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ABSTRACT

Taneli Koukonen: An examination of a quadcopter drone flow structure and noise using quantum

lattice boltzmann method

Master of Science Thesis

Tampere University
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The drone industry has shown great development in recent years. To maintain this development,
drones need to be studied further. Development must also occur in the ways and methods of
developing drones. In this work, we will examine the airflow and acoustics around the DJI Phan-

tom 3 quadcopter drone.

The work investigates the differences between a drone in forward movement and a drone in
stationary hovering. Vortices and other aerodynamic effects are studied from these two cases.
Flying a quadcopter drone invariably produces sound, and this can be reduced using various
methods. To utilize these methods, it is necessary to investigate how and why sound is gener-

ated. Ansys Fluent has been utilized for sound and flow analysis.

The theoretical part of the work introduces traditional RANS Navier-Stokes method and different
models in it. The theoretical part also introduces a new QLBM simulation method that utilizes
quantum computing. It is noted that this simulation method is quite new and is not widely used

for large or complex simulations.

Simulations have been performed for a full drone using traditional RANS simulation in Ansys
Fluent. It is noted that the most energy-intensive vortices are formed at the blade tips but also
near the fuselage as the blade passes it. The aeroacoustics is affected by the periodic sound
from the propeller rotation and the broadband sound from the background noise. A moving drone
produces higher sound pressure levels than a stationary one, except for the sound in the direction

directly opposite to the movement.

At the start of this research, it was planned to use QLBM for higher velocities, but due to the limits
of QLBM, it was used only for very low speeds. Simulations made using the quantum emulator
are compared with the traditional method performed on an airfoil. It is noted that results are similar
and that there is a large difference in simulation times, which is due to using a quantum emulator.
However, a direct conclusion cannot be made that the methods are equally accurate on a larger

scale, since the simulations were made at very low flow speeds.
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Drone-teollisuus on osoittanut voimakasta kehitysta viime vuosina. Taman kehityksen yllapita-
miseksi droneja on tutkittava. Kehitystd on tapahduttava myds tavoissa ja menetelmissa tutkia
droneja. Tassa tydssa tarkastellaan DJI Phantom 3 neliroottori dronen ympaérilla tapahtuvaa il-

mavirtausta ja akustiikkaa.

Tyo6ssa tutkitaan eroja eteenpain liikkkuvan ja paikallaan leijuvan dronen valilla. Pyorteita ja muita
aerodynaamisia vaikutuksia tutkitaan naiden kahden tapauksen valilla. Nelikopterin lennattami-
nen tuottaa vaistamatta aanta, mutta sita voidaan pienentaa useilla menetelmilla. Naiden mene-
telmien hyddyntaminen edellyttdd ensin danen tutkimista, miten ja miksi aani syntyy. Ansys

Fluentia on kaytetty aani- ja virtaus analyyseihin.

Tyon teoreettisessa osassa esitelldan perinteinen RANS Navier-Stokes menetelma ja siihen si-
saltyvat mallit. Teoreettisessa osassa esitelladan myds uusi QLBM-simulointimenetelma, joka
hyddyntaa kvanttilaskentaa. On huomattava, ettd tdma simulointimenetelma on melko uusi eika

sita kayteta vield laajemmin suurissa tai monimutkaisissa simulaatioissa.

Simuloinnit on suoritettu kokonaiselle dronelle perinteisellda RANS-simuloinnilla. Huomataan etta
energia tiheimmat pyorteet muodostuvat siiven karjistd mutta myds Iahelld runkoa siiven ohitta-
essa sen. Aeroakustiikkaan vaikuttavat jaksollinen aani propellin pyorinnasta ja jatkuva aani taus-
tamelusta. Liikkuva drone tuottaa korkeampia &anipainetasoja kuin paikallaan leijuva drone, lu-

kuun ottamatta liikkkeen vastakkaisessa suunnassa.

Tutkimuksen alussa tarkoitus oli kayttad QLBM:8a suuremmilla nopeuksilla, mutta QLBM:n rajoi-
tusten vuoksi sita kaytettiin vain hyvin pienilld nopeuksilla. Kvanttiemulaattorilla tehtyja simulaa-
tioita verrataan perinteiseen simulointiin 2D siivelle. Todetaan, etta tulokset ovat samankaltaisia
ja etta, simulaatio ajoissa on suuria eroja, jotka selittyvat emulaattorin kaytolla. Suoraa johtopaa-
tosta siita, ettd menetelmat ovat yhta tarkkoja suuremmassa mittakaavassa, ei kuitenkaan voida

tehda, koska simulaatiot tehtiin hyvin pienilla virtausnopeuksilla.
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1 INTRODUCTION

This master's thesis explores drone airflow fields and aeronautics from two distinct per-
spectives. The first one is a widely used classical CFD method (Versteeg and Malalasek-
era, 2007), and the second is a newer method to solve NSE using QLBM (Budinski,
2022; Shinde et al., 2025).

Simulating airflow over and around different objects has become more feasible and faster
in recent years. The development of HPCs in recent years has opened the possibility to
simulate complex cases using CFD that would not have been possible with basic com-
puters. In this work simulating airflow around a quadcopter using a mesh with a large
number of elements takes quite a lot of simulation time even with HPC. Many companies
offer the possibility to use HPC. One of these kinds of companies is CSC, located in
Finland. One of the HPC clusters they have is the Mahti supercomputer. This supercom-

puter is used to solve CFD case in this study.

Quantum computers might be the next step simulating more complex fluid flow cases
more efficiently. There is a lot of research done on quantum computers and different
applications with those. Quanscient is a company that is developing a simulation platform
that uses QLBM. In this work their proof of concept is used to simulate airflow over an

airfoil.

The drone industry has shown rapid development in the last decade, and it does not
show signs of slowing down. Studying the flow field and aeroacoustics of drones opens
the possibility to develop drones even further. For the traditional CFD problem, the DJI
Phantom 3 quadcopter is studied. This is quite an old model of DJI drone, but it does not
influence this study because there is no major effect on what kind of quadcopter is used.
With traditional CFD, two cases are studied: one where the drone is in stationary hover-
ing and one where the drone is in forward movement. QLBM is the alternative simulation

method for classical CFD, in this study airflow over an airfoil is simulated with it.

Work is divided into three parts. The first part will be devoted to conducting a literature
review about CFD simulations, LBM, and QLBM. Different solving algorithms and turbu-

lence models are studied so that the most sufficient can be chosen to be used in this



work. In the scope of this thesis, research is done with LBE and QLBM, and the basics
of these are represented in this work. This work also explains some fundamentals of

quantum computers, which are necessary to understand QLBM.

The second part consists of traditional simulations of aerodynamics and aeroacoustics
with Ansys Fluent using Mahti supercomputer for full drone. QLBM simulations are made
with an open source qiskit quantum emulator. With quantum simulation, there are still
some limitations due to the noisy nature of early-stage quantum devices. QLBM simula-
tion is limited to the 2D case, where simulations are conducted for airfoil at 95% spanwise
location. This location was chosen based on the fact that in 3D simulations vortices form
near the tip. During simulations it was found that only very low velocities can be simu-

lated, therefore the formation of vortices can’t be seen.

The final part involves analysis of the results from both simulations. Where the two clas-
sical simulation cases are compared and evaluated. QLBM simulation is compared to

traditional CFD simulation with similar airfoil simulation.

The main research problem in this study is to investigate ways in which flow and noise
around a drone, in hover and forward movement, can be simulated with traditional CFD.

And how can QLBM be used at the moment, and what are the requirements.

The research problem has been divided into three sub-questions. With these research

questions, the problem to solve can be better understood. The questions are
1. What affects the aerodynamics and aeroacoustics of a quadcopter?

2. How can the QLBM be used at the moment simulating aerodynamic and aer-

oacoustics?

3. How does the QLBM compare to CFD simulations, and what are the limita-

tions of current quantum computing?

Aerodynamics and aeroacoustics are studied briefly in the literature review part. This
section introduces the aerodynamic features of the quadcopter. Main categories for aer-
oacoustics noise sources are found to be periodic and broad band and what are the main
source for these. Simulations gives good understanding about what affects the aerody-
namics and aeroacoustics. Simulating the stationary hovering case and the forward
movement gives an understanding of what the differences in aerodynamics and aeroa-
coustics are between those two cases. The major source for vortices is the propeller tips,
where the higher velocity on the upper side of the wing meets the lower velocity on the
lower side of the wing. At the trailing edge, these velocity differences combine and form

vorticities. Aeroacoustics simulation shows the locations for higher sound pressure levels



around the drone. It is noted that forward motion increases the overall sound pressure
levels. This same phenomenon is also seen in other studies. Vortices forming and shed-

ding from propeller tips are a major source of noise, along with periodic noise.

QLBM is studied in literature review and with simulations. Different studies shows that
there is great potential using QLBM for CFD simulations. And that lots of research is
done in this field. At the moment the possibility to simulate CFD problems is in 2D, but
as it is seen during the QLMB simulations, it is still very limited and could only be used
with low Reynolds number flows. Using a higher Reynolds number increases the number
of needed qubits in simulation but also added some boundary errors. One of the limita-
tions for using higher velocity is the simulation time as quantum emulator is used. Emu-
lators simulate quantum computers and as the velocity is increased the number of qubits
needed for the simulation is increased. Due to the late state when QLBM simulations

was able to be started it was decided to limit simulations for lower velocities.

The QLBM proof of concept used in this study proved to be able to simulate similar re-
sults as traditional CFD with very low velocities. Aerodynamic results, pressure and ve-
locity fields are shown around airfoil for both simulation methods and results are com-
pared. Using low velocity and Reynolds number the flow field is laminar and therefore
much simpler to model. It is noted that for future simulations higher velocity should be
used to get better comparison. As mentioned, QLBM simulations are limited to 2D cases,
indicating that simulating complex geometries is still quite far away. To effectively simu-
late complex geometries, a significantly larger number of qubits is required, making it
difficult or even impossible for emulators to handle it. It has been demonstrated that rep-
resenting a large number of qubits in classical bits brings challenges as the number of
bits gets to quadrillions or higher. Quantum computers with more qubits are continuously
being developed. However, simulating complex geometries in 3D would need quantum

computers larger than those currently available.



2 LITERATURE REVIEW

This chapter provides a literature review of drones. Different simulation methods are ex-

plained, those that are currently in use and those that are not yet widely used.

2.1Drones

Unmanned aerial vehicles (UAVs) commonly drones, were developed at the beginning
for military use, just like aircrafts were developed for military use at the beginning. Inter-
est in using drones for different applications has grown in the past years. Aerial photog-
raphy is one of the many examples where it is much cheaper to take photos or videos of

different places with a drone than it would be with a helicopter.

The drone industry has shown quite rapid growth in the drone market, starting from the
early 2010s to the end of the decade. In the 2020s, the growth rate has decreased but
is estimated to be growing at a decent rate to the end of the 2020s (Nonami, 2025). In
recent years, drones used by militaries have also grown and will grow more in the coming

years due to the investments done in military defense.

2.1.1 Flying vehicles

Flying machines are divided into heavier-than-air and lighter-than-air vehicles. Lighter-
than-air vehicles float in the air, and altitude is maintained by having lighter gas inside
than the surrounding air is. Hot air balloons serve as an example of this type of machine,
controlling the density inside by heating the air. Heavier-than-air vehicles need some
kind of other method to produce lift, rotating propellers or wings. Airplanes and helicop-
ters are examples of these kinds of vehicles. Nowadays, heavier-than-air is the most
common type of flying vehicle, and these are subdivided into more specific types. Air-
planes are the type of fixed-wing vehicle that produces lift via pressure difference on the
wing, where average pressure on the upper side of the wing is lower than it is on the
underside. Pressure difference is achieved with different wing designs and airflow pass-
ing around that wing. Rotary-wing vehicles produce lift by rotating propellers where air-
flow passes around the propeller, generating a pressure difference at the propeller.

These kinds of vehicles can stay in a stationary hovering position.

The most common types of flying vehicles are airplanes. Fixed-wing airplanes are used

in commercial travel and transporting goods but also in military defense. Airplanes have



long-range capabilities with high-speed operation. Gliders are fixed-wing airplanes that
have no engine. Those need another airplane to get to the initial speed and altitude.
These are mostly in sport use. Helicopters are one type of rotary-wing vehicle. Some of
the applications are commercial transport, military defense, or medical needs. With its
vertical takeoff and hovering near the ground, it can operate in challenging places and
in remote locations where airplanes cannot land. Drones are similar to helicopters in

terms of lift production and are subdivided into multiple categories.

2.1.2 Drone types

There are different methods to categorize drones. For instance, one can classify drones
based on specific design features, power sources, size, or their intended purpose. Some
of the most common categories used to categorize drones are single-rotor Figure 1¢ and
multi-rotor Figure 1a with vertical take-off, fixed-wing Figure 1b with horizontal take-off,
and hybrid VTOL (vertical take-off and landing) drones Figure 1d with the capability of

vertical take-off but operating after take-off like fixed-wing.

a) Quadcopter b) Fixed-wing

c) Single-rotor ] d) Hybrid VTOL

— f[

€

Figure 1. Drone types a) DJI Mavic 4 Pro (DJI Official, 2025a) b) senseFly eBee X
(AgEagle Aerial Systems Inc., 2025) c) Vapor 55 UAV Helicopter (Skyline UAV, 2025)
d) GAOTek VTOL 101 (GAOTek, 2025).

In these four categories, each type of drone has some advantages and disadvantages,
as shown by (Kovalev et al., 2019). Single-rotor drones have one main rotor to produce
lift and can be described as miniature helicopters. Even though it is called a single-rotor
drone, it also has a second rotor in the back to control rotation around the main rotor.
These types of drones are used in high-payload applications. Multi-rotor drones have

multiple propellers and motors to produce a lift. These drones take off vertically and are



controlled by changing the rotational speed of the propellers relative to each other. Pho-
tographers, inspectors, and recreational flyers utilize these drones. This type of drone is
light and simple to use, but with its lightness comes the disadvantage that it's sensitive

to wind.

A fixed-wing drone is a type of drone that has wings to produce lift and propellers to
produce thrust. It can have one or multiple propellers, and the location of the propellers
is not specified. These drones find their use in mapping, surveying, and other monitoring

applications. Used also in military applications.

A hybrid (VTOL) drone combines the fixed-wing and multi-rotor drone features. It has
propellers to produce upwards thrust but also wings to produce lift when gaining enough

speed. Transition between these two modes happens after takeoff or before landing.

Other categories for drones are the size, for example, nano, small, medium, large, and
heavy-lift drones. Or by use case, and these use cases can be agriculture, delivery, in-

spection, photography, racing, and surveying drones.

Using drones in different applications is regulated in the EU area. When drone weight is
over 250 g or it has a camera, the operator needs to register the drone (EU2019/945,
2020). In the delegated regulation (EU2019/945, 2020) drones are divided into seven
different categories, one of the criteria is maximum take-off mass (MTOM). When looking
at MTOM, the category’s drones under 250 g fit in category CO, drones under 900 g in
C1, and drones under 4 kg in C2. But the MTOM is not the only factor to determine the

category. Categories C1 and C2 have a maximum decibel limit that depends on MTOM.

2.1.3 Quadcopter

A quadcopter is a multi-rotor drone that has 4 propellers. Two of these propellers rotate
clockwise and two counterclockwise. With this arrangement, the drone’s maneuverability
and control are achievable. Accelerating the motor counterclockwise causes clockwise
counterforce to the drone. Accelerating two motors clockwise and two counterclockwise,
opposing forces cancel each other out, and each propeller generates an equal amount

of thrust.

The drone rotates around three axes, referred to as yaw, pitch, and roll. Yaw can be
achieved by increasing or decreasing the two motors that rotate in the same direction.
These changes will also cause drones to reduce or increase overall thrust. By acceler-
ating two motors on the same side roll is achieved. Pitch is achieved by accelerating two

motors on the front or back.



The DJI Phantom 3 quadcopter was chosen for this investigation. This quadcopter was
released in April 2015 (DJI Official, 2015). Different variations have been released after
the first version with different camera options and with slight improvements. For this
study, the different camera options and the shape of the camera are not relevant. Intro-

ducing the mesh and geometry later, the camera and landing gear are removed.

Some relevant specs of the drone are introduced. The specs are gathered from the tech-
nical data sheet and from the DJI website (DJI Official, 2025b). Operating weight is 1,216
g. The battery is a 4S LiPo with a capacity of 4480 mAh and a voltage of 15.2 V. Motors
are 920 KV, where KV value means RPM/Volt. From that, the maximum RPM could be
calculated, but a better estimate for the maximum RPM of the motor and propeller is the
manufacturer given value of 1250 rad/s or 12000 RPM (Paz et al., 2020).

2.2 Aerodynamic noise

Aerodynamic noise is the sound produced when a solid object or moving fluid interacts
with the surrounding air. Sound that is generated by rotating propellers is separated into
vortex and rotational components. The periodic or commonly rotational noise describes
all the sounds that have the same frequencies as the blade passing frequency (BPF).
Broad band noise describes sounds produced by fluctuating pressure fields caused by
vortices that are shed from the trailing edge and tips of the propeller, as well as by tur-

bulence present in the airflow. (Marte and Kurtz, 1970, p. 3)

Aerodynamic noises generated by rotating propellers are shown in Figure 2, where noise
is subdivided into multiple categories. With drones some of the components has signifi-
cantly smaller role for noise generation when comparing to helicopters where rotational

speeds are much higher.
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Figure 2. Sources of aerodynamic noise are shown by (Marte and Kurtz, 1970, p. 3).
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Two of the main categories are periodic and broadband noise and these are explained

in the next chapters.

2.2.1 Periodic noise

Rotating propellers distribute pressure when they're moving relative to the surrounding
air. Pressure distribution around the propeller blade causes a force on the blade. This
force vector can be resolved into a thrust vector and a torque vector. The area that the
rotating propeller covers is called a disc. On the disc, a rotating field appears as an os-
cillating pressure at a fixed point. The frequency of this oscillating pressure is the fre-
quency that the blade passes a fixed point. This value can be calculated from the rota-
tional frequency of the propeller multiplied by the number of blades on the propeller.
(Marte and Kurtz, 1970, pp. 3—-4)

The propeller generates a thickness noise when it moves air near the disc. The rate of
the mass that the propeller moves depends on the blade profile, the angle of the profile

relative to the moved air, and the speed at that point.

Noise generated by interaction and distortion effects is periodic depending on the rota-
tional speed of the propeller. Blade slap is an impulsive type of noise characterized by
high-amplitude and periodic sound components along with vortex noise generated by
sudden fluctuating forces acting on the propeller. The kinds of forces include stalling and
unstalling, shock waves, and blade-vortex interaction. These conditions occur when
blades pass through tip vortexes or unsteady wakes. Shock waves may occur at the tip

of the propeller, where the velocity is the highest. This phenomenon arises when the



propeller's rotating speed approaches the speed of sound, a condition typically not seen

in drone propellers. (Marte and Kurtz, 1970, p. 4)

Amplitude and frequency modulation are noise generated due to the changes in blade
loading and incoming flow conditions. The modulation of noise characteristics, intensity,

and frequency creates complex acoustic footprints.

Wake and field interaction is noise generated by rotors. Wake distorts airflow entering

the neighboring rotor, leading to unsteady loading and extra periodic noise components.

2.2.2 Broad band noise

Turbulence-induced noise, also called broad band noise, arises from unsteady random
flows. At turbulent boundary layers, rotor blades generate random pressure fluctuations
that radiate noise. Turbulence shed from a rotor passes through another rotor that adds
broadband noise, which is called turbulent wake interaction. (Marte and Kurtz, 1970, pp.
4-5)

Formation and shedding of vortices past the propeller at the flow field are described as
vortex noise introduced by (Marte and Kurtz, 1970, p. 4). With a rotating propeller, ve-
locity varies along the spanwise location. Vortices are shed to the vortex street, which

depends on the cylinder's diameter and the flow velocity.

Tip vortices are generated at the tip of the blade that has a strong pressure gradient with
air wrapping around the blade. Shedding off these vortices is a major noise contribution,
particularly at higher rotational speeds. Also, at the trailing edge of the propeller, small-
scale vortices are forming, contributing further to the broad band noise. Vortex shedding
frequency depends on local flow velocity as well as the geometry of the blade. (Marte
and Kurtz, 1970, pp. 2-4)

2.3 Aerodynamic features

A quadcopter generates a lift by rotating propellers. These propellers resemble revolving
wings. The angle of attack of the drone propeller airfoil at some spanwise location is
almost constant. Accelerating the propeller causes the blade to twist, which affects the
angle of attack (AOA), but this twist is not significant. With a higher angle of attack, lift
increases up to a critical point where flow separates from the airfoil and it stalls. With a
rotating propeller, the oncoming flow is perpendicular to the rotating axis, and therefore
the angle of attack is equal to the blade pitch. A higher pitch generates more lift, as with

the AOA, but also increases drag and power consumption. The generation of lift also
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influences the speed of the rotating propeller and the characteristics of the air, including
density. (Anderson, 2016, pp. 20 & 512-514)

Controlling drone movement is based on pitch, roll, and yaw. Pitch rotation is controlled
by increasing the rotational velocity of the drone's back propellers and decreasing the
front propellers relative to the back propellers and vice versa. Forward movement is
achieved by pitching the drone's nose down and slightly increasing lift to maintain alti-
tude. Higher rotational speed on the back propeller will tilt the drone forward and gener-
ate forward movement. Roll controls tilt from left to right and is similar to pitch difference
in that the rotation axis is in a different direction, and therefore movement is also perpen-
dicular to pitch rotation. Yaw rotates the drone around an axis upwards from center.
Quadcopters have four propellers diagonally opposite to each other. Two propellers ro-
tate clockwise and the other two rotate counterclockwise to cancel net torque. To gener-
ate yaw movement, the rotational speed of the propellers that are rotating in the same
direction is increased, and the other two are decreased. With this, constant lift is main-

tained and yaw movement is achieved. (Stephan, 2025, pp. 15-17)

The lift produced from the propellers affects the proximity of the ground. In this study,
the drone is set to be close to the ground, which simulates takeoff, landing, or moving
close to the ground. Ground effect increases the overall lift generated by the propellers
and decreases the drag. Ground effect is studied by (Paz et al., 2020) where the station-
ary case and moving over an obstacle were studied. The stationary case shows a lift
force increase of over 7% 10 cm above the ground, and when the DJI Phantom 3 drone

is over 50 cm above ground, the ground effect is negligible.

2.4 Computational Fluid dynamics

Computational fluid dynamics (CFD) is described as a method to predict fluid flow in
different applications. These vary from small to large and from simple to very complex.
The smallest and simplest cases can be calculated with home laptops. The need for
computing power increases as the shapes become more complex and the number of
equations solved during simulation increases. In recent years, the use of HPC (high-
performance computing) has grown, and the use of CFD in more complex geometries
has become feasible. Also, the use of HPC in simpler cases makes CFD computing

much faster.

Fluid flow is modeled using mathematical equations. These equations are then solved
numerically, and the result is an approximate solution to the given problem. The equa-

tions representing the CFD problem are called governing equations.
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The mathematical governing equations that form the CFD are based on the principle that
a fluid's physical properties remain conserved. Conservation laws of physics in the fluid
are summarized with three laws. Mass conservation means that the total mass remains
constant. Momentum conservation, as described by Newton’s second law, means that
any change in a particle’s momentum is caused by the total net force affecting it. Energy
conservation means that the change in energy of a fluid particle is the sum of the work
done to that particle and the total head added (first law of thermodynamics). (Versteeg
and Malalasekera, 2007, p. 10-24)

Mass increase rate in an element is the net mass change in the element relative to time.

The rate of increase is shown in equation (1)

d dp
_ = 1
3 (p6x85y62z) pm 85x8y8z (1)

where element volume is multiplied by the partial derivative of density with respect to
time. Equating the rate of mass increase to the element faces, the equation (2) is ob-

tained

dp  d(pu) N d(pv) N 9w _

at * 0x dy 0z @)

where velocity components are added. Equation (2) is commonly rewritten in more com-

pact vector notation

dp
o + div(pu) = 0. (3)

Equation (3) is the mass conservation equation for compressible three-dimensional flu-
ids. The first term is the change of density in time, and the second term is the group of

velocity equations that determines the net mass flow out of the system.

The momentum equation is divided into three components. These components are com-
monly called x-, y-, and z-components. Setting the x-momentum equal to the forces on

x-direction, equation (4) is obtained

Du  0(—p + Tyy)
P+ = +
Dt 0x dy 0z

and y-component
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and z-component

Dw 91y, N 01y, N o0(—p +1,,)

pﬁ_ d0x dy 0z

+ Suz- (6)

In the momentum equations, last S,, term is the source term to different directions, where
surface stress effects are considered. Partial derivates have a term 7 that is the stress

component in different directions along the element surface.

The governing equations include unknown terms, which represent the components of
viscous stress. These components are expressed by the functions of deformation rate
or local strain rate. And the local deformation rate is composed of the volumetric defor-
mation rate and the linear deformation rate. Newton's law of viscosity in three dimensions
contains nine components of viscous stress, of which six are independent. By substitu-
tion of shear stress into the momentum components, the Navier-Stokes (NS) equations

are yielded. Writing these equations in more useful form equations are obtained in the x-

direction
Du 0
Por=" £ + div(u grad u) + Sy (7)
and to y-direction
Dv op
Poc” "oyt div(u grad v) + Sy, ®)
and to z-direction
Dw 0
Por=" a—z + div(u grad w) + Sy ©)

These NS equations (7), (8) and (9) are used to discretize the model.

2.4.1 Methodology

Solving a CFD problem starts with generating the geometry of the object that is being
investigated. Geometry should not be more complex than is necessary. In this study,
geometry and mesh are the same as those used by (Paz et al., 2020) and are therefore

not modeled for this study.
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When examining the fluid surrounding the geometry, it's important to consider the dis-
tance from the geometry at which the flow analysis is required. Making the fluid domain
too small gives inaccurate results, and making it too large takes unnecessary computing
power, and therefore it takes longer to solve the problem. For the size of the fluid domain,
there are multiple factors affecting it, depending on what type of geometry and problem
are examined. In cases where walls or other objects are not affecting the flow field,
boundaries need to be set far enough. And in studies where ground effect or some other
object effect on the flow field boundaries are set to walls and distances corresponding to
the desired value. The outlet side of the flow is most often set to be further away from
geometry since vortices and other interesting flow phenomena appear after the object.
This kind of approach is used when the object is only examined in flow mainly in one
direction. In this study, the flow domain is cylinder-shaped, so the inlet and outlet sides
are equally as far from the drone. This approach gives the freedom to change flow direc-
tion to any direction and the outlet side being still far enough. Generating a fluid domain,
it is also important to name areas that are important for solving the problem. These areas
include the inlets and outlets of the flow, as well as geometric regions. The more accurate
the naming is, setting boundary conditions and analyzing different areas, later becomes

easier.

Governing equations that are solved need to be defined depending on how the problem
is solved. The flow can be set to be inviscid, which simplifies the equations, or viscous
flow in most real-world cases. Also, the turbulent model must be determined. Another
important part is to determine the boundary conditions inlets, outlets and walls of the
geometry. Starting with the simulations, residuals are determined. That show if the solu-
tions settle to a constant value or not. The number of iterations that the equations are
iterated is chosen, and after that, the simulation stops if the residuals are not achieved.
The final step, known as postprocessing, displays the desired results for examination

and for evaluating these based on their quality.

Spatial discretization of the NS (Navier-Stokes) equations starts with numerical approx-
imation of the equations (7), (8), and (9). Three of the main categories for spatial dis-
cretization are the Finite Difference Method (FDM), the Finite Volume Method (FVM),
and the Finite Element Method (FEM). These are all based on grids to discretize the
governing equations. The grid types are structured and unstructured grids. With a struc-
tured grid, every grid point is identified by indexing them, for example, (i, j, k) and neigh-
bor grid points (i, j+1, k). Unstructured grids are different in that grid points have no par-
ticular order, and therefore neighboring points or grids cannot be directly identified with

indexes. One grid can be 8 and its neighbor 125. A structured grid has the advantage
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that the indexing represents linear address space to the computer memory. This tech-
nique allows easy and quick access to neighboring grids, adding or subtracting from
index value. This works well for simple geometries but becomes difficult when the geom-
etry is more complex. The space can be divided into multiple much simpler parts to avoid
one complex grid that is hard to generate. Unstructured grid advantages are that the grid
can be generated more automatically even for complex geometries. The disadvantage
is that solving with an unstructured grid reduces computational efficiency. (Blazek, 2015,
pp. 433—454)

FDM is one of the earliest techniques to numerically solve differential equations. This
method works by directly applying discretization to the differential form of the governing
equations used. The key idea is that derivative flow variables are approximated by Taylor
series expansion. The advantage of this method is its simplicity and ability to easily ob-
tain high-order approximations. The method uses a structured grid, and therefore appli-
cations where this approach can be used are restricted to the fact that structured grids
are mostly used on simpler geometries. Curvilinear coordinates cannot directly apply to
FDM. Instead, one must use the Cartesian coordinate system and transform the govern-
ing equations to it. (Blazek, 2015, pp. 53-54)

FVM applies the conservation laws directly by using the integral expressions of the NS
and Euler equations. The discretization of the governing equations begins by establish-
ing control volumes throughout the entire flow domain. Approximation to the surface in-

tegral in equation (10)

a —_— = = -
—f WdQ + $,,(F. — Fy)dS = f Qda (10)

is made within each control volume, and where fluxes on individual faces are summed
together. Control volume shape and position can be defined with respect to the grid with
some different possibilities. Two of these possibilities are cell-centered, where the control
volume grid lines are in line with the grid and variables are stored in the center. Second
one is cell vertex, where the center of the control volume is located at the grid point and
variables are therefore stored at grid points. With FVM, the main advantage is that there
is no need to make any transformation between coordinate systems, and it can be used
with structured and unstructured meshes easily. And makes this suitable for complex
geometries. The numerical scheme conserves mass, momentum, and energy, enabling
the computation of weak solutions from the governing equations. However, the entropy

condition must still be satisfied when solving the Euler equations. The entropy condition
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prevents unphysical features, like the expansion of shocks. FVM is very popular and

widely used because of its properties. (Blazek, 2015, p. 53)

With FEM, the physical phase is divided into discrete elements, and an unstructured grid
must be used. The type and requirements of the problem determine the needed number
of points used at boundaries and/or inside the element itself. Degrees of freedom are
calculated with the number of points used and multiplying it by the number of unknowns.
Shape functions are defined and represent variations in the solutions. The FEM trans-
forms the governing equations into an equivalent integral form. FEM's integral formula-
tion and the fact that it uses an unstructured grid make it an attractive method for complex
geometries. And this model is used in some aeroacoustics problems but also with non-
Newtonian fluids. (Blazek, 2015, pp. 53-54)

In this work CFD simulation are run on Ansys Fluent where spatial discretization method
is FVM. Mesh is constructed from structured grid which allows quicker access to neigh-
boring grid elements. This makes the computations slightly quicker with the disadvantage

of challenging mesh construction.

2.4.2 Solution algorithms

Solving Navier-Stokes equations in a pressure-based approach, continuity and momen-
tum equations need to be satisfied. In a pressure-based solver, pressure is one of the
unknowns rather than density, which is used in a density-based approach. Pressure-
based is used commonly at low speed, and density-based is used at high Mach number
(Ansys, 2025a, p. 967). As the pressure is unknown, it must be ensured that the pressure
field is consistent with the velocity field, so the mass is conserved. This is ensured with
different solution algorithms like SIMPLE, SIMPLEC, PISO, or COUPLED in an iterative

process.

SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) starts with an initial guess
of velocity and pressure that the user defines. Solve the momentum equations where the
velocity field is calculated from pressure. The pressure correction equation is built based
on continuity requirements. This ensures that that velocity field is corrected to satisfy
mass conservation. Pressure and velocity fields are adjusted with the corrections. These
steps are repeated until the case is converged or user-specified criteria are satisfied.
(Versteeg and Malalasekera, 2007, p. 186-189)
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SIMPLEC (SIMPLE-Consistent) is based on the SIMPLE method with some differences.
It uses fewer approximations in the velocity correction step. Larger under-relaxation fac-
tors can be used because the correction is formulated differently, and therefore conver-

gence can be achieved in fewer iterations. (Versteeg and Malalasekera, 2007, p. 193)

PISO (Pressure-Implicit with Splitting of Operators) starts with prediction to solve mo-
mentum equations using the current pressure field to get the initial velocity field. From
that pressure correction, equations are solved based on continuity to adjust velocity.
There is also an additional correction pass to further refine velocity and pressure con-
sistency. Steps are repeated. PISO uses at least two pressure-correction loops per iter-
ation. This improves consistency between velocity and pressure without excessive un-
der-relaxation. This method is effective with transient time-dependent problems, achiev-
ing good pressure-velocity coupling in fewer iterations. With the steady state method,
additional correction is unnecessary because correction is done either way in the next

iteration. (Versteeg and Malalasekera, 2007, pp. 193—195)

COUPLED solver forms and solves a combined system of equations for pressure and
velocity in a single matrix system instead of separately solving the momentum equations
and correction equations. This means better stability and, in some cases, faster conver-
gence. This method requires more computational resources, like memory, because the

matrix solved in each iteration is significantly bigger. (Ansys, 2025a, pp. 995-996)

Underrelaxation is used to adjust the correction made to the guessed value. URF (under-
relaxation factor) has some initial value, and these values depend on the chosen algo-
rithm. Every iteration correction value is calculated and is multiplied by the chosen URF
value. This product is added to the previous iteration corrected value. Using a URF value
of 0.5 corrects the guessed value by half of the calculated value. (Versteeg and Mala-
lasekera, 2007, p. 189)

For the simulations in Ansys Fluent it is chosen to use COUPLED for steady state simu-
lation as it seems to convergence faster with the disadvantage of using more memory.
Memory use is not found to be problem in HPC. For transient state simulation PISO is
chosen at the beginning to be used, as it adds an extra pressure correction for each
iteration. With testing it found that PISO does not converge the solution correctly even
with lowered URF values. SIMPLEC is changed to be used where larger URF values can
be used. One of the reasons that PISO does not work even with lowered URF values is

that if too large time step size is used.
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2.4.3 Turbulence models

Difficulties solving the governing equations occur when flow is viscous or turbulent. Tur-
bulent flow occurs when the critical Reynolds number is achieved in the flow. In this state,

flow behavior changes, and it becomes random and chaotic.

Direct numerical simulation (DNS) is a method to simulate turbulence directly from Na-
vier-Stokes equations depending on time but is used in rather simple flow cases and at
low Reynolds numbers. For sufficient spatial resolution, the needed number of grid points
is quite high around Re®/* |, and also the CPU time is around Re?. (Versteeg and Mala-

lasekera, 2007, pp. 112—113) Therefore, this model is not used in this study.

Large-eddy simulation (LES) is an approximation model, and the idea with it is to resolve
accurately the large eddies. The LES requirement for grid points is smaller than the DNS
model and becomes feasible at larger Reynolds numbers. But it is still computationally
very demanding. LES is suitable for studies of separated unsteady flows, aerodynamic
noise, flow control strategies, or large-scale mixing. (Versteeg and Malalasekera, 2007,

p. 98) The LES model is suitable for this study but was chosen not to be used.

Reynolds-averaged Navier-Stokes equations (RANS) are based on flow variables de-
composing into mean and fluctuating parts. When the density is not constant, we apply
density-weighted or Favre decomposition to the velocity components. This approach pre-
vents governing equations from becoming unnecessarily complicated due to the density
fluctuations. Solutions of RANS require modeling heat flux and Reynolds stresses. This
method's advantages over LES include the ability to use a coarser grid and the assump-
tion of a stationary mean solution. Compute turbulent flows using RANS equations.
Reynolds stresses, scalar transport terms, and systems of mean flow equations need to
be predicted. This is done with turbulence models. The most common turbulence models
and the number of extra transport equations needed for each model are the mixing length
model with zero extra equations, the Spalart-Allmaras model with one, the, k — ¢, k — w
and algebraic stress models with two extra equations, and the Reynolds stress model

with seven extra equations (Versteeg and Malalasekera, 2007, p. 67-93).

The next parts explain the differences and determine which turbulence model is best for
this study. With the mixing length model, an assumption needs to be made, which is that
kinetic turbulent viscosity can be expressed by the product of two components that are
turbulent length scale and turbulent velocity scale. Turbulence kinetic energy is mostly
stored in large eddies. There is a strong connection between the mean flow and large

eddies. If this assumption is accepted, the link between the mean flow and the largest
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eddies is characterized by scale length. This works well for simple two-dimensional tur-
bulent flows and is not, therefore, suitable to this case. (Versteeg and Malalasekera,
2007, pp. 69-72)

The Spalart-Allmaras model contains one equation to solve the modeled transport equa-
tion. The model has been shown to be suitable for boundary layers that are affected by
pressure gradients. The algebraic stress model is a simplified version of the Reynolds
stress model without solving the full scale of its transport equations. (Versteeg and Mal-
alasekera, 2007, pp. 89-90)

The k — e model contains two transport equations that are solved. This model has three
different forms that are standard, RNG, and realizable. Different models are shown in
the Ansys theory guide (Ansys, 2025a, pp. 49-60). With these models’ flow needs to be
considered fully turbulent and is therefore only valid for flows that are fully turbulent. This
kind of assumption is not valid at the boundary layers for the flow. Differences in these
models are the methods used to calculate turbulent viscosity and Prandtl numbers that
are used to govern turbulent diffusion terms k and e. With different turbulence models in

the e equation generation and destruction terms have some differences.

The RNG model and standard models are similar, but with the RNG model, some addi-
tional adjustments are made. To improve accuracy at quickly strained flows, an addi-
tional term to the equation is added. Also, the effect of swirl is included, and for the
Prandtl numbers, an analytical formula is added rather than using some constant value
as in the standard model. The model is also more suitable for low Reynolds number
cases due to the fact that for effective viscosity differential formula derived analytically
is used. However, the effectiveness of this depends on the near-wall treatment chosen.
These additions from standard to RNG make this model more accurate in a wider
range of flows. The realizable model has two important differences from the standard
model. With this model, turbulent viscosity has an alternative formulation, and transport
equations are derived by mean square vorticity fluctuating in exact equations. The
name realizable comes from the fact that mathematical constraints on the Reynolds

stresses are satisfied. (Ansys, 2025a, pp. 51-56)

The k — w model also consists of three different models standard, BSL, and SST and is
shown in the Ansys theory guide (Ansys, 2025a, pp. 60—70). The major differences be-
tween BSL and SST to the standard model are the models used in the inner and outer
boundary layers. Where standard model uses only the k — w model. BSL and SST com-

bines the standard and the k — e model. With the SST model, a modified version of tur-
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bulent viscosity formulation is factored in for transport effects. The standard model prob-
lem is the freestream sensitivity that can have a significant effect on the solution. The

standard model is an empirical model that is based on transport equations.

The BSL model consists of a formulation more accurate of k — w model at the near-wall
regions and k — ¢ in the far field of the walls. Refinements to the standard model are
adding the standard model and the k — ¢ model together. This model also includes in w
equation damped cross diffusion derivative term, and this has different modeling con-

stants. Transport equations are

a(k)+a(k)—al“ak +G, -V, +S,+G 11
atP ox; prU; —ax]_ "‘ax,- k— Tk k b (11)
and
9 o)+ (pwup) =2 (1,22 46, — v, + Dy + 5, + G 12
ot pw axi pwu; —axj waxj w w w w wb* ( )

In these equations G is the term of generation of turbulence kinetic energy, G, is gen-
eration of w. I, and I, is the effective rate of diffusion of the terms k and w. Y, and Y,,
are the dissipation terms in k and w due to turbulence. These terms are calculated. User
defines the source terms by the use case which are S, and S,. G, and G, are buoyancy

terms and D, is cross-diffusion term.

The SST model includes all the same additions as the BSL model with added turbulence
shear stress. This addition makes the model much more accurate than BSL and standard
models for a wider range of different types of flows. Transport equations are the same
as in the BSL model.

Considering these different models to simulate flow around a quadcopter, it seems that
to get the most accurate results with RANS, the SST k — w model should be used. With

this, flow can be simulated in the far field and near walls.

2.5 Lattice Boltzmann method

The Lattice Boltzmann method (LBM) describes the dynamics of gas in mesoscopic
scale and lead to fluid dynamic equations in macroscale (Kruger et al., 2016, pp. 61-63).
This represents the density of particles that have a velocity function ¢; = (cy, ¢iy, ¢i;) at
a time t and with position x. Position x, where f; is defined, is positioned into a square
lattice that is defined in space, lattice spacing Ax determines the distance between lat-

tices sites. Time also has an important role in f;, where timestep At separates different
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moments. Discrete velocities with weighting coefficients form velocity sets {c;, w;}. Ve-
locity sets are represented by notation DdQq, where Dd is the dimension of the case
(1D, 2D, or 3D) and Qgq is the number of velocity sets used in the case. For example, the
three-dimensional case with 19 sets of velocities is marked as D3Q19. LBE is found from
the Boltzmann equation by discretizing it in velocity and physical space and also in time,
as shown by (Zhaoli and Chang, 2013, p. 16)

filx + ¢;8.,t + 8, — fi(x,8) = Q(f (%, 0)). (13)

This equation (13) expresses that particle f;(x,t) move at some velocity c; to its neigh-
boring point x + ¢;6; by timestep t + 6;. Particles are also affected by collisions ex-

pressed by collision operator ;.

Instead of solving Navier Stokes equations directly, fluid density is simulated with stream-

ing and collision process.

2.5.1 History

Evolution of the LBM starts from the lattice gas automata (LGA), which is an artificial
microscopic model used to model gases. Later it was discovered that from the Boltzmann
equation with some discretization, LBE could also be derived. From one perspective,
LBE can be described as a fluid model, and from another perspective, as a special nu-
merical method for solving the Boltzmann equation. Both viewpoints show that LBE is a
technique that differs significantly from traditional CFD methods. (Zhaoli and Chang,
2013, p. 10)

LGA is considered the precursor of LBE, which simulates fluid flows using simple fluid
models. Simulated particles are collected to model fluid on a regular lattice with specific
symmetry properties. These particles undergo collision and streaming, following rules
that adhere to fundamental physics laws. The core idea with LGA is that macroscopic
fluid behavior is essentially the statistical collective result of the micro-dynamics of indi-
vidual fluid molecules, and it is independent of the detailed characteristics of those mol-
ecules. This implies that it is possible to simulate large-scale fluid flows using a simplified
micro-level model that archives the necessary physical principles. (Zhaoli and Chang,
2013, pp. 10-16)

Evolution from LGA to LBE started with the need to reduce the statistical noise shown
by (Zhaoli and Chang, 2013, p. 16). Boolean variable n; was replaced with real-valued

distribution function f; and the collision rule was kept in the same form. This new equation



21

effectively removes the statistical noise, although the collision operator is still rather com-
plicated. The collision operator is approximated by a linearized one, assuming f; is close

to its equilibrium.

2.5.2 Mathematical framework

Understanding the LBE starts from equation (13), where the left-hand side's first term
shows that the particle moves to its neighboring point. The second term shows the par-
ticle's original point relative to location and time, the Q; term is the collision term. This
collision operator is quite complicated, and it can be approximated by a linearized one
where the assumption is made that f; is close to its equilibrium. Equation (13) is divided

into collision (14) and streaming (15) parts,

[ t) = fi(x, 0) + Q;(f (%, 1) (14)

and
filx + ¢;6¢,t +8,) = f7 (x,1). (15)

In these equations, the f;*(x, t) term shows the post-collision population. With streaming
equation (15), f;*(x,t) populations stream along the direction determined by that model

to the next lattice and become f;(x + ¢;6;,t + 6;). (Krliger et al., 2016, pp. 101-103)

One of the methods to model collision is the Lattice Bhatnagar-Gross-Krook (LBGK),
which is also called single relaxation time (SRT) and can be used for low Mach number
Navier-Stokes simulations, as shown by (Zhaoli and Chang, 2013, pp. 16—19). The line-

arized collision operator, denoted as Q;, takes a form

%) =K (f - £7), (16)

in which K;; = 0Q;/0f; represents the collision matrix. Using a linearized collision oper-
ator by the fact that Q;(f;°?) = 0 simplifies the model. The collision matrix is defined

with K = t711, and the collision equation is therefore expressed as

0, = = |fi~ 0] (17)

The equation relaxes particles toward equilibrium fieq at a rate that is determined by re-
laxation time 7. For incompressible and weakly compressible fluids, equilibrium for

equation (17) is given by equation
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ci-u (¢;-w? u?

fi(eq)(x' t) = W(ci)p <1 + RT + Z(RT)Z — 2RT> + 0(u3). (18)

Where lattice velocity is c;, u is velocity, weighting factor w;, R is the specific gas con-
stant, and T is temperature. The last term is the error correction term, and due to this,
only a weakly compressible regime can be calculated (Krlger et al., 2016, p. 144). With
compressible flows, the energy equation needs to be solved as well. Equation (18) can-
not be directly applied to compressible flows at high Mach numbers and therefore needs
some more refinements that are not discussed here. (Zhaoli and Chang, 2013, pp. 198—
199)

In Table 1 are shown parameters for different models where lattice speed c is set to 1.

Model Lattice vector c; weight w; c?
D1Q3 0,+1 2/3,1/6 1/3
D1Q5 0,£1,£2 6/12,2/12,1/12 1
(0,0),
D2Q7 (i 1/2,i\/§/2) 1/2,1/12 1/4
D2Q9 (0.0), (£1.0), 4/9,1/9,1/72 113
(0,£1),(£1,£1)
(0,0,0),
D3Q15 (£1,0,0), (0, £1,0),(0,0,%1), 2/9,1/9,1/72 1/3
(£1,£1,£1)
(0,0,0),
D3Q19 (+1,0,0), (0, +1,0), (0,0, +1), 1/3,1/18,1/36  1/3

(£1,41,0),(£1,0,£1),(0,£1,£1)
Table 1. Parameters for DdQq models (Zhaoli and Chang, 2013, p. 20).
Figure 3 shows the airfoil shape of the drone propeller, and around that are visualized

nodes and two different lattices, D2Q5 and D2Q9. In these models, the middle lattice

points of zero represents no velocity condition.
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Figure 3. Fluid, solid and boundary nodes around airfoil.

Figure 4 shows collision and streaming near the wall. Two cases are visualized: one
where the collision happens at the wall and one where it happens a couple of lattice

nodes away from the wall. After collision, streaming is represented on the right side.

Collision step Streaming step
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Figure 4. Collision and streaming visualized.

In Figure 4, particles at fluid nodes will stream to their neighboring nodes, which are
indicated by solid arrows. Streaming from boundary nodes to fluid nodes, shown by
dashed arrows, cannot be described directly by LBE as it can be in fluid node to fluid
node. Boundary conditions need to be taken into account when propagating from a solid
object into a fluid. (Krtiger et al., 2016, pp. 164—166)
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In collision step arrows show the direction of collision to node. Streaming step is the

result of collision.

Fluid nodes are the nodes where LBM is applied and are connected to boundaries or
other fluid nodes. Solid nodes are inside the solid object, and at these nodes LBM is not
solved. These types of nodes are linked to boundaries or other solid nodes. Boundary
nodes link these two nodes together and require special treatment. A boundary node is

linked to at least one solid node and one fluid node. (Krlger et al., 2016, p. 165)

2.5.3 Numerical and computational aspects

Initial conditions are set at the beginning of the simulation and are used to achieve
steady-state flow. They are more relevant in complex flows. Some of the initial conditions
that are set before simulation are, for example, setting density to a constant value and
setting velocity to a value that is near the steady solution velocity. Guessing the value of
velocity in some cases or at some part of the case is hard, and therefore the best guess
at the time is chosen. This step is done to minimize the simulation time in transient time.
(Succi, 2018, pp. 271-272)

To determine boundary conditions, we need to introduce two basic classes of boundary
conditions: grid-aligned and grid-cutting. Whit grid-aligned, the physical boundary aligns
with the grid coordinates. These kinds of boundaries need to be straight lines or planes.
With grid-cutting, the boundary can take any shape and does not need to be straight
lines or a plane. With this, the boundary cuts through the lattice. These kinds of boundary
conditions are more accurate but are harder to implement. Names of the different class
boundary conditions are periodic, no-slip, free-slip, frictional slip, sliding walls, and open
inlets/outlets. (Succi, 2018, pp. 273-274)

Periodic boundary conditions separate the bulk phenomena and the actual boundaries
and are used in cases where surface effects have a negligible role. With a two-dimen-
sional case, square boxes with lattice sites are created where discrete fluid is repre-
sented with as many matrices as there are velocity vectors in the model. Model D2Q7
contains 7 matrices. To model interaction between these NxM lattice sites, it is specified
that the population at some of the sides that face inward is equal to the opposite side
that faces outward. The no-slip boundary condition is defined as the condition where, at
the solid surface, velocity is zero. Collision steps at the boundary undergo collision nor-
mally. The streaming step is defined as any population leaving the domain being re-
versed along the same link, and the net velocity is zero at the boundary. (Succi, 2018,
pp. 274-278)
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Free-slip boundaries allow the fluid to move without friction on the wall and prevent pen-
etration. The velocity component normal to the wall is zero. A frictional slip boundary is
a condition between no-slip and free slip that allows some tangential velocity at the

boundary with some frictional resistance. (Krlger et al., 2016, pp. 279-280)

Open boundaries such as inlets and outlets define where the flow enters or exits the
domain. With the inlet flow, the equilibrium population is constantly replenished with the
desired density and velocity. Outlet flow is more complex. For the outlet, another bound-
ary condition is applied, that is a porous plug. The main idea is that particles reaching
the outlet should slow down. Otherwise, a backwards propagating disturbance is trig-
gered. (Kruger et al., 2016, p. 284)

Parallelization employs domain decomposition, where the computational domain is di-
vided into multiple subdomains, and each is handled by a different computing core. Com-
munication between subdomains occurs at the boundaries, exchanging distribution func-
tions through layers. This type of parallelization is commonly used in many applications,
but the LBM is well suited for this type of computing due to its local and explicit collision

and streaming algorithm.

2.6 Quantum computing

Quantum computing is based on the principles of quantum mechanics, primarily super-
position and entanglement. Information processing operates on principles that are fun-
damentally different from those used in classical computing. Quantum bits, or qubits for
short (Nielsen and Chunag, 2010, p. 13), are the basis of quantum computing, as bits
are the basis for classical computing. With classical computer bits having states 0 and
1, quantum bits have similar states |0) and |1). Notation around one and zero is called
Dirac notation. Notation around one and zero is called Dirac notation. The difference
between qubits and bits is that a qubit's state can be other than the two represented
states. Combining these states is called superposition and can be expressed by equation
(19)

) = al0) + B|1). (19)

In this equation, @ and B are complex numbers corresponding to each state. To link
multiple qubits together are called separable if it is the tensor product of qubit states or
entangled if it can’t be expressed as a tensor product of qubit states, which are crucial
for quantum algorithms (Nielsen and Chunag, 2010, p. 571-573). When qubits are in an

entanglement state, they are connected in such a way that properties are combined, and
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states are shared. Quantum computations are processed through quantum gates, and
information extraction involves quantum measurements where quantum states are col-
lapsed probabilistically (Nielsen and Chunag, 2010, p. 188-189). Quantum computing
has problems, and one of them is decoherence. This phenomenon means that qubits
lose their quantum properties, and therefore quantum error correction is essential (Niel-
sen and Chunag, 2010, p. 435).

Comparing classical bits to quantum bits as an example, three bits have eight possible
states: 000, 001, 010, 100, 011, 101, 110, and 111. Three qubits have eight computa-
tional basis states: |000), |001), |010), [100), |011), |101), |110), and |111). With bits,
states are local, but with qubits, those coefficients are not local but global. This means

that three qubits are represented with state vector (20)

|p) = al000) + b|001) + c|010) + d|100) + e[011) + f[101) + g|110) +

20
h|111). (20)

So, the number of possible combinations is 2™, for both bits and qubits but the difference
comes from the fact that qubits are in superposition. This means that it can be in all
states at the same time. Because coefficients are global, it means that coefficients can-
not be derived from local states. Global nature makes the system as a whole, and each

qubit is not an independent unit anymore. (Nielsen and Chunag, 2010, p. 16)

Scaling from three bits and qubits to 50 bits and qubits, the exponential effect of qubits
can be seen. With 50 bits, information is represented with 50 zeros and ones and can
store the information exactly once at a time. With 50 qubits, superpositions of all 2°°
states can be represented simultaneously. Comparing these in theory 50 qubits can rep-

resent over a quadrillion (101%) classical states.

Sometimes the Quantum Lattice Boltzmann Method QLBM enables the simulation of
quantum systems governed by the Dirac equation and other fundamental quantum me-
chanical principles, extending the classical LBM to include quantum effects. However,
within the scope of this thesis, QLBM means transferring the LBM into the quantum com-
putational setting. In other words, quantum algorithm implementation of the LBM. This

concept is explained in the next chapter.

2.6.1 Quantum Lattice Boltzmann method

At the basics of QLBM, it follows a similar algorithm structure to LBM but is executed in

the quantum domain. This process is divided into four key stages: encoding, collision,
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propagation, and also the calculation of macroscopic variables shown by (Budinski,

2021). Here, as an example, the D2Q5 lattice is used.

State encoding is a step where the initial fluid variable ®(x, 0) is encoded into a quantum
state vector. This involves preparing a superposition state across qubits in such a way
that the amplitude of each basis state corresponds to a fluid variable. Efficient state prep-
aration is non-trivial for a lattice with M sites. One must initialize a superposition of M
basis states with appropriate amplitudes. The encoding step in the quantum state is

shown by the equation

8M2-1

o) = 10)q Z Paic/ I19lK)q- (21)
k=0

State initialization cost scales with the qubits that are required in the g register and is
calculated by n =log,(5 * (M * M)) + 1, where the additional qubit is for the collision
step.

Collision step with the LBM, interactions of particles are computed at each lattice site.
And with QLBM, collisions are implemented by a quantum gate that operates on the
quantum register representing each site’s distribution. With the collision step, equation
(21) becomes the form of equation (22) shown by (Budinski, 2021)

8M?-1
[1h1) = 10)q z Wt Daie/ 1PNIKYg + 11g)ag: (22)
k=0
In this equation, ay , is the diagonal operator for entries of eight-block and with this dis-
tribution, functions are represented by the quantum sub-states corresponding to each
block.

The propagation operation (streaming) step in LBM shifts post-collision distributions to
neighboring lattice sites along their respective directions. In QLBM, propagation is im-
plemented by shifting quantum amplitudes between basis states corresponding to the
neighboring lattice positions. The quantum state is re-indexed to affect particle move-
ment, which is done by quantum gate operations. With the D2Q5 model, there are four
distribution functions that are shifted in four directions and velocity vectors defined by

equation (23)
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(0,0), a=0
g =1 (fex,0), =12 (23)
(0,%ey), a=34

Where one out of the five is a rest particle. For other models’ velocity vectors are shown
in Table 1.

These links from equation (23) are implemented into a quantum circuit with two opera-
tors, Rand L. With these operators’ the quantum state of the entire system now becomes

in form

8M2-1

l1h2) = |0)oLR Z ik Paje/ NPl |+ 115)aq- (24)

k=0

This propagation process does not affect the last term of the equation.

Macroscopic variables based on equation (25) are extracted with addition between quan-

tum sub-states that correspond with respect to the specific distribution function.
d(x,t) = Z fa(x, 1) (25)
a

This is achieved by altering the quantum sub-states that must be introduced between
the existing states. By applying post-selection of the state and performing normalization,
for the next timestep the desired value of the variable ®(x,y) is obtained. (Budinski,
2021)

With these steps, QLBM replicates the stream and collision cycle of the LBM on a quan-
tum platform. Algorithmic parity with classical LBM means that fluid equation recovery
can be maintained, but implementing this in a quantum platform constrains some chal-
lenges. The quantum circuit depth grows poly-logarithmically with the number of lattice
points (Budinski, 2021), which increase the potential for significant speed-up compared
to traditional CFD.

QLBM is studied constantly, and several enhancements and lots of progress have been
made. It is shown by (Georgescu et al., 2025) that QLBM research has taken three dif-
ferent directions that are studied currently. Some of the research studies focus on imple-
menting separate streaming and collision in QLBM, without Linear Combinations of uni-
taries, one of these studies is shown by (Schalkers and Maéller, 2024). In other studies it

is shown that computing the collision step can be practically linearized, which includes
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the design of applications for the advection-diffusion equation (Wawrzyniak et al., 2025;

Xu et al., 2025). These are a few of the studies that show that QLBM is ongoing research.

2.6.2 Hardware and emulators

Quantum computers are relatively new. In Finland, the first quantum computer was fin-
ished in 2021 and has 5 qubits, and the second was built in 2023 and has 20 qubits
(VTT, 2023). The third quantum computer was taken into use in March of 2025 and was
the largest superconducting quantum computer in Europe at the time, containing 50
qubits (VTT, 2025). Quantum computers are constantly developed and tested and have

shown great potential in different applications.

Quantum computers can be categorized based on the technology used to implement
and control qubits, and there are several different types of quantum computers. VTT's
50-qubit computer is a superconducting quantum computer, which is the most common
type of quantum computer at the time. Superconducting circuits are utilized by quantum
processors. A superconductor has a special feature where resistivity drops near zero at
some temperature. This temperature depends on what material is used but is very low,
and therefore these types of quantum computers need constant cooling. Trapped ion
quantum processors use individual atoms as qubits, and these are manipulated by elec-
tromagnets. These types of computers also need to be cooled to extremely low temper-
atures to reduce external noise. The photonic quantum processor uses photons as its
qubits and is based on quantum entanglement. Neutral atom quantum processors use
neutral atoms trapped in a vacuum chamber. Atoms are cooled to low temperatures to
reduce movement, and those can be manipulated by lasers. Topological qubits are
based on topological materials that are insulated inside and conducting on the surface.
Topological qubits are much more resistant to noise than traditional qubits. (Chander,
2024)

Quantum emulators are developed to simulate quantum computers and are used for
research purposes. Emulators run on classical computers, and with these, the number
of qubits is limited to the memory of the classical computer. One of the simulators is the
Intel Quantum SDK system and is explained by (Shinde et al., 2025). Other emulators
are Matrix Product Emulators Qiskit-MPS, Quimb-MPS, QMatchaTea-MPS, and MIMIQ-
MPS these are commercial emulators. Tensor Network emulator Quimb-TN, Decision
Diagrams emulator MQT-DDS and Pygrack. These are emulators that are tested and
benchmarked by (Leonteva et al., 2025) in their study. Emulator that is used in this study
is Qiskit Aer 0.17.1 which is an open-source SDK emulator. It is run on 16 core

m6g.4xlarge machine from Amazon web services.
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3 CFD SIMULATION

In these simulations, a DJI Phantom 3 drone is used. This study concentrates more on
the simulations part, and therefore already meshed model is used. The same mesh is
used in a study by (Paz et al., 2020). Mesh and geometry are simplified versions of the
DJI Phantom 3 drone, only containing the fuselage, motors, and propellers. In other

words, landing gear, camera mount, and camera are removed from the model seen in

Figure 5.

3.1 Mesh and Geometry data

The Phantom 3 drone has four propellers that have a diameter of 240 mm. Propeller
characteristics are shown in Figure 5. In the same picture, the original drone geometry

is also shown, as is the simplified model.
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Figure 5. Drone measurements a) original drone b) modeled drone c) propeller d)
blade twist and chord ratio made by (Paz et al., 2021).
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Figure 5d shows the twist and width of the chord along the diameter from center to tip.
Two of the propellers rotate counterclockwise and two clockwise propellers are placed

in such a way that pairs are on opposite sides of the cross shaped fuselage. Propellers
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maximum rotating speed is around 1250 rad/s (Paz et al., 2021). Maximum rotation

speed depends on the charge of the drone’s battery.

The mesh is constructed from approximately 25 million elements. The mesh around the
drone is constructed so that the distance from the ground to the center of the propellers
is 192 mm. Some of the key elements of the mesh are an aspect ratio of 25 in the first
layers, around the model prismatic layers are set to 10, and the maximum 2D size is set
to be 1.5 mm. At the propeller's surface, 2D cell size is reduced to 0.3 mm. Propellers
have 160,000 surface cells, and each rotating domain contains 3,900,000 elements. (Paz
et al., 2020)

Mesh at different locations is introduced below. Cross sections show where mesh is

denser and at what location it is coarser.

Figure 6. Cross section at the middle.

In the Figure 6 cross-section, the quadcopter mesh can be seen. The front side of the
drone is seen in the figure on the left side and the back on the right side. Mesh gets

denser near the frame of the quadcopter but also near areas where propellers are rotat-

ing.
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Figure 7. Cross section of propeller mesh near center.

Figure 7 shows a closer view of the mesh near the propeller. Inflation is also seen near
the wall. These figures also show the size and shape of mesh elements in different loca-

tions. Mesh is structured mesh that contains 3D hexahedra elements and 2D quadrilat-

erals.
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Figure 8. Whole drone surface mesh and cross section on tip of the propeller.

Smaller 2D mesh size used at propellers is seen from Figure 8, where surface mesh is

displayed. Cross section of the blade shows the inflation near the tip.
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Figure 9. Propeller and airfoil mesh.

Figure 9 shows the surface mesh of the propeller and part of the frame where the motor
and propeller are attached. Cross sections at the middle of the propeller and cross sec-
tions of the airfoil are seen. The mesh near the propeller is critical to maintain quality,

because the velocities are higher in that area.

3.2Simulation tools and techniques

Settings for simulations are changed in Ansys Fluent preprocessing at the beginning. In
general settings, the steady and transient time method is changed between different
simulations. The turbulence model chosen for simulations is k-omega SST to yield more
accurate results near the wall and far from the wall. Model constants are set to the orig-
inal values. Fluid material is air at ISA conditions, where the density is 1.225 kg/m3. The
propeller's motion is simulated with frame motion in steady state, and with transient time,
the sliding mesh is changed. The propeller’s speed is set to 1,000 rad/s, which is approx-
imately 80% of the maximum rotational speed. Boundary conditions that are set are walls
for quadcopter surfaces with no-slip conditions, and the ground is also set to wall. The
outer lateral surface and upper surface of the flow domain are set to pressure outlets
when simulating a quadcopter at a stationary state. These pressure outlets are changed
to velocity inlets when simulating drone movement. With frame motion, the mesh inter-

face between rotating and stationary domains is determined. The solution method
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schemes that are used are PISO and SIMPLEC. The pseudo-time method is set up with

steady-state time.

Calculations are done in CSC servers using the Mahti supercomputer. Using an HPC
cluster for simulations reduces the simulation time significantly. With local or virtual com-
puters, the number of cores is limited. With Mahti, the number of CPU cores is much
larger than it is reasonable or possible to use with CFD simulations. With large partitions,
the number of nodes is up to 700, and each node contains up to 128 cores running at
2.6 GHz. Memory at Mahti is up to 256 GiB per core. Mahti HPC does not have interactive
user interface that could be used in these simulations, and therefore the pre- and post-
processing must be done with the local or virtual computer. After the simulations are

finished, the output data is imported to the local computer for post-processing.

Different core amounts is tested based on the rule for using Mahti that by doubling the
core amount, computational time must increase over 1.5 times (CSC, 2024). According
to this rule, HPC does not utilize more resources than what is considered efficient. In-
creasing the core amount from 64 to 128 decreased computational time almost by half.
A core amount of 256 is also tested, and the computational time is efficient enough to
run with this. The problem with running Ansys most of the time with 256 cores is the
limitation of the license used by CSC. With testing, it is found that the most suitable

number of cores is 128. A license error occurred most of the time when using 256 cores.

Starting simulations in the Mahti HPC cluster, three files are needed at the first simulation
time. When simulations are continued from previous simulations, four files are needed.
These files are a case and data file, a journal file, and a batch job file. The case file
contains the mesh and all settings that are changed and set in Ansys on the local com-
puter via the graphical interface. At the beginning, it is easiest to set all the basic settings
using a graphical interface. In the situation where the same case file is used for multiple
simulations, setting contours, vectors, and other similar objects before starting the sim-
ulations makes post-processing easier. Setting these before simulations removes the
need to set them for each simulated case individually in post-processing. A data file is
used when a simulation is run at least once before, and simulation data is needed for the

next simulation. For instance, where transition from a steady to a transient time is made.

The batch job script contains information about the job that is done in Mahti. The essen-
tial information is included in the batch job script and consists of simulation time, the
number of cores used, and the command to start Ansys Fluent. After Fluent is started

inside Mahti, it starts reading the journal file straight away.
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The Fluent console reads the journal file line by line and acts on the commands. At the
beginning, the case and data file are loaded. After these are loaded case can be
changed. Most of the commands that can be used are listed in (Ansys, 2025b). Com-
mands listed by Ansys contain only the main commands to change settings but not the
settings inside that command, and due to that, every command that is used in the journal
needs to be verified in local Ansys. Although some commands are simpler, like starting
calculations on a steady-state case, “solve/iterate 1000”. Some commands need an ID
number for zones or areas. One of these kinds of commands is the changing from MRF
to sliding mesh “mesh/modify-zones/mrf-to-sliding-mesh 2”. IDs need to be checked in
advance. The command to turn on the FW-H is one of the examples where there are
multiple settings changed by one command: “define/models/acoustics/ffowcs-williams
yes yes no 1.225 340 2e-05". To generate a journal, it can be recorded directly from local
Fluent or by writing by hand. When writing it from Fluent, the commands also need to be
written on the console. One of the time-consuming parts is getting the journal file correct.
If there are some errors in commands, Fluent stops. Therefore, when iteration is started
and completed, there should be a command to save data, and auto-saving should be set
when simulations are running. This approach ensures that if an error occurs in the jour-
nal, already calculated data is saved and simulations can be continued from that. Fluent
itself makes some assumptions in the console, if commands are “yes” and “no”, but only
“y” is written, it reads it as “yes”. The final command in the journal file should be to close
Fluent. When Fluent is closed, the batch job also ends. In the case where Fluent is not
closed properly, Mahti keeps using allocated resources until the time limit set in the batch
job is achieved, even if Fluent isn’t doing anything. Also, if the time set in the batch job

runs out before the simulation is completed, the job is ended.

3.3 Aerodynamics

In this chapter, steady state and transient simulations are explained, and simulation re-
sults are shown. Steady state simulations are crucial to get an initial solution that is then

used for a transient solution.

3.3.1 Steady state

Steady state simulation is used to determine initial values for the transient simulation.
Simulation is started by choosing the steady state method. For the viscous model, k-
omega SST is chosen to simulate flow near walls but also further away from them. With
the steady state model, the MRF approach needs to be chosen. The pressure-velocity

coupling scheme is chosen to be COUPELD to obtain more accurate results at the cost
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of computing time. Least squares cell-based is set for the spatial discretization gradient,
and for pressure, second order is selected. Second-order upwind is set for momentum,
turbulent kinetic energy (k), and specific dissipation range (omega). The pseudo time
method is turned on. URFs are chosen to be default values. To check if the solution is
convergent, it was monitored with force in the z direction with a value of 1e-5. Other
variables like drag, momentum and force to different directions is also examined and that

these supports the convergence of the solution.

Simulations are calculated with 128 CPUs and run in one node. Starting with the station-
ary case solution, it converged at 4,100 iterations with the chosen convergence value
and took 11h 12min. To ensure that the solution is converged, residuals and aerody-
namic features like lift coefficient, drag coefficient, and force need to be checked to see
that they settle towards some constant value. If the values fluctuate or start to fluctuate
after some iterations, the solution is not converged. Net mass flow from the outlet/inlet is
checked to be small enough so there is not more flow into the domain than there is out

or vice versa.

Figure 10. Stationary simulation residuals, force to z direction and drag coefficient.

From Figure 10 it is seen that residuals, on the top, sets towards a constant value. In
bottom right force from each propeller settles towards a constant value, and the same is
true for the drag coefficient in every three dimensions and is seen in bottom right of the
figure. Net mass flow is -6.84e-06. It is also noted that the significant change in values
happens with the first 1,000 iterations. Because the only use for a steady state solution
in this simulation is to determine initial values for transient simulations, the 1,000th iter-

ation solution data is satisfactory enough.
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Forward motion was simulated with the same settings, where the only difference is that
forward velocity is applied. Simulation time is around 12 h 16 min with the 4,500 itera-
tions, and after the 1,000" iteration, the solution provides satisfactory enough results to
start transient simulations. Residuals and the force or drag coefficient are not presented
here. It is noted that there are some minor differences in those compared to the station-
ary case. The differences in the force and drag plots indicate that there is greater varia-

tion among the propellers.

3.3.2 Transient simulation

The transient case is started by solving it with a steady state. This approach reduces
computational time by calculating more accurate initial values for the transient. From a
steady solution 1,000™ iteration is used as it was shown it gives good starting point to
transient simulation. A fully converged solution is not used as it is unnecessary. From
Figure 10, force and drag start to settle and supply adequate initial values to start the

transient time solving.

With transient time simulations, MRF (multi-reference frame) motion is changed to sliding
mesh. The pressure-velocity coupling scheme is SIMPLEC. Using transient time, one
important parameter that needs to be set is the timestep size. For this particular case,
the timestep size is calculated based on the rotational speed of the propellers. Using too
large a timestep size, the solution becomes unstable, and with too small a timestep size,
it takes longer to calculate one rotation of the propeller. There are different methods to
determine timestep size, from the courant number (Blazek, 2015, pp. 353-354) or from
the degree of rotation per timestep. Propellers should rotate 1-3 degrees each timestep
(Kelecy, 2021; Mak and Salim, 2022). Timestep size was chosen to correspond to a 2-
degree revolution per timestep based on testing different timestep sizes. The timestep
size is 1/90000 s, given that the propeller rotates at a speed of 1,000 rad/s and each
timestep corresponds to a 2° rotation. The timestep size is rounded to 0.0000349 s,

which corresponds to a propeller rotation of around 2°.

Two different cases are simulated: one where the drone is at a stationary state and one
with forward movement. With the stationary case, the default URF was found to be ade-
quate using the SIMPLEC algorithm. The PISO algorithm was also tested. There were
found to be convergence problems where the solution diverged after around 1,000
timesteps. Multiple URF values were tested, decreasing those by 0.1 at a time. Due to
the fact that a 1,000 timestep takes 30 h of simulating time, the decision was made to
use the SIMPLEC algorithm.
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Transient simulations were set to run for an overall 3,960 timesteps that correspond to
22 full revolutions and a flow time of 0.138204 s. Simulations were run in two parts: first
to achieve a fully developed flow field for the transient case and second to enable acous-

tic sampling.

The same output data is used for analyzing aeroacoustics and aerodynamic results.

Residuals
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Figure 11. Transient case residuals for first 1,000 iteration.

With transient simulation, the solution does not converge towards the end of the simula-
tion but with every timestep as seen in Figure 11. Each timestep contains 20 iterations.
These parameters can be changed, but it is found that it is better to change the timestep
size than it would be to increase or decrease the maximum number of iterations per
timestep. Residuals seem to fluctuate evenly, and at the end of each timestep, residuals
drop below 1e-6, except for omega residuals that drop down to 1e-5. This shows that the
solution is converging properly at each timestep. From these transient residuals, it cannot
be seen directly when the whole solution is converged, only that the solution is converg-
ing at each timestep. To see when the simulation is converged, the lift coefficient, mo-
ment coefficient, drag coefficient, and force at the propellers are analyzed. These values
are saved to text files from the simulations and plotted with Matlab. There are overall 13
figures that are plotted and from those four that have major role when analyzing the
convergence. The flow field is converged around 6 propeller rotations or 1,080 transient

iterations.

Some of the simulation stats are introduced in Table 2. Number of iterations or timesteps
and simulation time it took for those iterations. Also, time led to convergence is shown

for steady and transient.



Iterations steady state for initial
Simulation time for steady
Converge iterations for steady
Converge time for steady
Convergence transient timesteps
Converge transient time
Timesteps transient no acoustic
Simulation time no acoustic
Timesteps transient with acoustic
Simulation time with acoustic
Overall iterations

Overall simulation time
Maximum memory used

Billing units consumed
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1,000
2h40min
4,100
11h12min
1,080
26h42min
1,200
29h42min
2,760
68h19min
80,200
100h 41min
151.22
15,200

Table 2. Stationary simulation statistics.

When the memory used for simulation is known, the maximum allocated memory is lim-

ited slightly above that to reduce the used billing units. Billing units are currency inside

Mahti that can be bought, and with those used resources are monitored. Figures that are

shown here show the final simulated timestep, and the propeller orientation is the same

as shown in Figure 8.
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Figure 12. |so-surface of Q criterion colored by vorticity magnitude from 2,000 to maxi-

mum for hovering.
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Figure 13. Iso-surface of Q criterion colored by vorticity magnitude from 500 to 7,000 for

hovering.

Q criterion normalized iso-surfaces colored by vorticity magnitude can be seen in Figure
12 and Figure 13, where maximum and minimum values are limited and are seen on the
right side of the figures. Maximum vortices are seen to form near the propeller tip and at

the trailing edge.
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Figure 14. 2D visualization of vorticity magnitude from back left propeller to front right

propeller for hovering.
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Figure 15. 2D visualization of vorticity magnitude for single propeller for hovering.

2D cross section from vorticity magnitudes are shown in Figure 14 and Figure 15. Where
the first one’s cross section is from propeller center to diagonal propeller center, and in
the second figure, the propeller cross section is shown. The maximum value is limited to
2,000. Values above that are shown as red, corresponding to the value 2,000 seen on
the left side of the figure. Maximum vortices form from the tip of the propeller and from

the center of the propeller.
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Figure 16. Streamlines aft view for hovering.
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Figure 17. Streamlines top view for hovering.

Velocity magnitudes are shown in Figure 16 and Figure 17. In these figures, the maxi-
mum velocity value is limited to 20 m/s to better show the variation of velocity at different
locations. Maximum velocity is over 150 m/s near the propeller tips. The maximum value

is in a small area of the flow field, and no variation would be seen in the pathlines.
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Figure 18. Static pressure top view and cross section at middle for hovering.

Figure 18 shows the top side view of drone, in this picture static pressure at middle is
included. In Figure 19 orientation is obtained by tilting the picture of drone the way that

bottom view can be seen. To this picture also cross-sectional static pressure at propellers
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is included. With these two pictures both the top side and underside of drone can be

seen.
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Figure 19. Static pressure bottom view and cross section at propellers for hovering.

Static pressure is the pressure relative to the reference pressure. Static pressure at the
drone surface and the 2D xz-plane at the middle of the drone are shown in Figure 18,
and the 2D xz-plane at the propeller center with the drone surface is shown in Figure 19.

Propellers, frames, and planes have different scales and are named in the figures.
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Cp vs X/c at different locations

X/c

Figure 20. Pressure coefficients chord wise of blade for hovering.

From the 3D simulation, pressure coefficients are obtained at different airfoil locations:
20%, 30%, 50%, 70%, 90%, and 95%, and are shown in Figure 20. These pressures
coefficients can be compared to the 2D simulations. In Ansys, reference velocity is
needed to set separately for each pressure coefficient plot. The pressure coefficient is

calculated with equation (26)

_ 2(p - pref)

k 26
pref * vref

Cp

Where p the static pressure, p,.f is reference pressure, density is p,.r, and velocity is
vrer. Static pressure is obtained from simulation reference pressure is set to zero, den-
sity is the ISA condition density, and reference velocity is the velocity that the propeller
is rotating at the point where it is examined. For example, at a 50% spanwise location,
the distance from the center to that point is 60 mm. Therefore, the rotating velocity is
1,000 rad/s times 60 mm, which comes to 60 m/s. Pressure coefficients are calculated
directly in Ansys and written into a text file. The data is then combined into one plot. In
Figure 20, the upper side of the graph is the upper side of the airfoil, and the lower side
of the graph is the lower side of the airfoil.

From the pressure coefficient plots, it is seen that at 50%, 70% and 90% plots are very

close to each other, with larger differences in the trailing edge. Pressure coefficient for
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95% has a small difference from the leading edge to the halfway point of the chord com-
pared to the three plots. Larger differences can be seen at 20% and 30% locations,
where the twist of the blade and also chord length are the highest seen in Figure 5d,
from these plotted pressure contours. The differences in these plots are the result of
different chord lengths, twists in the blade, shapes of the airfoils, and different velocities

at each location.

Forward movement is similar to the stationary case. Only the forward velocity of 10 m/s
is added to the case. This is performed by changing boundary conditions to inlets and
setting velocity in the positive y direction that corresponds to drone forward movement.

In the simulation drone is set to zero angle of attack forward movement.
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Figure 21. Scaled residuals for forward.

Figure 21 shows the first 1,000 iterations of the transient simulation. Iteration numbering
starts from 1,000 because simulation is started from 1,000" steady state iteration. From
this, it is seen that all residuals drop quickly below 1e-6 except omega, which drops to
1e-5. This graphic shows that the solution converges at the end of each timestep. For
the whole simulation convergence, lift coefficient, moment coefficient, drag coefficient,
and force at propellers are analyzed. These shows convergence after 7 propeller rota-
tions that correspond to 1260 timesteps. With forward velocity, these report plots aren’t
as periodic as those for the stationary case, but still convergence can be seen. Net mass

flow in and out of boundaries also shows some indication of convergence, it should be
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relatively low. In this case, it is around 1e-10. This shows that airflow into and out of the

domain is equal.

Iterations steady state
Simulation time steady state
Converge iterations for steady
Converge time for steady
Convergence transient timesteps
Converge transient time
Timesteps transient no acoustic
Simulation time no acoustic
Timesteps transient with acoustic
Simulation time with acoustic
Overall simulation time
Maximum memory used

Billing units consumed (estimate)

1,000
2h40min
4,500
12h16min
1,260
31h9min
1,200
29h27min
2,760
72h35min
104h 42min
128.16 GB
15,805

Table 3. Simulation statistics forward movement.

Simulated iterations, timesteps, and the time required to achieve them are presented in

Table 3. In the same table the billing units and maximum memory utilized during the

simulations are included. Billing units used in each simulation can be used to calculate

the cost of each simulation and is important if simulation is used for commercial applica-

tion.
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Figure 22. Iso-surface of Q criterion colored by vorticity magnitude from 2000 to maxi-

mum for forward movement.
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Figure 23. Iso-surface of Q criterion colored by vorticity magnitude from 500 to 7000

for forward movement.

With forward motion, Q criterion normalized iso-surfaces colored by vorticity magnitude
can be seen in Figure 22 and Figure 23, where maximum and minimum values are lim-
ited and are seen on the right side of the figures. Maximum vorticity magnitudes are seen

to form at the tip of propellers and at the trailing edge near the propeller center.
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Figure 24. 2D visualization of vorticity magnitude from back left propeller to front right

propeller for forward movement.
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Figure 25. 2D visualization of vorticity magnitude for single propeller for forward move-

ment.

2D cross-sections of vorticity magnitudes are shown in Figure 24 and Figure 25. The first
one’s cross section is from propeller center to diagonal propeller center, and in the sec-
ond figure, the propeller cross section is shown. The maximum value is limited to 2,000,
and the values above are colored red, corresponding to the value 2,000 seen on the right
side of the figure. Maximum vortices form from the tip of the propeller and from the center

of the propeller.



50

 Magnitude

30
28
26
24
22

20
18
| 16
14
12
10

Figure 26. Streamlines side view for forward movement.
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Figure 27. Streamlines from top-side view for forward movement.

Velocity magnitudes are shown in Figure 26 and Figure 27. In these figures, the maxi-
mum velocity value is limited from 10 m/s to 30 m/s to better show the variation of velocity
at different locations. Maximum velocity is over 160 m/s around the propeller tips. The
maximum value is only in a small area, as it was with the stationary case. From the
pathlines, the direction of the flow can be seen to be from front to back, and at the back,

the flow spreads in a larger area.
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Figure 28. Static pressure top view and cross section at middle for forward movement.

Transition between views on Figure 28 and Figure 29 is made by tilting the drone from
top view to bottom view. Also, location of cross-sectional view of pressure coefficient is

changes between figures.
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Figure 29. Static pressure bottom view and cross section at propellers for forward

movement.

Static pressure is the pressure relative to the reference pressure. Static pressure at the

drone surface and the 2D xz-plane at the middle of the drone are shown in Figure 28,
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and the 2D xz-plane at the propeller center with the drone surface is shown in Figure 29.

Propellers, frames, and planes have different value scales and are named in the figures.

Cp vs X/c at different locations
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Figure 30. Pressure coefficients chrod wise of blade for forward movement.

Pressure coefficient at different airfoil locations is seen in Figure 30. The propeller that
is examined here is the front left propeller and it rotates counterclockwise. There is some
variation between propellers from what the pressure coefficient is examined and at what
state of rotation it is examined. The main difference is whether the propeller is in front of
the drone or in the back of the drone. Also, when a propeller blade is near the frame, it

influences the aerodynamics of the blade.

From the pressure coefficient plots, it is seen that at 20%, 30% and 50% plots are very
close to each other on the upper side of the airfoil, but some difference is seen on the
underside of the airfoil. Pressure coefficients for the 95% and 90% locations are similar,
with a slight difference from the leading edge to the 0.3 chordwise location on the upper
side of the airfoil. The most significant difference is seen in the airfoil location at 70%
which varies a lot from the stationary hovering case, where this location was similar to
50% and 90%. These differences might be explained with ongoing forward velocity that
disturbs pressure on the airfoil surface. Pressure coefficients are plotted in one location
of the rotation of the blade, which is parallel to the forward movement. And there might
be quite a lot of differences in what location these are plotted. But it was chosen to only
plot pressure coefficients for this one frame, as in the mesh it is not determined named
locations on the airfoil surface. Without the named location, it is quite complicated to plot

pressure coefficients for different rotation phases of the blade.
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3.4 Aeroacoustics

To simulate aeroacoustics signals, first the microphones or receivers’ locations must be
determined, as well as the faces of the domain that are producing the sounds. Sound is
produced mainly from the rotating propellers but also from other walls in the drone. All
the walls from the drone are selected for sources. The Ffowcs Williams & Hawkings
(FW&H) model is chosen, and acoustic signals are calculated simultaneously after every

timestep. Density is set to 1.225 kg/m3 and far-field sound velocity to 340 m/s.

In the standard (EN ISO 3744:2010, 2010), it is defined how sound pressure should be
measured from different noise sources. In addition to that, EU regulation (EU2019/945,
2020) has some refined additions when measuring noise from drones. This regulation is
meant for measuring sound pressure levels that drones can legally produce. In this work,
this regulation is not directly applied because more interesting is the sound produced at
higher rotational speed and with higher lift. When measuring the maximum sound pro-
duced by different drone types, it is said that the drone must be in a stationary hovering
state with the MTOM, and the object should be placed 1.5 m from the ground. However,
in this work, drone noise is examined with propellers rotating at 80% of the maximum
rotational speed, and therefore the thrust generated is more than the weight of the drone.
Also, the drone's location is set at 192 mm from the ground, measured from the center

of the propellers.

Defining the receiver locations is based on (EN ISO 3744:2010, 2010) standard, where
locations for 12 receivers are specified. The characteristic length of the drone is calcu-
lated by setting an imaginary box around the drone in a way that covers the whole drone
and one side is on the ground. The drone's characteristic length is from the center of the
face on the ground to the box's farthest corner. In this case, the characteristic length is
approximately 0.4 m. Therefore, the radius is twice the characteristic length, rounded up
to the next highest value in the series: 4 m, 6 m, 8 m, 10 m, 12 m, 14 m, and 16 m.
Therefore, the measurement radius r is 4 m. Calculating receiver locations for receivers
1-8, the z coordinate is changed from the standard value of 1.5 m to 0.192 m because

the drone's z location is different from the standard.



54

Receiver x (mm) y (mm) z (mm)
1 3351 0 192
2 2369 2369 192
3 0 3351 192
4 -2369 2369 192
5 -3351 0 192
6 -2369 -2369 192
7 0 -3351 192
8 2369 -2369 192
9 2350 976 2840
10 -976 2350 2840
11 -2350 -976 2840
12 976 -2350 2840

Table 4. Receiver locations coordinates in mm.

In Table 4, coordinates are calculated from values and equations given in the (EN ISO
3744:2010, 2010) section F with an r value 4 m. Receiver locations around the drone are

visualized in Figure 31.
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Figure 31. Receiver locations around the drone.

The drone, in a stationary state with its propellers spinning at 1,000 rad/s, was initially
simulated for 1,200 timesteps to achieve a fully developed flow field. Aeroacoustics cal-
culation was turned on, and simulations are continued in two patches where, first, 960
timesteps are simulated, and after that, 1,800 timesteps. So overall, 2,760 timesteps are
simulated with acoustics turned on with a timestep size of 0.0000349 s. Simulation time
with aeroacoustics turned on is therefore 0.096324 s, which corresponds to a calculated
frequency resolution of 10.38 Hz. Simulating in two parts provides the chance to ensure

aeroacoustics data is calculated correctly. When ensuring that simulated acoustic data



55

is correct and that all settings are set correctly, simulation time needs to be high enough
to capture source data and that the plots are reasonable. With the first part, where 960
timesteps are simulated, the frequency resolution is around 30 Hz, and the data is al-

ready quite accurate.

Number OSPL Number OSPL
Receiver 1 82.83 dB Receiver 7 81.51dB
Receiver 2 72.34 dB Receiver 8 72.03 dB
Receiver 3 81.95 dB Receiver 9 76.70 dB
Receiver 4 72.04 dB Receiver 10 83.01dB
Receiver 5 82.72 dB Receiver 11 76.49 dB
Receiver 6 73.13 dB Receiver 12 82.06 dB

Table 5. Overall sound pressure levels at stationary drone.

Ansys shows a frequency resolution of 10.62 Hz where the number of samples is 2,699.
This value is a little bit lower than the simulated timesteps. Frequency resolution means
at what rate sampling of acoustic signals is done. Table 5 shows overall sound pressure
levels at each receiver. Comparing these results to the location of the receivers shown
in Figure 31, it is seen that receivers 1, 3, 5, and 7 between propellers receive much
higher sound pressure levels than receivers 2, 4, 6, and 8 that are in line with the x-
shaped frame. Airflow from the propellers is directed more at these odd-numbered re-

ceivers. This flow direction can also be seen in Figure 17.

Sound pressure levels experienced by receivers that are plotted to figures are chosen
based on the fact that there must be something interesting at that location. For receiver
3, airflow for the forward movement case is directed around that, and some differences
can be seen between forward and stationary cases. For receiver 4, it is diagonally in line
with the fuselage, and as it is seen from Table 5, it experiences much lower OSPLs than
receiver 3, and some differences are also seen with the SPLs. Receiver at location 10 is
chosen because it is above receiver 3 but also because it is above the drone and on the
aft side. These three receiver locations are plotted for stationary and forward cases so

these can be compared.

Figure 32 shows one of the first four odd-numbered receivers where most of the airflow
is directed as explained before. Figure 33 shows, one of the first four even-numbered
receivers. And in Figure 34 is seen one of the four receivers that are located above the
drone. These three figures provide a sufficient understanding of the behavior of the SPL
at various frequencies and receiver locations, making it unnecessary to display all of

them.
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Spectral Analysis of Pressure at receiver-3 (Time=1.3820e-015)
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Figure 32. Sound pressure levels experienced by receiver 3 in hover.

Spectral Analysis of Pressure at receiver-4 (Time=1.38206-015)
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Figure 33. Sound pressure levels experienced by receiver 4 in hover.
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Figure 34. Sound pressure levels experienced by receiver 10 in hover.

BPF

Blade Passing Frequency (BPF) is calculated with equation (27).

RPM xn
60

(27)

The propeller rotational speed is represented by RPM, and the number of blades is rep-

resented by n. In this simulation, the calculated BPF with equation (27) is 318.31 Hz.

From the sound pressure figures, it can be seen that the sound pressure spikes every
318 Hz, which is close to the calculated BPF. The first spike is the first BPF, the second

is the second BPF, and so on.

In the scenario where forward motion is included to the simulation, the aeroacoustics

simulation does not differ from the stationary case.

Number OSPL Number OSPL
Receiver 1 83.08 dB Receiver 7 84.56 dB
Receiver 2 78.38 dB Receiver 8 77.42 dB
Receiver 3 80.64 dB Receiver 9 84.49 dB
Receiver 4 76.46 dB Receiver 10 87.16 dB
Receiver 5 83.37 dB Receiver 11 87.04 dB
Receiver 6 76.36 dB Receiver 12 88.60 dB

Table 6. Overall sound pressure levels at forward moving drone.
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Overall sound pressure levels for forward motion are seen in Table 6. Based on these
results, it can be said that overall pressure levels are higher with forward motion. The
biggest difference is seen at the receivers located in the line of the X-shaped fuselage
and the receivers located above the drone. The least difference is seen at the receivers
located on the x and y axes, where receiver 3 has a lower sound pressure level in forward
movement. Comparing this receiver's 3 lower sound levels to the flow pathlines shown
in Figure 27, it is reasonable because airflow is directed by propellers around that re-

ceiver.

For forward movement, the same receivers that are plotted in the stationary case are

chosen. This allows for a comparison of results between the two cases.
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Figure 35. Sound pressure levels experienced by receiver 3 in forward movement.
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Spectral Analysis of Pressure at receiver-4 (Time=1.3820e-015)
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Figure 36. Sound pressure levels experienced by receiver 4 in forward movement.
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Figure 37. Sound pressure levels experienced by receiver 10 in forward movement.

The blade passing frequency for forward motion is the same 318.31 Hz as in the station-
ary case. Sound pressure level spikes are seen around every 318 Hz. Precise spike

locations are hard to see from figures represented here but are confirmed in Ansys Flu-
ent.
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3.52D wing simulation

CFD simulation of drone airfoil is included in these CFD simulations. During QLBM sim-
ulations, it was realized that 3D simulation results and quantum simulation data cannot

be compared to each other due to the limitations of the simulations at the moment.

The airfoil shape for CFD simulations is chosen to be meshed from the airfoil at 95%
spanwise location, from center to tip. Flow domain is a semicircle in front and a square
at the back of the airfoil. Flow domain size for the radius of the semicircle and length of
the square is chosen to be 10C, where C is the characteristic length of airfoil. Mesh is
constructed from 81,000 elements. Around the airfoil, sphere of influence is used to get
the element size smaller than at outer region of flow domain. Inflation and edge sizing
are also used to get the mesh size small enough near airfoil. Mesh size is not that crucial

with low velocity, and courant number is way below one with this mesh.

Used parameters and settings for simulation are pressure-based solver and turbulence
model k-omega SST. Inlet velocity is set to match the velocity used in the QLBM simu-
lation with the highest value and is 0.0456 m/s, which corresponds to a Reynolds number
of 35.6 and a density of 1.225 kg/m3. Pressure-velocity coupling scheme is set to SIM-
PLEC. Spatial discretization is set to second order (upwind) and least square cell-based
for gradient. URF values are left for Fluent initial values. A steady state is used at the
beginning to get initial values for flow field. After initial values, transient time is turned on

and 10,000 timesteps are simulated.

Timesteps used for simulation is 10,000 this matches the timesteps used in QLBM sim-

ulations also the timestep size is set to match quantum simulation time 3.62 s.
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Figure 38. Static pressure around airfoil for RANS.

Static pressure variation around the airfoil is seen in Figure 38. From the Figure it is seen
that variation is relatively low, and that is because such low velocity is simulated, and a
larger pressure difference does not form. From the figure, a high-pressure point at the
leading edge and a low-pressure point at the trailing edge are seen. Also, lower pressure
at the upper side relative to the underside of the airfoil is seen. This pressure distribution
is unusual for airfoils because such low Reynolds number flows are not simulated typi-
cally. With higher velocity high pressure point that is seen only at the trailing edge would
be seen farther away at the underside of airfoil.
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Figure 39. Velocity to y-direction for RANS.

Velocity in the y-direction is seen in Figure 39. Higher velocity is located at the leading

edge, slightly above the airfoil.

Figure 40. Velocity to x-direction for RANS.

Figure 40 illustrates the x-direction velocity. Majority of the velocity magnitude is the re-
sult of x-direction velocity, and not a lot of difference is seen between velocity in the x-

direction and with velocity magnitudes.
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Figure 41. Velocity magnitude around airfoil for RANS.

Velocity magnitude is seen in Figure 41. It is seen that airflow separates from the airfoil
immediately, which is expected with very low Reynolds number airflow. Moreover, the
flow's trail is very wide. With flow that would produce some relevant lift from propeller on
drone flow separation should be seen only near the trailing edge and mostly on upper

side of airfoil. For such a flow the trail of the flow should be much narrower.

With steady state, convergence is achieved with 1,974 iterations with residual values set
to 1E-6. Simulation time for this with 128 cores is 1 min 18 sec. Transient time is turned
on, and simulation achieves convergence instantly. This is because there is no rotation
or any other changes in mesh. Also, velocity is so low that no turbulence forms the flow
is considered as laminar flow. The simulation time for 10,000 timestep is 16 min 57 sec.
Residuals are very low from first iteration, velocities in the scale of 1E-11 and continuity
1E-7.

It is noted that these CFD simulation results of the airfoil do not satisfy the needs of the
drone to achieve flight condition. Although these simulation results are needed to com-
pare traditional CFD and QLBM at the moment.
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4 QLBM SIMULATION

In this section of the thesis, quantum simulations are conducted. Simulations are done
with the Quancients QLBM simulation software. Quancient is developing software that
uses QLBM to simulate CFD problems. These simulations utilize an early version of the
software, which is currently under development. Due to the early state of development,
it is limited in some sections. Simulations are performed by the company due to the state

of the software. Results from the simulations are plotted with simple code using Matlab.

Using QLBM to simulate CFD problems is a new method. In these simulations, a similar
3D case that was simulated with traditional CFD is not possible. At the moment, the state
of development allows 2D simulations. And currently, only low Reynolds number flows
can be simulated. It was estimated that simulating airflow over an airfoil at a velocity of
114 m/s, would use around 26 qubits. To simulate the case using 26 qubits is possible
with HPC computers but is computationally demanding. Additionally, there are other
problems involving higher velocity simulations, such as boundary condition problems that

could not be fixed yet.

To simulate 2D case, an airfoil from the DJI Phantom 3 propeller is chosen for the simu-
lation. The airfoil chosen for the simulation is located near the tip. It is the location where
vortices form in 3D simulations and is therefore intruding to simulate. More precise loca-

tion is 95% from center to tip.

Generating a lattice structure for the problem starts by generating an airfoil shape. At the
moment the lattice structure is generated from a picture of an airfoil. The picture of the

airfoil is obtained from a 3D CAD model of the quadcopter.

QLBM simulation data is compared to LBM simulation data with the same parameters.
This ensures that the results are similar and that there are no errors in QLBM simulations.
Although there are some differences in these simulations, lattice size is different for these
two simulations. The need to use a low Reynolds number in simulations comes from the

lattice dimension's length. With higher velocities, problems occur at the boundaries.

Simulation output data is density and velocity in the x and y directions. To plot these
variables, the simulation is also set to output the location of the airfoil in the domain,

physical simulation time, timesteps, and lattice coordinates in the x and y directions.

For both LBM and QLMB pressure, velocity magnitude and velocity in the y- and x-direc-
tions are plotted. Pressure is calculated from density by the equation P = C? x p, where

p is density from simulations relative to reference density and €2 = 1/3 is the lattice
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speed (Krlger et al., 2016, pp. 112 & 272). Different lattice speeds are shown in Table
1. Velocity magnitude is calculated from y and x components.

Lattice grid with airfoil
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Figure 42. | attice structure near airfoil.

Flow domain is generated with different nodes as it was shown in Figure 3. Lattice struc-
ture generated around the airfoil is seen in Figure 42, where the airfoil shape is filled. In
this flow domain only solid nodes (airfoil) and fluid nodes are presented. The figure
shows the resolution of the airfoil used in the simulation, and it can be seen that the airfoil

and lattice structure are very coarse.

For LBM simulations the number of lattice nodes is set to 512 to x-direction and to 1,024
to y-direction. This results in a total of 524,288 nodes, of which 229 are solid airfoil nodes.
Reynolds number is 35.6 with velocity 0.0456 m/s and timesteps simulated is 10,000

with overall simulated physical time 3.62 s. Data is saved every 1,000 timestep.
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Figure 43. Velocity to x- and y-direction for LBM.

From Figure 43, velocity components in both directions are seen. On the right-side ve-
locity values in m/s are shown that corresponds to color scale on figures. The contours
indicate that most of the flow occurs in the x direction, while significantly less flow occurs

in the y direction. Airfoil shape is also shown to better visualize flow.
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Figure 44. Pressure and velocity magnitude from LBM.

Figure 44 displays the pressure and velocity magnitudes surrounding the airfoil. Pres-
sure in Pa is seen on the left side figure and velocity on right side figure in m/s.

Data is saved every 1,000 timesteps. In total, data is saved 10 times. Checking when
the solution is fully developed is not very accurate, but some estimates can be made.
Comparing values of every timestep to previous timestep values and analyzing maximum
values of those presents at what timestep the solution is fully developed. Also, analyzing
animated flow and pressure fields supports this. After 5,000 timesteps, the solution is

fully developed.

Simulation time for LBM simulation is approximately 4 min with 8 core computer. The
simulation is run on Python, where JAX 0.7.0 library is used to accelerate the calcula-

tions.

QLBM Reynolds’ number is also 35.6 with a velocity of 0.0456 m/s. Simulation consists
of 10,000 timesteps with an overall physical simulation time of 3.62 s. For QLBM simu-

lations, the number of lattice nodes is set to 256 in the x-direction and to 512 in the y-
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direction. This results in a total of 131,072 nodes. Out of the total nodes, 229 are desig-
nated as solid airfoil nodes. Domain size is smaller than it was for LBM, but airfoil size is
the same in terms of nodes. Data is saved every 100 timesteps. This gives a better
possibility to make an animation of the developing flow than with the LBM. Also, checking
when the flow field is fully developed is more precise. Results for QLBM are combined

with the RANS simulation figures to better visualize the differences and similarities.

Veloc ityx

Figure 45. Velocity to x-direction for QLBM and RANS.

From the Figure 45 ,the velocity components to x-direction are seen. For both figures
velocity is shown in m/s. Color scale for QLBM is slightly darker for maximum value
shown in red and for minimum shown in blue. From these figures it can be seen that

velocity contours are pretty similar and not a lot differences can be seen.
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Figure 46. Velocity to y-direction for QLBM and RANS.

Figure 46 shows the velocity to y-direction. Maximum and minimum value colors are
slightly different. Velocity scale is seen for QLBM on the right side, where values are
displayed as exponent. Scale for RANS is seen on the left side and numbers represented

as float numbers for both velocity is in m/s. Velocities does not show significant differ-
ence.
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Figure 47. Velocity magnitude for QLBM and RANS.

Velocity magnitude for QLBM is seen on the top of Figure 47 and on the bottom for
RANS. Where velocity values are presented in m/s. As it was for velocity components,
that not a significant difference in contours was seen. Similar excepted results is seen in

the velocity magnitudes.
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Figure 48. Pressure for QLBM and RANS.

Pressure contours are shown in Figure 48 where static pressures are shown in Pa. There
is a slight difference in the pressure scale between these figures. Results are not ex-
pected to be the same, as RANS is an average method and RANS is a more precise
method. The range of results are in the same scale. Another difference that can be seen
is the high- and low-pressure points that are seen in greater area. Contour for QLBM is
plotted with Matlab where with RANS it is plotted in Ansys. This might add some differ-

ence to the variation that is seen near leading and trailing edge.

With QLBM, at what timestep the flow field is fully developed was analyzed similarly to
the LBM, with the difference being that data is saved more often. Comparing values of
two consecutive timesteps, it can be seen that after 4,500 timesteps, changes in velocity
and pressure are small enough to consider the flow field to be fully developed. This con-

clusion can also be confirmed from animated pressure and velocity contours that are
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plotted. After 4,000 timesteps, no significant change is visible. Although this is an inac-
curate method to say exactly when the flow field is fully developed, it gives a rough esti-

mate and supports the previously calculated values.

Simulation time for QLBM simulation was 28 hours with 16 core. Calculation is run
through Qiskit emulator. From the simulation time of QLBM and LBM it can be said that
running simulation in quantum emulator significantly increases the simulation time. This
is excepted result as the code is developed to run on quantum computer. Quantum em-
ulator is a tool that allows these kind of quantum simulations to be run without the need

to use real quantum computer.

In these simulations some errors and mistakes occurred. Some major errors occurred
with the boundary conditions, which caused the flow to behave unexpectedly. These
errors were fixed after first simulation. One of the minor errors was that the orientation of
the flow field was flipped 90 degrees and was fixed during simulations. An error that was
noted after simulations was that the y velocity field showed high velocity at locations
where there should be low velocity and vice versa. Also, the absolute values were
flipped. This noted to be sign error in formulas and was fixed by multiplying y velocity

values by negative one. These errors did not affect the results shown in this work.
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5 RESULTS

In this part the results are evaluated. Different cases and simulation methods are com-

pared.

5.1 CFD Aerodynamics

CFD simulations were performed in the Mahti environment with 128 cores enabled.
CPUs used in Mahti are AMD Rome 7H12 containing 64 cores. Each node has two of
these CPUs.

With transient stationary case simulation convergence was obtained with 1,080
timesteps and 26 h 42 min and with the forward case, 1,260 timesteps and 31 h 9 min.
CPU hours are calculated by multiplying the number of CPU cores by the simulation
time. For stationary, this CPU hour is 3,420, and with forward, 4,000 rounded to tens of
hours. Overall simulated CPU hours for each case are 12,890 and 13,400, rounded to
tens. At first, the convergence solution must be simulated before acoustic sampling can

begin, about 70% of this simulation time is used for aeroacoustics.

Validating aerodynamic CFD results is done by comparing CFD results to other studies
but also analyzing the flow field and its characteristics. Also, the stationary case is com-

pared to the forward case.

Stationary simulation is close to real-life case. The difference from reality is that when
propellers are rotating at 80% of maximum rotational speed, the drone would start mov-
ing upwards. In these simulations, the drone is at a fixed point. Forward motion simula-
tion is similar to stationary simulation in that the drone would start moving upwards with
the set rotational velocity. With forward velocity, the ground would be fixed and the drone
would be moving relative to it. In these simulations, the ground and the drone do not
have relative movement. Also, to achieve forward velocity, the drone should be tilted
forward as was said in the theory part about the drone movement. The drone is stationary
relative to the ground, and therefore the forward simulation is closer to wind tunnel ex-

perimental than it is to movement on the ground.

Comparing the forward case from Figure 22 and stationary case Figure 12 Q criterion

iso-surfaces, it is seen that the tip vortex in the stationary case are more uniform than
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those in forward motion. The tip vortices are spread out more in the forward case when
examining those with same minimum and maximum values. The tip vortices are moved
by the oncoming flow similar effect is seen near the fuselage. To better visualize how the
forward motion affects the vortices, the 2D views of the vortices are compared. In Figure
14, Figure 15, Figure 24 and Figure 25 that presents the cross-sections it is seen that in
the stationary case, vortices are moving down. With forward motion, vortices at front
propellers seem to stay at propeller level and interact more with the rotating propeller,

and in the back, vortices are pushed down almost like in the stationary case.

Velocity contour lines in both cases are kept as minimal as possible, but the way it still
shows well the flow direction before and after the propellers. To generate these types of
velocity pathlines, the rake tool is used, where the number and locations of starting points
of velocity pathlines are specified. Figure 16 and Figure 17 show pathlines in a stationary
solution where lines are released from the upside of the drone. This visualization gives
an overview of how the flow field behaves near propellers but also what the effect of the
ground is to the flow. Figure 26 and Figure 27 show velocity pathlines in forward motion.
Releasing velocity lines from the same location as in the stationary case would not show
behavior near or under propellers, so pathlines are released from the front of the drone.
This represents better the flow field around the drone. Similar pathlines are shown in the
study by (Dbouk and Drikakis, 2022) , where the forward and stationary cases are also
simulated, and velocity pathlines show similar flow phenomena. However, in that study,

ground effect is not simulated.

Static pressure figures show pressure variation in different areas of the drone. 2D cross
section is added in the same figures to better visualize pressure differences. From Figure
18 and Figure 19 , pressure distribution in the stationary case shows how higher-pres-
sure forms under the drone. Tip vortices are also seen in the same figures. Those are
considered low-pressure dots around the higher-pressure area. With the forward case,
higher pressure is seen in Figure 29 under the drone, and although it is not as clear as
in the stationary case, tip vortices are also seen as lower-pressure dots. Figure 28 shows

a lower pressure area between propellers.

As shown before, pressure coefficients are calculated by equation (26), which contains
the reference velocity that is changed depending on the location where Cp is calculated.
For both cases, the value that is used as a reference velocity is the propeller velocity,
not the flow velocity near the propeller. Pressure coefficients in Figure 20 show big vari-
ation at the leading edge, and at the bottom side of the blade a bigger spike is seen.
Near the trailing edge, values change from positive to negative and vice versa around

0.95 X/c. With forward motion in Figure 30, some difference is seen compared to the
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stationary case. The pressure coefficient at the underside of the leading edge does not
have the same type of spike as the stationary case, and at the 70% spanwise location,

a spike is seen on the upper side of the blade.

A quadcopter at stationary hovering with a propeller rotational speed of 1,000 rad/s pro-
duces an overall thrust of 42 N. This thrust value is the average value of the thrust pro-
duced with one rotation. The fluctuating range of the thrust with one revolution is around
38 N to 47 N. In forward motion, the average thrust value is 44 N and the fluctuating
range is 38 N to 54 N. The increase in produced average thrust is 4.8%. Similar results
are seen in the study by (Paz et al., 2020), where different forward velocities are studied
when moving over an obstacle. Increase in thrust is seen with higher forward velocities.
In that study, the stationary case is not studied, but with forward velocities of 1 m/s and
10 m/s, a 25% thrust increase is seen when moving close to ground. Even though these
two studies are slightly different, it can be said that a 4.8% increase is much lower than
25%. The difference might be explained by the fact that in this study forward movement
is simulated with only incoming airflow and the ground is stationary relative to the drone,
whereas in their study the drone is moving compared to the ground. This was one of the
compromises or mistakes that were made during simulations. During the simulation it
was noted that there are other methods to simulate forward motion, one of these meth-
ods is to generate second mesh. Second mesh would have contained the ground and
these two meshes would have relative movement. But it was noticed that generating this

type of mesh and get it to work with the original mesh was too complicated.

In CFD simulations, multiple methods exist to determine the size of the timestep, as
previously mentioned. In this work, time-step size was chosen by testing different values,
and during simulations, residuals and aerodynamic characters were observed. Also, af-
ter simulation, the Courant number was observed at different locations. The mistake that
was made with the time-step size is that it was chosen too early when not enough re-
search was done about it and was not changed to be smaller afterwards. There are some
studies where rotating propellers are studied and where timestep size corresponds to
revolutions of 1 deg (Kelecy, 2021) and 2.2 deg (Chen et al., 2023). These values cannot
be directly compared to each other or to this study because there is no mention of cell
sizes. It seems that in multiple studies, around one degree of rotation per timestep is
used. Courant number in these simulations is over one at some locations of the mesh

which indicates of too large timestep.
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5.2CFD Aeroacoustics

Aeroacoustics from CFD simulations is analyzed and validated by comparing the results

to similar studies. Also, a comparison between the stationary and forward cases is made.

Peaks at BPF are recognized as periodic noise introduced in chapter 2.2.1. In the simu-
lations, all propellers rotate at the same speed. This generates one periodic noise peak
per BPF. In reality, propellers rotate at slightly different speeds, and therefore, in theory,
there might be up to four peaks per BPF, depending on the rotating speed differences.
Although even in reality rotational speed differences between propellers in stationary
hovering cases are quite small. A larger difference in real-world cases would be seen
with a forward-moving drone where the front propellers are rotating at a lower speed than
the propellers in the back. In these simulations, propeller rotational speed difference is
not considered, and there might be some inaccuracy in the results of sound pressure

levels.

The broadband part is introduced in chapter 2.2.2 and is found between the periodic
peaks. In the simulation there is no background noise or noise from motors. In the sim-
ulations, the accuracy of frequency resolution affects the broad band noise. The differ-
ence in frequency between two BPFs is 320 Hz, and with a frequency resolution of 10
Hz, there are around 30 points where SPL to frequency is measured. By simulating more
timesteps, resolution would get smaller and frequency to SPL more accurate, but the
accuracy is already at a good level. Other studies support the use of this accuracy where
the same frequency resolution is used (Kelecy, 2021). Although there are studies where

lower frequency resolution is used, it depends on the purpose of the study.

Background noise and motor noise effects compared to numerical simulation are studied
by (Vieira et al., 2015), where a single propeller is used. This study gives good indication
what role motors and other background noise have compared to simulated results. Ex-
perimental measurement is also done in their study comparing motor noise to motor and
propeller noise, and it is noted in their study that the motor has great influence at higher

frequencies to SPL.

Comparing forward flight and stationary SPL figures, it is seen that with forward flight,
slightly higher SPLs are reached overall at all frequencies. The most significant differ-
ence can be seen at lower frequencies. As an exception, the receiver 3 location where
SPL are lower. The same phenomenon is seen in OSPL and can be explained by the
direction of the flow field. Similar results are seen in the study by (Dbouk and Drikakis,
2022), where forward movement is also shown to produce higher SPL, especially at

lower frequencies.



7

5.3Classical CFD and QLBM comparison

Classical CFD 3D simulation cannot be directly compared to QLBM 2D simulation be-
cause simulating the whole drone ground effect plays a major role. Also, in those simu-
lations much, higher velocity is simulated at the desired airfoil location. One of suitable
method to compare 3D simulation and 2D simulation would be comparing the pressure
coefficient around the airfoil, which was shown in drone flow simulations. However, there
are multiple differences in these two simulations, and therefore a comparison would be
inaccurate. Additionally, at low velocities, the pressure difference on the airfoil surface is
relatively small compared to the surrounding pressure, which may also lead to some

inaccuracies.

With the LBM and QLBM simulations, it is shown that quantum simulations provide very
similar results compared to the classical LBM. Simulating with the LBM is crucial to get
understanding that using the quantum states models the streaming and collision
properly. Comparing simulation output data that is shown in Figure 43, Figure 44 for LBM
and for QLBM Figure 45, Figure 46, Figure 47 and Figure 48 it is seen that the results
are very similar, and the only difference that can be seen is with pressure, where abso-
lute values of min and max are higher with QLBM. This difference might be the result of
another difference in these simulations, which is the flow domain size, which is double in

classical LBM, as it was shown before.

The airfoil used for both traditional CFD and QLBM is the same, but after mesh genera-
tion there are some differences, where with quantum simulation the airfoil shape is much
coarser. Flow domains also have some differences, where with traditional CFD, a com-
monly used flow domain shape is used. With QLBM, a rectangle-shaped flow domain is
used, and where it is vertically bigger than in horizontal direction. The main reason the
flow domain was chosen to be oriented this way is that boundary errors occurred when

it was the other way around.

When comparing velocities from traditional CFD simulation to the QLBM results in Figure
45, Figure 46 and Figure 47, it can be seen that there are not many differences when
comparing flow fields overall. Although some differences can be seen near the airfoll,
and this comes mainly from the mesh resolution. High-velocity and low-velocity areas
forms in the same locations for both simulations, and absolute values for minimum and

maximum velocities are very close.

With pressure in Figure 48 both contours look very similar. With both simulation methods
higher pressure occurs at the trailing edge and low pressure at the leading edge. Also,

from both figures, lower pressure on the upper side of the airfoil compared to the lower
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side occurs similarly. For both contours the result scale is in the same range. With QLBM
slightly higher absolute values are seen. With QLBM pressure is not calculated directly.
It is converted from density to pressure. This should not add inaccuracy to results, but
there is a possibility that wrong lattice speed is used. Differences can be explained with
the way values are calculated in RANS and QLBM. RANS is an average model, whereas

QLBM is more precise.

The output data from the QLBM simulation is limited, and there is no direct method to
check the convergence of the solution. Velocity and pressure values were compared
between two timesteps. With this method the time when the flow field is fully developed
can be found. Also, animation of the flow field was analyzed, and from those same results
were seen. This method works well for flows where turbulence and other fluctuations in
the flow field do not appear. At higher velocities, there is a significant amount of fluctua-
tion in the values throughout the entire simulation. With traditional CFD, convergence is
checked differently because it can be checked during simulations and with different var-

iables, similarly to the simulations made for the whole drone.

In traditional CFD simulation is started with steady state simulation to get initial values,
and simulation is stopped at convergence. After steady simulation, transient time simu-
lation is done to obtain the same simulation time as it was in QLBM. This step was found
to be unnecessary because there is not any fluctuation or turbulence in the flow field that
could be captured after the flow field is fully developed. The purpose of conducting tran-
sient time simulations was to achieve results that are more comparable to those pro-
duced by QLBM. The simulation is similar to transient time simulation from beginning to
end. With traditional CFD simulation could also be done only with transient time, but it is

computationally more demanding and therefore not reasonable.

When comparing the simulation times of RANS (18 min) to LBM (4 min), LBM is faster.
Also, the use of 128 cores in RANS simulation was unnecessarily high and did not sig-
nificantly decrease the simulation time. But simulating 10,000 timesteps with LBM is
faster. Simulation time from QLBM (28 hour) is significantly higher than it is for RANS or
LBM. But it is not fair comparison as the QLBM is designed to run on quantum computer.
Emulator is method to prove that it can be run on quantum computer in future, but also
gives the ability to improve the code more efficiently. Running this simulation on quantum

computer would give better estimate of the QLBM case real simulation time.

As can be observed from the figures, compared to QLBM, RANS models struggle in

accurately capturing the flow features. Although these are not seen very clearly in these
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low velocity simulations. With higher velocities it is expected that the difference in accu-

racy is much clearer with QLBM compared to RANS.

From these simulations it seems that QLBM simulations gives as good results as tradi-
tional CFD with low velocities. More simulations with higher velocities should be made

that it could be said certainly that results are as good.
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6 CONCLUSION

In this chapter, conclusion of the work is made. Improvements for future works are intro-

duced.

Classical aerodynamic simulations gave good results that were verified with different
methods. One of those was comparing the two simulations to each other. This does not
give a very accurate result about the reliability of each simulation. Verifying each simu-
lation separately is more accurate and was done by checking the convergence. This
cannot be directly seen from residuals. Aerodynamic properties through the simulation
are checked and from those analyze at what state the simulation is converged. Also,
analyzing the flow field properties at different locations with pathlines, vectors, and con-
tours was used. The final verifying method was to compare results to other studies. From
these it can be said that results are quite accurate. Although forward movement simula-
tion is not as accurate as stationary if it is compared to a quadcopter moving forward in
real life. Some of the mistakes that were done in this part of the simulations were that
too large timestep size was used, although those solutions seemed to be reasonable.
The indication of too large timestep was the courant number at some location of the flow
field. Courant number should be observed better through the simulation and changes

made based on that.

Aerodynamic results from drone CFD simulations were recognized to be too complex to
be compared with QLBM. Therefore, after the quantum simulations were conducted tra-
ditional CFD simulations needed to be done for airfoil. This ensured that the results would
be comparable. This was not the initial plan but worked very well considering how late

the QLBM results were obtained.

From aeroacoustics it can be said that CFD simulation provides good results of noise
produced, but it cannot be directly compared to real-life drone noise. With these simula-
tions, only noise produced by the propeller is included. To get a better understanding of
how significant the effects of background noise and motor noise are to the total noise
produced, some further studies should be done. One of these would be to compare sim-
ulation results to experimental results. From other studies it was found that motor and
background have a significant effect on higher BPFs. Simulations done in this study are

still very useful and can be used, for example, for comparing different propeller types.

Aeroacoustics simulations could not be done with the QLBM. These kinds of simulations
might be possible to do in future works, as the plan for the model is that it could also

simulate acoustics.



81

The present work lies predominantly on a try-out of a QLBM proof of concept, to demon-
strate its capabilities to accurately model aerodynamic flows for basic 2D configurations.
Thus, the test case flow characteristics speed and Reynolds number presented are of a
significant reduced scale when compared to common aerodynamic flows encountered in
reality. Test case shows that density, pressure and velocity can be modeled accurately

but is not yet capable for modeling other characteristics.

As QLBM is developed constantly and it was made to work for this specific case, some
errors were seen that were fixed during the simulations. These small and relatively sim-
ple simulations, compared to traditional CFD, show that a lot of development still needs
to be done to accurately simulate similar cases that are possible with traditional CFD. In
further studies, errors noted in this work need to be fixed, and the model needs to be
scaled to higher velocities so that it could be used in simulations that are closer to the
rotational speed of the propeller used in 3D simulations. QLBM simulations showed
promising results. This work shows that it can be used to simulate airflows and is not just

a theory.

Overall, this thesis was successful. It gave a solid understanding of the QLBM simula-
tions. Future research should include better and more extensive simulations with the
QLBM so it could be compared to 3D CFD simulations. Classical drone simulations were
excellent practice for getting familiar with Ansys Fluent and with CFD simulations. It gave
good knowledge of how Fluent is used and what needs to be taken into consideration
when CFD simulations are done. Also, the use of HPC in simulation was good practice,
because it is used in simulations more often. This thesis lays the foundations for future

research and work done in the field.
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