of the Royal Aeronautical Society (RAeS), a Fellow of the American Institute of Aeronau-
tics and Astronautics (AIAA) and has been a Chartered Engineer for over 25 years. He has
currently just finished a two year term as President of the Royal Aeronautical Society.
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HYBRIDIZED EVOLUTIONARY OPTIMIZATION WITH
GAME STRATEGIES FOR MULTI OBJECTIVE /
MULTIDISCIPLINARY DESIGN: APPLICATIONS TO
AERONAUTICS AND AEROSPACE

Yongbin Chen, Xiao Hu, Jacques Périaux, Zhili Tang, Peng Wu, Lianhe
Zhang

International Center for Numerical Methods in Engineering (CIMNE)/UPC Barcelona, Spain
periaux@cimne.upc.edu, http://www.cimne.com

Abstract. Drag reduction by laminarization, an innovative technology in aerodynamics
design, remains a challenge to significantly improve the aerodynamic performance of air-
craft and spacecraft. In this lecture, two complex physical flows modeling are considered:
(1) the multi design optimization of transonic NLF airfoils/wings and (2) the multidisci-
plinary design integration of a supersonic combustion ramjet engine (SCRAMJET) in an
air breathing hypersonic vehicle, involving aerodynamics, thermodynamics and propulsion
disciplines. Both associated complex physical modeling are non-differentiable and strongly
suggest the use of evolutionary computing for MO/MDO problems. The two above applica-
tions consider multi-objective design optimization (MO) solutions, the trade-offs decisions
of which must be taken by the designer.

Referring to the well-known Game Theory foundations [1], there are three main game
strategies to capture solutions of multi objective optimization problems: Pareto solutions
(cooperative game), Nash equilibrium solution (competitive game), and Stackelberg equi-
librium solution (hierarchical game). Game strategies are hybridized with Evolutionary
Algorithms (introduced in the late 60° by John Holland [2] in the context of adaptation in
Natural and Artificial Systems). Their implementation with additional speed ups (vari-
able fidelity, games coalition,..) provides a reliable ”core software” used to solve complex
problems in Aerodynamics and Aerospace.

Hybridized methods are successfully implemented to optimize 2-D /3D aerodynamic
shapes of NLF airfoils/wings (mazimization of laminar region and reduction of shock in-
tensity with active devices; (Mach=0.729, angle of attack=2.31 deg and Re=1.6 x 107);
and the shapes of an hypersonic air breathing vehicle with an idealized supersonic com-
bustor (SCRAMJET) (fore body and after body; Fuler flow, Mach=8; angle of attack = 0
deg; flight altitude=30km). Numerical results [3,4] are presented and discussed; they illus-
trate the potential of the approach for optimizing aerodynamical configurations operating
around complex physical flows. It is concluded that the hybridization of games strategies
with Evolutionary Algorithms (EAs) [5] is a computationally efficient design tool which
can be used in 3-D industrial design environments with large HPC' facilities.

Keywords: Natural Laminar Flow (NLF) wing; Transition prediction, Shock wave con-
trol technology; Scramjet combustor, Hypersonic air breathing vehicle; Variable-fidelity
hierarchical optimization; Pareto, Nash, Stackelberg Games, Evolutionary Algorithms
(EAs); Variable fidelity
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THE CONCEPT OF SELF-DEPLOYABLE HELIUM-FILLED
AEROSTATS BASED ON TENSEGRITY STRUCTURES

Lech Knap?, Andrzej Swiercz?, Cezary Graczykowski?", Jan Holnicki-Szulc?
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Warsaw University of Technology
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Abstract In this contribution, the authors propose a concept of novel type of an ultra-light
helium-filled aerostat. The internal construction of the proposed aerostat is based on a self-
deployable tensegrity structure equipped with prestressed tensioned elements of
controllable lengths. Such construction enables convenient transportation of the aerostat
and its fast deployment at the required operational point at the atmosphere. The
controllable tensegrity structure can be used for simultaneous changes of the aerostat
volume and external shape during the flight. This enables modification of buoyancy and
drag forces and obtaining a desired vertical and horizontal motion as well as a desired
flight path. The authors propose a method of numerical modelling of self-deployable
helium-filled aerostats based on the finite element method as well as CFD and FSI models
presenting behaviour of aerostat during typical operational conditions. The presented
results show the interaction of the internal tensegrity structure and aerostat envelope and
positively verify the feasibility of the proposed concept of tensegrity-based aerostats.

Keywords: tensegrity structure, internal construction, helium-filled aerostat, numerical
modelling
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1. INTRODUCTION

Airships and balloons were the first vehicles built by men but for many years their
applications have been very limited due to intensive development of aviation. Specified military
application of airships included reconnaissance missions, combat of submarines and ocean
surveillance [1-2], while the attempts of their civil use were interrupted for many years by well-
known crash of the Hindenburg airship in 1937 [3]. However, recent technological changes
have caused renaissance of airship applications. At the beginning of the century many new-
generation helium-filled airships with the ability to undertake long-term and low-energy flights
have been constructed and initially used for low-cost missions aimed at exploration of
stratosphere and mesosphere [4-6]. Currently constructed airships provide telecommunication
systems in rarely populated areas, serve as remote monitoring or surveillance systems and
research pseudo-satellites [7-10]. The most well-known examples of airships are Zephyr S [11],
Russian concept Berkut [12], Lockheed Martin’s ISIS [13] and French Stratobus [14].

Significant effort in the design of airships is focused on the reduction of the self-weight,
which largely influences the load capacity and the possibility of carrying payloads. The first
technological challenge in construction of airships is development of ultra-light envelopes of
thickness of several micrometers, which are helium-tight and maintain elastic properties at wide
range of temperatures [15]. The second important technological problem is design of skeletal
structure which supports airship envelope and provides its appropriate shape and resistance to
aerodynamic forces. The related challenge is designing connections of the internal skeletal
structure and airship envelope and attachment of the cargo to this fragile structure.

In this paper the authors propose construction of the aerostat based on deployable tensegrity
structure equipped with elements of controllable lengths. Such construction enables convenient
transport of the aerostat with the use of a balloon or an aircraft to the operational altitude and
its automatic deployment at certain location at the atmosphere. The tensegrity structure provides
very low mass of the aerostat, adequate strength to support the aerostat envelope during strong
wind gusts and possibility of transferring point loads resulting from carried cargo. On the other
hand, application of tensegrity structure equipped with controllable elements enables
convenient change of the aerostat volume and shape during the flight. The change of volume is
used to control the actual buoyancy force and resulting vertical motion of the aerostat (“V-
mobility”). In turn, the change of aerostat shape can be used for changing the influence of lateral
wind gusts or controlling horizontal stability or positioning during the mission (“H-stability”).

The paper is organized as follows. The second section describes general construction of
aerostats based on the tensegrity structures and details of the proposed design. The third section
shows FEM-based strength analysis of the aerostat including distributions of internal forces
caused by pressure differences. The fourth section presents CFD analysis of the flow around
aerostat and simplified FSI analysis revealing an interaction of the flow and the tensegrity-
supported aerostat envelope. Finally, the fifth section concludes the conducted research.

2. CONSTRUCTION OF TENSEGRITY-BASED AEROSTATS

The simplest proposed tensegrity-based aerostat utilizes skeletal structure in the form of
tensegrity prism which is composed of three struts and nine tendons (Fig.1a). While the selected
nodes (1a) of the tensegrity structure are permanently integrated with the aerostat envelope, the
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other nodes (1b) are linked in slidable fashion to avoid excessive internal forces in both
substructures. In considered case three vertical tendons (denoted as (1e), green-coloured) are
highly elastic, while the length of three horizontal stiff tendons (denoted as (1e), blue-coloured)
can be controlled. The proposed structure is distinguished from the classic tensegrity structure
by highly elastic tendons (1e) with a much lower Young's modulus than Young's modulus for
the other elements. A structural stability of the structure is ensured by the red-coloured bars
(1d). The aerostat based on such a tensegrity structure can be cylindrical-shaped with two
hemispheres located at the lateral sides (Fig.1b). Symmetric shortening of the stiff tendons of
controllable lengths implies change of the radius along the cylinder, decease of volume of the
aerostat and causes that its shape becomes slender. In turn, asymmetric shortening of the
tendons causes asymmetric deformation of the aerostat and changes it resistance to winds in
axial direction.

—(19)

(1b) \ !

(1d)

(le)

b
@ (b)

(d)

Figure 1. (a) A single module of foldable tensegrity structure; (b) a single-chambered tensegrity-based aerostat;
(c) a four-module tensegrity structure; (d) a tree-chamber aerostat with four modules of tensegrity structure.
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The more complex tensegrity-based ellipsoid-shaped aerostat, considered in further part of
this paper is composed of four modules of tensegrity structure. Each unit is based on two
squares rotated by 45 degrees (Fig.1c-d). Contrary to the previous case, stiff tendons (1c) are
arranged into crosses instead of peripherally. The struts, highly elastic and controllable tendons
are shown in Fig.1c. Additionally, the set of movable joints of each unit tensegrity structure is
slidingly connected to guide rails (1m) which are bounded to the aerostat envelope.

In this case the shape of the aerostat is based on ellipsoid with a circular cross-section in the
vertical plane. The considered aerostat is 10 metres long and 2 m wide and it is divided into
three chambers with the use of two internal diaphragms. Similarly, as in the case of single-
chambered aerostat, the shortening of the tendons causes decrease of aerostat radius and
reduction of its volume. Nevertheless, the application of four modules of the tensegrity structure
provides wide possibilities of change of the aerostat shape (two modules are placed in the
middle chamber). In the proposed solution, shape of the arbitrary section of the aerostat can be
significantly modified, which causes that aerostat can be precisely adjusted to wind gusts in
both axial and lateral directions (the process of “adaptive morphing”).

The above process of changing the length of tendons can be efficiently conducted using
controllable retractors, such as rotary electric motors or linear actuators, serving for contraction
or elongation of stiff tendons (1c). Let us note that shortening of tendons of tensegrity structure
leads to substantial redistribution of internal forces in the entire tensegrity structure and affects
deformations and stresses generated in the aerostat envelope.

3. STRENGTH ANALYSIS OF TENSEGRITY-BASED AEROSTAT

This section presents the results of FEM-based strength analysis aimed at finding distributions
of internal forces in skeletal structure and envelope of the aerostat caused by pressure
differences at various altitudes. A numerical model of the aerostat presented in Fig.1d was
created using Abaqus package. The mesh of the envelope and nodes of the tensegrity structure
are illustrated in Fig.2.

Figure 2. A numerical model of a three-chamber aerostat with four internal modules of tensegrity structure.

The envelope and diaphragms are modelled by means of 3-node and 4-node membrane
finite elements. However, in the locations of connection with non-movable tensegrity joints and
guide rails, the stiffening plates (yellow-coloured in Fig.2) are applied and modelled by shell
finite elements. The internal structure is modelled by truss elements (highly elastic tendons),
beam elements (bars and guide rails) and connectors (stiff tendons, retractors and sliding
connections). The connector element-type is applied to define interaction between two points
and it is useful for control of tendon lengths by means of retractors. The total number of finite
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elements in the model is equal to 13 811. For computations, the following material data was
assumed:

e envelope and diaphragms: thickness 50 um, density 1390 kg/m? and Young’s modulus
0.43 GPa;

e bars, guide rails (both pipe cross-section, diameter of 12 mm and thickness of 1 mm)
and stiffening plates (thickness of 1 mm) are made of carbon fibre with density of
1580 kg/m?® and Young modulus of 87.0 GPa;

e highly elastic tendons (rubber-like material): circular cross-section with diameter of
3.6mm, density of 900 kg/m? and Young modulus of 0.05 GPa;

e stiff tendons: circular cross-section with diameter of 3 mm, density of 7850 kg/m? and
Young’s modulus of 210 GPa.

The total mass of the aerostat (including payload) is equal to 15.172 kg. A structural
strength assessment of the aerostat was performed for three altitudes: h,=5 km, h1=3.725 km
and hs=2 km. Firstly, to reach the altitude of h,, helium mass of 2.537 kg was inflated into the
aerostat. Then, aerostat was partially deflated and helium was compressed in an additional tank
(of 0.095 kg to lower the altitude). Finally, all stiff tendons were uniformly shortened to achieve
the altitude of hs=2 km. Outer atmospheric pressure in the numerical model is applied outwardly
to the aerostat envelope and linearly varies from ground level to the target altitude. The quasi-
static calculations were based on NASA’s atmosphere model available on the web site
https://www.grc.nasa.gov/iwww/K-12/airplane/atmosmet.html.
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Figure 3. The equivalent von Misses stresses in the envelope at altitude of (a) h,=5 km, (b) h;=3.725 km and (c)
hs=2 km.
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The obtained results are presented in Fig.3 and Fig.4. In Fig.3 equivalent Mises stresses in
the envelope computed for the aforementioned altitudes are presented. The highest level of the
equivalent Mises stresses is reached for the altitude of h,=5 km —about 50MPa in the membrane
and 67MPa in the stiffening plates. While the aerostat descents to the altitude h1=3.725 km (as
a results of partial helium compressing), the equivalent Mises stresses are also decreasing.
When the aerostat continues its descent by shortening tendons, the stresses level in the bar
members sharply increases to 240 MPa, as illustrated in Fig.4 (longitudinal stresses), but they
do not exceed the yield stresses limit.
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Figure 4. Longitudinal stresses in tensegrity structure elements at altitude of (a) h.=5 km, (b) h1=3.725 km, (c)
hs=2 km.

4. CFD AND FSI ANALYSIS OF TENSEGRITY-BASED AEROSTAT

The section presents CFD analysis of the flow around aerostat in vertical and horizontal
direction as well as simplified FSI analysis revealing interaction of the vertical flow and
envelope of the aerostat supported by the tensegrity structure.

4.1. CFD analysis

The simulations of the flow around the aerostat were aimed at determination of the flow
profiles, computation of pressures exerted at certain points of aerostat envelope and calculation
of total forces exerted on the aerostat. The analysis was conducted using ANSY'S Fluent and
was performed for both lateral and axial direction of the flow (Fig.5a-b and Fig.5c-d,
respectively). The results of the conducted analyses were used to determine change of the drag
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Figure 5. Pathlines of the air flows computed for the vertical and horizontal aerostat velocity of: 5 m/s and
altitude a) and c) h, , b) and d) hs.
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force Qq and drag coefficient cx in terms of velocity of the flow (Fig.6). In Fig.7 we have shown
change of coefficient cx for various forms of the aerostat, which depend on the applied method
of control. The particular forms correspond to: form 1 - aerostat maximally inflated with helium,
form 2 - nominal volume Vo, form 3 - shortening of tendons (3a - in all chambers, 3b - in the
middle chamber, 3c - in the outermost chambers). The change of drag coefficient corresponding
to lateral flow was further used in analytical model of vertical motion of the aerostat. In turn,

the change of drag coefficient corresponding to axial flow was further used in a model of
horizontal motion of the aerostat.
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Figure 7. Numerically determined dependence of the coefficient Cx on vertical velocity for different forms of the
aerostat

4.2. FSI analysis

The presented study is focused on investigation of the interaction of tensegrity structure and
envelope of helium-filled aerostat so the air flow analysis is limited to steady-state conditions.
The cases considered in this subsection are focused on the air flow with two speeds applied in
the Z-direction (V-mobility). In the first case, the wind velocity increases up to 1.2 m/s (mean
velocity during ascend of the aerostat) whereas in the second scenario the air speed reaches
5 m/s (an excessive air flow). In both cases, after time to=2.5s the air velocities remain constant.
The assumed air density corresponds to the air at ground level, i.e. pa=1.225 kg/m?.

A computational domain has dimensions: 80 m (Z-direction) by 30 m, (Y-direction) by
14 m (X-direction) and is presented in Fig.8a, whereas the air speed loads are shown in Fig.8b.
The velocity boundary condition is applied to the top surface of the cuboid domain. On the
bottom surface, the air pressure is expected to be zero and air flows by sidewalls of the
computational domain are not permitted. The distances between aerostat semi-axes and

computational domain boundary are equal: 10 m (to the top surface along Z-direction), 7 m
(along X-direction) and 15 m (Y-direction).

10
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The response of the aerostat is computed utilizing coupled Eulerian-Lagrangian technique
with uniform mass scaling applied to the aerostat structure (Lagrangian domain). An air flow
(Eulerian domain) interacts with the aerostat membrane by means of defined Eulerian-
Lagrangian contact. Due to applied mass scaling, the natural time scale of this dynamic process
is perturbated. This, however, can be neglected since only the steady-state deformation of the
aerostat, obtained after sufficiently long time of exposure to the gust load, has to be considered.

o
— -1 ]
ae || \|] T
g 9l i
=
g
ER |
H
< 4| ]

=51 | | T T premErerErere

0 1 2 3 4 5
Time [s]
(b)

Figure 8. (a) Computational domain with the initial configuration of the aerostat, (b) velocity functions applied
for the air gust loads.
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The aerostat membrane deformation and equivalent von Mises stresses computed for the
wind speed 5m/s are shown in Fig.10a. The obtained numerical results show that the mean
value of helium pressures reach 20 Pa and 400 Pa in middle chamber and lateral chambers,
respectively. The equivalent von Mises stresses locally reach significant values only in
stiffening plates (see Fig.10a) and the supporting structure (see Fig.10b). However, they do not
exceed tensile strength for carbon fibre which is above 1 GPa. Moreover, the aerostat shape
becomes one-side slightly curved. This modified aerostat shape also has influence for the air
flow, which is illustrated in Fig.9 for both wind load cases.

+1.983e+08
+1.818e+08
+1.654e+08
+1.490e+08
+1.326e+08
+1.162e+08
+9.978e+07
+8.336e+07
+6.695e+07
+5.054e+07
+3.412e+07
+1.771e+07

@) +1.298e+06
+3.199e+08 :
+2.933e408 / //
+2.667e+08 //\ S
+2.400e+08 \ , / T ———
+2.134e408 7 > - /
+1.868e+08 R |~ >SN NS k y
+1.601le+08 / / g V4

+1.335e+08 . |/ -
+1.069e+08 z V / —
+8.027e+07 ¢ — .
+5.365e+07 —J
+2.702e+07 )

(b) +3.955e+05 Y

Figure 10. Equivalent von Mises stresses (Pa) in the aerostat membrane (a) and supporting structure (b) caused
by the air wind loads with the speed of 5 m/s.

5. CONCLUSIONS

The conducted numerical simulations prove the feasibility of the proposed concept of
tensegrity based aerostat. In particular, the strength analysis has shown low values of stresses
generated in aerostat envelope and skeletal structure as a result of pressure difference during
quasi-static process of aerostat vertical movement. The stresses generated as a result of
shortening of the active tendons of tensegrity structure appeared to be significantly larger, but
below the strength limit of the applied material. This indicates that control of the aerostat shape
and resulting control of its motion can be successfully executed by the proposed methods of
tendons shortening. Moreover, the conducted CFD and FSI analyses have shown large values
of stresses generated in carbon fiber bars of the tensegrity structure under the wind flow. This
indicates that for larger aerostats further optimization of topology and mechanical properties of
the applied tensegrity structures is required and have to be developed in the next stage of the
conducted research.
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Abstract In this contribution the authors propose and investigate the concept of adaptive
morphing for recently introduced tensegrity-based helium-filled aerostats. The proposed
aerostat is based on an ultra-light tensegrity structure equipped with prestressed tensioned
elements of controllable lengths. Such internal structure allows for adaptive morphing of the
aerostat defined as simultaneous controllable modifications of aerostat volume and external
shape during the flight. The controlled volume changes enable influencing buoyancy forces
acting on the envelope and obtaining desired vertical motion of the aerostat during the
ascending and descending process (“‘vertical mobility”). In turn, the controlled changes of
external shape of the aerostat can be used either for lowering the aerodynamic drag forces and
reducing energy usage needed to maintain stable horizontal position or to follow the desired
path of aerostat horizontal motion (“‘horizontal stability”). The authors effectively apply the
previously introduced mechanical FEM model of the tensegrity-based aerostat and dynamic
model of the aerostat’s vertical and horizontal motion to conduct simulations of the process of
adaptive morphing and maintain a proper position in the atmosphere. The obtained results
positively verify the idea of adaptive morphing and its efficiency in controlling vertical and
horizontal motion of the aerostat.

Keywords: tensegrity structure, helium-filled aerostat, adaptive morphing, vertical mobility,
horizontal stability
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1. INTRODUCTION

The airships and balloons were the first vehicles built by men and although their use was
originally widespread, they have been superseded for many years by aircrafts. In recent years
it has been observed a renewed interest in aerostats, mainly due to their ability to carry out long
missions at much lower costs than aircrafts [1]. Currently constructed airships successfully
fulfil various purposes, e.g. provide communication in hardly reachable areas (including
ensuring the possibility of using 4G / 5G technology), serve as reconnaissance and surveillance
systems, military communication centres or research pseudo-satellites [2]. For example,
stratospheric airships offer adequate operational flexibility, which allow to provide locally
broadband telecommunications and connectivity in areas of natural disasters or areas with a low
level of ground infrastructure in much faster and easier way [3]. Simultaneously, the total costs
(mainly consisting of fuel and service) for cargo transport or for exploration of stratosphere,
mesosphere — and even space observation — are much lower than in case of using airplanes or
satellites [1,4-5].

Although air vehicles are more and more used, their wider application is still limited by a
number of design problems. These mainly include adequate structural strength, which must be
ensured at the lowest possible weight. Increase of the structure self-weight causes that the
possible payload diminishes. Therefore, the significant effort in design and construction of the
airships is oriented towards reduction of the self-weight by reducing mass of internal structure
and mass of the envelope. The main technological challenge is to develop ultra-light envelopes
(range 2.8-24 um), which are impermeable to helium, resistant to UV radiation and maintain
elastic properties at temperatures reaching -70°C [6-7]. The problem is to ensure that the
internal structure is sufficiently stiff to provide the adequate shape and volume necessary for
the airship to fly with a designed payload and under the load exerted by the wind flow.

Currently, many research works are devoted to solving problem of predicting the movement
of airships in both the vertical and the horizontal direction [8-9], as well as to analyse the
changes in volume resulting from heating of the envelope by the sun and heat exchange with
the environment [10-11].

In this article the authors propose and investigate the concept of adaptive morphing for
recently introduced tensegrity-based helium-filled aerostats. The proposed aerostat is based on
an ultra-light tensegrity structure equipped with prestressed tensioned elements of controllable
lengths. Such internal structure allows for adaptive morphing of the aerostat defined as
simultaneous controllable modifications of aerostat volume and external shape during the flight.
The controlled volume changes enable influencing buoyancy forces acting on the envelope and
obtaining desired vertical motion of the aerostat during the ascending and descending process
(“vertical mobility”). Additionally, the controlled changes of the altitude can be used to
maintain horizontal position in appropriate weather conditions.

The proposed internal structure of the aerostat is based on the use of tensegrity type
construction. Such a construction allows to obtain a relatively low mass of the internal structure
but also provides adequate strength of the aerostat. An additional advantage of such a structure
is the possibility to control its selected elements (e.g. shortening of tendons or elongation of
struts), which enables to obtain various shapes of the envelope stretched on the structure. In this
way it is possible to control the aerostat balloon volume within a certain range. With an
appropriate configuration of the tensegrity structure, the aerostat can be assembled and
transported using different means of transport e.g., a rocket or an aircraft. In this way the
adaptive aerostat can be delivered quickly to a chosen point of the atmosphere and
disassembled.

15



AeroBest 2021 - International Conference on Multidisciplinary Design Optimization of Aerospace Systems

Lech Knap, Andrzej Swiercz, Cezary Graczykowski, Jan Holnicki-Szulc

2. CONCEPT OF THE ADAPTIVE AEROSTAT

An example of application of supporting lightweight truss structure with modifiable lengths
of selected members used to reinforce the helium-filled aerostat is demonstrated in a
simplified form in Fig.1. For the clarity of the presented approach, the further discussed
vertical mobility problem is presented using 2D model.

(a) initial state stiff tendons high-elastic tendons

. N
Ao Ay 5 N\

-

.......

Figure 1. Aerostat reinforced by the lightweight truss supporting structure: (a) initial state with designed
element lengths; (b) operational state — after possible modification of controllable members lengths.

The internal truss structure is composed of 5 sections and each section consists of 3 types
of elements: rigid bars (diagonal members), high-elastic tendons (top and bottom members) and
stiff tendons (vertical members). The nodal points of the initial supporting structure are denoted
by A; (top members) and B; (bottom members), see Fig.la. Lengths modifications are
introduced by a set of controllable actuators (electric motors) installed on stiff tendons.
Assuming the possibility of elongation and shortening of those members (stiff tendons), the
aerostat volume and shape modifications are available. In Fig.1b, the nodal points of the
supporting structure in an operational configuration are denoted by A’; and B';. However, in
the full 3D configuration the lengths modifications of vertical members affect the aerostat
volume with the square exponent, while modifications of the horizontal ones affect it only
linearly. The modifications of the aerostat shape can be used for volume corrections which
affect the vertical and horizontal mobility (V-Mobility, H-stability).

3. MATHEMATICAL MODEL OF AEROSTAT MOTION

The numerical analyses presented in this paper consist of two parts. In the first part, we consider
the motion of the aerostat and methods of controlling vertical and horizontal motion without
the use of propulsion (horizontal motion of the aerostat under the influence of wind). For this
purpose, a numerical model of the aerostat has been built to study the aerostat control and
kinematics under atmospheric conditions (pressure, air density, temperature, gravity, wind
direction and wind speed). The atmospheric conditions were approximated by an atmospheric
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model according to NASA!. The data concerning wind directions and speeds at various altitudes
were taken from FlyMeteo" and are shown in Fig.2 in two views. The first view (Fig.2a) uses
dual axes (one for wind speed, another one for wind direction), whereas the second view
(Fig.2b) is oriented according to the directions of the World. Each pair of measurement data is
aligned along the radial direction. An exemplary data for the highest altitude (about 16 km) is
highlighted by the line A-4".
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(a) Atmospheric data in the linear view.
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(b) Atmospheric data in the polar view.

Figure 2. Distribution of wind speed and direction for a sample location Praha-Libus (Czech Republic).

" Glenn Research Center. Earth Atmosphere Model Metric Units, (accesed on 21 June, 2021)
https://www.grc.nasa.gov/www/K-12/airplane/atmosmet.html.

i FlyMeteo, Wieter Pilot (accessed on 21 June, 2021),
https://flymeteo.org/sounding/diag_p.php?p10&index=11520&termin=2021_06_20_00.
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The motion of the aerostat in the atmosphere is described by the following system of equations:

d?x

t gz = —Qqgn COS@ (1)
d? .
"ztd_tf = —Qqp Sina (2)
d?h
mtﬁ = _Qg + Qb - de (3)

where:

— x,y — spatial variables describing the movement of the aerostat in a horizontal plane (x
— east, y — north),

— h —aspatial variable describing the movement of the aerostat in a vertical direction,

— o — an angle between the aerodynamic force exerted on the aerostat and the direction
related with spatial variable x,

— m, —total mass of the aerostat,

—  Qun — aerodynamic force exerted by the wind in the horizontal direction,

— Qg — aerodynamic drag force in the vertical direction,

— Qp — buoyancy force of the aerostat,

— Q4 — aerostat weight.

Mentioned above forces are determined as follows:
— the weight of the aerostat:

Qg(h) = mg(h) (4)
where: g(h) describes the value of the gravity in function of the altitude h,
— the buoyancy force of the aerostat:
Qv(my, &, ) = pa(h) g(W)V (my, &, h) (5)
where: p, (h) describes the air density at the altitude h, while V (m,,, &;, h) describes the

balloon volume as a function of the helium mass m, in the aerostat balloon and

_40
& = lfl—tlt denotes the elongation of the stiff tendons with the actual length [, and the
t

initial length 2.
— the aerodynamic drag force in the vertical direction:
Quv (M, £, 1) = 5E0(0,) €4 (v, h) P (WA, (my, 0, 1) 22 (6)
where: v, denotes the vertical speed of the aerostat, A,,(m,, &, h) is the cross-sectional
area of the aerostat in the vertical direction, ¢, (v,, h) is the drag coefficient in the

vertical direction,

— the aerodynamic drag force in the horizontal direction:

Qan(mp, &, h) = sgn(vy) cx(vp, h) pa (M)A (my, &, B) v?ﬁ (7)
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where: v, denotes the horizontal speed of the aerostat, A,(my, &, h) is the cross-
sectional area of the aerostat in the horizontal direction, c, (v,, h) is the drag coefficient
in the horizontal direction.

In order to determine the value of the above forces it is necessary to know the volume
occupied by the helium filling the aerostat balloon. The volume of helium depends on the mass
of helium m,, inside the balloon, the properties of the envelope material and the atmospheric
pressure outside the balloon.

In the case when the balloon volume V is smaller than the design value V;, (with the balloon
filled but without the imposing tensile stresses into the envelope), the pressure in the balloon p
will be close to the atmospheric pressure p,. If the balloon is fully inflated, the stretching of the
balloon envelope has to be taken into account when determining the pressure value in the
balloon. In addition, the control of the balloon volume below the volume Vo can be conducted
by changing the lengths of the tensegrity structure members (i.e. stiff tendons). Therefore, the
volume V' of the aerostat can be determined based on the system of equations:

( mpRTg () _
! o) forV<Vyande =0

V= Z—Z(k—pa(h)+\/ﬂ) forV>V,ande =0 (8)
l V(e, mp, h) fore, # 0

The second relationship in Eq.(8) contains A which is a determinant of the equation:
k
V—OV2 + (pg — K)V —myRT, =0 9)

The above equation has one physical solution and results from the combination of the ideal gas
law applied for helium inside the aerostat:

pV = myRT, (10)

and the equation defining the relationship between pressure p and the volume of the aerostat
balloon V with the use of coefficient k defining elastic properties of the material of the aerostat
envelope:

p—pa(h) = k (=2) (1)

Vo

The value of the coefficient k can be determined numerically using simulation of the aerostat
inflation based on Finite Element Method. Similarly, the relation between shortening of the
tendons and volume of the aerostat can be obtained using corresponding FEM simulation of
aerostat compression. The final dependence between mass of helium and aerostat volume,
defined by EQq.8b, is presented in Fig.3a, whereas final dependence between tendons length
reduction and aerostat volume, defined by Eq.8c, is shown in Fig.3b.
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Figure 3. Aerostat volume changes.

4. NUMERICAL SIMULATIONS

As mentioned in the Introduction, it is assumed that the aerostat can be transported to a selected
point in the atmosphere in a folded position. Next, the aerostat can then be unfolded and filled
with helium. Therefore, in the numerical model the simultaneous processes of filling the
envelope and at the same time the free fall of the aerostat is taken into account. The analyses of
the numerical results show that the process of unfolding the aerostat must be carried out as
quickly as possible in order to prevent its deployment at high speed.

Using the mathematical model described above, it is possible to analyse the movement of
the airship for different scenarios and two types of control:

e controlling the mass of helium, and
¢ controlling the length of tendons in the aerostat structure.

For example, it is possible to consider the scenario in which the mission in performed in such
a way that aerostat position at the mission end is close to the position at the mission start. In
such a case, the corresponding dynamic optimization problem is aimed at finding functions
describing change of helium mass in time m;”* and tendons shortening in time £P*(¢), which
minimize the difference between final horizontal position of the aerostat at arbitrary time instant

teng and its desired horizontal position (x,, y,):

(M (1), 627 (©)) = arg min [ [x(mz (0, £ (D), tena ) — %oI? + Y (0), €00, tuna ) — Yol
(12)

Solution of the above problem can be obtained by searching for the altitudes with winds of

appropriate directions and using either helium mass control or tendons control in order to

modify actual operational altitude of the aerostat, catch the suitable winds and use them for

aerostat motion towards desired final position. Consequently, the following scenarios will be

considered:

a) Scenario 1 — this scenario corresponds to the execution of a sample standard mission
consisting of steps:

e Step 1 -ascending fromh; =0mto h, =5km,
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e Step 2 — maintaining the aerostat altitude at the level h, =5 km,

e Step 3 —descending to altitude h; =3.8 km at which volume V = V. In this step the
decrease of the height takes place by decreasing the amount of helium in the aerostat
balloon.

e Step 4 — maintaining the aerostat altitude at the level h;,

e Step 5a-—reducing the length of the stiff tendons by 34.4% and descending to the altitude
h, = 2 km,

e Step 5b — maintaining the aerostat altitude at the level h,,

e Step 6 — aerostat descending and landing at the level h; =0 m.

b) Scenario 2 — this scenario corresponds to an almost identical mission as in Scenario 1,
except that in Step 1 the aerostat is disembarked at an altitude h, and in Steps 5a and 5b the
altitude is maintained in the range of 3.1-3.3 km so that it is possible to return to the initial
position in the horizontal plane, but at h, level, due to wind effects.

In both scenarios, the control of the balloon volume and the ascending velocity is carried
out both by the mass of helium control and the tendons length control. The control of vertical
mobility is realized by tendons length control in the range of 2-3.8 km of the altitude, while
outside this range by helium mass control. Tendon control outside this range is problematic
because at a given helium mass it can lead to the formation of significant overpressures in the
balloon which can lead to damage to the aerostat envelope. However, such a solution allows to
operate between operational altitudes (e.g. 2-3.8 km) using only tendons and without changing
the helium mass. Thus, it is possible to provide easier control of the aerostat altitude within the
mentioned range. Additionally, volume change can be realized quickly which is difficult in the
case of helium mass control.

In the Fig.4, the changes in the aerostat vertical motion control signals are presented.
However, instead of the changes in the length of the tendons, the recalculated value of the
decrease in the aerostat volume resulting from the assumed change in the length of the tendons
is shown (maximum 39% for Scenario 1 and 11% for Scenario 2). The figure also presents a
plot of the helium mass change in the aerostat balloon.
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(%] (48]
g 2 Scenario 1 - helium I 159
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3 o
3 | £
- [ 2
0,52
0,5 / >
0 0

0 5000 10000 15000 20000 25000
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Figure 4. Variation of helium mass and balloon volume changes due to tendons control signals
Changes in control signals are accompanied by changes in the volume of the aerostat, which
correspond to a change in balloon volume and therefore in the value of the buoyancy forces as

well as ascending and descending velocities. The initial helium mass allows the aerostat to reach
an altitude of 5 km in both scenarios - cf. Fig.5. Subsequently, the first decrease in helium mass
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causes that the aerostat descends to an altitude of about 3.78 km. The next step of control
consists of changing the length of the tendons. In the case of the maximum allowable shortening
of the tendons, it is possible to reduce the height of the aerostat to an altitude of 2 km in
Scenario 1. In Scenario 2, a different strategy of controlling the length of the tendons is adopted,
which is aimed at obtaining a starting position in the horizontal plane. Therefore, it is necessary
to search for altitudes at which the direction of the wind allows to return to the starting position
without additional propulsion (cf. Fig.2). This is achieved by keeping the aerostat altitude in
the range 3.1-3.3 km for some time. In Fig.6 the course of changes in the distance of the aerostat
from the initial position is shown, while in Fig.7 its components in horizontal plane are
presented. At the end of both scenarios, the second decrease in helium mass which leads to the
landing of the aerostat and the end of the scenarios (Fig.4).
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Figure 5. Change in aerostat altitude in Scenario 1 and 2.
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Fig. 6. Change in aerostat distance from initial horizontal position.
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Figure 7. Change in aerostat distance components (direction X and Y) from initial horizontal position.

The obtained results indicate that in favourable atmospheric conditions it is possible to use
the presented method of controlling the aerostat volume based on changing the length of the
tensegrity structure tendons on which the balloon envelope is extracted. This approach enables
both to control the change of the aerostat altitude and to maintain a certain horizontal position
(circling around desired position) of the aerostat under favourable atmospheric conditions.

The durability of the aerostat envelope greatly depends on the gauge pressures inside the
balloon. If the gauge pressure is too high during changes in helium mass or changes in tendon
length, damage of the envelope may occur. Figure 8 shows the changes in the balloon gauge
pressure (compared to atmospheric pressure at a given altitude) in both scenarios. Changes in
helium mass and tendons lengths were limited in order to avoid obtaining a gauge pressure
higher than 2150 Pa. Higher pressure can cause overloading of internal tensegrity structure and
its damage. Also, attention should be paid to the fact that keeping a low value of a gauge
pressure is favourable because it allows to increase resistance to wind gusts and the resulting
undesirable changes in volume of the aerostat.
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Figure 8. Change in the gauge pressure in the aerostat balloon.
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5. FINITE ELEMENT STRENGTH ANALYSIS

The results of the numerical simulation based on above model of aerostat motion allow
indicating the time instants in the aerostat motion where the structure is the most loaded. This
is particularly visible in Step 2 at height h, where the gauge pressure has the highest value. In
addition, the control of tendons length can also cause an increase in gauge pressure, what is
visible in Step 5. Therefore, this section will present the results of the finite element analysis of
the aerostat structure corresponding to the mentioned critical time instants.

For this purpose, a numerical model of the aerostat was created using Abaqus software. The
ellipsoid-shaped aerostat has a length of 10 m (along the major axis) with circular cross-section
(with respect to the vertical plane) and with the largest diameter of 2 m. It was assumed that the
envelope is made of polyethylene (E=0.43 GPa) and has thickness of 50 um. The supporting
internal structure of the aerostat is composed of four separate modules of tensegrity structures.
Each module is made of:

e carbon fibre bars (a pipe cross-section with outer diameter of 12 mm and wall thickness of
1mm),

e stiff tendons (circular cross-section with diameter of 3 mm, E=210 GPa) made of steel, and

¢ highly-elastic tendons (circular cross-section with diameter of 3.6 mm, E=0.05 GPa) made
of a gum-like material.

For control of the stiff tendon lengths, the electric motors (retractors) are utilized and placed in
each crossing of stiff tendons, as presented in Fig.9.

stiff
high-elastic retractor  tendon
tendon

guide rail
z

guide rail
high-elastic
tendon

stiff
tendon

rigid bar guide rail

1 module 2 modules 1 module

Figure 9. A scheme of the supporting structure.
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Figure 10. The supporting structure scheme of the aerostat.

The numerical model consisting of 13 811 finite elements (i.e. shell elements, membrane
elements, truss elements and connectors) is shown in Fig.10. Total mass of the aerostat
(including payload and helium) is equal to 17.709 kg. Each aerostat chamber was inflated
proportionally and subjected to internal and external loadings (i.e. pressure, temperature)
corresponding to the altitude of h,=5 km. The model atmosphere was applied according to
NASA’s model.

Three aerostat loading cases are analysed as far as structural integrity is concerned:

i. an initial state with prestressed internal structure (o, =2 MPa in high-elastic
tendons) — aerostat ready for ascending (Step 1 valid for Scenario 1),
ii.  the highest altitude of aerostat of 5 km (Step 2 valid for both scenarios), and
iii.  the altitude of 2 km with partially released mass of helium and uniformly shortened
tendons (about 34.4%) — Step 5b (valid for Scenario 1).

The computed stress distributions under aforementioned load conditions are presented
in Fig.11. For the envelope, the equivalent von Mises stresses and for the internal structure,
and the longitudinal stresses are visualised. In the initial state — case (i), small stress values
are revealed in the envelope and in the internal structure. This is caused by initial stresses
o, introduced into the highly-elastic tendons. In the case (ii) — at the altitude of 5 km, the
equivalent von Mises stresses in the envelope reach the level of 40 MPa, however in the
stiffening plate they are much larger and reach about 65 MPa. In this state, the maximal
longitudinal stresses in the tensegrity elements have the highest values of ca. 30 MPa.

A different stress distribution is revealed in the case (iii) when a small amount of helium
is released and stiff tendons are shortened. The equivalent von Mises stresses in the
envelope locally reach the values of ca. 20 MPa (in the stiffened plates about 40 MPa),
whereas the internal structure is heavily loaded. The bars of the tensegrity structures are
relatively slender and therefore can buckle. In order to ensure the integrity of the structure,
it is important to apply appropriate structural material (e.g. carbon fibre) or increase its
bending stiffness which, on the other hand, adversely influences the structural mass.

For comparison purposes, the total displacements corresponding to above discussed
states are presented in Fig.12. Interestingly, for the considered cases the relatively small
radial displacements of the envelope causes the largest state of stress in the envelope.
However, the largest displacement for both internal structure and the envelope were
obtained for the case (iii).
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Figure 11. Distribution of stresses in the envelope (a)-(c) and internal structure (d)-(f) computed for: case (i) —
first column, case (ii) — second column and case (iii) — third column
(no data in the greyed members — stiff tendons — modelled by connectors).

26



AeroBest 2021 - International Conference on Multidisciplinary Design Optimization of Aerospace Systems

Lech Knap, Andrzej Swiercz, Cezary Graczykowski, Jan Holnicki-Szulc

+2.751e-01 -
+1.008e-01 +3.349e-01
+2.522e-01 +9.237e-02 +3.070e-01
+2.293e-01 +8.397e-02 +2.791e-01
+2.063e-01 +7.557e-02 +2.512e-01
+1.834e-01 +6.718e-02 +2.232e-01
+1.605e-01 +5.878e-02 ~ +1.953e-01
+1.376e-01 +5.038e-02 +1.674e-01
+1.146e-01 +4.198e-02 +1.395e-01
+9.171e-02 +3.359e-02 = +1.116e-01
+6.878e-02 +2.519e-02 + +8.372e-02
+4.586e-02 +1.679e-02 +5.581e-02
+2.293e-02 +8.397e-03 +2.791e-02
+0.000e+00 | +0.000e+00 +0.000e+00

(@) (b) (c)
+1.274e-01 +2.146e-01 +6,756e-01
+1.171e-01 +1,970e-01 +6,209e-01
+1.069e-01 +1.795e-01 +5.662e-01
+9.659e-02 +1,619e-01 +5.114e-01
+8.631e-02 +1.443e-01 +4.567e-01
+7.604e-02 +1.268e-01 +4.020e-01
+6.577e-02 +1.092e-01 +3.472e-01
+5.550e-02 +9.164e-02 +2.925e-01
+4.523e-02 +7.408e-02 +2.378e-01
+3.496e-02 +5.652e-02 +1.830e-01
+2.469e-02 +3.895e-02 +1.283e-01
+1.442e-02 +2.139e-02 +7.356e-02
+4,145e-03 +3.827e-03 +1.883e-02

(d) (e) ()

Figure 12. A map of total displacements in the envelope (a)-(c) and internal structure (d)-(f) computed for:
case (i) — first column, case (ii) — second column and case (iii) — third column.

6. CONCLUSIONS

In this study, the aerostat internally supported by the tensegrity structure was presented and
its hypothetical mission was analysed. The mission was considered in two scenarios. In the
first one the aerostat starts form the ground level, whereas in the second one the aerostat is
disembarked at initial non-zero altitude. The presented numerical model enables
comparative analysis of both scenarios. It shows that it is possible to use internal tensegrity
structure and apply tendons length control in order to ensure required aerostat altitude as
well as to maintain horizontal position during favourable weather conditions. This type of
control can significantly reduce the usage of energy during long aerostat missions.
Moreover, it allows to adjust the altitude and horizontal position by limiting the amount of
helium required during the aerostat operational range. On the other hand, the results of
numerical analysis have shown that for a given distribution of wind speeds, a required
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internal pressure can cause threats to envelope strength. Therefore, the structural strength
analysis was also performed in order to ensure the aerostat structure integrity can be assured
during the considered missions.
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Abstract. Since the beginning of human flight, one of the most desirable and difficult
goals has been to make an airplane to stay aloft for very long periods of time. One of
the solutions to this problem is to harvest solar power during flight to increase the flight
time and ideally achieve perpetual flight. A solar plane has the advantage of not having to
be refueled or recharged every start of the mission, instead it collects solar energy during
day-time for flight and to recharge the battery for night flight. This process reduces the
need for daily ground operations.

This paper presents a methodology to design a solar Unmanned Aerial Vehicle (UAV)
capable of flying for long periods of time which may be dedicated to performing night
surveillance operations. The developed methodology builds on previous works by Noth by
adding the possibility of analyzing several wing and tail airfoils as well as computing the
respective aerodynamic characteristics to have more reliable results. It also includes a
second phase where a more detailed analysis is performed to provide more reliable results
for a given mission profile defined by a high-altitude daytime segment and a low altitude
night flight.

A test case is presented to demonstrate the methodology. This test case represents a
fixed wing UAV that flies at a latitude of 30°N to monitor the night activity of nocturnal
animals over a period of several days in a row. At this latitude, the winter solstice has
10.2 hours of daylight and 13.8 hours of night time. Since the solar UAV will have an
endurance of at least 24 hours at the winter solstice, the aircraft is able to fly every day
of the year. The design of a solar UAV capable of flying several days is a challenging,
complex, and multidisciplinary problem. This work shows that even for a very light payload
mass a relatively large wing aircraft is needed due to the very low wing loading required
for high flight efficiency and flight overnight. Also, parameters such as battery energy
density, solar panel area ratio, structural mass, mission profile, and mission location and
time of the year have important effects on the final design size and mass.

Keywords: Aircraft design, Solar UAV, Design methodology, Perpetual flight
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1 INTRODUCTION

Since the beginning of flight one of the most difficult objectives has been to greatly
increase the endurance of a given airplane. One of the solutions to this problem is to
harvest solar energy and store it in the airplane while flying during the day and then use
the stored energy during the night.

When compared to internal combustion engines, the electric motor is more efficient,
emits less noise and is friendly to the environment. It can use energy harvested while
flying without the help of another airplane, while in the case of an internal combustion
engine the refueling process usually needs to be done with the help of a tanker airplane.
The big disadvantage of the electric motor is the energy storage solution that is very
low in density when compared to fossil fuels. Despite this disadvantage, a solar airplane
can perform specific missions that are very hard or even impossible to other airplanes,
for example wild-life monitoring, communications relaying and weather monitoring for
very long periods of time. Other advantage of solar airplanes is that since they can stay
airborne for very long periods of time, the ground operations are greatly reduced since
the airplane only needs to land at the end of the mission or if there is a critical problem
to continue the mission (for example a failure of a critical system).

The use of electric motors is not new. The first electric powered flight occurred in
France in 1884 where a hydrogen filled dirigible with electric motors won a 10 km race
around Villacoulbay and Medon [1]. At that time, the only opponent was the steam
engine. With the arrival of the internal combustion engine the development of the electric
flight almost stopped [1]. Only later in 1974 the first solar powered flight took place at
Camp Irwin, California, with Sunrise I, designed by Boucher from Astro Flight Inc. Its
first flight took 20 minutes at an altitude of 100 m, and the maximum time of flight during
the winter was between three to four hours. It had a wingspan of 9.76 m and a mass of
12.25 kg, with 4096 solar cells and a power output of 450 W [1]. Other important landmark
close to this date was Fred Millitky’s airplane called Solaris that made three flights of 150
seconds reaching 50 m of altitude [2]. Four years later in 1978 the first manned solar
airplane, Solar One, made by David Wiliams and Fred To was launched with the intend
to cross the English Channel [3]. The airplane used a nickel-cadmium battery to store
the energy. Other manned solar airplanes like the Solar Riser and Gossamer Penguin
also marked important stages in solar flight. More recently we have the example of Solar
Impulse 2 that made a fly around the world in seventeen stages during sixteen and a half
months in 2015 [4].

With the interest in solar flight increasing the development of high altitude high en-
durance airplanes started. The first one to be built was the Pathfinder that made its first
flight in 1993 at Dryden. It had a 30 m wingspan and 254 kg of mass, and it became a
part of NASA’s Environmental Research Aircraft Sensor Technology (ERAST) program.
In 1995 it reached a record altitude of 15392 m, and two years later set the record to
21802 m. Following Pathfinder, new versions were made: Pathfinder Plus with a larger
wingspan and new systems, Centurion that was built as a technology demonstrator and
later the Helios airplanes. Other companies also started to develop their own solar air-
planes like Zephyr that holds the current records of endurance and altitude. The latest
version, Zephyr S, has a 28 m wingspan and a maximum takeoff mass of around 75 kg.
In the Summer of 2008 it flew non-stop for almost 26 days [4].

Other companies are also testing their own prototypes in order to build the full-scale
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versions. For example, Phasa 35 with a more conventional configuration with a rectan-
gular wing and a conventional tail, and the more unconventional UAVOS solar airplane
ApusDuo that uses a tandem configuration [5].

There is also a big academic interest in solar airplanes. For example, the AtlantikSolar
[6] holds the current endurance record for airplanes under 50 kg of 81 hours, and André
Noths’ airplane Sky-Sailor [7] was designed for a mission in Mars.

Regarding the design process, very little information is available in the literature. It
is a complex matter and the designers of most developed airplanes do not make the used
design process publicly available, or the publications that present such process do not
validate them. For example, following the Sunrise airplane design Boucher published in
1979 a description of the performance and hardware of the airplane but did not describe
the design methodology [8]. In 1978, Gedeon presented the idea of the feasibility of solar
airplanes [9]. Schoeberl published his work on propulsion and aerodynamics [10, 11], while
Colozza presented the implementations of the solar cells [12].

The first paper presenting the design process is from Irving in 1974 for a manned
airplane [13], allowing the mass of several components to vary with wingspan and power.
Bailey also introduced in 1992 separate mass models for the motor, controller, gearbox,
propeller, and fuel cell [14]. Hall and Hall developed a very accurate method to predict
the airframe mass of a solar aircraft taking into account all elements of the structure but
it proved to be very complex [15]. Many authors also simplify the mass model of the
airplane by making it proportional only to the wing surface as shown in [16] but this
rapidly decreases the range where the model is valid. Other great source of information
comes from academic students, from their design process and construction of prototypes
to validate those methodologies. For example, students from Israel built the SunSailor
and presented the design methodology in 2006 [17]. Also, a consortium of Portuguese
universities developed in 2014 a solar UAV for civilian applications with an endurance of
8 hours [18].

This paper describes a methodology for sizing solar airplanes. This methodology is
divided into two main phases. The first one is based on André Noth’s work for Sky-
Sailor solar unmanned aerial vehicle (UAV), extending it to include the analysis of several
combinations of airfoils for the wing and tail section of the airplane and the calculation
of the aerodynamic characteristics for that specific combination. It also includes a second
phase where a more detailed analysis is performed to analyze the design in more detail
and to assess the airplane’s viability for the required mission.

A test design case for a fixed wing UAV that flies at a latitude of 30°N aimed at
performing night surveillance missions over a period of several days is presented. Since
the airplane will have an endurance of at least 24 hours at the winter solstice the airplane
should be able to fly every day of the year.

2 METHODOLOGY

The design methodology presented can be divided into two main phases. The first phase
takes specific parameters, for example the average power to weight ratio, weight per unit
area of certain components and the provided airfoils’ polars, and outputs possible solutions
for a perpetual flight airplane, providing the initial values for a more detailed analysis.
The second phase, more detailed than the first one, takes as inputs the characteristics of
all the components on the airplane, that are selected taking into account the output from
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the first phase, in order to check the viability for the airplane to perform a 24-hour flight
without landing and with enough energy to be able to fly through the next day.

2.1 Conceptual methodology

The first phase is based on the work of André Noth [7] for the unmanned aircraft
vehicle (UAV) named Sky-Sailor.

Before starting the calculations, it is necessary to create a database that contains a
large amount of components that can be used on this type of airplanes, for example data
of motors, maximum power point tracking (MPPT) devices, batteries and electronic speed
controllers (ESC). It is also advisable to have a collection of airfoils to be analyzed for the
wing and tail sections of the airplane. Note that this phase does not restrict the use of
a single combination of airfoils for the wing and tail sections, but since there are a large
number of airfoils available it is possible to analyze a large set of combinations to try and
find the most efficient ones.

After having the database complete it is possible to calculate the specific properties
of each component or group of components, such as the power to weight ratio for the
propulsion group (including ESC, motor and propeller) and MPPT, the weight per unit
area of the solar cells, and the energy per unit mass of the batteries. It is also necessary
to have an estimative of the avionics and payload mass and systems’ power consumption,
since the airplane has to be designed around those systems. Some mass penalty factors
are added in this phase to account for the encapsulation and the amount of energy of the
battery, as well as a safety factor and an efficiency factor for the solar cells.

Next a solar module that can estimate the average Sun energy during a complete day
for a specific latitude and day of the year was also added. This module is explained in
more detail in Section 2.1.1

Following this step, it is necessary to find a way of estimating the airframe mass. Again,
following Noth’s method, Eq.(1) is used. A collection of similar airplanes to the one being
designed are used to calculate coefficients k4, z; and z5. One problem with this airframe
mass prediction method is that it is almost impossible to have a very small mass error for
a relatively large range of aircraft sizes, rendering the equation only fit for a small group
of airplanes at a time.

Mey = kafbxlARxQ (1)

Phase 1 starts by selecting a given configuration of airfoils, wingspan and aspect ratio.
Next it passes through the aerodynamic module where all the aerodynamic coefficients of
the airplane are calculated and interpolated from polars imported from XFOIL [19] (as
explained in Section 2.1.2). This process has the advantage of having more precise values
for the lift, drag and moment coefficients of the wing, tail and consequently the airplane
itself, but it has the disadvantage of being highly dependent on the convergence of the
aerodynamic analysis in XFOIL.

With the coefficients of the airplane calculated the phases passes through a module
presented in Noth [7] to calculate the power, velocity, and mass of each component of
the airplane. Since the aerodynamic coefficients are interpolated among different flight
conditions, it is important to make it an iterative process with the Reynolds number,
which tries to match the Reynolds number with the velocity obtained from Noth’s module.
When the Reynolds number is converged, the next configuration of airfoils, wingspan and
aspect ratio is analyzed.
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After all configurations have been analyzed, it is possible to calculate further perfor-
mance values as it is demonstrated in Section 2.1.3.
This process is summarized in Fig.1.
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Figure 1: Phase 1 flowchart.

This phase is very important in the early stage of the project since it can give an idea
of the size, mass, and power consumption of the airplane. Nevertheless, it is important
to note that in most cases the program gives optimistic results, but on the other hand it
is a very fast way to analyze a large number of configurations in a short time. It was also
added the ability of the airplane to store gravitational energy by climbing during the day
and gliding through the night, this process is very useful to lower the number of batteries
cells needed for a given scenario.

With the output from this phase, it is possible to start selecting the correct components
for the airplane, for example a suitable motor, ESC and MPPT.

2.1.1 Solar module

This module exists to better estimate the average Sun energy that the airplane is able
to harvest for a given latitude and day of the year.
First the time of sunlight, ¢p, is calculated for a given day with Eq.(2).

Nu =Ny . 2
tp = 3600 |12 4 —lma 5 lonin i <—7T (np — 79))] (2)

365

where N, . and Nj . represent the maximum and minimum hours of sunlight during the
year, and np is the day to consider.
Then the declination of the Sun, dgyy,, is calculated with Eq.(3).

dsun = — arcsin(0.39779 cos(0.01720(np + 10) + 0.03341sin(0.01720(np — 2))))  (3)

Lastly, the cosine of the solar zenith, cos(fg.,), for a given time of the day is calculated
with Eq.(4).

cos(0syn) = sin <%Lat> sin(dgun) + (%Lat) co8(dsun) cos(hp) (4)

where Lat is the latitude that must be taken into account and hp the angular hour.
Since for this first design phase it is necessary to average the Sun energy, Ep,,, the
average of the cosine of the solar zenith is calculated giving Eq.(5).

EDav = avg(cos(esun))lsunmaztD (5)

The maximum Sun irradiance, Ig,,, .., is assumed to be approximately 1100 W/m?.
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2.1.2 Aerodynamics module

Inside this module the aerodynamic coefficients for the airplane are calculated. Since
the target is to maximize the airplane endurance, then Cj, AC‘?/ ¢/Cp,. should be maxi-
mized, where Cp,, and Cp,, are the total aircraft lift and drag coefficients, respectively.
First the lift, drag, pitching moment coefficients of the wing (Cr,, Cp,, Cu,,) are in-
terpolated by the polars imported from XFOIL for a given Reynolds number, where the
three dimensional coefficients are calculated using the lift line method. Following this
step the lift coefficient of the equivalent horizontal tail, Cj,,, is calculated iteratively by
the equilibrium of moments around the center of gravity of the airplane, as demonstrated
in Eq.(6). The concept of an equivalent horizontal tail allows a V-tail to be used.

SW CHSH

1
_ Chty + Oty 28 4 Oy e (F06 — - 6
St (liait — Toaew) Mw M e Sy fw W( e 4)] ©)

where Sy and Sy are the wing and tail areas, l,; is the distance from the leading edge
of the wing to the leading edge of the tail, ¢ is the relative position of the center of
gravity on the wing and cy and ¢y are the chords of the wing and tail, respectively.

From this coefficient it is now possible to interpolate the drag coefficient of the tail,
Cp,,- Then, lift and drag coefficient of the airplane are computed with Eq.(7) and Eq.(8),
respectively, where e is the Oswald coefficient and ARy is the wing aspect ratio. Note
that for the drag coefficient an extra coefficient named Cp,,, , is added which contains an
estimative of other sources of drag, for example the fuselage.

Cr,

S
Cr,. = Cry + CLHS—H (7)
w
Ci., S
CDAC = C(DVV + eWIiRW + C1DH SW + CDothe'r (8)

It is also important to leave enough margin for the cruise speed to be at least 1.2 times
the stall speed, so the airplane does not fly close to stall conditions. For this, the lift
coefficient of the wing during cruise is compared against the maximum lift coefficient,
Cry, . to fulfill Eq.(9).

C
ZiWnaz 1 92 (9)
Cr.,

With this condition verified, the values of lift and drag coefficients are introduced in
Noth’s method.

2.1.3 Performance module

This is the final module in phase 1, and it calculates extra values of performance that
might be important to choose the correct airfoils depending on the priorities of the design,
or initial values for the more detailed analysis presented in Section 2.2.

Inside this module parameters such as takeoff and landing distances, time to climb, best
climb rate and fraction of battery used during climb are calculated. For the takeoff and
landing, the best angle of attack of the airplane is chosen in such a way that the distances
are minimized, whilst for the climb section of the flight the condition that minimizes the
overall used energy is selected.
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2.2 Preliminary methodology

In this part of the methodology, a more detailed analysis is performed for a given
configuration, verifying the viability of the mission from the day and time of takeoff
covering the next 24 hours. A second phase, Phase 2, is created. In this analysis it is
also possible to have a mission profile with a climb during the day and descent during the
night to save battery weight by using stored potential energy.

First it is necessary to choose the correct systems’ components based on the results
obtained in Section 2.1. The correct characteristics of those components must be gathered
from manufacturer datasheets. For example, for the motor it is necessary to have the
speed constant, Kv, maximum current and mass; for the ESC, the maximum current and
mass; for the battery, the cells configuration and mass; for the MPPT, the total mass and
quantity needed based on the maximum power of the solar cells; and for the solar cells,
the efficiency, mass and area of the wing covered with them. It is also important to have
a more correct value for the payload and avionics mass and power consumption. These
components may change along with the iterative process since it is almost impossible
to find components that perfectly respect the requirements given by Phase 1, or due to
compatibility issues.

Another factor that is of great importance is the airframe mass, since it is very com-
plicated to have a perfectly correct model through Eq.(32), a new model is used. This
new model is created by designing a simple representative structure. Since the initial
values from the previous section should not be far from the optimal values, the geometry
adopted from Phase 1 can be used. Once the structure is designed, a simple structural
analysis can be made to check the mass of materials to be used. Next with the mass
values divided into four main components (wing, tail, tail-boom and fuselage), the final
mass can be extrapolated for other sizes close to the original. Although this process is
more complex than the one used in the previous section it should be more reliable for a
larger set of configurations which use a similar structure. Also note that a penalty factor
should be used for possible corrections to the final structure and for components that
might not be considered. For example, one might not consider the mass of ailerons but
then it is necessary to consider a higher penalty factor, so the mass of the structure is not
under-estimated.

This phase is also able to analyze several scenarios where a different sized propeller is
used on the same airplane. This is of great importance since one of the objectives is to
maximize the efficiency of the systems. For that, a database of several propellers with the
size, power coefficient, Cp, and advance ratio, J, is created.

To start the analysis for a given airplane, first the stall speeds for day and night cruise
altitudes must be calculated. This is required not only to have the actual stall speed for
the design but also to have a starting point to find the best velocities for cruise flight.

Following this step, the aerodynamic characteristics of the airplane for several cruise
speeds are calculated, similarly to what is done in Section 2.1.2, and the respective propul-
sion characteristics, described in Section 2.2.1, for a given required power obtained from
the aerodynamics module. After this, the angle of attack of the tail with respect to the
angle of attack of the wing is fixed and it is also possible to retrieve the flight characteris-
tics for the most efficient cruise speed at night (cruise velocity that uses the less amount
of energy). The same process is done for the day cruise, but this time the relative angles
between the tail and wing are fixed, this is done so that the night flight is more efficient,
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where the flight is only done using energy from the batteries. Despite the day flight being
sacrificed, the final design results in a smaller mass of batteries needed.

Since the mission might have a climb and descend during the whole day, the energy
used during the flight phases is calculated, among other properties, as it is described in
Section 2.2.2 and 2.2.3.

With the main part of the mission analyzed, comprising climb, cruise during the day,
descent and cruise during the night, it is necessary to assess whether the airplane can
even flight through the first day of the mission. For that, the properties of the takeoff
(described in Section 2.2.4), climb to cruise altitude and with the rest if the normal mission
until the end of the day are calculated.

The airplane is then classified as viable if the usable energy inside the batteries never
runs out and if the energy inside the battery at the end of the first day is equal to the
energy at the end of the second day. The energy inside the battery as well as the solar
energy are calculated throughout the day in very small time-steps. By doing this, it
is possible to see where the airplane is lacking energy contrary to the first approach in
Section 2.1 where the average energies are used. Also note that for the airplane to be able
to fly through out all year, this verification should be true for the day with less sunlight
possible (winter solstice) and for the highest possible latitude of the mission.

Additionally, there are some other performance parameters that are calculated such
as landing distance, top speed for the night and day altitudes, and minimum time from
cruising altitude to the landing altitude.

A summary of how this part of the method works can be seen in Fig.2.
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Figure 2: Phase 2 flowchart.
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2.2.1 Propulsion module

In this module the objective is to determine the power usage by the motor during a
certain phase of the mission. To achieve this objective, it is required to know the motor and
propeller characteristics, possible current and voltage limits as well as the aerodynamic
drag that the propulsion system must overcome.

The iterative calculation in this module starts by giving an arbitrary initial value for
the throttle setting and current that is being supplied to the motor. After that the
motor power coefficient, Cp,_ ., is calculated (Eq.(16)), alongside the advance ratio of the
propeller in Eq.(18). Knowing the propeller advance ratio, it is possible to calculate the
power coefficient of the propeller for that given case. Next the two power coefficients are
compared. If the coefficients are not equal the current that is being supplied to the motor
is iterated until they match. Then, the propeller power is compared to the power required
to fly the airplane at the given condition. If they are not equal, the throttle setting is
iterated until they are. The propulsion model is summarized in the following equations.

U= Uma:rf (10)
U= U-IR (11)
N= UKv (12)
Iojr = I -1 (13)
Pi= Ul (14)
Pmot = UiIeff (15)
Pmot
C 16
Prr = DR (NJGO)? (16)
0.3295,
Jfac or — 1- . (17>
' Dyprop
U
J = J actor 3N T a7 AN 18
74" Direp(N/60) s)

where U, is the maximum voltage of the battery, f is the throttle setting, R is the
internal resistance of the motor, U; is the induced voltage on the motor, /N is the rotational
speed of the motor in rpm, Ij is the idle current of the motor, I is the effective current
of the motor, P is the power the motor is consuming, P,,, is the output power of the
motor, S, is the cross section of the fuselage behind the propeller, D,,,, is the propeller
diameter and Jy.t0r is a correction factor for the propeller advance ratio.

This process continues until the point where the coefficients and powers are the same,
providing not only the throttle setting and current that is being supplied to the motor
but also the power that the motor is consuming and the power efficiency of these two
components (propeller and motor) as it is shown in Eq.(19) to Eq.(24).
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where Rey is the fuselage Reynolds number, Iy, is the fuselage lenght, ¢f is the friction
coefficient, 7y is the correction of the propeller efficiency due to friction forces of the
airflow, Sy is the wet area behind the propeller, 7.y, is the effective efficiency of the
propeller, P,,,, is the propeller output power and 7Moyerqu is the overall efficiency of the
motor and propeller.

2.2.2 Climb module

To calculate the climb properties, it is important to have the motor and propeller char-
acteristics, alongside the aerodynamic parameters of the airplane, to be able to calculate
not only the energy consumption during the climb but also the average rate of climb.

To calculate these two values the climb is divided into several altitude steps and possible
speeds the airplane must acquire to save the largest amount of energy. Next with the
geometry of the airplane fixed by the process mention above and for a set of altitude and
speed, the propulsion power and aerodynamic drag are calculated with a process similar
to what is described in Section 2.2.1 and Section 2.1.2, respectively. With the propulsive
power, drag, speed and mass of the airplane it is possible to calculate the rate of climb,
for a given altitude and speed of the aircraft (Eq.(25)).
Pprop - DACU

macg
where D4¢ is the total drag of the airplane, my¢ is the total mass of the airplane and RC
is the rate of climb.

This process is repeated for all the altitude steps from the lower one until the target
altitude and for every speed step from 20% above stall speed until a maximum one. In
the end for each altitude step, the airplane speed that uses the least amount of power
during the whole climb is chosen. Consequently, it is possible to calculate the total climb
time, t.ms, and average rate of the climb, RCy,,, with Eq.(26) and Eq.(27).

RC = (25)

" Ah
tclimb = (26)
i=1 RC;
hen - hs ar
RCopy = % (27)

where Ah is the altitude step, Agq¢ and he,q are the initial and final altitudes of the climb
respectively.
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2.2.3 Descent module

For this module, the objective is again to calculate the energy used by the airplane.
Unlike the climb module presented above the descent module has a fixed rate of descent,
since generally the cruise during the day and night will use more energy than a descent
with a given time. This happens because during a descent the airplane does not need to
produce the same amount of trust that it needs for level flight.

Given a fixed time for the descent and the intervals of altitudes, the rate of descent,
DR, can be easily calculated with Eq.(28). Then, the altitude range is divided into small
steps, and it is assumed that the airplane will have a constant equivalent speed during

the descent. Al
DR =— 2
R A7 (28)

For each combination of equivalent speed and altitude the aerodynamic characteristics
(mainly the lift and drag forces) of the airplane are calculated, similarly to what is done in
the other modules. Next the propulsion power is calculated and, since the rate of descent
is fixed, it is now possible to calculate the energy consumed during this phase of the flight.

At the end of this module the equivalent speed that the airplane should have during
the descent is selected to use the least amount of energy possible.

2.2.4 Takeoff module

This last module calculates the distance needed for takeoff, the energy used and the
best angle of attack the airplane should have to takeoff in the shortest distance. First,
the lift-off speed that is 20% above stall speed is calculated. Next the interval of speeds
from 0 to lift-off speed is divided into small steps so it is possible to calculate the time
taken in every velocity step as well as the energy used by the airplane in every step.

To achieve this, for every velocity step the maximum power the motor can generate with
a propulsion function similar to that in Section 2.2.1 is calculated. Next, the aerodynamic
characteristics for this given speed are calculated for several angles of attack of the wing.

With these two parameters it is possible to calculate the acceleration of the airplane,
aro, in this instant (Eq.(29)), and consequently the time that the airplane takes to over-
come this velocity step, tro,, can also be calculated using Eq.(30).

This process is repeated until the lift-off velocity is reached and all angles of attack are
analyzed. In the end, the angle of attack that minimizes the takeoff distance, sro, (the
angle of attack is fixed during the whole run because the airplane is still on the ground)
is selected. As output, the energy that the airplane needs to takeoff is also calculated. It
is however very important to note that the use of flaps for example is not considered, so
if the real airplane uses flaps the takeoff distance can be reduced even further.

T — Dac

aro = Mac (29)
AU

tro, = —— (30)
aro

S0 = Z tro,Ui (31)
i—1
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3 PRACTICAL EXAMPLE

A design example for a night surveillance solar UAV capable of continuous flight for
several days is presented next. This UAV’s mission requirements are: Day cruise altitude
of 3000m; Night cruise altitude of 500 m; Descent time from day to night cruise no longer
than 8 hours; Climb time from night to day cruise no longer than 2 hours and 30 minutes;
Fly throughout the whole year at 30°N latitude; Takeoff is performed with the help of a
trolley, detachable from the airplane; Landing is performed by belly landing; Sunpower
E60 or C60 solar cells must be used; MaxAmp batteries must be used; Must be as small
as possible.

The characteristics of the carried payload must be specified, since the airplane must be
designed around the payload system, as presented in Section 3.1. Then, the conceptual
design presented in Section 3.2 can start, where the initial sizing and wing and tail airfoils
are determined. Lastly the preliminary design is described in Section 3.3.

3.1 Payload

The payload consists of a combination of two cameras, one optical camera and one
thermal camera. The optical camera should be used when there is still enough light to
have a clear image of the ground or to map the ground for the night surveillance, while
the thermal camera will be used for night operations. From preliminary tests, where
photographs have been taken from various distances, it was determined that the image
from the camera should have no less than 100 pixels per square meter on the ground in
order to distinguish objects or animals. Having this pixel density as a requirement, the
Raspberry Pi HQ camera with a Arducam 35 mm lens and 8° of field of view (FoV) was
chosen, as for the thermal camera the FLIR Boson with a 36 mm and 12° HFoV lens was
chosen.

3.2 Conceptual design

Before starting the sizing, it is necessary to define the global characteristics of the
airplane from airplanes with similar missions. One of the solar airplanes with a similar
mission is Zephyr S, that has the current endurance record. Despite the difference in
operational altitude, the missions are similar.

Regarding the airplane layout, a pull propeller arrangement was selected since it in-
creases the overall propulsion efficiency. A rectangular wing and a V shaped tail were
adopted. The wing is rectangular because of its sizing and fabrication inherent simplicity
owing to its constant cross-section geometry. The V-tail, also with constant chord, is bet-
ter when compared with a conventional tail (inverted T) since the number of parts and
mass are lower [20] and also because they produce less interference drag. It also allows
for the tail to be outside the wing wake and allows for ground clearance when landing.
These two elements of the airplane would use a skin on frame with a transparent film
acting as skin. Since the covering film used will be transparent the impact on the solar
panels’ efficiency is low [21]. This type of structure is also known to be lighter than a
monocoque type of structure.
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3.2.1 Data

As presented in Section 2.1, the first step should be to gather a large amount of data
from several components to calculate the specific parameters for each part of the airplane.
The coefficients of mass in Noths’ method for the MPPT, ESC and motor were obtained
using a linear regression of mass per unit power. The database created includes 12 MPPT,
2045 motors and 34 ESC of several brands. The propeller mass model used is the same
as Noth’s. For the batteries, a similar approach was used to obtain the specific energy
equation. Regarding the solar cells, the data was obtained directly from the datasheet of
the manufacturer. Thus

muppr = 0.0006128 Pyppr, R? = 0.868
Mot = 0.0002048 P, .01, R?* = 0.867
mesc = 0.0000568 Pgsc,  R? = 0.967
Mpar = 0.0054975 Eyyy, R* =0.991

where myppr, Mmot, MEsc, Myppr are the masses of the MPPT, motor, ESC and bat-
tery, respectively; Puyppr, Pmot, Prsc are the powers of the MPPT, motor and ESC,
respectively; and Ej,; is the energy of the battery.

The airframe mass equation was created using several airplanes with similar missions
with its coefficients being obtained with the least square method. The airframe mass
model is given in Eq.(32) and is represented in Fig.3 together with the airplanes used to
build the model. For the airplanes with unknown airframe mass, its value was assumed
as 40% of the total mass.

May = 0.23707048%% ARy, -16748 (32)

30 -

Figure 3: Representation of the used airplanes and the regression obtained for the airframe
mass as a function of wingspan and aspect ratio.

As it can be seen in Fig.3 most airplanes have a very low wingspan because the majority
of the airplanes with similar layouts are small scale prototypes, so the number of solar
airplanes with large wingspan is very small. This fact is important for the preliminary
design presented in Section 3.3.

In the aerodynamics module, 75 different airfoils were gathered and analyzed using
XFOIL in the range of Reynolds numbers between 10,000 and 2,000,000.
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3.2.2 Phase 1 results

For Phase 1 it is necessary to first define the intervals of wing aspect ratio and wingspan.
According to Isaienko et al. [5], the airplane should have a very high aspect ratio. There-
fore, wingspan values ranging from 10 to 25 m and aspect ratio values ranging from 10 to
20 were adopted.

The analysis in Phase 1 was divided into two main steps to better select the wing and
tail airfoils without analyzing all possible combinations (71 airfoils for the wing and 75
airfoils for the tail). In the first analysis the five airfoils for the wing that have the best
C/? /Cy for a Reynolds number of 400,000 were selected. These airfoils were used on the
wing, and each one was analyzed with all airfoils of the tail (75 airfoils on the tail giving a
total of 375 possible combinations). The airfoils used on the wing were: DAE-51, NACA
63-412, SD7032-099-88, USA35bModified and WE3.55-9.3.

In order to choose the best airfoil for the tail the following criteria was used: minimum
total mass of the airplane, more than one viable airplane configuration, minimum required
power and reduced amount of noise in the results (since the aerodynamic coefficients are
interpolated from the airfoils aerodynamic coefficient curves, a large amount of noise in
the data may indicate a large number of non-converged points in the polars). From this
analysis, the following best airfoils were obtained for the tail: A18 inverted, E193 inverted,
HS ACC2021 inverted, S4110 inverted and WE3.55-9.3 inverted.

Next, a similar approach was used to obtain the best airfoils for the wing. In this case
all seventy-one non-symmetrical airfoils were combined with the five tail airfoils giving a
total of 355 possible combinations. Again, the main criteria for choosing the best airfoil
were minimum total mass, having more than one viable airplane configuration, minimum
required power and reduced amount of noise in the results. After this filtering process,
other criteria were applied: the airfoil thickness, since a thinner airfoil will result in a
heavier wing for a given applied wing bending moment, and the airfoil camber, since the
wing is to use skin on frame and a larger camber would make the adhesion of the film
onto the ribs more difficult.

Having applied these criteria to the airfoils’ selection, the best airplane has a wingspan
of 10 m (for the smallest airplane possible), an aspect ratio of 20, WE3.55-9.3 and E193
inverted as the airfoils of the wing and tail, respectively, an equivalent vertical tail volume
coefficient of 0.03, an equivalent horizontal tail volume coefficient of 0.70, a l;,; of one
third of the wingspan and a total mass of 19.8 kg. It is important to note that, according
to Noth [7], this approach benefits higher values of aspect ratio. The solutions for this
combination of airfoils with respect to the total mass can be seen in Fig.4.

3.3 Preliminary design

In this second more detailed phase, it is necessary to select some components starting
with the values obtained from the previous phase. But first it is necessary to understand
the correlation between some components of the airplane, for example the change in size
and mass of the airplane with the solar panel area to wing area ratio and with the battery
energy per unit mass. Fig.5 shows the effect of these two parameters on the wingspan and
total airplane mass. It is possible to see that both the wingspan and total mass of the
airplane, for a given aspect ratio, decrease with the increase of the area of solar cells and
with batteries with higher specific energy. Because of this, and since the airplane should
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Figure 4: Total mass of the airplane for several wingspan and aspect ratio values.

be as small as possible, a solar area ratio of 0.9 is used. The remaining 10% of the wing
area cannot be covered with solar cells because of aileron control hinges and excessive
surface curvature at the leading edge.
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Figure 5: Wingspan and total airplane mass as functions of solar panel area ratio and
battery specific energy.

Another factor to take into account is the need for a high propeller diameter and a
low propeller blade count to maximize the propeller efficiency. So, a motor with a low Kv
should be used and the LiPo battery should have six cells in series to provide a maximum
nominal voltage output of 22.2 V, which offers a good compromise between low maximum
voltage supplied to the motor and high enough voltage to have less losses through Joule
effect on the other systems.

The process of selecting the components is iterative since it is very hard to find the
exact components that are obtained from the previous phase. The considered components
and sizes for the final airplane are shown later in Section 3.3.1.

Also, the mass model needs to be updated, as it is described in Section 2.1. To
accomplish this a very simple structure was simulated using finite element analysis to
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estimate the airframe mass. This provides a better estimate for the airframe mass without
being overly complex. The new model separates the airplane into four main parts: wing,
tail, fuselage, and tail-boom. Next, for the wing and tail correlations between the size of
the ribs, spar, leading edge cap and skin with the wingspan and wing chord are found. The
tail-boom’s mass is assumed to be a function of wingspan only, based on its estimated
size. The mass of the fuselage is correlated with the mass of the wing, since a larger
airplane will, in principle, need heavier and larger avionics. The whole iteration process
should be accompanied by a structural analysis and if possible real tests of the structure,
in such a way that not only the airframe mass model converges to a more precise value
but also to help select more suitable components. This process is illustrated in Fig.6.

Structural Detailed Mass of the Optimization Mew
analysis design airframe on Phase 2 configuration

A/

Figure 6: Iterative process flowchart.

3.3.1 Phase 2 results

Before the start the iteration process a more detailed analysis of the avionics and
payload was made. The payload has 0.400 kg and consumes 27 W, and the avionics
(including communications and control components), 3.5 kg and use 29 W of power.

The airplane has a wingspan of 19.5 m and an aspect ratio of 17, with a total mass of
101.183 kg. The propulsion group consists of a 50 in x 23 in two-bladed propeller; a Hacker
Q100-7L motor with 3.2 kg of mass, a Kv of 99 rpm/V, R of 8.5 mQ) and a maximum
current above 300 A; a Jeti model SPIN Pro 300 opto ESC with 0.2 kg that is capable of
supplying 220 A. Note that a use of a gearbox was considered but the extra mass and the
power limitations of existing gearboxes heavily restricts the power and efficiency of the
propulsion system. The use of several motors was also considered, but again the mass of
this system would greatly increase. As for the power system, the battery pack would be
made of twenty cells in parallel of 6S cells from MaxAmp with a total mass of 50.551 kg;
it also uses 1222 solar cells. In addition to these main components, an emergency power
system of 0.3 kg with just enough energy to bring the airplane to the ground in case of
motor, propeller or main power system failure was included.

The developed tool allows to perform design trade-offs to better understand the design
influence of key design parameters. Thus, a study was performed to obtain the effect
of the airframe mass, difference in altitude during the night cruise, the flight latitude,
and the time of the year on the airplane wingspan and total mass. Figure 7a and Fig.7b
illustrate these effects. For this airplane, it is possible to see that the day of the year and
latitude have the most impact on wingspan and total airplane mass. While the airframe
mass and the altitude during night cruise mostly impacts the final mass.

Regarding the mission itself, the airplane would takeoff at 6 am, climb to the day cruise
altitude and do the mission as planned. During the day cruise the airplane would use 637
W to feed all systems while at night during cruise it would only need 516 W. Both cruise
phases have an overall propulsive efficiency of 64% with the selected components. The
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Figure 7: Percentual change in wingspan, (a), and in total airplane mass, (b), with day,
latitude, airframe mass and altitude at night during cruise.

battery energy balance is illustrated in Fig.8 for the full 24-hour period.

In Fig.8 the top graph shows the usable energy inside the battery. Here the minimum
energy inside the battery occurs during the day. That happens not only because the
airplane is climbing, using more power than in cruise, but also because the airplane cannot
harvest enough sunlight to offset the power being used. In the second graph shows that
the harvested power reaches its maximum at 2,140 W. The third graph shows the power
being used by the airplane at any given time, while the fourth graph shows the power flux
from the batteries throughout the day, where a negative value means energy exiting the
battery. Note that at the beginning of the mission there is a power spike on consumption
due to the takeoff. The last graph illustrates the excess power that the airplane could
harvest should there not be limited battery capacity. Ideally this value would always be
zero, but since the number of solar and battery cells is discrete it is not possible. Note
that this excess power can be used to make unexpected maneuvers, like climbing above
mission altitude for example. Figure 9, depicts the final layout of the airplane.

4 CONCLUSION

In this paper a methodology to design a solar airplane is presented. The methodology is
divided into two main phases. The first one tackles the conceptual design, where the initial
airplane sizing and the best combination of airfoils for the wing and tail are obtained as
starting points for a more detailed analysis. This phase builds on Noths” work by adding
the capability to calculate the aerodynamic coefficients of the wing, tail and consequently
the airplane itself by interpolating the aerodynamic polars of the airfoils. It enables the
investigation of the defined design space to obtain an initial good design. The second
phase gives room to a more detailed design where specific characteristics of the airplane
components are considered, as well as the energy balance throughout the day. A new
model for the airframe mass is also created to provide a better estimate of the airplane
mass during the analysis.
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Figure 8: Energy and power flow during the first day (blue dashed line) and the following
24-hour periods (orange line).

7

Figure 9: Final layout of the airplane.

With the developed design methodology, a solar UAV capable of perpetual flight was
designed for a nighttime surveillance mission. The design passed through two developed
phases and reached the main values of aspect ratio 17, wing area 22.4 m?, total mass
101.183 kg and intalled power 2,140 W for a paylad mass of 0.400 kg. The final airplane’s
size and mass obtained in Phase 2 are far from the ones obtained in Phase 1. This
happened because the mass model for the airframe in Phase 1 included a very large
portion of small airplanes. One possible solution to this situation is to use only the larger
airplanes in the mass model but the number of data points would rapidly decrease since
most existing airplanes have very small wingspan (because they are mostly prototypes or
sometimes proof of concept airplanes) or they have a complete different geometry, like
the Helios family. This mass model is known to work only in a very narrow region so an
error to the mass model was expected. In Phase 2 this problem is almost solved with the
complete new model that accounts for every part of the airplane structure in some detail.

Designing a solar UAV is a complex multidisciplinary problem because the mass and
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power consumption of all components and the mission time greatly impacts the size of the
airplane. Also, even for a very small payload a very large aircraft is needed to fly all year
at a latitude of 30°. At this latitude, the day and night have, respectively, 10.2 and 13.8
hours in the winter solstice, with the addition that the sun rays are very inclined relative
to the airplane’s vertical axis. Also choosing the correct technology for the batteries (due
to their energy density and cycle lifespan) and solar panel area ratio have large impacts
on the size or even on the viability of the mission.

As a further development, a new structural analysis should be made in order to try
and find a better airframe mass model. Validation of this tool could be achieved by,
manufacturing structural parts to ensure the correct mass is being estimated, possibly
finding better model coefficients for Phase 1. Another solution would be to integrate
Phase 1 into Phase 2 making it possible to analyze several airplane configurations in
greater detail.
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Abstract. This paper presents the formulation and implementation of a numerical pro-
peller noise analysis tool. The tool is capable of estimating the noise produced by a
propeller under different inflow conditions and is designed to be used in propeller geome-
try optimization problems where the inflow conditions, observer position and velocity and
the range of propeller geometric characteristics are specified. The code uses Latin Hyper-
cube Sampling to select a space-filling set of propellers; Then, the overall sound pressure
level (OASPL) for these samples is calculated using a formulation of the Ffowcs-Williams
and Hawkings (FW-H) equation with loading data from a modified Blade Element Mo-
mentum (BEM) theory; A Kriging model is then produced and made available to the user
for direct analysis or further implementation in optimization problems. Validation cases
are presented for all modules of the tool and a study case with a propeller operating in a
push configuration is analysed.

Keywords: Propeller noise, Unsteady load, Disturbed airflow, Blade Element Momen-
tum Theory, Farassat 1A, Surrogate models
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1 INTRODUCTION

The recent development of electric technologies has been a catalyst to the electrification
of air transport. In addition, unmanned aerial vehicles (UAVs) have been growing in
popularity and will be used in a broad spectrum of missions. Urban air mobility has also
been the focus of several organizations’ research and is thought to play an important role
on the future of urban mobility [1]. These rapidly expanding technologies require the
usage of propellers to generate thrust hence the importance of the study of propellers for
the future of aviation. Tightening noise regulations and the possibility of operation near
urban areas have lead to interest in the study of propeller noise generation.

The noise generated by a propeller can be split in two main components: broadband
noise and harmonic/rotational noise [2]. Broadband noise consists of noise generated by
stochastic sources such as unsteady pressure disturbances caused by turbulence. This
component does not contribute significantly to the total noise of aircraft propellers in
flight and can be disregarded [3]. Rotational noise is comprised of two main components:
thickness noise and loading noise. Thickness noise is generated by the displacement of
air caused by the movement of the propeller blades and loading noise is generated by the
forces applied on the fluid by the propeller blade.

Current propeller noise models are based on the Ffowcs Williams and Hawkings (FW-
H) equation [4]. This equation was derived from the Navier-Stokes equations and com-
prises three different noise sources: a quadrupole source in the volume surrounding the
noise emitting body and monopole and dipole sources on the surface of the noise emit-
ting body. Farassat’s Formulation 1A is a widely used solution of the FW-H equation
that neglects the quadrupole volume sources [5]. These sources do not represent a signifi-
cant contribution to propeller noise at subsonic speeds [6]. Farassat’s formulations of the
FW-H equation have been implemented in programs such as the Aicraft Noise Predic-
tion Program (ANOPP, [7]), the Dunn-Farassat-Padula Advanced Turboprop Prediction
program (DFP-ATP, [8]), WOPWOP, [9] and PSU-WOPWOP, [10].

One of the required parameters to solve the FW-H equation is blade loading. Blade
element momentum (BEM) theory is one of the simplest and most commonly used tools
to estimate propeller performance. The first developments of propeller theory started
in the 19" century [11] however, it was not until 1935 that the current BEM theory in
its classic form was developed [12]. This theory remains popular due to its simplicity
and effectiveness at describing the complex propeller-fluid interaction. Corrections to the
classic BEM theory have also been developed and implemented with success in programs
such as AeroDyn [13].

Optimization problems usually require running a computationally expensive engineer-
ing function repeatedly with different input parameters. Surrogate models are used to
emulate the expensive engineering model’s behaviour without the slow, expensive com-
putational work and, therefore, reduce optimization time and costs. The Kriging model,
originally developed for geostatistics applications [14] has seen widespread use and is
usually preferred for most generic applications [15-17]. Other surrogate modelling tech-
niques such as Polinomials and Radial Basis Functions (Gaussian, Multiquadric, Thin-
plate, Spline, Cubic and Linear) have also showed great robustness [16]. The adequacy
of a surrogate to a certain engineering problem depends on the data set noise, number of
samples, number of variables and linearity of the problem.

The efficacy of a surrogate is highly dependent on the quality of the samples of the
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expensive engineering function which are used to train the surrogate. Several methods
have been developed to generate an evenly distributed efficient sampling plan in the
design space. The most common method is Latin Hypercube Sampling (LHS) known
for its conceptual simplicity and space filling qualities when optimised [15, 17]. Adaptive
sampling plans [18] are an alternative to LHS that use space-filling criteria to dynamically
update the sampling plan and the surrogate. The Expected Improvement (EI) criteria
selects the next sampling location that is expected to improve the surrogate model the
most [15].

The objective of this paper is to describe the creation of a tool capable of predicting the
noise generated by different innovative configurations and designs in a quick and accurate
way. This tool also has the capability to predict the noise generated when the propeller
operates in disturbed airflow caused, for example, by the wing in a push configuration.
Such consideration is important since an innovative aircraft design often deviates from
the traditional fuselage or wing mounted pull propeller. This tool’s ability to be easily
implemented in aircraft optimization problems, where propeller noise is a design criterium,
is also a fundamental aspect.

This paper briefly describes the theoretical formulation of the tool and its implemen-
tation in a python computer code. Some validation test cases of the different modules are
also presented. To conclude, the analysis of a case study with a propeller operating in a
push configuration is presented.

2 THEORETICAL FORMULATION
2.1 The Farassat 1A formulation

Farassat’s 1A formulation as presented by Brentner [9] (Eq. 1) is used to calculate
acoustic pressure calculation in a given observer position and time instant:

N 1 [ p0, ] pvn(rﬁf + c¢M, — cM?)
4t S -
(7 t) . EisTAt ds + / (1= M) ds
f=0 ) f=0 ret
R o Y S I, — M (1)
4 ! t) = — e — d - d
w0 =0 ) ra—anye| P / (1 —MT)QI S
f=0 b dret f=0 re
1 l,«(r]\_'/[)f—i-cMT — cM?)
+3 / [ (1= M, ) ] tds

f=0

where p/. and p} denote, respectively, the acoustic pressure generated due to thickness
and loading; v, M, [ and r denote, respectively, the surface velocity, local Mach number,
pressure loading and distance to the observer. Subscripts n and r denote that the property
must be evaluated in the normal direction to the surface and in the observer direction,
respectively. The terms in square brackets must be evaluated in the retarded time. All
integrals are calculated at the surface (f=0).

Since this expression requires detailed pressure data on the source’s surface, prior com-
putationally expensive simulations are required. To overcome this, compact formulations
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can be developed where the distributed pressure load is simplified to a distributed radial-
wise load [19]. The compact approach was applied to the loading term of Eq. 1:

L d _|_/
-2 Y
ret

1 [ [ LM+ eM, — cM?
/ [ ( >] "
ret

L — LM
r2(1 — M,)? )

1
4rpy (2,t) = ~ / dy

C

¢ r2(1 — M,)3

where L and y denote the radial-wise distributed load and the radial position coordinate,
respectively.

The acoustic pressure must be measured in a range of points from which the overall
sound pressure level (OASPL) is calculated [20, 21]:

RMS(p’)>
pref

where RM S is the root mean square of the acoustic pressure, p’, and p,.s is the reference
pressure of 107° Pa.

2.2 Blade Element Momentum (BEM) theory

This model divides a propeller blade in a set of independent blade elements which are
analysed independently as discrete wings. It is assumed that the flow in a given element
is two-dimensional and therefore there is no interaction between the flow of adjacent
elements. The effective flow velocity at the element is the sum of the incoming flow
velocity, which includes the induction effects caused by the blade element, and the blade
element velocity. The theory was initially developed with the assumption of perfectly axial
flow. This condition may be relaxed if the proper corrections are applied [13]. In this
present work, modified BEM theory is applied to non-uniform inflow conditions. Skewed
flow corrections are also applied locally at each element.

The velocity triangle from Fig. 1 is used to determine the local relative velocity, U,
and respective inflow angle, ¢. The two components of the induced velocity are denoted
v, and v; for the axial and tangent directions, respectively. The components caused by
movement of the propeller in the incoming airflow are U, = u, and U; = wr — u; for
the axial and tangent directions, respectively, where u, and u; are components of the
incoming airflow and wr is caused by the rotation of the blade element.

The axial and tangential induction factors are calculated, respectively, with Eqs. 4 and

D. v
a — - 4
tu= gt ()

v
a = Utt (5)

The local relative air velocity and inflow angle can therefore be calculated by:
U=V (Ul +a.)?+ (U1 - a))? (6)
Un(1+ aa)>

= arctan (| —— 7
s (T )
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<

Figure 1: Velocity triangle at an arbitrary blade element.

The local angle of attack, «, is:
a=¢—10 (8)
where 6 is the local incidence angle.
With the local angle of attack and Reynolds number, the lift and drag aerodynamic

coefficients, C; and Cy can be sourced. These coefficients are then projected in the axial
and tangential directions:

C, = Cjcosp — Cysin ¢ (9)
Cy = C;sin ¢ + Cycos ¢ (10)
A correction factor is implemented to account for blade tip vortices [12]:
9 .
F=— arccos(e_gr}:iﬁ) (11)
7r

where R is the propeller radius and r the local radius. This correction factor, along with
the local solidity ratio, o = (Bc)/(2nr), are used to calculate the induction coefficients:

_ [(4Fsin® ¢
Qg — <U—QL — 1) (12)
_ [4Fsin¢cos ¢

In other to include skewed flow effects the same correction used in AeroDyn [13] was

used:
157 r X

a/askew = Qg <]_ -+ EE tan 5 COS ) (14)
where 1 is the azimuth angle measured from the most downwind position and y is the
wake skew angle.

2.3 Surrogate model

The computational time required to solve the previous models thousands of times for
every propeller-inflow combination is considerably high. In order to feasibly apply the
methodology to real engineering situations, the creation of a more time efficient surrogate
is fundamental.

The construction of a surrogate model comprises of three different stages [15]. First, a
set of sample locations must be generated; Secondly, the surrogate model is constructed
from the sampled values of the engineering model on the sample locations previously
selected; The last stage is the validation of the surrogate against the original model.
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2.3.1 Latin Hypercube Sampling (LHS)

Latin Hypercube Sampling originates from the concept of Latin Squares which are a
square grid of any dimension where only one point in each row and column is marked. This
characteristic is called stratification and is a fundamental concept for a good sampling
plan.

To construct a Latin Hypercube, the design space is divided into a series of bins of
equal space. Then, a point is placed in each bin so that the projection of two given
points along an axis does not coincide. This method yields a random stratified sampling
plan but it does not guarantee an evenly filled design space. One way to overcome this
drawback is the usage of a quality criterion to evaluate the sampling plan and implement
an optimization routine to seek an optimal Latin Hypercube [15, 22].

2.3.2 Kriging

The Kriging model, formulated by Matheron [14] based on the work of Krige [23], is
widely used in engineering optimization applications.

k
P = exp (—Z@Ixﬁ” —xmf) (15)
j=1

This method uses the basis function in Eq. 15 which is similar to the Gaussian basis
function differing in the fact that Kriging allows different widths of the basis function, 6,
and exponents, p, to every variable. The building of a Kriging model involves selecting
the set of values for 6 and p that provides the best estimate of the engineering function.
This is done by maximizing the concentrated In-likelihood function [15] which depends
on the parameters 6 and p:

L) (16)

In(L) ~ —— In(62) — 5

2
Due to being easy to compute and non-differentiable, the recommended way to optimize
this function is through a global search model such as a genetic algorithm.
Once the ordinary Kriging model is built, estimates can be made at previously unsam-
pled locations in the design space:

gx) = o+ [ ({y} — {1}0) (17)

2.3.3 Testing the surrogate

When possible, a fresh space-filling set of data with around 25% of the size of the
training data should be used to evaluate the accuracy of the surrogate [24]. Different
metrics like the Root Mean Square Error (RMSE) or the correlation coefficient (r?) are
commonly used [15].

RMSE = | =740 — )2 (18)
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3 CODE DESCRIPTION

The code was designed to be as modular as possible in order to facilitate future im-
provements and is structured as presented in Fig.2. The four variables to be studied are:
the number of blades, propeller radius, blade chord and blade incidence angle.

The user must provide the flow conditions in the propeller plane in the form of a
velocity profile table. In addition, air density, dynamic viscosity and the speed of sound
must be specified. The observer position and velocity relative to the propeller are also
required. A base propeller design must be introduced by selecting the number of blades
and a series of sections which are defined by their radial position, chord, incidence and
airfoil.

In addition to the operating thrust, the design space for each propeller geometry vari-
able must also be specified. For the number of blades, a range of acceptable solutions
must be declared; For the chord and radius, the range for a multiplier factor by which
the values of the base propeller are multiplied must be set; For the blade incidence angle,
a range of increment angles, which can be negative to decrease blade incidence, must be
set.

Once the space filling sampling plan is generated, the overall sound pressure level for
each propeller at the determined flow and thrust conditions is calculated. For the purpose
of acoustic pressure calculation, propeller blades are divided in a set of 20 radial-wise and
40 chordwise evenly spaced elements. This was found to be the best compromise between
accuracy and computational requirements and is in line with previous works [25, 26].

The aerodynamic coefficients are either calculated in-code by an open-source python
XFOIL port or imported from an external source. Due to the possibility of encountering
extreme angles of attack, these polars are extended to 360 degrees using Viterna’s method
27].

Evenly spaced observation times are selected during an entire rotation of the propeller.
It was found that results converged at 128 samples per rotation which is considerably
lower than the 512 points sugested by Brentner [26]. It is important to use a number of
base two in this process to ensure optimal Fast Fourier Transform (FFT) performance
when required in the validation process.

The number of sampling points required for the sampling plan was found to be highly
dependent on the range of the variables. The user is responsible for tuning this value
such that the surrogate testing metrics are satisfactory. A quality surrogate should have
a value of normalized RMSE of up to 10% and a value of correlation coefficient greater
than 0.9 [15].

4 MODEL VALIDATION

In order to validate de tool, results from all modules were compared to results available
in the literature. Validation cases are presented for thrust in axial conditions, thrust in
unsteady load conditions and propeller noise.
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For every propeller in the sampling plan:

User input:
- Inflow conditions;
- Observer position and velocity;
- Ranges for propeller geometry specifications;
- Airfol sections;
- Propeller Thrust. ¢

- Compute/Import 360° extrapolated polars;
- Determine propeller RPM.

¢ [ Define observation times. ]

[ - Generate the sampling plan. ] ¢

For every blade element at every obervation time:
- Determine retarded time and position.

v v

- Build the Surrogate. For every obervation time:
- Calculate blade element loading;
¢ - Solve Farassat's 1A formulation;

v

[ - Calculate OASPL ]

Figure 2: Code structure.

- Test the Surrogate.

4.1 Axial flow thrust

For the axial flow blade loading case, thrust comparisons were made with experimental
results available in the literature and JBLADE [28-30]. A detailed description of two of
the propellers tested can be seen in Fig.3. The two bladed propeller from Fig. 3a uses the
NACA 4415 airfoil and the three bladed propeller from Fig. 3b uses the RAF 6 airfoil.
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(a) Validation case 1 [31]. (b) Validation case 2 [32].

Figure 3: Propeller geometry used in the axial thrust validation cases.

The results for the thrust coefficient against the advance ratio are presented in Fig.4.
The operating conditions of the propellers are the same as the original references [31, 32].
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Figure 4: Thrust coefficient against advance ratio.

The results correlate well with the literature and JBLADE analysis. In some cases,
such as validation case 1, there is a tendency to under predict the thrust coefficient at
lower advance ratios which suggests that the extended polar method used may not be
modelling the high angle of attack aerodynamic coefficients adequately in all situations.

4.2 Thrust in unsteady load conditions

This operation condition was checked using experimental data of propellers operating
in yaw available in the literature.

The thrust coefficient while operating at a 15 degree angle of yaw was compared to
experiments [33]. The detailed geometry description of the NACA 44- series airfoil, two
bladed propeller is shown in Fig.5.
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Figure 5: Propeller geometry used in the first unsteady load validation case.

The experimental and numerical values of Cr against U,/(nD) are plotted in Fig.6.
The overall trend of the numerical results is coherent with the experiment, however,
a certain degree of over prediction at low advance ratios and under prediction at high
advance ratios occurs. Since this phenomenon also occurred in the second case of axial
flow validation (Fig.4b), it is believed to be a limitation of this implementation of BEM
theory and not a result of the non-axial low conditions.
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Figure 6: Thrust coefficient against advance ratio.

4.3 Propeller noise

The last step to ensure the validity of the model is to compare results from the noise
prediction module.

Firstly, noise predictions were compared to experimental measurements and predictions
from ANOPP [34]. Since detailed geometry of the two bladed 80 inch propeller was not
made available, it was decided to use the dimensionless geometry from the Hamilton-
Standard 1C1-0 propeller show in Fig.7.

0.14 R | 1o +0.30
013 6 [deg]
: — %R
v F0.25
0.12 I35
0.11 | — r0.20
o
o r30 e -4
J0.10 = s
Lo.15
0.09 | 25
0.08 | L0.10
0.07 [0
10.05

02 03 04 05 06 07 08 09 1.0
r[m]

Figure 7: Propeller geometry used in the first noise validation case [32].

The three different test conditions considered are described in Tab.1. For each test
condition, noise measurements were made at a 4 m distance from the propeller hub in the
propeller plane and ahead of the propeller, at a 60 degree angle from its axis.

Table 1: Conditions for test cases [34].

Case w [rpm] U, [m/s| Incidence at .75R [deg]

1 2400 77.2 22.3
2 2700 77.0 22.0
3 2700 77.2 21.2

The results, shown in Tab.2, are similar to the measured in the experiment and pre-
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dicted by the more advanced noise prediction code in ANOPP. It must be noted that
a certain degree of discrepancy is to be expected since the propeller geometry that was
used does not represent the real geometry of the propeller from the experiments. In
Case 1, where the predicted OASPL differs the most from the literature, the predicted
thrust is also 10% greater than the measurements which would increase loading noise and,
therefore, the overall sound pressure level.

Table 2: Comparison of OSAPL prediction to ANOPP and experimental values [34].

Case Experimental [dB] ANOPP [dB] Neto et Gamboa [dB]
1 (in-plane) 113.1 113.8 117.6
2 (in-plane) 123.6 123.2 120.4
3 (in-plane) 122.7 122.5 120.1
1 (out-of-plane) 108.5 108.1 115.1
2 (out-of-plane) 115.6 116.3 1174
3 (out-of-plane) 115.7 116.2 117.2

Comparisons of the directivity of the noise produced with experimental data [35] were
also made. The directivity of the blade passing frequency (BPF) of an APC 13 X 6.5E
propeller is compared in Fig.8 where 0 degrees coincides with the axial direction ahead of
the propeller and 180 degrees coincides with the axial direction behind the propeller.

60 60

—e— 2500 rpm —— 2500 rpm
55 3500 rpm 55 4 3500 rpm
—e— 4500 rpm —— 4500 rpm
504 —e— 5500 rpm 50 4 —— 5500 rpm

PSD [dB/Hz]
48 &

w
o

//‘\\

PSD [dB/Hz]
58 &

N
v

40 60 80 100 120 40 60 80 100 120

Direction [deg] Direction [deg]
(a) Experimental results [35]. (b) Numerical results.

Figure 8: Directivity of power spectral density (PSD) of the APC 13 X 6.5E propeller at
BPF.

Overall, there is an agreement between the numerical model and the experimental
measurements. For the three lower propeller angular velocities, numerical values tend to
be up to 3 dB/Hz lower than numerical values. However, at 5500 rpm, the measurements
differ considerably from the numerical prediction. This may be a result of experimental
errors, since at 5500 rpm the behaviour of the PSD directivity is much different than
other angular velocities.

Overall, it can be said that the model is capable of making good predictions and follows
the experiments both in absolute value and overall behaviour. It should also be noted
that the model shows promising results for both small and large aircraft propellers.
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5 CASE STUDY

In order to illustrate the general behaviour of the noise emitted by an aircraft propeller
under different conditions and the impact of changing certain design elements, a case
study was created. In this case, the base propeller uses the blade geometry from the
Navy planform 3790, represented in Fig.9. All simulations were performed at sea level
in horizontal flight at 75 m/s. Noise measurements were taken from an observer 15 m
directly below the propeller hub.
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Figure 9: Propeller geometry used in the test case [32].

In order to compare the OASPL produced in free stream and disturbed airflow, cal-
culations were made at different thrust levels using a 3 bladed propeller at 75 m/s. For
the disturbed airflow case, the velocity profile 0.5 m behind the trailing edge of a NACA
23013 airfoil with 1.84 m chord at a 0 degree angle of attack was simulated in Ansys
Fluent using the k-omega turbulence model.

From Fig.10 it can be concluded that the OASPL emitted by a propeller is influenced
by the inflow velocity profile and generally increases when thrust is increased. Previous
work has determined that at a given rotational velocity, both thrust and noise tend to
increase when the propeller operates in a wake [36, 37]. However, results are seldom
presented at constant thrust conditions.
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Figure 10: OASPL at different thrust levels in a wake and free stream.
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5.1 Building and Using the Surrogate

Having concluded that the OASPL tends to increase when operating in a wake, a
surrogate was built for a propeller operating in the wake conditions described above at
1500 N of thrust. The boundaries for the design space are represented in Tab.3.

Table 3: Design space used in the surrogate.

Variable Lower boundary Upper boundary
Number of blades 2 6
Chord ratio 0.5 2
Radius ratio 0.5 2
Twist increment [deg] -10 10

In order to better understand the model and the surrogate, the process was initiated
with a simple study where different surrogates were generated using a range of LHS of
different sizes. These surrogates were then tested against a set of 50 space filling samples
gathered from the original model. The results, as presented in Fig.11, show that although
there is a clear trend of model refinement as the number of points increases, there is some
degree of volatility in the evaluation parameters. This is a direct result of the nature of
the process of generating the LHS. Since every LHS is unique and random, it is possible
for a sampling plan to be "lucky” and hit more relevant points in the engineering function
while a different sampling plan with the same number of points might be "unlucky” and
hit less relevant points in the engineering function. With the increase in the number of
points, in addition to the increased overall fidelity, the influence of "luck” decreases and
the volatility also decreases.
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Figure 11: OASPL at different design specifications.

The strategy used was to select a number of points that would ensure the surrogate
would meet the threshold criteria of normalised RMSE up to 10% and a correlation
coefficient greater than 0.9 [15] most of the time, hence the decision to use 50 sample
points in the final surrogate. The typical validation process with a space filling set of
samples of the engineering function with 25% the number of points used in the surrogate
was still kept to ensure the surrogate met the threshold and was not "unlucky”.
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The surrogate was built using 50 sample points and was deemed representative of
the engineering function due to having a correlation coefficient of 0.99 and a normalised
RMSE of 4.1%. The quality of this surrogate was evaluated using 12 samples of the
original function from a space filling LHC.

In Fig.12, the OASPL at different design specifications for a two bladed propeller is
represented. It can be observed that this propeller base geometry in these operating
conditions tends to favour lower blade radius. Smaller blade chords are also generally
favoured. These conclusions favour an overall reduction in the volume of the propeller
blades which indicates that under these conditions, thickness noise is the main source of
acoustic pressure. Overall, blade incidence did not significantly influence the results. The
base propeller’s incidence was favoured at small blade radii and higher blade incidence
was favoured at higher blade radii. The favouring of the increase in incidence at high
propeller radii can be explained by the reduction in propeller rotational velocity and,
therefore a reduction in propeller thickness noise which is prevalent due to the increased
amount of air displaced by the larger blades.
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Figure 12: OASPL at different design specifications.

In Fig.13, the OASPL for different numbers of blades at different blade radii is com-
pared. For larger radii, an increase in the number of blades leads to a considerable
reduction in noise which is a direct result of the decrease in blade loading and, therefore
the decrease in loading noise. For smaller blade radii, this is not always the case indicating
that at a certain point, the loading noise decrease caused by the increasing number of
blades is offset by the increase in thickness noise caused by the increase in the volume of
air displaced by the propeller.

6 COMPUTING TIME COMPARISON

In order to determine if the construction of a surrogate is a good approach to this
problem, a comparison of the processing times for the case study was performed.

Using the times from Tab.4, Fig.14 was created. Since computing a point using the
surrogate is essentially instantaneous, using the surrogate is always more computationally
efficient if the number of desired points is greater than the number of points used to build
and validate the surrogate. In this case, if the model were to be used in a parametric
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Figure 13: OASPL at different blade counts and blade radii. Twist increment = 0; Chord
ratio = 1.

Table 4: Computing time required at different stages.

Step Computing time [s]
Compute OASPL directly at a point 187.5

Train and validate the surrogate 4.9
Compute OASPL with the surrogate at a point 0.004

study or optimization study, the number of points required would most likely be greater
than 62 and, therefore, using the surrogate would be the most efficient approach.
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Figure 14: Required compute time for different numbers of simulated propellers.

7 CONCLUSIONS

A tool for the quick and accurate prediction of the aeroacoustic noise generated by
a propeller has been developed using the FW-H equation, BEM theory and a Kriging
surrogate. This tool was validated against experimental and numerical data available in
the literature with promising results and was later used in a case study to showcase the
tool’s capabilities.

In the case study, it is observed that under the tests’ conditions, the OASPL generated
by a propeller is typically larger for a propeller operating in the wake of an airfoil. It is
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also observed that a decrease in propeller radius and reasonable increase in the number
of blades will result in the reduction of the noise generated by the propeller.

In future work, the integration of this tool in an aircraft preliminary analysis code and
its usage in aircraft optimization problems could be valuable. In addition, the creation of
a parallel model to evaluate the performance impact of the geometry changes caused by
the noise reduction code is of great interest.

RESOURCES

The computer code, including the script used in section 5, is made available in a github
repository: https://github.com/PedrONeto/propeller-noise-predictor [38].
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Abstract. This numerical work presents a design of an indoor environment and comfort
evaluation, namely the thermal comfort and the air quality, in aircraft passenger cabin
simulated through a virtual chamber similar to a real experimental chamber. This work
presents and applies a numerical model, that considers the coupling of the CFD
(Computational Fluids Dynamics) and HTR (Human Thermo-Physiology Response)
numerical models. The coupling system, itself, generates the occupation presence and
transfers the inputs/output between the CFD and HTR numerical models. The input of the
compartment, using the Computational Aid Design, the location of the occupants and the
external environmental variables are introduced in the software, while the occupants’
geometry is generated by empirical equations, based on the height and width dimensions.
The study is made in a virtual chamber occupied by twenty-four virtual occupants and
twenty-four seats and equipped with a ceiling-mounted air distribution system. The inlet
airflow is located above the head level, while the outlet airflow is located in the aircraft
passenger cabin central area at the ceiling level. In the present study, the thermal comfort
level (using the Predicted Mean Vote and the Percentage of People Dissatisfied indexes),
the air quality level (using the carbon dioxide concentration in the respiration area), the
Draught Risk (using the Predicted percentage of dissatisfied people), ventilation
effectiveness for heat removal and effectiveness for contaminant removal and the ADI (Air
Distribution Index), that each occupant is subjected, are calculated. Four Cases studies,
defined for different mean internal air temperature, with an external air temperature of -
50°C, were developed. In accordance with the obtained results the thermal comfort level
and the air quality are acceptable and ADI index is highest for the highest internal air
temperature.

Keywords: CFD, Human Thermo-physiology, Thermal comfort, Air Quality, ADI
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1. INTRODUCTION

A ceiling-mounted air distribution system (see Awbi [1]), used as inlet, applied in a aircraft
passenger cabin with an exhaustion system, is located in the aircraft passenger cabin central
area at the ceiling level.

The Air Distribution Index (ADI) is function of the thermal comfort number and the air
quality number. This index was been developed in Awbi [1], for uniform thermal
environment, and includes the thermal comfort, the indoor air quality and the effectiveness
for heat removal and the effectiveness for contaminant removal. The ADI for non-uniform
thermal environments was developed by Conceicdo et al [2]. The Air Distribution
Turbulence Index (ADTI), more recently, have been developed in Conceigdo and Awbi [3].
This new index is used to consider simultaneously the thermal comfort, the indoor air
quality, the Draught Risk and the effectiveness for heat removal, contaminant removal and
room air removal.

To evaluate the thermal comfort level, they are used the Predicted Percentage of
Dissatisfied people (PPD) and the Predicted Mean Vote (PMV) indexes, developed by
Fanger [4] and presented in 1ISO 7730 [5]. Some applications can be analyzed, as example,
in Conceicdo et al. [6], in application of the PMV Index in the control of Heating,
Ventilating and Air-Conditioning (HVAC) system, in Concei¢do et al. [7], in the
development of a control temperature, in Conceicao et al. [8], in the application of adaptive
thermal comfort models and in Conceicdo et al. [9], in experimental studies using the
airflow around occupants in vehicles.

In the indoor air quality level evaluation, it is used the carbon dioxide concentration,
release by the occupants, as indicator of the indoor air quality in occupied spaces (ASHRAE
62.1 [10] and Awbi [1]). Others works applied in this area can be analyzed in Conceigdo et
al. [11], Conceicdo et al. [12] and Conceicao et al. [13].

In the occupant local thermal discomfort evaluation, it is used the Draught Risk (DR).
The DR, presented in 1SO 7730 [5] and developed in Fanger et al. [14], is function of the
air temperature, air velocity and air turbulence intensity (see applications in Conceicéo et
al. [3]).

In the assessment of ADI are used three software: building thermal response (BTR)
model, human thermal response (HTR) model and a Computational Fluid Dynamics (CFD)
model.

The BTR software model simulates the building thermal behavior response and
calculates numerically the internal temperature and surrounding virtual chamber surfaces
temperatures (see Conceicdo and Lucio [16]). The software application can be seen in
Conceicdo et al. [17], Conceicdo and Lucio [18], Concei¢do and Lucio [16], Concei¢do and
Ldcio [19] and Conceicdo and Lucio [20].

The HTR numerical model simulates the human thermo-physiology and evaluates the
human thermal comfort level and the tissue, blood and clothing temperatures (see Concei¢éo
et al. [16]). Some applications of this numerical model can be analyzed in Conceicao et al.
[21], [22] and [23].

More information of others numerical models, related with human thermal response can
be seen in the works of Tang et al. [24] and Ozeki [25]. Tang et al. [24] simulates the local
skin temperature in older people and Ozeki [25] evaluates the thermal comfort level of
occupants subjected to solar radiation.

To simulate the airflow and evaluate the air quality, air temperature, air velocity, air
turbulence intensity and carbon dioxide concentration the CFD was used. CFD is a
differential numerical model and its applications can be seen in Conceicéo et al. [26].
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Other studies related with CFD techniques can be found in Takabayashi [27] and Nilsson
and Holmér [28].

Temperature, humidity, air pressure, noise, vibration, among others influence the cabin
comfort. Cui et al. [29] conducted a field study on 10 aircrafts, which consisted of measuring
parameters and carrying out questionnaires to passengers to evaluate the thermal comfort in
airplanes cabins. Fan and Zhou [30] presents an overview of thermal comfort in aircraft
cabin, focusing on aspects such as the application of thermal comfort models, types of
ventilation systems used and energy savings. In a comparative study about the performance
of three ventilation systems in sections of the cabins of two airplanes, You et al. [31]
concluded that the personalized ventilation system presents the best results regarding the
thermal comfort of the passengers.

In this study, the HVAC system performance, based in an exhaust system, located in the
aircraft passenger cabin central area at the ceiling level, and an inlet system, based on a
ceiling-mounted air distribution system, is analysed. The influence of this HVAC system,
using the ADI, in the occupant thermal comfort, indoor air quality and draught Risk levels
are analysed.

2. NUMERICAL MODEL

The numerical model presented in this work considers the:

e Aircraft passenger cabin thermal response numerical models, used to evaluate the
aircraft passenger cabin surface temperature around the passengers. This model
calculates the air temperature inside the spaces, in the inner bodies, in the glazed
surfaces and in the opaque surfaces. This numerical model is based on mass and
energy integral equations and works in transient conditions, considers the
convection, conduction, radiation and other phenomena.

e Integral HTR numerical model, used to evaluate the passengers’ temperature
distribution and thermal comfort levels. The passenger thermal response
calculates the body temperature, the clothing temperature, the skin water vapour
and the clothing water vapour. This numerical model is based on mass and energy
integral equations and works in transient conditions, considers the convection,
conduction, radiation and other phenomena.

o Differential CFD numerical model, used to evaluate the environment variables
around the passengers and the internal air quality. The differential CFD numerical
model evaluates the environmental thermal variables inside the spaces and around
the passengers, namely, the air temperature; air velocity, carbon dioxide
concentration, DR and other variables. This numerical model is based on Navier-
Stokes differential equations in Cartesian coordinates and works in steady-state
conditions and in non-isothermal conditions.

The space geometry with complex topology is developed using a Computer Aided-
Design system, while the passengers’ geometry is done using a geometric equations
methodology. In the CFD, the geometry is based on volume elements, while the geometry
in the HTR numerical model is based on surfaces. In both cases, the virtual passenger is
divided into twenty-four elements.

3. NUMERICAL METHODOLOGY
This study is made in an aircraft passenger virtual cabin, simulated by a virtual chamber,
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with dimensions of 4.50x2.55x2.50 m>. The virtual chamber, occupied with twenty-four
virtual manikins, is equipped with:
e Twenty-four seats;
e One exhaust system, located in the aircraft passenger cabin central area at the
ceiling level;
e One inlet system based on a ceiling-mounted air distribution system (see Fig. 1).

In this simulation the following conditions are used:
e The renovation airflow is 35 m3/h/passenger;
The activity level is 1.2 met;
The clothing level is 1 clo (typical winter insulation clothing);
The external air temperature is -50°C;
The inlet air velocity is 3.9 m/s.

In this study four Case studies are analysed. The inlet air temperature is the following:
Case A, 10.6 °C;
Case B, 12.6 °C;
Case C, 14.7 °C;
Case D, 16.8 °C.

The mean internal air temperature is the following:
e Case A, 18 °C;
e Case B, 20 °C;
e CaseC, 22 °C;
e Case D, 24 °C;

In this simulation, the air temperatures around the aircraft passenger cabin are evaluated
through the aircraft passenger cabin thermal response, the air temperatures around the
passengers are evaluated through the HTR and the airflow around the passengers is
evaluated using the CFD.
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b)

Fig.1. Geometry used in the CFD of the aircraft passenger cabin.
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4. RESULTS

In this section, they are obtained the results of the air velocity, air temperature and DR that each
occupant are subjected around the human body and of the performance of the HVAC system.

In Fig. 2, the distribution of air velocity around the occupants for the Cases A, B, C and
D are presented. The distribution of air temperature around the occupants for the Cases A,
B, C and D are presented in Fig. 3, while in Fig. 4 the distribution of air temperature around
the occupants for the Cases A, B, C and D are showed.

The air velocity around the occupants sections is not strongly influenced by the mean
value of the internal temperature and the inlet air temperature. In general, the air velocity
in the upper bodies sections are slightly higher than in the lower bodies sections.

The air temperature around the occupants sections is relatively uniform. The air
temperature around the occupants sections increase slightly when the internal mean air
temperature and the inlet air temperature increase.

Finally, the DR around the occupants’ sections decreases when the internal mean air
temperature and the inlet air temperature increase. The DR is slightly highest in the head
than in the other human bodies section. In accordance with the international standards, the
DR levels are acceptable. For an internal mean air temperature of 18 and 20 °C, Cases A
and B, the DR level is according to the Category C of the international standards, while for
an internal mean air temperature of 22 and 24 °C, Cases C and D, the DR level is according
to the Category B of the international standards.

In Tables 1, 2, 3 and 4 are presented ADI values for, respectively, the mean value of the
Cases A, B, C and D. In these tables, N represents the Number of occupants; Tm (°C)
represents the Body mean temperature; ETC (%) represents the Effectiveness for heat
removal; PPD (%) represents the Predicted Percentage of dissatisfied People; NTC
represents the Thermal Comfort Number; C (mg/m3) represents the carbon dioxide
concentration in the respiration area; EIAQ represents the Effectiveness for contaminant
removal; PDIAQ represents the Predicted Dissatisfied people related with the Indoor Air
Quality; NIAQ represents the Air Quality Number; and ADI represents the Air Distribution
Index.
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Fig.3. Distribution of DR around the occupants for the Cases A, B, C and D.

The PPD decreases when the mean air temperature and the inlet air temperature increase.
In Case A, the thermal comfort is not in accordance with the international standards,
however, the PPD values are near the acceptable values. The Case B is in accordance with
the category C, by negative PMV values, of the international standards, and the Cases C
and D are in accordance to the category A, by negative PMV values, of the international
standards.

The thermal comfort number increases when the internal mean air temperature and the
inlet air temperature increase.

The carbon dioxide concertation in the breathing area is slightly constant for the Cases
A, B, C and D. However, the carbon dioxide concentration is acceptable in accordance to
the international standards.

Table 1. ADI for the Case A.

N Mean
Tm (°C) 23,4
Erc (%) 73,0
PPD (%) 18,9
Nrc 39

C (mg/m® | 1098,9
Eing 97,1
PDiag 14,9
Niag 6,5
ADI 5,0
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Table 2. ADI for the Case B.

N Mean
Tm (°C) 245
Erc (%) 75,1
PPD (%) 10,2
Nrc 74

C (mg/md) 1100,4
Eiag 97,1
PDiag 14,9
Niag 6,5
ADI 6,9

Table 3. ADI for the Case C.

N Mean
Tm (°C) 257
Erc (%) 77,6
PPD (%) 5,6
Nrc 13,8

C (mg/md) 1100,4
Eiag 97,1
PDiag 14,9
Niag 6,5
ADI 9,5

Table 4. ADI for the Case D.

N Mean
Tm (°C) 26,9
Erc (%) 80,0
PPD (%) 5,6
Nrc 14,3

C (mg/m3) | 1100,1
Eino 98,1
PDiag 14,9
Niao 6,6
ADI 9,7

The indoor air quality number is constant for all Cases studied.
Finally, the ADI value increases when the internal mean air temperature and the inlet air
temperature increase. This increase is associated with the increase of the thermal comfort

number.
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12. CONCLUSIONS

In this study was made an application of thermal engineering systems computational models in
an aircraft passenger virtual cabin.

In accordance with the obtained results, the air temperature around the occupants’
sections increases slightly when the internal mean air temperature and the inlet air
temperature increase and the DR around the occupants’ sections decreases when the internal
mean air temperature and the inlet air temperature increase. The air velocity, air temperature
and DR around the occupants’ sections are relatively uniform and the air velocity and DR
in the upper bodies sections are slightly higher than in the lower bodies sections.

In accordance with the international standards, the DR levels are acceptable. For an
internal mean air temperature of 18 and 20 °C, Cases A and B, the DR levels are in
accordance with the Category C of the international standards, while for an internal mean
air temperature of 22 and 24 °C, Cases C and D, the DR levels are in accordance with the
Category B of the international standards.

The PPD decreases and the indoor air quality is quite constant, when the mean air
temperature and the inlet air temperature increase.

In the thermal comfort level, the Case B is in accordance with the category C, by negative
PMV values, and the Cases C and D are in accordance to the category A, by negative PMV
values, of the international standards. The indoor air quality is also acceptable in accordance
to the international standards.

The thermal comfort number increases and the indoor air quality number is constant,
when the internal mean air temperature and the inlet air temperature increase. The ADI
value increases when the internal mean air temperature and the inlet air temperature
increase.

Thus, in accordance with the obtained results, the developed HVAC system for the Cases
C and D, guarantees acceptable thermal comfort and internal air quality for the occupants.
In both situations, the DR are also acceptable in accordance to the Category B of the
international standards.
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Abstract. This work aims at evaluating surrogate based Multidisciplinary Design Opti-
mization (MDO) strategies for designing an Urban Air Mobility (UAM) Vertical Take-Off
and Landing (VTOL) aircraft. During the conceptual stages, it is important to have a
vast exploration of the design space, using models for several disciplines that need to be
considered regarding the mission requirements. Surrogate models are a potentially good ap-
proach to rapidly explore the design space. Therefore, in this work, a comparison between
the results of a MDO wusing real functions and the surrogate models of these functions is
provided. Three major strategies for the aircraft optimization are carried out: an opti-
mazation using the real, analytical functions and their derivatives with the adjoint method;
a surrogate-based optimization where Kriging-based surrogate models for both the objective
function and constraints are built, using the Surrogate Modeling Toolbox (SMT); and an
optimization based on adaptive sampling using the Watson and Barnes (WB2) infill crite-
ria. To compare these MDO strategies, an energy minimization problem is established for
the VTOL aircraft as a case study in OpenMDAQ, where aerodynamics and structures are
modeled using the low-fidelity models provided in the OpenAeroStruct (OAS) framework.
Initially, only two design variables are considered. Then, more design variables are added
to the problem, and therefore increasing the complexity of the optimization problem.

Keywords: Multidisciplinary design optimization, surrogate models, adaptive sampling,
aircraft design, aerostructural
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1 INTRODUCTION

Over the last years, there has been a significant increase in the research of Urban Air
Mobility (UAM), with the number of applications also growing [1]. New problems have
to be solved in order to turn UAM into a reality, as the society also demands a cleaner
and more sustainable aviation, capable of responding to the requisites of transportation in
urban scenarios. As these demands grow, the necessity for developing tools that consider
different requirements from different disciplines also increases. Hence, Multidisciplinary
Analysis and Optimization (MDAQO) [2] is a tool that can be very useful in early design
stages of a new aircraft [3], where usually there is a great exploration of possible concepts.
Using MDAO allows a designer to integrate multiple disciplines (e.g. aerodynamics, struc-
tures, propulsion, emissions, performance, among others) with the objective of considering
the influence of a discipline on the others, so that in the end, the obtained solution is
one that satisfies a compromise between all the disciplines taken into account. As the
complexity of the problem increases, by the increment in disciplines considered, or the
higher fidelity models used, the computational burden of this optimization can become
too demanding.

There are some possible approaches to mitigate this computational burden, such as
using the adjoint method [4] or surrogate models [5]. The former approach is a numer-
ical method that provides efficiently the sensitivities to the optimizer, even though the
analysis code needs to be prepared to solve the adjoint equations. In the latter approach,
computational models that mimic the real functions are used to reduce the optimization
time, however at the cost of building expensive databases. However, the size of these
databases can be reduced when considering adaptive sampling techniques [6-8], which
recur to statistical information to accelerate the optimization process.

This work aims at comparing three optimization strategies, used to solve an aircraft
design problem: (i) optimization using the real functions with sensitivities computed by
means of the adjoint method; (ii) optimization using the surrogate models of the previous
functions; and (iii) optimization using adaptive sampling with the Watson and Barnes
(WB2) infill criteria [9]. The aircraft design problem consists in minimizing the mission
energy consumption of a Vertical Take-Off and Landing (VTOL) aircraft for UAM. The
physical models are defined using a low-fidelity tool, the OpenAeroStruct (OAS) [10] and
the optimization problem is defined using the OpenMDAO framework [11]. The surrogate
models are built using the open-source Surrogate Modeling Toolbox (SMT) [12].

2 METHODS AND TOOLS

Even though the main objective of this work is to provide a comparison between the
three optimization strategies mentioned before, it is also a goal to re-design the Flexcraft
concept [13] at the conceptual level such that it would be enabled with VTOL capability to
improve its versatility. To this end, the design sequence illustrated in Fig.1 was followed.

Revise_d L JEsie SIETGE Gene_ration Initial Sizing Baseline Definition Optimization
Requirements and Selection

Figure 1: Design sequence flowchart.

A brief description of each of these stages is presented next with a higher focus on the
optimization.
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2.1 Revised Mission Requirements

The Flexcraft concept consists of a modular hybrid-electric Short Take-Off and Landing
(STOL) aircraft composed by a lifting system capable of carrying several different multi-
mission fuselage pods [13]. All the essential systems to flight are integrated in the lifting
system, which includes the flight control system, avionics, control surfaces, batteries, fuel
and the propulsive system composed by four propeller-driven electric motors and one
turbo-generator.

Vertical Take-Off and Landing (VTOL) capability would be an interesting addition
to this concept such that a higher versatility for UAM applications would be enabled.
To accomplish this capability, a compromise in the top-level requirements for the design
mission was required with consequences in both range and payload. The former was
reduced from 1000 km to 800 km, while the latter was decreased from 900 kg to 500 kg.
In what concerns the mission profile, depicted in Fig.2, the differences to the original
design mission are in the segments related to the vertical flight and transition to forward
flight. The aircraft takes-off and climbs vertically up to 15.24 m. Then it hovers for 60 s
before transition to climb. After cruising for 800 km at 110 ms™!, the aircraft starts
descending to the landing site where it transits to vertical flight and hovers for 60 s before
landing vertically.

Cruise
Transition Descent +
+ Climb Transition
Hover Hover
Vertical Vertical
Climb Descent
Vertical .
Take-Off Landing

Figure 2: Mission profile.

Regarding the hybrid-electric strategy, a series architecture [14] was chosen which con-
sists in four propeller-driven electric motors connected to batteries and a turbo-generator
by means of a power distribution module. In this configuration, an internal combustion
engine burns fuel and rotates an AC generator. The power generated can be used to
charge the batteries and to be delivered to the AC electric motors that drive the pro-
pellers. The series configuration allows for a separation of power and thrust generation
and also to have different flight modes, i.e, to have flight phases where only the electric
energy of the batteries is used to propel the aircraft, and other phases where only the
Internal Combustion Engine (ICE) is the provider of the necessary energy. This way, the
vertical climb, hover, transition and vertical descent are driven using the batteries and
the forward flight phases are carried out using only fuel energy. Therefore, the ICE and
generator can be sized for cruise, which allows the system to be working at a steady state
in most of the mission, and so it is working at its optimal Specific Fuel Consumption
(SFC) point. However, this system implies an increase of the propulsive system weight
and its complexity.
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2.2 Concept Generation and Selection

The idea was to maintain the geometry as close as possible to the original Flexcraft con-
cept, which consists of a main wing with four mounted four propeller driven engines and
an inverted U-tail connected with booms. To that end, several concepts were conceived
and qualitatively compared in light of aerodynamics, weight and structures, stability and
control, manufacturing complexity and noise. An Analytical Hierarchy Process (AHP)
[15] based on the previous subjects was used to select the best concept, which is the one
illustrated in Fig.3. The main difference of this aircraft concept to the original one is the
tilt capacity of the four propeller-driven electric motors.

—

Figure 3: Selected aircraft concept.

2.3 Initial Sizing

With a concept for the general configuration of the aircraft chosen and considering a
Maximum Take-Off Mass (MTOM) of 3500 kg from the Flexcraft project as a first guess,
now some of the general dimensions can be defined. This is done using the design point
equations, for both vertical and forward flight. A more detailed explanation of the design
point analysis can be found in [16]. Stall speed was found to constrain the wing area
(28.18 m?) and the cruise speed limited the power required for forward flight (535 kW).
Regarding the vertical flight design point: the power (890 kW) was constrained by the
vertical climb condition; while the rotor area (57.23 m?) was defined by the maximum
allowable disc loading, 600 N m~2, which is a typical value for a tilt rotor aircraft [17].

2.4 Baseline Definition

Based on the initial sizing, the baseline aircraft to be used for the optimization process
can be defined. For that purpose the methodology described in [16] was followed to
re-design the wing and stabilizers, besides refining the weights estimation and stability.
The fuselage was kept the same as the one from the Flexcraft project and the power
requirements considered were those estimated in the initial sizing. In the end, the main
aircraft parameters estimated and considered for the baseline model are summarized in
Tab.1.

2.5 Optimization

The baseline aircraft was then modelled in the OAS [10, 18] considering two disciplines,
aerodynamics and structures. For the former, OAS uses a Vortex Lattice Method (VLM)
with both compressibility (Prandtl-Glauert) and viscous (flat-plate) corrections. The Fi-
nite Element Method (FEM) is used for the latter, where an equivalent beam model is
built based on inertial information of the cross-sectional areas throughout the aircraft.
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