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Abstract

In recent years, the aeronautical industry has embraced the eVTOL concept (electrical
Vertical Take-Off and Landing vehicles) to provide more intelligent, eco-friendly, well-
integrated, and sustainable mobility options. The novel idea has emerged in response to
the recent increasing number of large metropolitan areas with high populations. The key
features of this concept include the use of electrical power, and the incorporation of multi-
propellers. One particular challenge arises from the usage of several propellers nearby:
understanding the flow interference between rotors. Hence, an aerodynamic investigation
is needed to better understand this rotor-rotor interaction, alongside data gathering for a

future noise prediction computation.

This investigation is focused on the numerical modelling of a coaxial rotor configuration
in hover conditions, with the use of the in-house ROSITA software, a high-fidelity CFD
code specialized in rotor aerodynamics. To have a wider understanding of the rotor-rotor
interaction, the study of the isolated rotor is crucial. For this reason, two different con-
figurations, isolated and coaxial, have been put in comparison, where their rotor wakes,
induced velocity fields, aerodynamic loads, vorticity, etc. have been analyzed. Addition-
ally, data from the Aeronautical Research and Technology in Europe (GARTEUR) group,
more precisely, the Action Group HC/AG-26, has been used to ratify the validity of the
ROSITA’s computational results.

The overall evaluation of the results indicates a significant loss in performance of the lower
rotor for the coaxial configuration. Yet, a solid match of the data verifies the reliability

of the employed model when simulation the aerodynamics of isolated and coaxial rotors.

Keywords: eVTOL, Rotor-rotor interference, Aerodynamics, CFD, ROSITA
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Sommario

Negli ultimi anni, I'industria aeronautica ha abbracciato il concetto di eVTOL (veicoli
elettrici a decollo e atterraggio verticale) per fornire opzioni di mobilita piu intelligenti,
eco-compatibili, ben integrate e sostenibili. Questa idea innovativa é emersa in risposta
al recente aumento del numero di grandi aree metropolitane ad alta densita di popo-
lazione. Le caratteristiche principali di questo concetto sono 1'uso dell’energia elettrica
e l'incorporazione di multi-rotori. Una sfida particolare deriva dall’utilizzo di piu ro-
tori posti a distanza ravvicinata vicine: la comprensione delle interferenze di flusso tra
i rotori. Pertanto, ¢ necessaria un’indagine aerodinamica per comprendere meglio le in-
terazioni rotore-rotore, oltre alla raccolta di dati per un futuro calcolo di previsione del

rumore.

Questa indagine si concentra sulla modellazione numerica di una configurazione di ro-
tori coassiali in condizioni di hovering, con 'uso del software ROSITA, un codice CFD
ad alta fedelta specializzato nell’aerodinamica dei rotori. Per avere una pit ampia com-
prensione dell’interazione rotore-rotore, lo studio del rotore isolato é fondamentale. Per
questo motivo, due diverse configurazioni, isolate e coassiali, sono state messe a confronto,
analizzando le loro scie, i campi di velocita indotti, i carichi aerodinamici, campi di vor-
ticita, ecc. Inoltre, i dati ottenuti dal gruppo Ricerca e Tecnologia Aeronautica in Europa
(GARTEUR), pia precisamente dal Gruppo d’Azione HC/AG-26, sono stati utilizzati per
ratificare la validita dei risultati di calcolo di ROSITA.

La valutazione complessiva dei risultati ottenuti indica una significativa perdita di prestazioni
del rotore inferiore per la configurazione coassiale. La significativa corrispondenza tra
dati sperimentali e calcolati verifica 1’affidabilita del modello impiegato nella simulazione

dell’aerodinamica di rotori isolati e coassiali.

Parole chiave: eVTOL, Interferenza rotore-rotore , Aerodinamica, CFD, ROSITA
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1 ‘ Introduction

1.1. Background & Motivation

This last decade, there's been an exponential growth in population in cities around the
world, making urban mobility one of the main issues to solve, or at least, improve the way
people get from one place to another without wasting hours due to road trac. There
have been many ideas and proposals for this topic, such as creating new mobility infras-
tructures (roads, highways...), promoting the usage of public transport, or the innovative
concept calledUrban Air Mobility [20].

This last concept refers to an emerging topic in the eld of transport that seeks to use
aircraft, such as UAVs, for the movement of people and goods within the urban environ-
ment, and provide more e cient, faster, and sustainable mobility solutions in congested
urban areas. The potential applications for théJrban Air Mobility apart from the trans-
portation of people and delivery of goods, also covers the rescue and emergency services,
for example. It is worth mentioning that, despite the promising possibilities, this new
concept faces signi cant challenges, such as airspace regulation, safety, integration with
existing infrastructure, and public acceptance. However, several companies and indus-
tries, including technology and aviation, are investing in the development of technologies
and solutions to accomplish this vision of urban air mobility.

Thanks to recent investigations and technological de-

velopments, it has been proven that Vertical Takeo

and Landing (VTOL) vehicles are fundamental for the

implementation of the UAM concept, which its abil-

ity to take o and land vertically is crucial for limited

urban environments. However, these vehicles come

with drawbacks; for instance, helicopters are exces-

sively expensive, polluting, and noisy, making them

impractical for operating in urban environments with ~ Figure 1.1: NASA Pun [17]
high demand. Therefore, the feasibility of using elec-

trical VTOLs (eVTOLS) [18] has been and remains the focus of recent studies. This new
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concept raised in popularity in 2010 when the NASA Pu n paper was published [17],
showing a single-person concept rendering of the technology during the ight, Figure 1.1,
where NASA developed a new technology called Distributed Electric Propulsion (DEP).
Consequently, many aircraft manufacturers such as Boeing [11], Airbus [16], and Bell [21]
have raised interest concerning eVTOLS, and even, developing new prototypes, Figure 1.2.

(a) Airbus A3 Vahana [16] (b) Boeing-Aurora Flight Sciences PAV [11]

Figure 1.2: eVTOLSs con gurations comparison

Thanks to the motivation of these big companies, startups and academia have played
a crucial role in advancing the development of these air vehicles and, have occasionally
taken the lead in technological advancements.

Having a look into the design eld, eVTOL vehicles typically feature numerous small
propulsion units powered by electric motors (DEP) [23]. The ability to position these
propulsion units almost anywhere results in a wide range of con gurations, highlight-
ing the essential need for a performance evaluation strategy capable of handling diverse
layouts. The most frequent con guration is the use of multiple propellers, as shown in
Figures 1.2, where they can present certain regions of overlapping between the rotor disks,
being the side-by-side and tandem con gurations the most common ones. In particular,
from an aerodynamic perspective, the interaction between rotors stands out as a mean-
ingful phenomenon that de nes the air ow around the majority of eVTOLS, in uencing
their performance, characteristics, and noise levels. Hence, understanding this behaviour
(rotor-rotor interaction) is crucial to optimize the aircraft and its performance.

The present investigation will focus on the multi-rotor con guration, more precisely on
the coaxial one.
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1.2. Literature review

Even with the rapidly advancing of computational uid dynamics (CFD) techniques, ac-
curately calculating the aerodynamic performance of coaxial rotors remains a challenging
task. Hence, performing experimental tests is a crucial method to study the aerodynamics
of coaxial rotors for a future comparison with computational results.

This thesis is based on the data and results obtained in [24], in order to add information
and to have a wider vision and knowledge of the mentioned research.

The group of Aeronautical Research and Technology in Europe (GARTEUR) followed
a series of activities in collaboration with 14 di erent universities and research centres
(Action Group HC/AG-26) coordinated by DLR to study the acoustic and aerodynamic
characteristics of small rotor con gurations, including the already mentioned rotor-rotor
interactions. Some of the many research centres that helped to develop the project were
Politecnico di Milano, the German Aerospace Center - DLR, the Italian Aerospace Re-
search Center - CIRA, the French Aerospace Center - ONERA, and the University of
Glasgow, among others. The study aimed to compare numerical activities with wing
tunnel testings on a small rotor provided by DLR, (Figure 3.2). The experimental and
simulation tests played with di erent placements of the rotor, including the isolated, tan-
dem, and coaxial con gurations. The wind tunnel experiments for aeroacoustics were done
in DLR's Acoustic Wind Tunnel Braunschweig (AWB) [19]. Each group used a di erent
numerical method for the aerodynamic simulations, varying from lifting line to CFD, to
compare test data and code validations. Thanks to the wind tunnel data, some of the
partners were able to validate the database of the di erent numerical methods used and
also, in return, to ratify the experimental veracity by reproducing the same experiments
in di erent wind tunnels. Tables 1.1 & 1.2, taken from [24] provide a summary of the
numerical methodologies employed within the GARTEUR Action Group HC/AG-26.

Grid Cells :
: Time step | Num. of revs
Partner ISO/Multi . ,
- ISO/Multi ISO/Multi
(Million)
DLR - TAU 34.2 stationary stationary
IAG - FLOWer 14.3/24 0.5°/0.5° 25/25
Polimi - SU2 30 1°/1° 20/20
UoG 18.3 10/2° 10/10

Table 1.1: Summary of CFD grids used by the partners



4 1| Introduction

Partner Code Desciption
CIRA RAMSYS, Unsteady, inviscid and incompressible, Boundary Element
ACO-suite | Method (BEM),Ffowcs Williams/Hawkings (FW-H), freewake
UPM,
DLR TAU, Free Wake Panel, method, unstructured, CFD, FW-H
APSIM
ONERA PE:\:/IA’ Unsteady lifting line / free-wake solver, FW-H

Free Wake Panel method and unsteady,

Polimi DUST, SU2 _
compressible (URANS) CFD, FW-H

uUni FLOWer, Flower: unsteady, compressible (URANS) CFD solver
Stuttgart ACCO with Chimera technique, FW-H Solver with source-time
RomaTre
_ _ RM3 Free wake boundary element method (BEM) + FWH
University
HMB3- .
UoG HM3 CFD solver, FW-H coupled with HMB3
HFWH

Table 1.2: Codes' characteristics used by the partners

Further in this research, Table 1.1 will be very valuable in order to compare ROSITA's
simulations and their characteristics with the ones done previously.

Some other articles and papers have been reviewed to have a broader view of the complex
aerodynamic characteristics of coaxial hovering rotors.

In the early years, Harrington [10] performed an aerodynamic test on a hovering coaxial
helicopter rotor and compared it against a single isolated rotor by measuring its static
thrust and torque performance over a range of airspeeds. While Coleman [6] provided
a summary of the initial experimental ndings on the aerodynamic e ciency of coaxial
con guration and its applications. The main issues that Coleman addressed were the
rotor separation distance, their wake structure, swirl recovery, and the e ects of having
no tail rotor.

Apart from the experimental testing, numerical calculations are also crucial for study-
ing the aerodynamic performance, and even better, if both methodologies, experimental
and computational, are being compared. The well-known CFD techniques are capable
of representing the complex structure of propellers. Lakshminarayan [13], for example,
used the sliding and overset technique to study the interference and dynamic behaviour
of vortex-vortex and blade-vortex interactions of a conventional hovering coaxial rotor.
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Additionally, again for the coaxial con guration, Brown and Kim [2] developed an analyt-
ical approach using the viscous vortex transport model to calculate the pro le, induced,
and parasite contributions to the overall power consumed by the coaxial and isolated con-
gurations. The main conclusion of this study was that the coaxial system in hovering
conditions required less induced power than a conventional one (conventional meaning
that it has the same overall solidity, number of blades, and blades' aerodynamic proper-
ties). The reason behind the reduction of induced power is the change in performance
of the upper rotor. The convection rate of the vortices from the upper rotor is increased
because they pass through the lower rotor downwash region, so, the tip vortices created
by the upper rotor move faster than those generated by the lower rotor. Hence, the total
axial descent rate of the tip vortices is increased compared to the rate at which the vortices
would convect as if the rotors were to be operated alone. Due to this faster convection,
the blade-wake interaction weakens, reducing the power consumption on the outer parts
of the upper rotor.

Figure 1.3: Wake structure in hover from [2]

Figure 1.3 taken from [2] rea rms the statement of a reduction of induced power, by
showing the wake ow eld near the rotors for both coaxial and conventional rotors. In
both cases, the wake is deformed because the small tip swirls turn into bigger swirls.
However, for the coaxial case both tip vortices, from upper and lower rotors, merge
creating a larger single sequence of vortical structure. This behaviour is well explained by
Landgrebe [14], in which he found, by studying the wake shape of hovering rotors, that
when these big vortical structures start to form and convect downstream, the wake starts
to expand in diameter, hence, there is no more wake contraction. As a result of their
mutual interaction, these structures eventually get self-destroyed, forming the large-scale,
highly disordered, low-level vorticity eld visible in the far-wake of both images.
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Another interesting investigation was done by J. Deng [8], where wind tunnel tests, and
numerical computations were done to study the aerodynamic characteristics of a rigid
coaxial rotor in hover and forward ight. When assessing the research results, the main
feature of the hovering coaxial con guration is the reduction of thrust for the lower rotor
due to a decrease in the e ective angle of attack caused by the upper rotor downwash.
Keeping with the wake structure analysis done by Landgrebe [14], J. Deng compares
the induced velocity eld for the coaxial and single rotor obtained using CFD. Figure
1.4 shows that the wake contraction rate of the coaxial rotor is smaller than the single
one due to the already-mentioned e ect caused by the big vortical structures convected
downstream.

(a) Single rotor (b) Coaxial rotor

Figure 1.4: Induced velocity eld comparison from [8]

Another valuable analysis from Deng's investigation, that further in this research will
appear, is the aerodynamic loads interference between the two rotors.
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Figure 1.5: Thrust coe cient for upper and lower rotors in calulations [8]

Figure 1.5 shows the variation of thrust coe cient throughout one revolution. As Deng's
rotor has 4 blades, the upper and lower propellers meet each other at every,4&ence,
eight times per cycle. This translates to the eight periodic changes in the rotors' thrust.
When two blades from the upper and lower rotors are about to overlap, the bound vortices
of one blade causes an upwash on the other blade, increasing thrust. When the two
blades rotate away from one another, the upwash becomes downwash and then, the thrust
reduces.

In short, a great amount of data has been found for the hovering coaxial rotors' con gura-
tion that will help to prove the validity of the obtained results and validate the e ciency
and accuracy of the ROSITA's code.

1.3. Objective of the work

The main goal of this research is to provide valuable information to the eVTOL UAM eld
by means of a numerical aerodynamics investigation of the interference e ects of a coaxial
rotor con guration in hover conditions. The numerical study will be done with a CFD
code developed by Politecnico di Milano named ROSITA. It is a high- delity CFD code
specialized in rotor aerodynamics, which its main features are the usage of multi-block
structured grids, a Chimera method, and RANS equations. To better understand this
rotor-rotor interaction, besides the computation of the coaxial con guration, the perfor-
mance of an isolated rotor will be also analysed and put in comparison. The di erences
between their rotor wakes, induced velocity elds, aerodynamic loads, vorticities, etc. will
be determined to obtain valuable conclusions.

In the context of this work, which is also intended to broaden the knowledge of CFD and
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all its implications, two types of simulations, steady and unsteady, will be conducted for
the isolated case, where the results of these two setups will be presented in an attempt to
comprehend the reason behind those di erences, if they exist.

As mentioned, previous numerical studies have been conducted on the coaxial con gu-
ration [24], more precisely the already mentioned GARTEUR Action Group HC/AG-26,
hence, the validity of the di erent simulation results is going to be checked.



2 ‘ Rotor Aerodynamics
Framework

This chapter aims to outline the simulation framework for aerodynamics, based on the
usage of the Navier-Stokes equations. The aerodynamic study is done by using a multi-
block structured RANS solver named ROSITA (ROtorcraft Software ITaly), which apart
from computing the near- ow around objects, is able to store the result on speci ¢ control
surfaces for a future acoustic prediction. All information in this chapter is taken from
ROSITA's formulation and User Manual [15].

2.1. ROSITA CFD Solver

To study rotorcraft ows that involve unsteady phenomenons, reverse ow regions, blade-
vortex interactions, vortex formations, etc. Politecnico di Milano has developed a CFD
code to allow the correct modelling of rotor wakes, named ROSITA. To represent the
turbulent characteristics of the ow, it employs a combination of RANS equations with
the single-equation Spalart-Allmaras turbulence model. As already said, it uses structured
multi-block grids to represent the computational domain that can be xed or in relative
motion. As the domain is composed of more than one mesh, to compute the connectivity
between the di erent grids the Chimera techniqueis used. This technique is based on the
modi ed Chesshire and Henshaw algorithm [5].

2.1.1. Governing Equations

A brief description of ROSITA's formulation will be presented in this section. As men-
tioned, the code solves the non-dimensional Navier-Stokes equations for a perfect gas in
2D and 3D domains, making use of the SA turbulence model and the proper reference
guantities. The di erent available boundary conditions will also be presented.

" Navier-Stokes equations:
Considering a 3D viscous ow, the conservative form of the N-S equations is the
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following:

8

2Gtr (u)=0;

§%gﬂ (u u+PlI )=0; (2.1)
" @S+ r (uht u KrT)=0

Non-dimensionalized Eq.:

The process of non-dimensionalization involves applying a change of variable to
every dimensional quantityoyim , Which includes space coordinates and time. This
transformation results in each adimensional quantity, denoted agas follows:

a= G Quim (2-2)

Where ¢ is the reference quantity. When using ROSITA, and more precisely
when simulating rotorcraft, the employed reference quantities used for the non-
dimensionalization are:

1 . free-stream density
c: : free-stream speed of sound
lef : reference length (the rotor radius)

All of the other values are obtained from the three listed above. Some useful non-
dimensional quantities are shown below:

L =1 gim 'g (2.3)
t = tgim l% (2.4)

P 8 @9
Fe 20

Boundary Conditions:

The Solid Wall B.C. is characterized by the no-slip condition (zero velocity at the
solid boundary), with the need for an additional condition that can be eitherndia-
batic wall (zero heat ux) or an isothermal wall (imposing wall temperature). The
condition for Velocity Inlet B.C. is the value of the velocity at in nity: Vijet = V1 .
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For the Pressure Outlet B.C, the value is equal to the in nity one: Poyger = P1 = L.
Lastly, there are two more conditiong=ar eld B.C. and Froude B.C. If the size of the
computational domain is big enough and waves leaving the domain are not re ected,
it can be imposed free-stream conditions at the far eld. However, when working
with hovering ight, the uid at the far eld remains at rest (zero velocity), hence,
there's the possibility of having a recirculation in the downstream wake region that
might extend very close to the rotor disk. A way to avoid this recirculation is to
change the free stream velocity outside the computational domain by dividing the
grid's outer boundary into in ow and out ow regions. This last condition is called
Froude B.C. and it is only available for steady simulation in ROSITA.

Turbulence Modelling:

As previously noted, ROSITA uses the non-dimensional RANS equations for turbu-
lent compressible ows along with the new reference quantities. The RANS equa-
tions employ Boussinesq's eddy viscosity concept, assuming that turbulent stresses
are proportionate to the mean velocity gradient, drawing an analogy to viscous
stresses in laminar ow, and making this approximation a low-order turbulence
model. It is worth mentioning, that when using this software no transition from
laminar to turbulent will be considered, hence, the ow will be assumed as fully
turbulent.

2.1.2. Numerical Methods

ROSITA uses a spatial discretization of the Navier-Stokes equations that involves using
a cell-centered nite-volume implementation of Roe's scheme for structured multi-block
meshes. By incorporating the MUSCL extrapolation along a Total Variation Diminishing
(TVD) limiter, it can be achieved a high-resolution scheme establishing monotonicity and
limiting oscillations in the solutions. Progression in time is accomplished through the
usage of a dual-time method.

Chimera Methods

When having complex geometries, it can be hard or almost impossible to create structured
grids with smooth properties, hence, to overcome these limitations, a partitioning of the
domain into simpler overlapping structured subdomains can be carried out thanks to the
Chimera technique[5]. It can also be calledOverset Grid Method[4]. An overset mesh
is de ned by multiple body- tted grids that solve the equations around the boundaries,
along with a few background grids that cover the remaining part of the domain.
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The Valid Points are those where the
PDE is discretized for each component
grid. The Fringe points are the ones
lying in an overlapping region with an-
other component grid. The solution at
these last points (fringe points) is derived
through interpolation from the solution at
points within the overlapped grid, the re-
sultant points are called Donor. Lastly,
the points outside the computational do-
main, for example, the ones that fall in-
side a solid body, are referred to aklole
points. A representation of the di erent
points can be shown in Figure 2.1.

Figure 2.1: Sketch of overset grid

Through the fringe and donor points, the dierent grids communicate their solution.
Explicit interpolation, that is the one that ROSITA uses, occurs when a fringe point is
restricted from being a donor point simultaneously. In this case, the interpolation involves
only valid points with known solutions, from which the ow variables are interpolated.
On the contrary, when fringe points serve as donors, the interpolation is calléahplicit,
needing the solution of an equation system to update the fringe points solutions. Although
explicit interpolation is simpler to implement, it demands broader overlaps between the
di erent meshes.

For ROSITA to do this explicit interpolation some steps are required: Firstly, an initial
identi cation of the domains where there are solid wall conditions is needed, marking all
points in the overlapping meshes near these boundaries as holes (also c&kest point3.
With the use of an iterative algorithm, donor and fringe points can be identi ed, allowing
hole points to extend from the seeds until they completely Il the areas outside the
computational domain. For each di erent mesh, a priority index is assigned during the
initial setup, ranging from 1 (lowest priority) to N (highest priority), where N represents
the number of di erent meshes. The overlapping regions will be dominated by the highest
priority grids.
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Parallelization

The primary objective of parallel programming is to use all accessible processors and
reduce the program's elapsed time. To reduce computational time for the simulations,
ROSITA o ers a parallel version that uses the full capacity of the available processors.
As workstation prices have decreased in price, the MPP (Massively Parallel Processors)
architecture [1], among others such as SMP or vector computers, experienced growing
popularity. A parallel computer using MPP architecture is composed of nodes linked
by a high-speed network, with each node having its own processor, memory, and I/O
subsystem. It uses distributed processors across the nodes that collaborate to execute a
speci c task, and in order to access updated data from other processes, must transmit data
through the interconnected network. This data transmission is callethessage-passing
where the program is connected to a library responsible for supervising the point-to-point
and collective communications among processes.

One of the most common message-passing transmissions, and also used for the paralleliza-
tion in ROSITA is the so-called Message Passing Interface (MPI) [9]. For ROSITA to do
this parallelization, it assigns part of the computational grid to each one of the available
processors. The process of dividing the grid in ROSITA consists of three primary steps:

1. Partitioning: involves dividing grid blocks into groups, with the user-de ned pa-
rameter (GNPART Setting the number of partitions.

2. Load balancing: involves employing the Wissink-Meakin load balancing algorithm
[22], where each grid is assigned a number of processors proportionate to its number
of cells.

3. Sub-splitting: each grid block is divided into a number of segments equivalent to
the number of processors allocated to it.

The parallel implementation of the ow solver follows amaster/worker model, where the
master process (rank 0) manages tasks such as reading simulation parameters, partition-
ing the grid, and managing outputs. Instead, the worker process (ranks 1 to N-1) performs
the actual computations on their assigned portions of the domain.

The major challenge in the parallel solver is addressing the coupling of solutions at the
block boundaries, because the linear system resulting from the discretization of the ow
equations is solved independently in each process block, making convergence less straight-
forward, especially with a large number of processors. Hence, to improve convergence and
stability, the Generalized Conjugate Gradient (GCG) method [7] is modi ed to update
connectivity boundary conditions for certain boundaries during each iteration.
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The computational setup is going to be discussed in this chapter, beginning with the
de nition of the geometry, then the generation of the di erent grid components in order
to use the Chimera method, and lastly, a grid independence test to ensure that the results
obtained will not dependent on the grids used for the simulations.

3.1. Problem Geometry

To validate the numerical simulations with experimental data, the computational con g-
uration follows the experimental setup outlined in [24]. The experiments are made in the
DLR Braunschweig aero-acoustic tunnel (AWB) [19], where the testing room is approxi-
mately an 8 m? cub size. The anechoic chamber is made of an open-je¢tthhgen-type
wind tunnel, capable of running at speeds of up to 65 m/s, and optimized for noise mea-
surements at frequencies above 250 Hz. The nozzle is 1.2 m high by 0.8m wide. The rotor
blade used is an available commercial rotor blade (Xoar model PJN), more speci cally, a
two-blade 13x7 rotor, having 13 inches or 0.33m in diameter, Figure 3.2 shows the real
dimensions of the rotor blade. Figure 3.1 shows the section pro les along the blade span
and the twist (), thickness ¢) and cord (c) spanwise. Lastly, for the experimental test

in [24], a pylon planform has also been used as a rotor support but not considered in the
simulation setup.

(a) CAD rotor model (b) , t and c distribution

Figure 3.1: Rotor geometry
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For the isolated case, the coordinates' origin lies in the centre of the rotor disk, as shown
in Figure 3.2. With this con guration, a single rotor blade is used; but when referring
to the coaxial con guration, the x and y are null (the rotating axis of both rotors
are aligned), while the axial distance between the disks isz= 0:5R (R stands for the
radius of the rotor, in this case 0.165 m). In the case of the isolated setup, the rotor is a
Right-Handed Rotor (RHR) and spins counterclockwise. For the coaxial case, the lower
rotor remains a right-handed rotor, consistent with the isolated con guration. However,
the upper rotor becomes a Left-Handed Rotor (LHR) and rotates clockwise. For a better
comprehension of the coaxial setup, refer to Figure 3.3. Lastly, the electric motors used
for rotating the blades are the Leopard LC5065 motors coupled to YGE 205HVT speed
controllers and SM300-Series 3300 W DC power supplies. This con guration is capable
of generating up to 13'000 RPM.

Figure 3.2: Isolated ISO view

Figure 3.3: Coaxial ISO view
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3.2. Set Up

As previously stated, there are two main con gurations: the Isolated and Coaxial cases.
For both con gurations, the top boundary of the far eld is at a distance of8R from the
centre of origin, i.e., the rotor. Similarly, when putting the second blade for the coaxial
con guration, this one is placed at z= 0:5R from the upper one. Remember that the
upper blade is the LHR and the lower, the RHR.

Two di erent conditions are being tested, but always keeping the hovering ight condi-
tions, i.e., no free-stream velocity. The rst one, the rotating speed is set at 8'000 RPM,
which implies a tip Mach number ofMy, = 0:40554 Then, an increase in angular velocity
is studied by setting the new angular velocity to 12'000 RPM, makini/l, = 0:60830
The ow conditions are standardized to the International Standard Atmosphere (ISA)
model at mean sea level.

3.3. Grid Generation

The meshing tool used to create the di erent grids and suitable for the ROSITA CFD
solver is the commercial ANSYS ICEM CFD software. It is a pre-processing tool specif-
ically designed for mesh generation in CFD, where its main key features are the already
mentioned surface and volume meshing tool with the ability to create multi-block struc-
tures, unstructured or hybrid meshes; but it can also import and clean CAD geometries,
check the grid's quality and generate boundary layer meshes.

As mentioned previously, interest lies in using multi-block structured grids (composed
only of hexahedrons) to be able to use the Chimera method. However, creating structured
meshes may lead to non-smooth properties of the cells' domain, and even the possibility
of having negative volume elements. To avoid bad meshing, a quality check can be done
in the di erent domains. A common type of quality check is the so-calledDeterminant
2x2x2 its value comes from the ratio of each cell of the smallest determinant of the Ja-
cobian matrix divided by the largest determinant of the Jacobian matrix. The Jacobian
matrix represents the local stretching and deformation of the mesh elements. The mean-
ing of the Determinant 2x2x2 goes as follows: A value of 1 indicates a perfectly regular
mesh; instead, a value of 0 suggests an element that is degenerated in one or more edges;
negative values mean that the element is inverted. Hence, for a good-quality mesh, it is
suggested to have at least a minimum value of 0.4-0.5, if it falls below a potential issue
in the accuracy and reliability of the CDF simulation may occur. Once the respective
meshes are created, their quality has been checked, and boundary conditions have been
applied, the mesh can be exported in a CGNS format, which is accepted by ROSITA.






	Abstract
	Sommario
	Contents
	Introduction
	Background & Motivation
	Literature review
	Objective of the work

	Rotor Aerodynamics Framework
	ROSITA CFD Solver
	Governing Equations
	Numerical Methods


	Computational Model
	Problem Geometry
	Set Up
	Grid Generation
	Independence Analysis

	Results & Data Comparison
	Isolated Rotor
	Steady Case
	Unsteady Simulation

	Coaxial Rotors Configuration

	Conclusions and Future Developments
	Future developments

	Bibliography
	Aerodynamic Results
	Steady
	8'000 rpm

	Unsteady Isolated
	8'000 rpm
	12'000 rpm

	Coaxial

	List of Figures
	List of Tables
	List of Symbols
	Acknowledgements

