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Abstract

The interactional phenomena occurring when a helicopter hovers in proximity to
the ground and to bluff bodies are addressed in this thesis. The work is motivated
by the limited bibliography on this topic. Several surveys have been conducted
both experimental and computational, however a systematic work that catego-
rizes and classifies the interaction between the rotor and the ground/bluff bodies
is missing. The present work takes into consideration several experimental cam-
paigns, analyzes the results and then by using tools of different fidelity reproduces
measured conditions. Through this process solid conclusions are extracted, sub-
stantiated both by experimental and computational evidence.

When a helicopter takes off or lands, its wake interferes with the ground and
obstacles. This interaction, depending on the height-to-rotor diameter ratio, causes
the altering of the rotor loading and performance as compared to the unconstrained
case and gives rise to the development of a complex outwash flow in the surround-
ings of the helicopter. When a helicopter hovers outside the ground effect, the
jet flow of the main rotor and the strong tip vortices of the wake travel without
constrain below the rotor. As the rotor approaches the ground or an obstacle the
jet flow and the vortices interact with the surrounding environment. This leads
to the development of boundary layers on the surfaces of solid boundaries which
eventually change the flow field. In these cases different shear layers interact with
each other causing the formation of strong vortex structures that remain close to
the helicopter.

The above phenomena are investigated by three different experimental cam-
paigns conducted by Politecnico di Milano, the University of Glasgow, and ON-
ERA. The test rigs resemble to each other but differ in certain parameters (rotor
and obstacle dimensions, rotational speed, etc.). The helicopters that are used,
are Mach scaled models leading to relatively low tip Re numbers (below 300000).

To complete the classification of the interactional phenomena, measurements
are compared against numerical predictions. Two different tools have been used.
The first is a medium fidelity potential solver in which solid boundaries are treated
as inviscid surfaces and the wake is modeled by free vortex particles. The velocity
field is obtained by solving with a particles mesh technique two Poisson equations.
This solver is used for simulating the majority of the cases because of its com-
putational efficiency. Comparison between the predictions of the potential solver
against the experiments revealed the limitations of the solver due to its inherent
inviscid character. However, these limitations confirmed the first conclusion from
the experimental data, which dictates that viscous effects are dominating the flow,
especially when the rotor is in close proximity to the ground and the obstacle.



In the direction of overcoming the above limitations and further elaborating
the analysis of the interactional phenomena, a high fidelity hybrid solver is ex-
ploited. The hybrid solver couples a Lagrangian flow solver that covers the entire
flow field with overlaid Eulerian solutions defined on confined regions around the
contained solid boundaries. In this manner all boundary conditions are met (both
on the solid and the far field boundaries). Simulations of the hybrid solver are
performed in selective cases (those that the potential solver could not reproduce)
as the computational cost of the model is significantly higher than that of the
potential solver. Comparison of the hybrid model predictions to the experimental
data, confirmed the original hypothesis and helped to dive into deeper analysis of
the physical mechanisms that dominate the flow around a hovering helicopter in
proximity to solid boundaries.
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Chapter 1

Scope and Content

Chapter[d] provides an overview of the current state of art in helicopter-solid bound-
aries interactions and by that identifies the aspects of the problem that remain open,
substantiates the significance of the thesis, justifies the selection of the aerodynamic
tools for the analysis and outlines the novelties of the thesis.

1.1 State of the art in helicopter-ground- ob-
stacle interaction

The physics of the flow around a helicopter is complicated and in many terms
challenging to predict. The wake jet flow, which is proportional to the thrust
exerted by the rotor, along with the strong vortices emitted at the tips of the
blades, create a complex flow field downstream of its flight path. The navigation of
the helicopter is achieved through the adjustment of several control angles handled
by the pilot. By collectively pitching the blades more thrust is produced, while
cyclic pitching affects the distribution of the thrust over the rotor disk. It creates
an uneven force distribution that changes the moments of the helicopter. The
entire flight envelop depends on the handling of the above angles, in order for the
dynamic system to reach a flight equilibrium or to follow a desired flight path.
The control of the helicopter by the pilots is performed by continuously trimming
those angles. Assuming that the flow conditions are always changing (changes in
wind velocity, turbulence, density of the air), the pilot must trim the helicopter in
order to maintain the desired flight path.

When a helicopter executes hover flight during takeoff and landing, the flow
field that is developed in the wake of its main rotor is affected by the blockage
of the ground. The starting vortex ring of the rotor impinges on the ground and
thereafter a so called “ground vortex” is formed that moves outwards forming
an outwash flow. The formation and the intensity of the ground vortex depend
on several parameters such as the helicopter distance from the ground, the wind



velocity and direction, if any, and the thickness of the boundary layer on the
ground. The presence of the ground near the rotor has been known to alter the
aerodynamics of the rotor In Ground Effect (IGE) as compared to Out of Ground
Effect (OGE) and gives rise to performance benefits (reduced power consumption
for given thrust) however there are also reports of operational and handling issues
[l

Helicopters are largely employed in missions within confined areas, in proximity
to natural or man-made obstacles. Under such flights conditions, interactional
phenomena take place that give rise to the development of an unsteady pressure
field over the obstacle. Especially when referring to flight above residential areas,
the transient behaviour of the helicopter may affect safety and noise emissions
the comfort of the inhabitants. Moreover, helicopter rotor loads are affected with
subsequent implications on handling qualities and pilot’s workload.

These interactional phenomena, as well as the parameters of the problem that
are important for the design of helicopters, have not been studied in detail by
the helicopter community. The importance of such interactions on flight safety
and public annoyance, as well as of the existing knowledge gap on the topic, led
GARTEUR to form a specific action group, AG-22 [2] that started in 2014 and
lasted four years. In this context the loading on the building, the stability and
piloting quality of the helicopter along with the safety margins to be set on the
distance between the helicopter and the building were investigated. The work
presented in this thesis has been performed in the framework of the above joint
action and shares measured data from experimental test campaigns conducted by
the participating institutes within the group. Within the group, computational
tools of varying fidelity and wind tunnel experiments were employed with the
aim to unravel the complex flow field and characterize the loads of a helicopter
rotor flying at low altitude, in close proximity to well shaped obstacles in addition
to ground effect. A number of wind tunnel test campaigns were performed as
part of this action group [3], [], [5], while one of them, was conducted in the
atmospheric flows test section of Polimi’s wind tunnel, addressing the pure ground
effect problem.

Within this action group and afterwards, measured data were used for the de-
tailed/thorough validation of simulation tools of varying complexity and fidelity.
Several studies were conducted using potential solvers such as [0], [7], [8] and [9].
Among them Tan et al. [6] used a vortex particle method [10] coupled with a
viscous boundary model developed with the aim to investigate the interaction be-
tween the rotor and the obstacle/ground. Within this viscous boundary model
[11], [12], [13] the non-slip and non-penetration boundary conditions are satisfied
on the obstacle and the ground. Model predictions of loads compared well against
measurements [4], although the model could not sufficiently resolve the flow field
in the vicinity of the obstacle, due to limitations of the viscous boundary model.
Another computational study took place at DLR. Schmid used an in-house panel
code. It is a free wake panel code solving the potential flow equations and as-



suming the fluid incompressible and inviscid [14], [I5], [I6]. Predictions concerned
the experimental test cases from Polimi wind tunnel campaign[3] and included
simulation results with and without incoming wind (windy and non-windy condi-
tions). Comparison to measurements indicated some deviations in the loads that
were attributed due to the inviscid character of the model, even though the overall
trend of the loads variation was well captured. The work done by Andronikos et
al. [8] and [9] compared predictions of a potential free vortex particle wake model
[T7] coupled with a particle mesh solver [I8] against experimental data of [3], [4],
[5]. As in the work by Schmid, the trends of the load variations were captured
well, while differences were again noted in cases viscous effects became dominant.
The main advantage of the above two developments was their low computational
cost despite the high number or rotor revolutions (at least 40) that were needed
in order to obtain representative average rotor loads.

In addition, two numerical studies were conducted using standard URANS
CFD models. Gibertini et al. [19] used ROSITA [20] an Eulerian grid-based
method coupled with an unsteady Actuator Disk model. The results were in
very good agreement with measurements concerning both the loading on the rotor
hub and the flow field. Similar conclusions were also drawn from the work of
Chirico et al. [2I]. Chirico also combined a similar CFD with the Actuator Disk
model (HMB) [22],[23] and experimented on superimposing the flow field of the
obstacle on the hovering rotor. Even though the computational predictions of
the above numerical methods were in line with measurements in all aspects, the
computational cost was significantly higher than the one of potential method. The
excessive time needed for such computations is a well known problem of URANS
models, since the wall region must be well resolved. Because of that convergence
is delayed.

Independent of the activities of GARTEUR, the rotor wake - ground interfer-
ence problem had been addressed in certain experimental and numerical studies
in the past.

On the experimental side, Curtiss et al. [24] conducted IGE experiments in
an in-door test rig. An isolated rotor was towed in a long towing shed. They
measured the loads of the rotor for different values of the advance ratio within the
range 0-0.1 and for different flight height—to-rotor diameter ratios within the range
0.23-0.45. They distinguished two wake flow regions:

e the re-circulation flow in which the starting vortex rolls up ahead of the
rotor disk and

e the ground vortex flow in which the starting vortex rolls up below the rotor
disk

while, through extensive flow visualization, they identified the conditions that favor
the development of each of them.

In the framework of the HELIFLOW project, Boer et al. [25] performed wind
tunnel IGE tests during side-ward flight. The campaign took place in the large



low speed facility (LLF) of the German-Dutch wind tunnel (DNW). The rotor
outwash and the position of the ground vortex were measured via particle image
velocimetry (PIV). Smaller scale wind tunnel IGE tests were conducted by Ganesh
and Komerath in the John J. Harper Low Speed Wind Tunnel of Georgia Institute
of Technology [26] and by Nathan and Green in a low-speed, closed-return wind
tunnel with a 2.7m wide x 2.10m high x 4m long, octagonal working section [27].
Ganesh and Komerath measured the velocity in the wake using hot-wire anemom-
etry, which was combined with pulsed laser sheet flow visualizations and hub-load
measurements. Their objective was to characterize the unsteadiness of the wake
flow in ground effect. They measured fluctuations in the rotor inflow which were
found 5-10% higher than the ones corresponding to OGE. They attributed the
fluctuations to the ingestion of the re-circulation flow into the rotor near wake
region. Nathan and Green mimicked the relative motion of the helicopter with
respect to the ground when in forward flight, by adding a moving belt on the
ground level instead of the tunnel wind flow. This suggests that the presence of
the ground boundary layer is essential for the correct prediction of the interactional
phenomena between the rotor wake and the ground.

More recently, Sugiura et al. [28] conducted IGE flight tests of the JAXA
research helicopter. Velocity measurements were taken with a LIDAR system as
well as ultra sonic anemometers and were combined with smoke visualizations.
Light et al. [29] used the wide field shadowgraph method to photograph the tip
vortices of a hovering helicopter rotor in ground effect at NASA Ames research
centre. The campaign provided results regarding the correlation of the distance of
the vortices from the rotor to the loading of the helicopter.

Tanner et al. [30] conducted an experimental survey at NASA Langley research
centre regarding the outwash flow of a rotor-craft in ground effect. The measured
data included outwash velocities and directions, rotor loads, fuselage loads, and
ground pressures. The researchers observed a linear relationship between the rotor
height and the percentage of download on the fuselage. Also, the peak mean
outwash velocities occurred at radial stations between 1.7 and 1.8 r/R, regardless
of the rotor height. In addition, measurements showed a dependence between
the outwash profile and the azimuthal location of measurements. Comparisons
to phase-locked PIV data showed similar contours but a more contracted wake
boundary for the PIV data.

Regarding the modelling of the ground effect, one of the first attempts to
characterise the influence of the ground on a helicopter was conducted in 1957 by
Cheeseman and Bennett [31]. Their analysis was based on the method of images.
Their results led to an equation that correlates the increase in thrust of a helicopter
in IGE to its rotor radius and the flight distance from the ground as follow:

TraE 1
= or Z/R>0.25 1.1
T = 1= 7 (1.1)

where, R is the radius of the helicopter’s main rotor and Z is the distance of the
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rotor centre from the ground. Equation refers only to the effect of the ground
on a hovering rotor without wind and only concerns full scale helicopters.

Recently Conyers et al. [32] used this model in order to determine whether or
not it can be applied to small scale propellers and multi-rotors. The results overall
suggest that this model cannot accurately predict the ground effect on the perfor-
mance of quad-rotors while for a model helicopter, predictions were quite good.
Sugiura et al. [33] used these measured data and the HMB solver of Glasgow to
validate their URANS simulations [34], [35]. Both solvers follow the Eulerian flow
description and rely on overlapping CHIMERA grids in order to resolve simulta-
neously the moving blades and the ground. The focus of the comparison was in
forward flight cases at low advance ratios. The results were in line with measure-
ments however CHIMERA grids demand special care over the interface between
the grids in order to secure interpolation accuracy. Thus, increase of computational
cost is expected. Cavallo et al. [36] conducted a similar study on the rotor-ground
interference using URANS simulations combined with an actuator disk model of
the rotor. Similar to [33], the authors focused on forward flight conditions at low
advance ratios and assessed the developed flow field around the helicopter. More
recently Pasquali et al. [37] used a potential BEM solver ([38], [39]) in an investiga-
tion of the aerodynamics around a hovering rotor in ground effect. Two modeling
concepts for the ground were used. The first mimics the ground as a infinite sym-
metry plane [40] (mirroring technique) and the second treats the ground as a body
[41] (bounded domain method). The results in general are in good agreement with
the experimental data. However, both methods, due to their inviscid character,
showed some limitations. Although deviations were small, the need for incorpo-
rating in the simulation the ground induced viscous layer effects were noted in the
comparisons.

Another investigation concerning ground effect on a hovering rotor was con-
ducted by Kutz et al. [42], [43]. Motivated by the brownout and whiteout effect
(debris and snow hinder the visibility of the pilot due to their interaction with the
wake of the helicopter and the ground vortex) the authors investigated numerically
the ground effect using the URANS solver of DLR with CHIMERA grid strategy
for low speed forward flight cases and stationary hovering positions. Predictions
were in very good agreement with experiments and revealed an unsteady devel-
opment of the rotor wake in IGE which imprinted as oscillations in CT and FM
measurements. Yin et al. [44] investigated the effect of the ground on both the
main and the tail rotor of a helicopter using DLR’s potential free wake solver. The
blockage effect of the ground on the formation of the wake during hover flight was
discussed. In a slightly different way, Brown et al. [45] conducted a numerical
research on the effect of the ground on a hovering and slowly moving helicopter.
In this study, the wake of the rotor was modeled as a time-dependent vorticity dis-
tribution in the space surrounding the rotor. Calculations using the above model
were compared against earlier experimental data. The comparison suggested that
the structure of the rotor wake in ground effect undergoes a transition between



several more-or-less well-defined flow regimes as the forward speed of the rotor
was increased. Doligalski et al. [46] tried to categorize interactional phenomena
between vortices and walls in general. The main goal was to capture the response
of a viscous boundary layer to vortex motion. In brief, the conclusion was that a
boundary layer eruption occurs in such circumstances in the form of a thin spi-
ral containing significant amount of vorticity, which usually rolls up into one or
more secondary vortices. The authors’ opinion about resolving this problem with
numerical tools was that possibly a Lagrangian type solver would be adequate.

With respect to the rotor - obstacle interaction problem, several indepen-
dent experimental campaigns have been conducted. Among them, pioneering
is Timm’s [47] experimental work on the obstacle-ground-helicopter interaction
problem. Timm produced visualizations of the flow recirculation induced by the
obstacle and the ground. Qualitative information of the effect of the re-circulation
on rotor performance and solutions to mitigate the above effect are presented in
his paper. More recently, Luciak et al. [48] performed wind tunnel experiments of
a rotor hovering next or above a side wall or over a well. In their paper measured
data of the thrust and torque coefficients are presented for the various configu-
rations that were tested. Iboshi et al. [49] experimentally investigated the effect
of a single or a pair of vertically placed walls on the torque of a helicopter rotor
hovering above the ground. Quinliven and Long [50] investigated the effect of a
rotorcraft operating in the wake of a large upstream object in the Fluid Mechanics
Laboratory (FLM) at NASA Ames Research Center. Experimental data showed
that an upwind building tended to decrease induced velocities at the leading edge
of the rotor disk which was due to the re-circulation formed between the rotor and
the building.

Polsky and Wilkinson [51] performed field tests of a helicopter rotor flying next
to a vertical wall of a hangar. They recorded the flow using sonic anemometers
and they analyzed the downwash and outwash flow of the helicopter rotor versus
height and distance from the rotor centre. Nacakli et al. [52] conducted wind
tunnel tests of a helicopter interacting with the ship deck. They also investigated
the interaction of the rotor wake with the ship wake through combined Particle
Image Velocimetry (PIV) measurements and rotor thrust recordings. Taymourtash
et al. [53] performed a series of wind tunnel tests in order to study the flow
features on the flight deck of a ship without the presence of the helicopter. He
conducted pressure measurements and captured the flow field using PIV. Next,
they assessed the alteration on the flow field due to the atmospheric boundary
layer. The database was then used to investigate the impact of such a flow field
to the handling qualities of the helicopter. The spatially varying inflow fields
were also measured on several experiments. Klotz [54] and Manolesos et al. [55]
conducted experimental campaigns analyzing the flow field patterns and capture
the pressure distribution of a flow around cubic obstacles.

On the simulation side, investigations of the problem are very limited. Some
preliminary numerical studies have been presented in conjunction with the above



discussed experimental studies. Luciak et al. [48] performed limited simulations
of a helicopter hovering above a well using actuator disk CFD analysis. In their
work they present flow field descriptive characteristics (streamlines and velocity
patterns). Quinliven and Long [50] performed simulations of their test using a
Blade Element Vortex model based on a prescribed wake model and Biot-Savart’s
ground effect correction. Polsky and Wilkinson [51] compared their field test mea-
surements against actuator disk CFD simulation results. They studied sensitivity
of the predictions on mesh density and turbulence modeling and analyzed the effect
of the atmospheric boundary layer.

Alpman et al. [56] developed a fully-coupled simulation tool to analyze the
rotorcraft /ship dynamic interface problem. This was done by coupling a CFD code
with a flight dynamics simulation model. In their paper they present simulation
results of the UH-60A hovering behind an aircraft hangar and approaching an
LHA class ship. They have shown that interactional phenomena between the
rotor wake and the air-wake become strong when the rotor hovers in proximity
to solid boundaries. Lim et al. [57] used an LES model in order to simulate the
flow around a cube in a turbulent boundary layer. The results presented include
a detailed comparison between measurements [58] and LES computations of both
the inflow boundary layer and the flow field around a cube including the near wake.
Xin in his study [59] for the effect of a ship airwake on a helicopter approaching
on its deck, mimicked the ship with an obstacle. The helicopter was partially
shaded by the obstacle recreating in this way the ship-helicopter interaction. The
results obtained from a solver [60] for inviscid and incompressible flows and the
correlation between measured data was fairly good.



1.2 Scope of the Thesis and Main objectives

The objective of this thesis is twofold; (a) to investigate and characterize the
interactions of a helicopter’s rotor wake with nearby obstacles and the ground; in
the latter case emphasis is put on the analysis of the effect of the ground boundary
layer on the spatial evolution of the wake, (b) to assess the capabilities of numerical
methods of varying fidelity to correctly predict the flow field in the vicinity of the
rotor and the obstacle, and the loads of the rotor.

The thesis systematically investigates, registers and analyzes the physics of
the flow when a helicopter performs hover flight in confined areas. In this context,
the hover flight of a helicopter directly above the ground and different hovering
scenarios in proximity to obstacles have been included in the study. Previous
research included experimental campaigns and computational analyses. However,
a detailed and systematic characterization of the diverse interactional phenomena
occurring in all possible relative positions of the rotor with respect to the obstacle
is lacking. So, by taking into consideration three different experimental campaigns
and the computational results obtained with tools of different fidelity, a consistent
study of the phenomena is preformed. The experimental campaigns that are used,
are those of Politecnico di Milano, University of Glasgow and ONERA. They were
conducted in different wind tunnels with different model helicopters. Because
the results concern similar configurations, the conclusions extracted from each
experiment verify the others. Additionally, the extracted conclusions are confirmed
by computations. Thus, at the end of the investigation a ”book of reference”
of helicopter hover flight cases in confined areas is compiled including specific
guidelines on how this cases should be modelled within different computational
environments as well as a survey of the limitations and the capabilities of the
different modeling options.

The study primary focuses on five aspects of a helicopter’s flight envelope.
The first is the hovering case outside the ground effect. In this case the rotor is
isolated from any other object and thus the flow below the rotor is unconstrained
and uninterrupted. Even though this case has been examined in detailed in the
past, it is crucial for determining how the produced jet flow in the wake of the main
rotor affects the convergence of the hub loading. The second case is the hovering
helicopter inside the ground effect. In contrast to OGE case, in IGE conditions
the rotor is close to the ground and the development of the wake is confined in an
area constrained by the ground. The investigation concerns the variation of the
rotor loading with respect to the unconstrained case .The last three cases can be
combined in one larger group and concern the effect of a well shaped rectangular
obstacle on the flow field in the vicinity of the rotor, in combination with the
ground effect. This group includes vertical and horizontal sweeps of the rotor
centre next and above the top of the obstacle. Again the variations of the loads
are examined and categorized and their correlation with the developed flow field is
explained in detail. The difference between the present study and other studies in



the past is that besides the characterization of the phenomena occurring in each
of the above cases separately, a unified discussion comparing all the above cases
and the identification of the interactional phenomena that are more critical and
eventually drive loads in each one of them is attempted. The above analysis also
assesses the impact of this interaction on the surrounding environment such at the
obstacle and the ground.

So far, for the investigation of the interaction problem between a helicopter
and solid boundaries in the literature, both Eulerian CFD and potential solvers
have been used. The following list summarizes the positive (+) and negative (-)
aspects of these two numerical modelling methodologies:

Eulerian Solvers Lagrangian Solvers
+ Solid Boundary Conditions are + They are mesh-free and self-
accurately satisfied adaptive.
+ Compressible and viscous phe- + They have nominally zero dif-
nomena can be easily repro- fusion.

duced in the near wall regions.
+ They satisfy exactly the far-
- The far-field must be trun- field conditions.
cated at a finite distance.
+ They have low computational

- Gradual grid coarsening in- cost and can adapt to differ-
creases numerical diffusion ent hardware platforms (multi-
adds uncertainty in the wake CPU or GPU)
development.

+ Multi-body simulations are

- For Multi-body simulations easily handled.

CHIMERA or sliding grids or

actuators disk models are usu- - Solid Wall boundary condi-
ally applied that complicate tions constitute a major chal-
the numerics and delay conver- lenge.

genae. - Standard Lagrangian methods

- The overall simulation cost id do not include viscous and
high especially when long real- compressibility effects.

time duration are required.

The computational analyses in the present thesis consist of two steps. First, a
low computational cost potential free wake vortex particle solver (GenUVP) [61]
is evaluated. In summary, in the model i) a vortex particle approximation is fol-
lowed along with the application of a particle mesh technique, ii) lifting bodies are
simulated as thin lifting surfaces iii) obstacles are introduced as non-lifting bluff
bodies, and iv) the ground is modeled by the mirroring technique. The capabilities
of this solver to correctly predict the flow field in the rotor-obstacle vicinity (in
particular the large vortex structures that affect loads) and the rotor loads is as-
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sessed . Vortex particle methods have been widely used in simulating wind turbine
[62] and helicopter [17] rotors. They are usually combined with boundary element
methods for the modeling of lifting rotating blades. Even though these methods
were originally formulated in an inviscid, incompressible context, several attempts
have been made to introduce viscous effects as add on corrections [63] 64]. How-
ever, in problems where viscous interactions are dominant, limitations due to the
inviscid character of these methods raise. Another important issue of simulating
rotor-obstacle-ground conditions is that several rotor revolutions need to be simu-
lated until a steady-state is reached. The simulated time should be long enough to
let the wake impinge on the obstacle and eventually reach a periodic equilibrium
state. The computational cost of the above discussed vortex methods gradually
increases with time when convolution type velocity field computations (through
application of Biot-Savart law) [65] [66] are performed. The above shortcoming is
overcome through the introduction of particle mesh methods, which substantially
reduce computational time [67, [68], [69] [70]. This allows for an extensive application
of GenUVP especially for the detailed investigation of the effect of the interaction
on the hub loads of a helicopter in several flight conditions (relative placement of
the rotor with respect to the obstacle). The compromise made is the suppression
of all viscous effects. The advantage of the above approach is that one may distin-
guish between the mirroring effect of the ground and the effect wall friction, which
ends up to the displacement of the flow.
Regarding GenUVP simulations the following objectives have been set:

e Validation of the specific vortex particle model against measurements.

e Quantification of the effect of the rotor-obstacle interaction on the loads of
a helicopter hovering in proximity to an obstacle in various configurations.

e Correlation of the characteristics of the developed inviscid flow field with
the resulting rotor loads.

e Assessment of the cases where it can provide reliable results.

In the second step, a high fidelity CFD tool that inherently accounts for vis-
cous effects is employed. Regarding the different implementations in CFD, many
solvers include Finite Differences Methods (FDM) [71], Finite Volume Methods
(FVM) [72], Discontinuous Galerkin Methods (DGM) [73], and finally Spectral
Methods [74]. All these formulations combined with domain decomposition and
parallel computing can be used in rotor-craft applications with affordable cost
[75]. Application of local grid refinements offers higher accuracy and better gra-
dient capturing [76]. Moreover, the addition of multi-grid based analyses lead to
faster convergence [77] and the application of mixed grids allow handling boundary
layers with higher accuracy [78].

Specifically, for problems that involve helicopter rotors, the solution is offered
by over-set CHIMERA grids [79] and Sliding Grids [80]. These techniques, along
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with the application of the Actuator Disk/Line method in the framework of stan-
dard URANS codes [36], have been exploited by the research community and offer a
significant advantage against potential methodologies. The capability of resolving
viscous phenomena on solid boundaries (boundary layer) is their main advantage
in relation to the problems tackled in the present thesis. Despite the vast devel-
opment of Eulerian grid based solvers, there are still issues related with the above
methods that need to be addressed. When external flows are considered the far
field must be truncated at some finite distance. Far field conditions could intro-
duce errors that are sensed as reflections in the simulations [8I]. Moreover, the
usual grid coarsening as we more away from solid boundaries increases numerical
diffusion.

In this context, the present work proposes a hybrid Eulerian-Lagrangian method
that can accurately predict the formation of viscous boundary layers and simul-
taneously alleviates the problems of standard URANS codes related with the far
field modeling. The corresponding solver (HoPFlow) was first introduced by [18]
in 2014. The corresponding flow solver, couples a standard Fulerian finite volume
solver with a Lagrangian particle based scheme [I8, 82]. In the Eulerian part,
separate grids of limited width are defined around every solid body, on which the
flow equations are solved in their Eulerian form. In particular for the rotor-ground
interaction problem different Eulerian grids are built around the rotating blades,
and another grid is defined on the ground. In order to interconnect the indepen-
dent domains defined by the various grids, the entire flow field is described in
Lagrangian coordinates and the corresponding flow equations are solved via par-
ticle approximations in fully coupled mode with the solutions within the Eulerian
grids. The Eulerian part solves the compressible flow equations in density-velocity-
pressure formulation and uses pre-conditioning at low Mach while the Lagrangian
part is based on the density-dilatation-vorticity-pressure formulation.

The main advantage of the hybrid model is that it can effectively deal with
flow problems which involve several bodies, that move independently the one from
the other and in close proximity. In addition, the numerical diffusion in the wake
is significantly lower, and the conditions at infinity as well as the wall non-slip
conditions are exactly met.

Regarding HoPFlow simulations, the following objectives have been set:

e Validation of the methodology for multiple independent moving bodies that
include the main rotor of a helicopter and the fuselage.
In [I8] HoPFlow was validated for a two bladed rotor (Caradonna rotor),
focusing on the compressible flow over the blades (shock wave), while in the
present work the emphasis is on the flow field of the wake (interactional
phenomena of shear layers).

e Assessment of the importance of viscous phenomena in the rotor-obstacle-
ground interaction
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e Conclusion of a robust solver that captures experimental measurements and
consistently predicts rotor loads and the flow field.

In order to moderate the computational cost, the blades of the rotor are repre-
sented as actuator lines. In [I§] comparisons against measurements revealed that
the hybrid methodology can fully resolve the flow around a rotating blade (mod-
elling the actual blade shape), also in cases of high Mach numbers where shock
waves are present. Thus, this study focuses on analyzing far wake interactions
driven by viscous phenomena (boundary layer development on the ground, flow
separation over a cubic obstacle etc.) rather than resolving the flow in the vicinity
of the rotor blades (flow characteristics in blade chord scale). In connection to
the above, within the Eulerian domain, blades are modeled as lines exchanging
momentum with the surrounding flow. This allows for larger time-steps in the
unsteady simulations especially considering the large number of rotor revolutions
needed to attain periodic-state conditions.

1.3 Novelties

Due to the limited bibliography on the subject the main focus of the present
dissertation is to provide a consistent description of the relevant (interactional)
flow phenomena:

e Firstly and most importantly, this thesis focuses on the deep understanding
of the underlying physics of the rotor ground/obstacle interaction. This was
possible by gathering and analyzing data of a variety of configurations.

e Expansion of the Particle Mesh solver.
In order to perform simulations for problems such as the ground effect,
the option of solving symmetric domains is added in the PM solver. This
addition is used, in favor of the acceleration of simulations, in the potential
free particle method GenUV P and in HoPFlow.

e In this thesis, for the first time the hybrid solver HoPFlow is used for 3D
simulations with multiple rotating and non-rotating bodies. This includes
the rotating frame of the blades and the non-rotating frames of the fuselage
the ground and the obstacle.
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1.4 Thesis Outline
This thesis is divided in 4 chapters.

e Chapter [2| describes the theory of the different tools that have been used
and the modifications that were needed in order to simulate simultaneously
rotating bodies and standing still solid boundaries.

e Chapter [3] presents the results obtained by the present thesis. It describes
the experimental campaigns that are used as reference and the computa-
tional configurations of the different solvers. Next, the underlying physics
of different rotor-obstacle interaction problems are systematically analyzed
and discussed. Computational predictions of different solvers are compared
against measurements. Finally, predictions of the different tools are evalu-
ated.

e Chapter [4] contains the conclusions drawn from the present work along with
recommendations for future research.
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Chapter 2

Numerical analysis of the
computational tools

In this chapter the theory and numerical tools used in this thesis are described.

Dem

Spm

Figure 2.1: The Eulerian domain Dg contains the solid boundary Sg. The
Lagrangian domain D, includes Dpy; and and Dg

The nature of the problem that involves rotating and non-rotating solid sur-
faces has led to selecting the material description of the flow. The corresponding
equations are formulated in terms of density p, vorticity &, dilatation 0 and pres-
sure p, that are attributed to compressible particles. Using Helmholtz’s velocity
decomposition theorem, the velocity field, is reconstructed by solving the Poisson
equations for the two potentials. In order to reduce cost, a particle mesh technique
is applied. In this process, the scattered space information is projected onto a uni-
form Cartesian grid (Dpar). Then the Poisson equations are solved over Dpyy
by properly applying the James-Lackner algorithm on sub-domains of Dpyr and
assigning correct boundary conditions on Spys. Then, the RHS of the Lagrangian
equations are calculated using finite differences on the PM grid. Finally, the new
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flow properties are interpolated back at the positions of the particles.

In cases with solid boundaries Sp inside of the domain D, two options regarding
the fulfilment of the corresponding wall boundary conditions have been considered.
In the incompressible limit without viscous effects, the boundary condition is as-
sociated to the scalar potential and is numerically resolved by means of a panel
method. In the more general case a separate overlapping domain Dg is deployed
in which an Eulerian solver is utilized and thus wall boundary conditions on Sp
are handled exactly, which particle methods have several difficulties to efficiently
implement. On the outer boundary Sg the required conditions are provided by the
Lagrangian solver. This is the one way the two solvers are coupled together, the
other being the correction of the Lagrangian solution.

2.1 Flow equations in Lagrangian description

The cases that are analyzed in this work makes grid based Eulerian solvers not easy
to use. Grid based CFD methods are proven to increase computational cost and
implementation complexity of simulations, especially in cases that include rotating
and non-rotating surfaces ([79]). Thus, the Lagrangian (material) description of
the flow has been chosen because it is mesh free, self-adaptive, and therefore can
easily handle multi-body simulations.

2.1.1 Density - Vorticity - Dilatation - Pressure for-
mulation of flow equations

Continuity equation:

Let 8 = V - 4. Then, the continuity equation takes the following form:

dp o
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the vorticity equation takes the form:
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By taking the divergence (V-) of equation:
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By expanding the divergence of the advection term:
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p (m + (@ V)E) +E (af —|—Vp11')) =V (@ (—pl + 7)) &
Continuity Equation

p(gf+(a-V)E> =V (@ (—pl +7))

DFE
Pﬁzv(ﬁ'(*PIﬂL(?))
By introducing II = pV E,
DIl DpVE _DE _DpV
ot~ ot Voo TE e T
DI DM o
T _ R 7 (—pl
Dr Dr +VV(u-(—pl+70)) <
DIl R
oy = VY@ (=pl + ) (2.6)

So, collectively the set of Lagrangian equations in vorticity-dilatation formulation
are given by equations and A way to solve the above system
of equations is to use particles approximations. Particle approximations describe
flows based on the assumption that the characteristics are distributed on a fi-
nite number of particles. Particles then carry mass M, contained in a volume of
Vp(t) energy MpE,(t) and according to Helmholtz’s decomposition theorem of
the velocity, momentum is expressed through dilatation ©,(t) and vorticity Qp(t)
as is demonstrated next. Because particles have volume, flow properties can be
expressed by volume integrals:

My = [ @ 0d%(0) = pal®) Vil (2.7)
Vp(t)

0, (t) = /V  FEDDH0 =0 () (2.8)

0, (1) = /V RECOUACEEAOIAD (2.9)

I, (1) = /V B0 = G010 (2.10)

in which, p(Z,t), 6(Z,t), &(Z,t), e(Z,t), correspond to the continuous field prop-
erties of the flow. Numerical particles act like flow markers approximating the
flow field at discrete positions. Error analysis of particle methods indicates that
numerical particles must overlap while the physical ones do not [83, 84]. This is
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an important remark since it allows to recover the continuous flow properties by
means of (one point) quadrature,

EHED M OVAGIACESAGY (2.11)

0(Z,1) = Y Op(OVp(t)Ce(T — Z3(1)) (2.12)
p

BT, 1) = > wpt)Vp(C(T — Zy(t)) (2.13)

e(@t) = 3 ep(OV(t)C(T — Zy(t)) (2.14)

where (. represents a distribution function. In the original formulation of particle
methods, the Dirac function was used in place of {, which corresponds to ”point
particles” [85]. Lack of smoothness and singularities in the field derivatives led to
the introduction of smooth particle approximations [86, 87, [88]. In this respect, (.
is considered as a smooth approximation of the Dirac function.

By introducing the volume §V in any property ® = (p,0,d, e) it follows that:

D (V) D DoV D®
— = V—4+d——— =0V | — + Db
b = ety = (G )
Therefore, when the viscous terms are excluded, equations take the following par-
ticle form:
DM,
Mass Conservation: Dtp =0 (2.15)
. D%, o1
Momentum Conservation: D = Vp | (@ V)i + —VpxVp (2.16)
P P
Do, Vp
=V, 2||Vu|| -V -— 2.17
B =V (21 -9 ) (2.17)
) DII,, .
Energy Conservation: Dt = -V, V (up) (2.18)

where (-), denotes evaluation at the particle position Zp. Extension to viscous
flows involves extra terms in the ©, O and 11 equations. For the first two, the
extra terms are derived from the divergence (V) and curl (Vx) of Vo /p, while
for the energy equation the extra term is V(i - o)/p. In these terms o denotes the
viscous stress tensor.

2.1.2 Helmholtz’s velocity decomposition

In the p, &, 0, p formulation the velocity @ is a derived quantity. In this respect,
Helmholtz’s velocity decomposition states that « can be split, so:

G =Us + iy + iy, ts=V¢, Uy=VxXQ (2.19)
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The irrotational part is defined through the scalar potential ¢ while the vortical
one through the stream function % (also known as vector potential). By taking
the divergence and curl of (2.19)), gives:

Vip=V-i=0 (2.20)

VA =-VxVx=-Vxi=—& (2.21)

Thus, the velocity field can be determined from ¢ and 1/7 after solving the above
two Poisson equations, to which appropriate boundary conditions are assigned.

o o . ® D Domain
) ¢ ®e ¢ ® o ® o ° ® o
[ ] ) Y ... ® o ®
o 0" g g ® o0 ° ° e 00 °
° o ® o o
® o0 ° o o e ° %%

‘e, e ¢ :‘ e ® 4 o
® % % ) e e o g0 e,
® 00 o L% o ° e o 00
[ ] ° ® PR o0 o
e ® o0 o ° °
e Surfaces® ®* * * ¢ ..0..°.
. ® ® o

Figure 2.2: The flow domain in the case of an external flow around a solid
body. Red circles denote the particles.

Let S = 0D denote the solid boundary of the flow field D. Making use of
Green’s theorem, integral representations for ¢ and 1/7 are obtained. Let 7, T,
a = 1,2 denote the normal and tangent to S unit vectors, and 0, (-) = 7-V, 0 (+) =
To 'V the corresponding directional derivatives. Then,

¢@w1@v%@w%mﬂxm+[§@wwcwv—am@awmdam
d%ﬁZLV%MWWWM@+AGMMQQW—w@%ﬁﬁmﬁ@@ﬂ)

where ¥ = ¥ — ¢ and G is the Green’s function for the Laplace operator. Taking
the V- of the first and the Vx of the second, the integral representation of # is
obtained:

t@%@Km+m@xﬁmmam (2.23)



In the above expression, u,, @, denote the normal and tangential disturbance
velocity components on S and K(7) = VG(7). The volume term in is
directly obtained from the volume integrals in . Also, the surface terms that
are associated to 9, in directly contribute their shares in u,, #,. In order to
recover the contribution of ¢, ; appearing in [2.22] into [2.23] integration by parts
is carried out combined with Stokes’ theorem applied to the second surface terms
in 189].

If there are no boundaries, the way to proceed is rather straightforward. For
given initial conditions, the transport equations are integrated in time and
the particles are transported using the velocity field defined in . CPU cost
is dominated by the convolution integral in . For N particles, the associated
cost is proportional to N2, which can easily explode as N becomes large and
the intended duration of the simulation is long. When boundaries are present
computational cost increases even more, since there are surface convolutions in
to be evaluated.

In , S is the boundary of D and therefore contains not only the solid
boundaries Sp but also any other interface, as in the case of non-overlapping
domain decomposition. On Sp, u, along with u, are determined so that @ satisfies
the solid boundary conditions. On interfaces, u,, and #, are determined by the
corresponding jump conditions. This involves the solution of two integral equations
derived from for ¥ € S [90,91]. These equations will either determine u,,, @,
on S for given 0, w or specify the production of dilatation and vorticity for given
Uy, Ur. However, solving these integral equations, can significantly penalize the
cost and therefore should be avoided.

In the direction of avoiding the above integral calculations over the domain,
the reconstruction of the velocity field can be determined by solving the Poisson
equation for the scalar potential ¢ and the vector potential 1; Thus, instead of the
integral representation of the velocity, four scalar Poisson equations are solved.

A way to reduce the number of equations to three (and accordingly the com-
putational cost) is to solve for the velocity @ directly:

Vii=-V x&+ Ve (2.24)

However, in potential simulations the scalar potential is essential for the cal-
culation of the pressure in Bernoulli’s theorem. So, the following intermediate
formulation is used in the present work:

Vi, = -V x& (2.25)

Vi =0 (2.26)

In addition, the above system of equations is proven to be suitable when sym-
metry boundary conditions are enforced (such as the simulations of the ground

using the mirroring technique). The symmetry plane is determined as a surface
where the normal velocity is equal to zero (no-penetration condition) while there
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is no production of vorticity on it. The above boundary conditions are expressed
as:

Ouw,z,y =0

® on

where 71 is the normal vector to the symmetry plane.

2.2 The Particle-Mesh

Particle Mesh (PM) methods constitute an effective way to solve a Poisson equa-
tion. The idea is to solve the equation on a Cartesian grid using Fast Poisson
solvers [92]. In this way, the expensive convolution terms of equation are
avoided. The cost reduces from N? to NlogN which for large N leads to almost
linear increase. The particle mesh method consists of three discrete parts; a) the
projection of the flow quantities of particles, b) the Poisson solver, and c) the
interpolation back to particles. The PM solver was developed within the context
of Papadakis’ thesis [18]. So next, the modifications and enhancements that have
been made in order to extend the solver to symmetric flows are detailed. The core
of the solver is based on the James-Lackner algorithm which is first analyzed in
order to set later on the principal ideas of the multi-domain symmetric capabilities
of the Particle Mesh Method.

2.2.1 The Poisson Problem and the James-Lackner al-
gorithm

Let D denote a compact subset of the full space (R™) that well contains the support
of the forcing f of a Poisson problem for w. Even though the forcing f is restricted
inside D (supp(f) C D) the generated field extends to infinity, where it is assumed
to tend to zero. Therefore, the problem is formulated as:

Viw=f(¥), ZecR"
lim w=0 (2.27)

r—+o0

The solution on R" is given using Green’s function G in convolution form:
w(Z,) = / f(@) G(Z, — Z)dD(Z), Z, € R" (2.28)
supp{f}
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In order to obtain the numerical solution of the above problem within the confined
sub-domain D with boundary of 9D of the full space R", the following problem is
instead solved:

Viw = f(&), Ze€D
w = wpg, e oD (2.29)

in which, the boundary condition on 9D translates the condition at infinity to an
equivalent one at a finite distance. The unknown boundary conditions of 2.29] is
directly obtained, using Green’s function G:

wp () = / £(%) G(@, — H)AD(#) (2.30)
supp{f}

Using equation in order to calculate the boundary conditions remains ex-
tremely expensive for dense grids, even if tree algorithms were applied in this
option. Thus, in the direction of mitigating cost, James and Lackner [93] [94]
separated the space from the boundary forcing:

w = wo + wy (2.31)
so that, the problem is split in two parts concerning the boundary conditions:

a)The Homogeneous Boundary Condition Problem

Viwy = f(%), £E€D
wo = 0, i€ dD (2.32)

b) The Surface Boundary Condition Problem

V2w, =0, &eD
wy =wg, T €D (2.33)

which can be given an explicit single layer (source) expression:

w1 (%) = /6D o0(Z) G(Z, — ¥)dS (%) (2.34)
where,
8w1
0= [%]

denotes the jump in the normal derivative on 0D. By requiring continuity of w
across 0D,
8w0

] (2.35)

o=
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In this expression, the costly space convolution integral (2.30)) is substituted by a

surface one (2.34)). More specifically, depending on the position of the calculation
point T:

reD, w=wy+w (2.36)

ZeER"—D, w=uw (2.37)

In summary, for the full space problem, Poisson’s equation is solved in two steps:

e First, the problem is solved applying zero boundary conditions on 9D in
order to obtain the solution wg on D.

e The next step is to determine the correct boundary condition wy; on 9D
using equation [2:34]

2.2.2 Multi-block decomposition

A well known way to reduce computational time is to apply domain decomposition.
In this manner a domain D is decomposed into N non-overlapping sub-domains.
The solution in every sub-domain is used to reconstruct the solution over D. Let,

D1 D2
D
Figure 2.3: The full space problem split in two sub-domains.
D =UY D,
N
7) = (7
f(7) ;f() 2,38
N
w(E) =) wi(#)
i=1



where f;, w; denote the restrictions of f and w in D; C D.
By considering f; and w; as zero extensions of restrictions in D;, linear theory
dictates that the problem is divided into N sub-problems:

Viw; = fi(%),Z € D;yi = 1,N (2.39)

D, D,

(a) Sub-domain 1 (b) Sub-domain 2

Figure 2.4: The decomposition of Domain D in two sub-domains Dy and D,.

In order to retain continuity across D and for w to be the exact solution with
w = Zf\i L wi(Z), proper boundary conditions must be applied to 9D;.

While the free space problem over the full domain requires space data of com-
pact support; for the sub-domains problem this may not hold. For this reason, all
sub-domains D; are extended to D.; C D; as shown in Figure .

So, for every D; the homogeneous boundary condition problem becomes:

VQ/U)Oi = fz(f), T e Dg,i=1,N

2.40
wp; = 0, € 0De,i=1,N ( )
The solution of the above problem, determines the source distribution on 0D,;:

owo;
0 = ——
1 8n b

€ 0D; (2.41)

By combining wg; and o; the solution w; in sub-domain D; is calculated by
solving the following problem:

V20; = fi(Z), &€ Deiyi=1,N
w; = 0y, T e 8Dei, 1=1,N (2.42)
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Figure 2.5: lustration of the extended sub-domain.

In contrast, for the full space problem, the solution of equation [2.42is not complete
because the boundary conditions that determined concern only the spatial
forcing of the corresponding sub-domain and do not take into consideration the
induced terms from the rest.

The completion of the boundary condition is accomplished by superimposing
on 0D; all contributions that have not been previously calculated. In the example
of the two sub-domains, for all xg on 9D that do not share common boundaries
with subdomain 2, wp(z) is given by:

wp1(fo) =1+ »  Gxo(F) (2.43)
F¢ODe1

The first term of the above expression is the self contribution of sub-domain (1) on
its own boundary dD1, while the second term refers to the induction of sub-domain
(2) on the boundary terms of (1).

At the interfacing boundary of the example, 0D, and 0D¢s (S and S2) the
information given by the source distribution must be appropriately transferred, so
the continuity holds across the interface Sr:

wy = wsg, T € St (2.44)
owy owsy, _
it [N b 2.4

Since the boundary conditions must be equal on both S; and Ss, the values of w
on xg € S, should be:

wp1(Zo) = w1 +wa, Tp € S,y (2.46)

27



where, ws is the local solution in sub-domain (2). These two equations, complete
the boundary conditions on sub-domain (1), on 9D;. For the second sub-domain,
the same method is applied.

In general, the algorithm that is followed in order to obtain the correct bound-
ary conditions in every sub-domain takes the following form:

vzwi:fia .’EGD“Z:]_,N
wi(@) = Y W@+ Y. Grom(F),T€D; i=1N (2.47)
ZEODy fmﬁéaDei

where, the first sum of @ includes the corresponding local (self-) solution of sub-
domain ¢. If there are any interfacing boundaries, the neighboring sub-domains
solutions are also added. The second term takes into consideration the contribution
of the far-field boundaries of all the remaining sub-domains, which are not in direct
contact with sub-domain (i).

Multi-domain formulation contains a convolution term that remains ex-
pensive to calculate. In fact, as the number of sub-domains N increases, the cost of
this calculation may become excessively high. The above problem can be avoided
by applying the Method of Local Corrections [95] (MLC).

The method is based on the far-field behavior of G, that allows using coarser
approximations in order to account for the distant contributions. To this end, a
coarser grid is introduced in which, the far-field term of equation is approx-
imated. Let w. denote the coarse grid solution. Even if w, will contain the distant
term, it will also include the terms of the local and neighboring solutions that are
already added in the first term. Thus, they must be subtracted. One method to
avoid taking twice the contributions from the coarse grid, is to interpolate the al-
ready contained background information in w; on the coarse grid w.; and subtract
it from the coarse solution. Then for the individual block ¢ the convolution term
takes the following expression:

Y Grom@) =we— Y () (2.48)

Zm@0D.; Z€dDy,

and the final form of the problem in every sub-domain is:

v2w’i:f’i7 .’EGD“’L:].,N
wi(@) = Y wpl(E) + [wc— > wck(f)], £edD;,i=1,N  (2.49)
Z€0Dy Z€IDy,

For example, for the 3 points marked at the grid (Figure the boundary
values are given by:

wa = Wy + |:wc — 12)02:| (2.50)
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N
w

Figure 2.6: Two blocks are shown in red and blue together with their corre-
sponding extensions marked by the same color line. In black a portion of the
overlaid coarse grid that covers the complete domain is shown. Correspond-
ing to the domains depicted, the green boundary is treated using the coarse
grid while the purple boundary using the local solution.

wp = Wy + w3 + |:wc — Weg — ’J)C3:| (2.51)
wWe = Wa + w3 + Wy + Wy (2.52)
Based on the above, the algorithm is split into four discrete steps:

e Step 1: Solve the homogeneous problem in every extended sub-domain De;
and obtain wy;, calculate o; on dD,; and solve the boundary problem in De;

in order to obtain the local solution w;, i.e. (2.40) , (2.42)).

e Step 2: Solve the full problem using a coarse grid (see Fig. and obtain
We.

e Step 3: Combine the local solutions w; and the coarse one w,. and define the
correct Dirichlet boundary data w; on dD; for every sub-domain D;.

e Step 4: Solve the Poisson Dirichlet problem in every sub-domain and obtain
w;, 1.e. (2.49).
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2.2.3 Symmetry conditions

In case the problem is symmetric over a plane, dDsym, the forcing f may not be
zero on dDsym. Since the algorithm assumes forcing of compact support, bound-
ary conditions on the symmetry plane may not be easy to satisfy. To overcome this
difficulty, the boundary conditions on dDsym can be either Dirichlet or Neumann
depending on the nature of the problem:

Viw = f(7), FfeD
w=wg, Z € 0D(Dirichlet) (2.53)
w = wp, or?;:: =A, Z € 0Dsymmetry(Dirichlet/Neumann) (2.54)

where, n denotes the direction that is normal to the symmetry plane, wp and A
are case specific constants that can obtain any real number value.

Taking into consideration the above restrictions that arise in a symmetric prob-
lem, the algorithm is modified in order to determine the correct boundary con-
ditions on every sub-domain. The steps that are followed in order to apply the
algorithm to a symmetric problem and obtain the correct solution are:

e Step 1: Solve the free space problem in every extended sub-domain D,; and
obtain wy;; calculate o; on 0D,; ; solve again the free space problem on De;

in order to obtain the local solution w;, i.e. (2.29)) , (2.42]).

e Step 2: Solve the symmetric problem in every sub-domain that is attached
to the symmetry plane 0D gymmetry and obtain wosymmetry,i, calculate o; on
dD.; and and solve again the problem in order to obtain the local solution

Wsymmetry,i, 1-e. (2.29) , (2.42).

e Step 3: Solve the symmetric problem using a coarse grid (see Fig. and
obtain We,symmetry> i,e, "

e Step 4: Combine the local solutions w;, Wsymmetry,; and the coarse one
We,symmetry and define the correct boundary data w; on 0D; for every sub-
domain D;.

e Step 5: Solve the Poisson problem in every sub-domain and obtain w;, i.e.
(12.49).

In order to better illustrate the algorithm and how symmetry is handled, Fig-
ure [2.7] depicts a symmetric domain that is divided in 4 sub-domains. The first
step of the algorithm is applied to all 4 extended sub-domains and then the local
boundary conditions are obtained at 0D;. Moving to step two, the coarse grid
is solved but is extended away of only the three faces; those not in contact with
the symmetry plane. In the third step, the symmetric conditions are applied only
for subdomains 1 and 4 because they are in contact with the symmetry plane.
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T T TSymmetry plane 4 ~

Figure 2.7: The symmetric problem grid is demonstrated is a problem that is
divided in 4 sub domains. Sub-domains 1 and 4 are attached to the symmetry
plane. the coarse grid (in black color is bounded on the symmetry plane. The
red and blue colored grids represent the area where the error is significant,
so the symmetric solution of the individual fine grid is used.

At this point, the algorithm has calculated the symmetric local solutions at the
sub-domains near the symmetry by extending the domain away from only three
faces, as for the coarse grid. The fourth step combines the previous calculated
boundary conditions. For the four points (A, B, C, D) of Figure the boundary
conditions are defined as follows:

Point A:

wp = Wa + |:wc,symmetry - 22’)c2j| (255)

Because Block 1 solved the space problem without symmetry, the background
information ws is interpolated and subtracted from the coarse solution. The sym-
metry is added to the solution only through the coarse grid.

Point B:

wp = W1 + |:wc,symmetry - QI}01:| (256)
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While point B belongs to Block 2 and the symmetry problem is solved, the
space solution is used because the distance of B from the symmetry plane is big.
This happens because as explained before, Green’s function decays fast and the
error from the coarse grid becomes relatively small when the calculation points are
not close to the symmetry plane.

On the contrary, at points adjacent to the symmetry plane, the symmetric
solution is used. The threshold between using the one over the other solution had
been defined for all blocks at about 4 cells of the coarse grid. The criterion was
that the error of the solution at the end of the region where the symmetric contri-
bution is used, to be relatively small. In this manner for points C' and D:

Point C:

we = Qz)symmetry,l + |:wc,symmetry - wcl,symmetry:| (257)

Point D:

WD = Wsymmetry,l T Wsymmetry,d + [wc,symmetry — Wel, symmetry — Wcd, symmetry

(2.58)

Now that the boundary conditions have been determined for every sub-domain,

the Poisson equation is solved and the correct solution is obtained both on the far-
field and on the symmetry plane.

2.2.4 Projection and Remeshing

Particle approximations are defined as scattered data while the formulation of
particle mesh methods assumes continuous distributions in space. Because PM
methods solve the Poisson equations on a uniform Cartesian grid, space informa-
tion must be projected onto the grid. In this direction, vorticity & and dilatation
f from the particles are projected onto the grid using a projection function. Once
the velocity field # is obtained on the PM grid, the right hand side of the La-
grangian equations is calculated. Then both & and the RHS’s of equations [2.15)
[2.16} [2.17] [2.18 are transferred back (interpolated) to the particles. In this section,
the required projection and interpolation operators are defined.

Let @, = g, -V}, denote any flow quantity carried by the particles. Then on the
grid the corresponding density is obtained by the following projection operation:

—

. 2 WVoW (i — Zp)
Gij = Projpa(ap; Vo) = =2 — = (2.59)
2 VoW (Zijk — Zp)
where Z; j ; denotes the position of the i, j, k grid node (also denoted as I),

W () = Wi(ra/h)Wi(ry/R)Wi(r./h)
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remeshing remeshing

Figure 2.8: Schematic representation of the remeshing technique applied on
a 2D Cartesian grid

7 = (g, 7y, 72), h denotes the grid spacing and Wj the 1D interpolation function
used. Inversely, any quantity defined on the grid, can be interpolated back to the
particles positions using the same interpolation function:

gp = Tnterp(gij) = Y ik W (T — Zp) (2.60)
ij.k

A well known problem in particle methods concerns the gradual loss of regu-
larity in time. The spreading of particles can result in loss of accuracy while high
particle concentration can lead to numerical instabilities [8§].

This is analogous to grid irregularity or stretching in standard CFD solvers,
which is corrected with grid refinement. Of course in principle the grid is generated
so that there are no such issues. This is not always easy or guaranteed. In flow
problems involving the evolution and/or propagation of steep gradients, the origi-
nal grid may turn out to be inadequate. For this reason, grid refinement is needed.
A similar procedure is also needed and applied in particle methods. Now the role
of the grid is taken over by the particles themselves and grid refinement corre-
sponds to the so called remeshing. Remeshing aims at recovering the conditions
set by error analysis so that consistency and accuracy of the numerical solution
is best served. In this respect, the particle volumes must cover the full space and
be regularly re-distributed in space. In Particle Mesh methods these requirements
are related to the size of the grid in combination with the interpolation function
W that is used in and .

Re-meshing is the action of re-positioning the particles at regularly ordered
positions every N time steps (see fig. . The quantities carried by the relocated
particles are interpolated from the PM grid at the new particle positions using
. A point of concern in this respect, is that re-meshing adds numerical
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diffusion. For example the support of & will spread out along its boundary and
points that previously had zero vorticity will receive at least a small amount of &.
A way to limit numerical diffusion is to perform re-meshing on a denser grid than
the PM one.

The volume assigned to the re-meshed particles is the geometrical volume (i.e.
the volume of a PM cell, DVp,s) in order to keep the scheme conservative. There-
fore special care is needed in order to ensure conservation of the flow properties
carried by the particles. When changing the volume in the re-meshing procedure,
any quantity ¢ carried by the particles must be conserved. Thus, when changing
the volume of a particle V; to the geometrical V;..r, conservation of quantities at
particle level are ensured with the following scaling:

Qref = Qz = QTer;"ef = QiV; =

Qref Qz
= or = 2.61
R 200

The above relation implies that the volume used in the projection operation
is the volume the particles will get after they are placed in their new (or-
dered) positions.

In case of symmetry problems, the projection on the grid and the interpolation
back to the particles must be modified near the symmetry plane 0Ds,,,. In order
to retain a property @ of a particle inside D and at the same time include the
contribution of the symmetric domain D’ according to the mirroring technique,
the following procedure is applied:

Let P be a particle carrying the fluid properties and P’ be its symmetric one
as seen in Figure If %, is within the 1°¢ layer of PM cells above dDsy, part of
Q carried by P will be projected onto the symmetry plane and underneath it. In
order to be conservative the image P’ of P is added so that any lost information
is recovered.

f = Qproj(P) + Qproj(P/) (2.62)

The projected image properties of P’ are defined by the symmetry conditions
dictated by the mirroring technique as follows:

® 1Ny = My

o V1 =V

i Ql,a} = _Ql’,m
o Ql,y = _Ql’,y
d Q1,z = Q1’,2

[ @1 :@1/
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Figure 2.9: Projection near the symmetry plane

[ ] Hl = Hll

In the opposite direction, when a property Q must be interpolated from the
PM grid at the position of the particle P the corresponding image of the particle
P’ must be subtracted.

2.2.5 The Lagrangian Solver

For a given collection of Particles: {Zg, my, V), Qg, Oy, I} } at t = nAt:

Step 1:

Step 2:
Step 3:

Step 4:
Step 5:

Step 6:
Step T:

Project {m!, ©2, (3" 117} on the PM grid
and get: p;';, Hgfj, (,U;fj, i

Calculate —V x @ on the PM grid

Solve V2¢ = 0, V?u, = -V x & ,

and obtain: ¢}, wy ; i, U7’

Calculate on the PM grid the RHS of

Interpolate all grid basiad data qj; at the particle positions:
q;} = Zij qir}' W(fw — Zp)

Update all particle properties (integrate in time)
Re-mesh if needed
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In Step 4, the Right Hand Side of (2.15]) are obtained by means of central Finite
Differences on the Particle Mesh grid. The time integration is performed using a
4t order Runge-Kutta scheme.

2.2.6 Acoustic wave damping

In the present formulation, acoustic waves are primary linked to dilatation vari-
ations. Hence, when a finite region is used, these waves can reflect at the outer
boundary of the domain and create computational errors. A remedy to that is to
add artificial damping in the dilatation equation:

egjjf,i =07, + At - (RHS; j — 0}, - damp) (2.63)
where,
damp = rate - \/damp% + damp? + damp? (2.64)

rate, is a case dependent constant, while damp,, damp,, damp, are the dumping
functions and can take values within (0,1). Damping is activated over a specific
region that ends at the outer boundary X,uter and starts at Xouter —lengthaamping-

Li 5,5 — (Xouter - lengthdampmg))

2.65
lengthdamping ( )

damp, = min(1,

The rate and lengthgemping are chosen so that 6 = 0 outside the PM domain.

2.3 The potential particle solver - GenUVP

Using Helmholtz’s decomposition of the velocity field and taking into consideration
equation , the flow problem is formulated in the context of lifting potential
theory, assuming that the flow is incompressible and inviscid. So 6 = 0, while free
vorticity is concentrated on vortex sheets. In this context, Green’s theorem gives:

W@ = [ @00 +75.09960) S (2.66)
t
a@t) = [ 6 x V6 dD() (2.67)
De(t)
where, G(r) = — 22, r =[], 7 =T — ¢, VG(r) = #, D, (t) denotes the wake

region which coincides with the support of & and S(t) denotes collectively the solid
boundaries.
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2.3.1 Equations and conditions

GenUVP is a potential free vortex particle solver developed in the Laboratory of
Aerodynamics of NTUA and has been used in a variety of problems, e.g. [96] and
[97]. On solid surfaces S the non-penetration condition is imposed. By creating
a surface grid on S, the geometry is divided into a finite number of panels. Ev-
ery panel carries source and doublet distributions, o and 4 respectively. Surface
distributions are defined by jump conditions for # in the normal and tangent to S
directions:
o=[u] -7 and ¥ = [4] x .

In potential theory the latter is associated to a dipole distribution
p=1[8: ¥=Vuxi.

A usual simplification, which is also here adopted, assumes that lifting bodies
are thin. In such a case, S will only carry a dipole distribution u and generate only
surface vorticity 4. In order to determine the unknown singularity distributions,
the following conditions are applied:

a)The non-penetration condition on solid boundaries

The non-penetration boundary condition on S, is applied at the centres of the
panels, which in the case of a surface S that moves with velocity Ug takes the
form:

Uep * NMep = Us - Ticp

where, 77 denotes the unit normal to S. In the general case Us will include any rigid-
body motion (e.g. rotation, pitch actuation) or deformation motion if flexibility is
also accounted for.

b)The Kutta condition and Kelvin’s Theorem

The vorticity emission condition, also known as Kutta condition, in the incom-
pressible case, imposes zero pressure jump across the wake. It is applied along
predefined emission lines of solid surfaces, such as the trailing edge or blade tips.
This condition is connected to the generation of lift and defines the amount of
emitted vorticity in the wake, that in the process of time builds up &. Kelvin’s

Dr

theorem F; = 0 states that the total vorticity of the domain should remain zero

at any given time.

c) Vorticity equation

The Helmholtz equation for vorticity transport, is derived from the momentum
equation by taking its curl. This equation defines the evolution of & in the wake.
Hence, at every time step, & is imported in equation and the velocity field
due to spacial vorticity is known.
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Near Wake
Solid Surface S

Wake Vortex Particles

Figure 2.10: The flow domain in the case of an external flow around a solid
body. Red circles denote the particles.

In potential theory, wake is introduced as a material surface that carries surface
vorticity w = 7 x [i], where [@] denotes the velocity jump which is assumed to
have zero normal component. Existing wake models differ on the choice of elements
that describe the wake, but most importantly on whether or not the wake elements
are connected. These requirements are by construction fulfilled when the wake is
formed by vortex filaments or when the wake retains its structure as a surface.
Connectivity however can generate numerical problems when wake deformation is
excessive or when there is close interaction with solid bodies as in the present case.
In order to bypass this shortcoming, free vorticity is represented by a collection of
vortex blobs (see fig. [2.10)). They are 3D point vortices equipped with a core and
defined by their mtenSltles Qp, their positions Z and their core size € [98]:

Eit) 2y Qp(t) C(F - Zp(t)) (2.68)

where (. is the cut-off or space distribution function. In the present work, the
cubic exponential function is used which results in the following discrete velocity
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representation:

iy(zit) =Y Qp(t) x VG(rp) (1 — exp(ry/e®)), 7 =a— Zp (2.69)

where € is 1.5 : 2 times the length scale of the mean distance between neighboring
particles in the wake. Vortex particles are generated at every time step in a
two-step procedure. Firstly, the wake is released in the form of surface vorticity
and keeps this form until the no-penetration and Kutta conditions are satisfied
and @ is determined. Then, in the convection step that follows, surface vorticity is
integrated and transformed into vortex particles so that the zero and first moments
of vorticity are conserved:

Gp(t) = / S 4)dD, $ () x Zp(t) = / G(:t) x i dD (2.70)

w w

while Op and Zp are determined by integrating in time the corresponding evolution
equations: . .
dZp(t) _ @(Zoit), d2p(t)
dt dt
Even though in this section the term wvortex particles is used, one should not
be confused with the term particles that had been used previously in this chapter.
The vortex particles that are used in potential theory and in GenUV P do not
reproduce the flow field. In inviscid potential theory, vorticity should only exist on
body surfaces and the wake. So, vortex particles are an alternative representation
of the shear layer that is emitted along the prescribed emission lines (trailing edge,
ete).

— (§p(t) - V)it Zyit) (2.71)

Anyway, time evolution of vorticity can be a demanding process as the num-
ber of vortex particles increases. This increase is exponential in time and can
penalize an efficient medium fidelity tool into an expensive one even if these cal-
culations are performed in parallel using the M PI protocol. So in order to keep
cost affordable, the particle mesh technique is employed as described in section

2.3.2 Load calculation

Once o and « are obtained, # and ¢ can be calculated on the bodies. Hence, at

the end of every time step pressure P on the surface of the solid boundary S is

calculated using the momentum equation :

0 a P o1, oo

V(fgb-i-f—kf)-i-iw—l—wxu—l—V(g):O (2.72)

p ot p

In order this equation to hold, the last two terms must be equal to the gradient of

a scalar quantity g, which would represent the extra pressure due to the wake and
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SO:
P =Dy +q (2.73)

Then Py can be determined by the Bernoulli equation (2.74), while ¢ is deter-
mined by taking the divergence of the remaining terms and taking into account

that ug, is div free ([2.75):

0 @2 Py
V(a—er% Zt):o (2.74)
2
VU @« (2.75)
P

In the presence of thin bodies carrying surface dipole distribution, the jump of
pressure is calculated by introducing into the jump of ¢ and @ on the solid
surfaces, [¢],[ud]. By integrating the pressure over the body surface S the total
body forces are obtained :

F :/S—(P—POO)-ﬁds (2.76)

2.4 The Eulerian Solver - MaPFlow

The usual way to simulate flows in the presence of solid bodies, is to solve the
Fulerian expression of the governing equations on a spatial grid. This ensures
that the boundary conditions on surfaces are met correctly. In addition, CFD
methods can include viscous and compressible effects (flow separation, formation
of boundary layers, shock waves) that are essential components of a helicopter
analysis. In this section the basic equations of the CFD solver as implemented in
MaPFlow are described. MaPFlow is an in house software, developed in Papadakis’
thesis ([18]).

2.4.1 Governing equations and implementation

Let D denote a volume of fluid and 0D its boundary. By integrating the governing
equations over D, the following integral form is obtained:

oUu

[ Srin+ 72 (P~ Fy)as - /D QdD (2.77)

In (2.77) U, is the vector of the Conservative Flow Variables,

pu
U= pv (2.78)

pw
pE
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where p denotes the density, (u,v,w) the three components of the velocity field,
and F the total energy, while F, and F), denote the Convective and Viscous Fluxes
respectively,
pV
puV + ngp
F.=| pvV +nyp (2.79)
pwV +n,p
p(E+E)V

0
NgTe® + Ny TeY + Np T2
F, = | nyryx+nymyy +n.myz (2.80)
Ng T X + NyTY + NyTo2
g0z +nyOy +n.0,

In (2.80)), V is the contravariant velocity, V = 4 - 1i and

oT
Op = UTyp + VTpy + WTp, + ko
ox
oT
oT
O, = uTyy + VToy +WT, + ka (2.81)

The above system is completed with the equation of state for perfect gases:

u? 4+ v? + w?

p=(y—1)p|E- 5 (2.82)

In the present work is solved with MaPFlow which is a compressible, cell
centered CFD solver, which employs both structured and unstructured grids. The
convective fluxes are discretized using the approximate Riemann solver of Roe [99]
with Venkatakrishnan limiter [I00], [T0I], while the viscous fluxes are discretized
using a central 2"¢ order scheme. Turbulence closure includes several options; the
one equation turbulence model of Spalart (SA) ([I02]), as well as the two equation
turbulence model of Menter (k —w SST) [103]. MaPFlow can handle both steady
and unsteady flows, the latter being an important requirement for aerodynamic
tools employed for helicopter analysis. Time integration is achieved in an im-
plicit manner permitting large CFL numbers. The unsteady calculations use a 2"¢
order time accurate scheme combined with the dual time-stepping technique(9)
to facilitate convergence when complex unsteady flows with moving or deforming
geometries are considered. Additionally, flows in the incompressible region are
simulated using Low Mach Preconditioning [104].
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Dual Time-Stepping

The Dual Step approach ([105]) adds an extra time-like derivative in the transport
equation that refers to a different “time variable” 7, called “pseudo-time”. The
conservative variables in the pseudo-time problem are denoted by U™ because until
convergence they do not satisfy the original unsteady problem.

Using this approach the unsteady problem is transformed into a steady one.
In every true time-step the following problem is solved in the pseudo-time (7) :

n+177% .
DU | —y (2.83)
or
Setting,
. DU* .
R = o 8tU ) + R(U™) (2.84)

the following final form is obtained:

(D" HLU*) N d(DU*)
or ot

When (2.83) converges R* = 0,U* = U which satisfies the original unsteady
problem.
The discretized form of (2.85) can be written as:

= —R(U*) (2.85)

DAUE L 1 [gbm (pt*) " (p?)"+

AT At
_\n—1
o1 (DU) ] — Rk (2.86)
or:
Dn+1AU*k
T - —R*k+1 (287)

with AU = U*k+1 — U*k and:

RE+1L _ phtl é [¢n+1 <Dﬁ*)n+1 b <D(j’>n+
s (00)"] 259

where k£ denotes the steady state problem sub-iteration.
In order to apply an Implicit Scheme in the Dual Time-Step procedure we must
linearize the unsteady residual R**+1:
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. . OR .
R+l ~ BF 4 ( - ) AU (2.89)
k

or,

Bt g L [gbnﬂ (Dﬁ*)n+1 + én (Dﬁ)n +

At
_\n—1
(z)n—l (DU> :|+
8]% R prtl
—AU* — ppy1——AU* 2.90
p Ont1 Al (2.90)

The correction AU™* refers to the steady problem defined in pseudo-time. Thus,
when the steady problem converges AU* = 0 . However, this does not mean
Untl — U™ = 0 but Ukt _ gkntl — 0 The ¢ coefficients change according
to the time discretization scheme desired.

Substituting in the final form is obtained:

pntl pntl R
Ar + ¢n+1Tt + ET AU = —R* — Qlju (2.91)

where the dual step unsteady source-like terms qual are given by:

qual = Ait |:¢n+l (Dﬁ*) nH + o, <Dﬁ>n +
Gn—1 (Dﬁ)n_l] (2.92)

It is noted here that the pseudo time step A7 is defined as in the Steady state
computations using local time-stepping.

2.5 Implementation of the Actuator line model

In the present work, rotor blades are modeled as actuator lines that contribute
the corresponding body forces to the source term Q of equation [2.77} The loading
is calculated on the basis of blade element analysis along the blade span and in
conjunction with tabulated 2D polars [106]. The actuator line control points define
the location of different blade elements that have specific lift and drag depending
on their airfoil type, twist angle, chord length and incoming flow velocity. A
resultant body force vector is then assigned to every actuator line control point.
Lift and drag are calculated based on the local wind speed and angle of attack as
shown in Figure [2.11] and detailed in the following equations:
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Figure 2.11: Blade element analysis

Weffz
= arctan———"= 2.93
¢ Wora (2.93)
Geff = ¢ —0; — ¢p (2.94)
1 1
L= §pW3ffCL(aeff)cAr, D = §pW62ffCD(aeff)cAr (2.95)
fep = Lé1 + Dép (2.96)

where, ¢ is the inflow angle, 0; is the local twist angle, ¢, is the pitch angle of the
blade, acys is the effective angle of attack, Cr(acrs) and Cp(acss) are the lift and
drag coefficient for the specific angle of attack, p is the density of the fluid, W,y
is the local two dimensional inflow velocity, ¢ is the blade element characteristic
chord, Ar is the width of the blade element, and €7, €p are the unit vectors in the
direction of lift and drag respectively.

The opposite of this body force and the corresponding energy are then imported
as source terms in the momentum and energy equations of the cells that are swept
by the blades during their rotation. In order to avoid singularities, the body forces
and their corresponding work are numerically spread across a few cells using a 3D
isotropic Gaussian distribution [107].

f; = f;pne (2.97)

d
where, n.(d) = e~ < is the regularization Gaussian kernel and d = |Z, — Z¢|

_1
. . e3Vr3 . :
is the distance between a cell centered grid point and the control point of a blade
element.
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Nep
o

fo==" fepne(epi, cell) (2.98)

=1

The freestream velocity vector is directly sampled at the release points of mod-
ified momentum of the actuator lines [I08]. These emission points are also the mid
points of the bound vorticity, where the blade local flow effects (upwash and down-
wash created by the bound vortex) are negligible. Hence, a consistent estimation
of the free-stream velocity is performed. The velocity at the emission points is es-
timated through a distance and volume weighted interpolation over the computed
velocities of the neighboring cells using Radial Basis Functions (RBF) [107].

Even though recommended in [107], tip correction models are not used fre-
quently, since the three-dimensional flow field containing tip and root vortices can
be fully resolved, provided that the gird is adequately fine around the actuator
lines. Using a small enough characteristic cell length Az in the region of § — ¢, the
standard blade force distribution suggested by [109] is sufficient to resolve the tip
and root vortices. For this reason and in favor of simplicity, the cell sizing is usually
preferred over more sophisticated projection techniques (e.g. [110], [111],[107]).

Both Cartesian and cylindrical grids can be treated by the code. However,
Cartesian grids are considered more convenient when combining the rotor blades
analysis in the same CFD context with a fully resolved 3D geometry (e.g. Main
Rotor with Fuselage or Tail Rotor with Shroud). Both structured and unstructured
grids can be employed, as long as the characteristic cell length is kept constant in
the vicinity of the actuator lines. As a rule of thumb, in most AL implementations
the time step has been chosen so that the tip of the actuator line sweeps no more
than half cell per time step (At < 0.5%). A total simulation time that completes
no less than 5 rotations is necessary, in order for the initial aerodynamic and
dynamic transients to fade out.

With respect to the radial resolution Ar, accuracy is maintained when it is
chosen to be at most double the grid spacing Ar < 2Ax, so that the spherical
regions around the body forces sufficiently overlap with each other in order to
produce a continuous force distribution along the blade. Uniform spacing along
the blade span has been utilized in most works. Geometric refinement towards
the two edges (root and tip) has also been tested, but it turned out to make no
difference, since the actuator line spacing ends up to be really fine.

Figure illustrates wake vorticity iso-surfaces at the early stages of the
wake development. The figure suggests that the actuator line model captures the
trailed vorticity released by the tips and roots of the blades. In Figure the
wake vorticity after 10 revolutions is shown. Trailed vorticity can still be recognized
near the blade tips. However, in this hover case, due to the low convection velocity,
wake spirals remain closely packed and strongly interact with each other producing
thus the contracting shear layer of the far wake and the torus shape starting vortex
ring.
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Q Criterion: ~ -0.0001 0.00326667 0.00663333 0.01

Figure 2.12: Trailing tip and root vortices at an early stage of the simulation.

Figure 2.13: Trailing tip and root vortices after 10 rotor revolutions.
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2.6 The Hybrid Solver - HoPFlow

The hybrid solver aims at combining the two expressions of the governing equations
(Eulerian and Lagrangian) discussed in sections in a manner that both
the far-field and solid boundary conditions are correctly imposed. In the specific
formulation, the Lagrangian domain covers the entire space and therefore overlaps
the Eulerian one. By choosing to use the PM method in the Lagrangian solver, the
Lagrangian domain is divided in two parts: the PM domain Dpjy; and the pure
particle one Dp = R"™ — Dpj; under the understanding that Dpjys will contain all
solid boundaries. The foundations of how the hybrid solver (HoPFlow) couples
the different solvers have been detailed in [I§].

Figure 2.14: The overlapping grids of the particle mesh and the CFD.
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2.6.1 The coupling procedure

Figure shows a typical numerical setup for the hybrid solver. The computa-
tional domain is decomposed in two overlapping parts; the Eulerian one, Dg, and
the Lagrangian one Dpys. In Dg the MaPFlow solver is utilized and thus wall
boundary conditions on Sp are handled efficiently. For the Eulerian part, bound-
ary conditions are also needed on Sg. They are provided by the Lagrangian solver.
In this way the two solvers are coupled. Because the two domains are independent
and overlapping, a correct communication between them should provide a smooth
transition from one solution to the other.
At a given time t = n-dt, particles have the following properties: {Z_;’}, my, V', Qg,
Oy, I }. The unknown velocity field is obtained by means of the PM method and
the projected properties of the particles onto the PM grid nodes allow the calcu-
lation of the Right Hand Side (RHS) of the Lagrange equations (2.15 [2.16], .17
2.18). Then, the 4" order Runge-Kutta scheme convects the particles in time,
leading to a new state of the particles: {Z_;’;‘“, mp vt ﬁg“, optt, Intt}
The PM solution near solid boundaries is wrong because the Lagrangian solver
does not respect the exact geometry of the bodies. This error fades exponentially
as we move away, and thus the need of a better representation of the field rises.
Since the particle approach does not respect solid surfaces, particles can penetrate
in bodies and the non-slip and non-penetration conditions may not be fully met.

/
\
\

Figure 2.15: Definition of the boundary conditions on Sg. The state U, at
the center of the ghost cell (here marked by a dashed line) is obtained by
interpolating the PM data defined at the nodes (here marked in blue).

In order for MaPFlow to solve the governing equations on a limited grid around
the surfaces of the bodies, the solver must obtain the flow field variables on its
outer-boundary. This is accomplished by interpolating the velocity vector and
pressure from the particle mesh grid. With this procedure, the solver predicts
correctly the flow field both on the far-field of Dpjs and near solid boundaries
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Dpg. The combination of the two overlapping solutions, respecting the continuity
and the conservation of the field is performed using an iterative scheme. The
extension of the MaPFlow grid is case dependent but in most cases that involved
airfoils the size was in the order of one chord length. The full analysis and grid
independence investigation can be found in [18].

The coupling procedure involves a) the calculation of the correct far field con-
ditions on Sg that MaPFlow uses, b) the substitution of the PM particles near
Sp with the particles that are produced within Dg and c) the smooth transition
between Dpys and Dpg.

2.6.2 CFD boundary conditions on Sg

In order to solve the Eulerian equations, the correct boundary conditions on Sg
must be defined. To this end, the Lagrangian solution that is defined at the nodes
of the PM grid, is interpolated at the ghost nodes of the Eulerian grid, situated
outside Sg. Next, the average over the surrounding ghost nodes provides the flow
state at the center of each ghost cell. Finally the fluxes through Sg are determined
from the Riemann invariants associated to the flow states on the two sides of Sg.
A schematic representation of the above procedure is depicted in Figure The
red Cartesian grid represents the PM grid, while the black grid is the Eulerian
one. It is important to notice that the scale of the two grids does not represent
actual sizes.

2.6.3 CFD particles

Assuming that the Eulerian solution in Dpg is correct if the solver is given appro-
priate conditions at Sg, then the modifications in vorticity and dilatation due to
Sp are already contained in the Eulerian solution. Therefore, two steps are taken
that define the coupling procedure between the FEulerian and Lagrangian parts of
HoPFlow: (a) transform the Eulerian solution into particles and (b) replace the
Lagrangian particles contained in Dg by those produced in step (a) (Figure .
As the Eulerian solver is cell centered and does not use as primary quantities di-
lation and vorticity, step (a) includes: (i) use of Green—Gauss formula in order to
obtain 6 and & at the grid nodes, (ii) interpolation of p and p from cell centers
at the Eulerian grid notes, and (iii) interpolation of the flow information from the
Eulerian grid nodes at regular positions within every cell (in the schematic, there
are four particles per cell). It is important to have good spatial density of particles,
and so more than one Eulerian particles are defined per cell.

The ultimate goal after determining the correct boundary conditions, is to
transfer the properties from the Eulerian particles to the Lagrangian ones. Thus,
the properties of the Lagrangian particles that are inside the CFD mesh are substi-
tuted by the properties of the Eulerian. As seen in Figure all the properties
that are previously projected onto the Cartesian grid are deleted and then replaced
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Figure 2.16: Spatial distribution of the E- particles. Left: One E-cell is
shown within a 4x4 stencil of the PM grid corresponding to the M4’ projec-
tion function. There are four Pg particles in the E-cell marked as blue circles.
Right: A part close to the solid boundary is shown. On Sp, surface particles
are shown as blue open circles. The middle surface particle is embedded in
the M4’ stencil activated for its projection.

by the projection of Q. This approach allows to correct the error of the PM so-
lution that had been produced previously during the solution of the Lagrangian
equations.

The procedure of substituting the already existing particles underlines the
danger of including or excluding fluid properties on the grid because the two sets
of particles have different positions and in cases of rotating CFD domains, their
relative positions change in time. As seen in Figure|[2.14]in general, the Lagrangian
particles are remeshed in every time step at the center of the grid or at the nodes.On
the contrary, CFD particles are always generated over the entire cell volume of the
CFD grid. In most cases, the CFD grid does not have the same structure with
the Lagrangian one. Hence, in order to avoid discontinuity across the grids, the
CFD solver performs a number of iterations until the flow converges, and an error
correction method is applied. In Figure red dots, are the nodes inside the
CFD domain that are activated when projecting the Lagrangian particles that
are inside the CFD domain. Assuming that in the present example a second order
projection function is used, some nodes outside the CFD domain are also activated
(see the green nodes in Figure . When these particles are substituted by the
Eulerian ones, the projection of Qg will affect all the first in order nodes of the
grid along the red line. In order for the above to happen, the projected Qpps
solution is interpolated back at the position of the CFD particles Pr and then
again projected onto Xpps. This is called the error of the PM grid and represents
the arithmetic error that is projected onto the PM nodes.

error{Qpnr}pm = Projection{Interpolation{Qpr }pr,} Pm (2.99)

where, QQ pys are the projected values of a Lagrangian particle Q p with volume Vp.
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So the correct solution is readily obtained by subtracting error from Q) pys and
adding the projected values of a CFD particle Qcorp with volume Vopp:

Qpy = Projection{Qp}pum (2.100)
QE = Projection{Qcrp}prm (2.101)
correct{Qpm} = Qpm —error{Qpm}prm + QE (2.102)

Figure 2.17: Projection of the particle values on the PM grid and the gen-
eration of the error due to the different positions between PM and CFD
particles.

As seen in Figure (2.14]), the error is expected to have significant values only
in a strict region near Sg. Indeed, by applying equation (2.102)) over the whole
domain:

correct{Qprm} = Qpur, outside Sp  (2.103)
correct{Qpm} = QE, inside Sg  (2.104)
correct{Qprp} = Qpn — error{Qpn}prm + QE, near Sp  (2.105)
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Because projection of CFD particles engages only nodes that are in a confined
area near the solid surfaces, moving outside the Eulerian grid the only projection
that takes place concern the Lagrangian particles. Inside the CFD domain, all
particles are substituted by the Eulerian ones, thus the CFD solution is the correct.
In fact, this outcome proves the reason behind the coupling of the particle approach
and the CFD method of the flow field.

A similar correction is applied for the nodes of the Cartesian grid that are inside
solid bodies. In Figure for the gray dots that are inside Sp, the projected
values of Qp along with the error are set to be zero considering that inside an
airfoil there is no mass of fluid. Special treatment is also needed for the Lagrangian
solver to understand the presence of solid bodies. In order to determine the correct
motion of the particles, solid bodies are introduced as surfaces carrying particles.
The corresponding surface terms are calculated similar to the CFD particles. Once
the velocity field is obtained, the terms that are projected and participate in the
solution procedure, are not retained, since they represent the bounded vorticity
and must not be convected in time.

Vorticity: -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04 Vorticity: -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04 Vorticity: -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04

Figure 2.18: Impulsively started Flow around an airfoil. Snapshots of vor-
ticity contours during the transient state of the convergence history show the
development generation of a non physical entropy /vorticity close to the wall
boundary that travels upstream(t; < ty < t3). Upon arrival at the Sg they
are back reflected.

Another issue that needs to be addressed, concerns the onset of non-physical
entropy waves during the early stages of the simulation. Since the initial conditions
do not actually satisfy the boundary conditions, non-physical entropy/vorticity
waves are generated which travel upstream of the flow. Figure depicts a
vorticity wave that travels upstream towards the inlet of the flow domain. In
order to avoid such arithmetic errors, a buffer zone is defined around the CFD
far-field Sg within which CFD particles are not generated. A buffer region of two
PM cells is found to be sufficient for the correct calculation of the flow.
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2.6.4 The HoPFlow algorithm

For a given collection of Particles: {Zg, my, Vi, Qg, Oy, I} at t = nAt,
in every time step of the hybrid solver the following sub-steps are performed:

Step 1:

Step 2:
Step 4:
Step 5:
Step 6:
Step T:
Step 8:

Step 9:
Step 10:

Step 11:

Project {m!, ©2, (", 11"} on the PM grid and get:

p%k’ H?jkv @?jm 5?]'1@; .

Solve V2¢ = 0, V% = —J and obtain: Dirr Vil Tipr Wiy,
Provide Boundary Conditions for the CFD Solution in Sg
Update the CFD solution (dual step subiterations)

Update the flow information at the CFD particles.

If the dual step convergence is reached, continue; else go to 2
Calculate on the PM grid the terms in the RHS of ([2.15)),
e.g. Vi, Vi, Vi,

Interpolate all grid based data ¢;; at the particle positions:
a = Zijk qz'njk W(Zijk — Zp)

Integrate (2.15)) in time using 4"" order Runge-Kutta scheme
and obtain: {Zt!, mptt Yyt Qntl gntl Ity
Re-mesh in order to retain mass coverage at the domain

and avoid overlapping particles that could lead in overlapping
in density
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Chapter 3

Analysis of the problem of
Rotor-Ground/ Rotor-Obstacle
interaction

This chapter analyzes in detail the interactional phenomena that occur when a rotor
performs a hovering flight in close proximity to solid boundaries. The analysis
includes the characterization and categorization of all the phenomena which take
place when the vorticity emitted by a rotor and the jet produced by it, interact
with solid surfaces such as the ground, walls and obstacles. In addition, a crucial
step is to understand the mechanisms that lead these interactions in order to fully
comprehend the problem and the handling implications. The above, also determine
the computational tools that are best to reproduce the same mechanisms in a variety
of problems that involve strong interactional phenomena and rotating frames.

The chapter starts with the description of the experimental rigs of the three
campaigns that are used as reference. Then the details of the simulations set-up
are provided. The results that are shown, are categorized in three sets depending
on the conditions: OGE, IGE, interaction with obstacles. Direct comparisons to
measurements are shown that concern on one hand the thrust and torque and on
the other flow field patterns.

3.1 Experimental case Analysis and Compu-
tational Configuration

3.1.1 Experimental setup

In order to validate numerical results concerning the hovering flight of a helicopter
in proximity to the ground and to an obstacle, three main experimental cam-
paigns are employed. They were conducted in three different wind tunnels. All
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three campaigns were performed in the context of Garteur AG22 Action Group.
The first and the largest in scale test was conducted by the Politechnico di Milano
(from hereon Polimi) and included experiments for the isolated rotor, the rotor
in IGE conditions and the rotor hovering nearby an obstacle. The second cam-
paign was performed at ONERA and measured the isolated rotor performance and
the ground effect on the rotor in a confined area surrounded by walls. The third
test campaign was conducted at the University of Glasgow and included results
for the isolated rotor and the rotor obstacle interaction. The fact that simula-
tions are compared to results from three different test campaigns, with different
rotors and slightly altered obstacle shapes allows for more solid conclusions to be
drawn concerning the underlying physics of the rotor obstacle interaction problem.

a) The Polimi experiment

The first experimental campaign was carried out at the Politechnico Di Milano
(Polimi) [3]. The test was conducted at the Large atmospheric section of Polimi
Wind Tunnel [I12]. The relatively small dimensions of the helicopter model mini-
mized the interference with the surrounding wind tunnel walls. The test concerned
a helicopter hovering over a box-shaped obstacle, placed on the ground in various
setups, corresponding to various horizontal and vertical locations of the rotor with
respect to the obstacle (Figure . Rotor thrust and torque have been recorded
along with detailed PIV wake flow measurements. In addition to the above, Polimi
also tested the helicopter hovering above the ground without the presence of the
obstacle (pure ground effect).

S

/ [T / /777
Ground

Figure 3.1: Schematic representation of Polimi’s /GFE. The rotor centre is
placed at various heights from Z/R =1 — 4.

The Mach number at the tip of the rotor was My;, = 0.3 and the Reynolds
number was Rey;;, = 220000. Even though the Rey;), is relatively low as compared
to full scale conditions (Refuy scate = 3.200.000), the scope of the test campaign
and of the following numerical analysis was not to reproduce exactly the full scale
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conditions but to investigate the interactions of the wake shear layers with the
boundary layers on the ground and the walls of the obstacle, even though these
boundary layers have different characteristics from those in full scale. The results
concern the rotor, the fuselage and the supporting mast.

Table 3.1: Wind tunnel model parameters (Polimi)

Characteristics Polimi rotor

Obstacle height (z-dir) 0.45 m
Obstacle width (y-dir) 1 m
Obstacle width (x-dir) 0.8 m

Rotor diameter 0.75 m

Number of blades 4

Blade chord 32 mm

Airfoil type NACA0012
Collective pitch 10°

Rotor speed 2580 RPM (39.25 Hz)

Polimi set up

Ending point
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Figure 3.2: Schematic representation of Polimi’s three cases that include the
obstacle. Each color of the rotor represents one test case.
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Table 3.2: Test Matrix Polimi experiment

Obstacle Sweep X/R Y/R Z/R First Point Last Point Results

No Z 0 0 - Z/R=1 Z/R=4  Loads
Yes X -0 3 X/R=1 X/R=4 Loads
Yes Z 2 0 - Z/R=1 Z/R=4  Loads
Yes Z -1 0 - Z/R=2 Z/R=4  Loads

& PIV

The experimental cases considered in the present thesis are the hover flight
outside the ground effect, the sweep in the z axis (vertical axis) inside the ground
effect and three cases with the presence of the obstacle as shown schematically
in Figure [3.2] All the characteristics of the Polimi numerical cases are presented
in Table The measured results against which predictions are compared were
averaged over time. Loads were averaged over 5 seconds; PIV measurements were
averaged over a rotor revolution that contained 400 image samples.

b) The ONERA experiment

The ONERA test campaign (Table concerned a two-bladed helicopter ro-
tor executing hovering flight in proximity to the ground and to surrounding build-
ings (squared-courtyard). The helicopter was placed at the centre of a squared-
courtyard (see Figure in which the coordinate system defined for the test is
given). The characteristics of the numerical cases of ONERA are given in Table
Rotor thrust, PIV and pressure measurements over the ground and on the
walls were obtained. In TablesB.4land B.3]the characteristics of the ONERA model
and the test matrix are respectively provided. Load measurements acquired over
a period of 15 seconds with a sampling frequency of 2kHz and PIV data are the
result of 3500-5000 images obtained over a 10 minute interval. The results concern
the rotor and the fuselage in addition to the supporting mast.

Table 3.3: Test Matrix ONERA experiment

Walls  Sweep X/R Y/R Z/R First Point Last Point Results

No (IGE) Z 0 0 1 - - Loads
Yes Z 0 0 1 - - PIV
Yes Z 0 0 - Z/R=1 Z/R=4  Loads

In contrast to the Polimi experiment, in the ONERA set up the main goal was
to study how the hovering flight in IGE conditions is affected by the presence of
surrounding vertical walls at a relatively small distance (the minimum distance
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between the side walls and the rotor centre was 2R). The simulated cases were
the OGE one, the IGE without the walls when the centre of the rotor is placed at
Z/R =1 and the sweep in z axis (vertical).

Table 3.4: Wind tunnel model parameters (ONERA)

Characteristics ONERA rotor
Obstacle height (z-dir) 0.36 m
Obstacle width (y-dir) 0.3 m
Obstacle width (x-dir) 0.3 m

Rotor diameter 0.71 m

Number of blades 1

Blade chord 32 mm

Airfoil type NACA0012
Collective pitch 8¢

Rotor speed 2600 RPM (40.0 Hz)

IGE effect with Walls

Figure 3.3: Overview of the courtyard setup of the ONERA experiment

c) The Glasgow experiment

University of Glasgow (Glasgow) performed a detailed experimental study of
the interaction between a model helicopter rotor and a model obstacle [4]. The
details of the experiment (dimensions, rotational speed, etc.) are shown in Ta-
ble [3:5] In this campaign, two separate test rigs have been employed. The first,
concerned a large rotor with a mach number at the tip My, = 0.18 and a tip
Reynolds Rey;, = 220000. For the large rotor, load and induced velocity mea-
surements over the rotor plane, using Laser Doppler Anemometry [3] have been
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performed. The second rig concerned a small rotor for which Stereo PIV measure-
ments were obtained in the region between the rotor and the obstacle. The small
rotor had a Mach number equal to that of the large rotor, but a tip Reynolds of
Reyi, = 132000. Rotor load data are averaged over 5 realizations of the test, each
of 2.5 seconds duration. This test concerned only the rotor and the supporting
mast (without the presence of a fuselage).

Table 3.5: Wind tunnel model parameters (Glasgow)

Characteristics Glasgow Large rotor Glasgow ”Wee” rotor
Obstacle height (z-dir) 1 m 0.3 m

Obstacle width (y-dir) 1 m 0.3 m

Obstacle width (x-dir) 1 m 0.3 m

Rotor diameter 1m 0.3 m

Number of blades 4 2

Blade chord 53 mm 31.7 mm

Airfoil type NACA0012 NACA0012
Collective pitch 8° 8°

Rotor speed 1200 RPM (20 Hz) 4000 RPM (66 Hz)

Table 3.6: Test Matrix for Glasgow experiment

Obstacle Sweep X/R Y/R Z/R First Point Last Point Results

Yes X - 0 2 X/R=-1 X/R=1 Loads
& PIV
Yes Z 2 0 - Z/R=1 Z/R=4  Loads
& PIV
No - 2 0 1.5 - - LDA
Yes - 2 0 1.5 - - LDA

From all the test points measured in Glasgow, in this thesis two cases are ana-
lyzed, and predictions are compared to measured data-sets. These cases are shown
in Figure [3.41 The two selected cases present similarities with certain configura-
tions from the Polimi test campaign which are also addressed in this thesis. The
first case concerns the sweep of the helicopter rotor in x axis while its z position
remains the same (Z/R=3). In the second case the rotor is placed next to the
obstacle at X/R=2 and the sweep is performed along z axis.
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Figure 3.4: Schematic representation of Galsgow’s two cases that include the
obstacle. Each color of the rotor represents one test case.

Cases

In order to categorize the cases according to the set up and not to the wind
tunnel where the experiment took place, code names have been defined according
to the configuration examined.

e OGE: Hovering outside the ground effect

e /GE: Hovering inside the ground effect

e T1: Hovering above the obstacle performing a sweep in x axis
e T2: Hovering above the obstacle performing a sweep in z axis

e T3: Hovering next to the obstacle performing a sweep in z axis
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3.1.2 Computational Configuration

The codes used in the simulations (GenUVP and HoPFlow) have been thoroughly
validated in the past ([70],[113],[18],[61],[114],[I7]) an thus, their pros and cons are
known. Potential solvers are ideal for predicting the loading of a rotor with afford-
able computational cost. The hybrid solver is capable of reproducing the details
of the flow field in particular when strong interactional and viscous phenomena
dominate the flow. Computational mesh and time step independence analyses, for
GenUVP and HoPFlow have been performed in previous studies [18], [106], [115].
The meshes and time steps in the simulations presented in this thesis, comply with
the requirements set in order to have solutions independent to numerical param-
eters. In Table the numerical tools that are exploited for each campaign and
each case are shown.

Table 3.7: Specification of the numerical tools that have been used for each
of the three experimental campaigns and cases.

Case Method
OGE GenUVP(Polimi, Onera, Glasgow) & HoPFlow(Polimi, Glasgow)
IGE GenUVP(Polimi, Onera) & HoPFlow(Polimi)

T1 GenUVP(Polimi, Glasgow) & HoPFlow(Polimi)

T2 GenUVP(Polimi) & HoPFlow(Polimi)

T3 GenUVP(Polimi, Glasgow) & HoPFlow(Glasgow)

Potential solver (GenUVP) - Numerical configuration

In potential solvers, there is no need for space grids. The grid is fitted on the
surface of the bodies. As stated in Chapter 2.3 in potential theory a lifting body
can be represented either as a thick body (source and douplet distributions) or
as a lifting surface (only douplet distributions). While thick bodies offer an exact
representation of the actual blade shape and can predict the pressure distribu-
tion over the blade, thin lifting surfaces are significantly more cost effective. It
is also important to note that when it comes to integrated loads (i.e. blade root
moments, rotor hub loads etc.), both representations provide similar results be-
cause they both use the same final viscous corrections. In this connection, given
that interactional simulations required a large number of rotations to be run, it is
more effective to use lifting surfaces instead. An additional argument is that the
available experimental results concerned only integrated loads on the hub and not
sectional distributions. In all cases, the fuselage and the model support mast were
not simulated. In Table the computational details for the main rotor configu-
ration are shown for all cases and test campaigns. The obstacles in the potential
solver are modeled as thick source bodies as seen in Figure [3.5] and Figure 3.6
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Table 3.8: Computational details for the main rotor configuration using
GenUVP

Case Modeling Grid Time step

OGE (Polimi, Glasgow, ONERA) Lifting Surface 9x21 4°

IGE (Polimi, ONERA) Lifting Surface 9x21 4°

T1 (Polimi, Glasgow) Lifting Surface 9x21 4°

T2 (Polimi) Lifting Surface 9x21 4°

T3 (Polimi, Glasgow) Lifting Surface 9x21 4°
S ”

Figure 3.5: Computational grid presentation for the Glasgow model. The
blades are modeled as thin lifting surfaces carrying doublets and the ob-
stacle is modeled as thick source body. A similar grid is used in Polimi
computations.

Table 3.9: Computational details for the obstacle simulations using GenUVP

Case Modeling Grid Time step
IGE (ONERA) Thick source body 31x31x21 4°
T1 (Polimi, Glasgow) Thick source body 31x31x21 4°
T2 (Polimi) Thick source body 31x31x21 4°
T3 (Polimi, Glasgow) Thick source body 31x31x21 4°

The effect of the ground can be introduced to potential solvers in two ways.
The first, is to model the ground with panels carrying source distributions and
satisfy the no-penetration condition at the centre of every panel. The second, is
to apply mirroring of the douplet and source distributions along with the spatial
vorticity so that the normal velocity to the mirroring plane is by construction
cancelled. Both methods reproduce the effect of the ground considering it as a
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slip wall. Because of the nature of the problems studied in this thesis, choosing
the first method would imply that the extension of the area covered with ground
panels would be very large and thus, the computational cost would be excessive.
In addition, in order to avoid particles crossing the ground level, the density of
the panels grid on the ground should be very high. This is mainly due to the fact
that the non-entry condition is satisfied only on one point over every panel which
implies that overall there will be non zero flow penetration through the ground
panels. So, with some necessary adaptations to the code, the mirroring technique
has been chosen.

A

Figure 3.6: Computational grid of the ONERA model. The blades are mod-
eled as thin lifting surfaces carrying doublets and the walls are modeled as
thick source bodies.

With respect to cost, for an isolated hovering rotor, convergence to steady
state is reached after 10 full revolutions. When the helicopter hovers in proximity
to the ground or to an obstacle, convergence to a periodic state requires at least
40 rotor revolutions. In the results presented, such simulations extended up to 80
revolutions in order to ensure that the rotor wake which bounces on the ground
and returns to the free flow (outwash flow) has fully evolved. Loads have been
averaged over the azimuth during the second half of the simulation (from the 415
to 80" revolution). On the contrary, plotted flow contours are obtained through
averaging over the last rotor revolution.

Because of the different sizes of the rotors and obstacles in the tests, all di-
mensions are normalized with the rotor radius. Loads in IGE and in proximity to
the obstacle are normalized with the values obtained when the rotor hovers OGE.

Hybrid Solver (HoPFlow) - Numerical configuration

HoPFlow requires two sets of grids in order to solve the flow: A spatial grid
surrounding the solid boundaries is needed in order to solve the flow in the vicinity
of solid bodies using the URANS control volume model MaPFlow; and a structured
uniform Cartesian grid that covers the whole computational domain on which the
Particle Mesh method is applied.
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In the present simulations, the blades are represented by actuator lines. In
such a case, every blade is covered by a cylindrical cross grid that includes the
lines of the actuator model and extends by 1.5x radius in the radial direction and
by 0.5x radius around every cross section. In Figure [3.7] the setup and the grid
that is used is shown for the Polimi experiment. A similar setup is also used in
Glasgow computations. Each actuator line (each blade) is divided into 31 sections.
As literature suggests and previous work at NTUA [I06], a suitable grid spacing
should range from § to g, where c is the chord of the blade. In the present work,
the spacing is set at £. The corresponding time-step needed for this spacing can be

calculated as 0t = where dx is the spacing of the grid and Vi, is the velocity

V
at the tip of the blatude In this work, dt is equal to 0.2 which corresponds to an
azimuth step of 1°. In this configuration, the CFD grid is moving along with the
blades. Since the actual geometry of the blades is not resolved and the viscous
effects are included in the process of calculating the loads, the flow around the

blades is considered laminar.

Figure 3.7: CFD mesh surrounding the rotor blades of Polimi’s rotor. Red
lines represent the blades.

Besides the CFD grids surrounding the blades (defined with respect to the
blades’ rotating frame) fixed CFD grids are deployed over the ground and around
the obstacle (see Figure . As in the case of the blades, laminar flow is also as-
sumed within these regions. This assumption is based on the fact that there is no
wind inflow in the cases considered. So, any flow on the ground or around the ob-
stacles is generated by the rotor wake. Taking into consideration that rotor induced
velocities are low (3-6 m/s) and that characteristic lengths of the boundary layer
development over the solid bodies of the problem extend from 1 - 2 radii at maxi-
mum, the corresponding Reynolds number varies between Re, = 263000 — 600000.
Since the overall Re, number is relatively low and the phenomena investigated
in the present thesis take place in the vicinity of the rotor disk, the decision to
simulate laminar flow conditions is well substantiated. At the same time, any
uncertainty derived from the turbulence modelling is eliminated. The extension
of the grid is 0.5 times the radius of the corresponding experimental main rotor
blade (Polimi and Glasgow) so the boundary layer on the ground and the obstacle
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can be fully developed within the CFD domain. The first cell of the grid on the
ground and the obstacle has a height of 2% 10~* m. The time-step of all HoPFlow
simulations was 1° with respect to the rotational period of the main rotor.

In the few cases (IGE (Polimi) Z/R = 1 and T1 (Polimi) Z/R = 2) the fuselage
has been added in the simulation. The corresponding CFD grid around the ground,
the obstacle and the fuselage is 0.25 times the radius of the main rotor. Thinner

grids are adopted in the above cases in order to avoid excessive overlapping (see
Figure |3.9)). In Table the details of the grids used are presented.

Table 3.10: Computational details for the CFD grids used in HoPFlow

Case Rotor Walls Fuselage
(cells) (cells) (cells)

OGE (Polimi, Glasgow) 212.000 - -
IGE (Polimi) 212.000 288.000 -

T1 (Polimi) 212.000 1.150.205 -

T2 (Polimi) 212.000 1.150.205 -

T3 (Glasgow) 212.000  602.596

OGE (Polimi with fuselage) 1.005.802 - 120.690

IGE (Polimi with fuselage)  1.005.802  507.000  120.690
T1 (Polimi with fuselage) 1.005.802 1.150.705 120.690

The Particle Mesh grid extends at least 3 diameters away in all directions from
the rotor and the obstacle so as to cover the entire flow domain and avoid abrupt
interruption of the flow. The resolution of this grid is mainly dictated by the
time-step of the rotating main rotor and the CFL number. Dilatation waves are
propagating with the speed of ¢ £ Vj,,y where ¢ equals the speed of sound in the
air and Vj,; the un-disturbed free flow velocity. Taking the above into account,
at every time-step, the distance that these waves are propagating must be within
a range of do = 0.5 — 1.5dxpys where do = (¢ & Viyp) * t. Thus, for the present
work, the grid spacing of the PM is set to .
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(b) CFD meshes surrounding the blades
(a) CFD meshes surrounding the blades of the rotor the ground and the obsta-
of the rotor and the ground. cle.

Figure 3.8: Schematic representation of the grid that are used in HoPFlow
simulations for the Polimi test campaign. The pure IGE case is shown on the
left and the rotor/obstacle configuration on the right. The wall and ground
are shown in red color. A similar grid is used in Glasgow computations.

(a) CFD meshes surrounding the blades (b) CFD meshes surrounding the blades
of the rotor and the fuselage. of the rotor the ground and the fuselage.

Figure 3.9: Schematic representation of the grid that are used in HoPFlow
simulations including the fuselage for the Polimi test campaign. The pure
OGE case is shown on the left and the pure IGE rotor/fuselage/ground con-
figuration on the right. The solid boundaries are presented with red color.
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3.2 Hover flight simulations Outside the
Ground Effect (OGE) using different
methods

In all measurement campaigns (Polimi, Glasgow and ONERA) first the thrust of
their corresponding model helicopter was measured OGE in order to determine
the reference value of thrust against which the thrust of all interactional cases will
be compared to. The results are shown in Table The thrust coefficient of
the three tests is different, given that the experimental setup and the rotors of the
three test campaigns are different (see Tables .

GenUV P simulations cover all the experiments considering only the main ro-
tor in favor of computational cost. HoPFlow simulations focus on the Polimi
experiment in the attempt of validating the Actuator Line model and assessing
the necessity of including the fuselage. In addition to loads, a detailed analysis of
the flow field is performed using HoP Flow data.

3.2.1 Main Rotor Load Results

The test data and the predicted values are given in Tables and They
compare very well. The GenUV P predictions deviate only by +0.3% which is
negligible. It is reminded that loads are calculated using viscous corrections of the
blade element type based on the estimation of the angle of attack and 2D polars
which in the present work were obtained with MaPFlow for different Mach numbers
in the range 0-0.6 and the average local Reynolds number of the rotating blades
(100000-200000). Given that the collective pitch is kept fixed in all OGE tests no
unsteady effects (steady-state axi-symmetric conditions) on the performance of the
rotor are expected. Pitch is also kept constant in the IGE and the interactional
(presence of obstacle) cases but in those cases flow unsteadiness is triggered by the
interaction of the wake with the solid boundaries which implies some unsteadiness
in the loading.

Table 3.11: Measured Thrust Coefficient in OGE conditions for the three
experimental campaigns

Experiment Measured Thrust Coefficient

Polimi 0.00729
ONERA 0.00379
Glasgow 0.00736

68



Table 3.12: Predicted Thrust Coefficient in OGE conditions for the three
experimental campaigns

Experiment Predictions with GenUVP Predictions with HoPFlow

Polimi 0.00731 0.00730

Polimi - 0.00733 (with fuselage)
ONERA 0.00380 -

Glasgow 0.00735 0.007355

The collective pitch in the simulations was that of the experiments, so by
conjecture good agreement in the loads means that the estimation of the angle of
attack is also correct and so should be also the flow field. An OGE simulation of
10 full revolutions with GenUV P applying 90 steps per rev, lasts 2 hours on a
4-core laptop.

Excellent agreement is also obtained with HoPFlow. It is reminded that
although the simulation solves the Navier Stokes equations, the fact that the blades
are represented by actuator lines means that the loads are predicted similarly to
GenUV P. However the way angles of attack are estimated is different and so in
this respect good agreement implies that the two ways for estimating the angle of
attack are in their final result equivalent.

The run time of the 10 full revolutions with HoPFlow in OGE conditions
is substantially higher compared to that with GenUV P. Part of this increase
is due to the much smaller time step needed leading to 360 steps per rev and
approximately 24 hours run time. Moreover, the additional value from using high
fidelity CFD in OGE conditions is definitely not linked to the prediction of the
rotor wake field but with the details of the flow in the vicinity of the blade and
with flow phenomena with length scales comparable in size to the scale of the blade
chord. Since this study resolves the blades using the actuator line method coupled
with the Dynamic Stall model, no added value is imported by using HoP Flow for
OGE simulations. The value of HoPFlow emerges when interactions of the rotor
wake with nearby walls is examined.

3.2.2 Flow field analysis in OGE

Wake evolution is closely connected to loading formation which renders vorticity
calculations valuable. They are part of the solving procedure in vortex particle
methods and therefore GenUV P and HoP Flow are definitely well suited for such
a task. Figure[3.I1]shows a snapshot of the OGE flow field of the hovering rotor as
computed by HoP Flow after 10 rotor revolutions. Because the flow fields obtained
by GenUV P and HoPFlow are similar only the results of the latter are shown.
The results concern the rotor of Polimi and the simulation is performed without
the presence of the fuselage. The magnitude of the flow velocity is illustrated in
the plot, over a vertical plane that passes through the centre of the rotor (axi-
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symmetry plane). It is worth noticing that flow field is smooth suggesting that the
coupling of the Eulerian domain (CFD grid) with the Lagrangian one (far field) is
performed in a consistent manner.

The typical for hovering rotors vortex ring travelling downstream at 3-4m/s,
is clearly shown. The wake roll up that shapes the ring, is created at the very
beginning of the simulation, as a result of the interaction of the starting vortices
emitted by the different blades. Moreover, visible is the contracting jet flow that
develops under the rotor disk. As expected, the rotor inflow velocity varies along
the blade span and obtains its maximum value within the range 70-95% of the rotor
radius. This is also the radial range within which local blade thrust obtains its
maximum value. The absence of the fuselage, the hub and the rotor mast, explain
the "hole” in the flow field close to the rotor centre. The absence of aerodynamic
loading leads to a flow field that appears to be almost stagnant in the above
region. The 1D distance of the starting vortex ring from the rotor plane and the
convergence of the wake contracted shape indicate that after 10 revolutions the
rotor loading has also converged. The above is also presented in Figure In
this figure, the velocity magnitude of the wake is presented as contour over the
iso-surface of the wake (snapshot at the end of the 10 rotor revolution).

Figure 3.10: Wake iso-surface of the Polimi main rotor without the fuselage
in OGE conditions. Over the iso-surface the velocity magnitude is depicted
as it has been captured after the end of the 10" revolution.
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Figure 3.11: Velocity magnitude contour and vectors of the OGE case of
Polimi rotor without the fuselage, over an axi-symmetry plane at r/R = 0
(snapshot at the end of the 10" period).
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An additional simulation of the same test case aiming at assessing the impor-
tance of the fuselage is also considered. The run concerns the Polimi rotor plus its
fuselage and HoP Flow results are shown in Figure|3.12] The overview of the wake
(iso-surface of the vorticity magnitude) that is shown, clearly indicates that the
wake is shaped differently. Instead of the symmetric shape obtained in the rotor-
only simulation, the fuselage provokes asymmetry suggesting that also the loading
will become asymmetric. The tail boom of the fuselage blocks the strong tip vor-
tices of the blade when this passes from 0 degrees azimuth angle (blade parallel
to flight path pointing downstream). This leads to decreased induced velocities
at the downstream part of the rotor disk. As seen in the back view the starting
vortex underneath the retreating and advancing sides are symmetrical. The above
are more clearly illustrated in Figures where the velocity magnitude of
the flow field is shown, again at the end of the 10" revolution. In Figure[3.13] it is
observed that the presence of the fuselage alters the position of the starting vortex
ring. The vortex at the nose of the fuselage travels downwards faster after being
deflected by the nose of the fuselage. On the other hand, the one at the back of
the helicopter moves downwards at lower speed dictated by the blockage of the tail
boom. Furthermore, a low velocity region is formed underneath the main body of
the fuselage as a result of the wake jet flow separation (see also Figure .

Figure 3.12: Overview of the wake for the case of the rotor-fuselage interac-
tion.The case concerns the Polimi main rotor in addition with the fuselage.
The wake is presented as the iso-surface of vorticity magnitude at the end of
the 10'h rotor revolution.
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As discussed earlier an almost symmetric development of the wake is obtained
with respect to the helicopter symmetry plane. This is noted on the vorticity plots
of Figure but also on the velocity field of Figure As seen in the figure,
two symmetrical ring vortices are formed below the fuselage. Comparing these
results with the results of the stand-alone rotor, it is noted that reduced wake
velocities are obtained in the full helicopter case. However, the wake jet flow in
the case of the full helicopter is wider (reduced wake contraction). This leads to
a more even loading of the rotor disk although the integrated overall thrust load
of the rotor is not altered. A more illustrative, 3D flow pattern plot is shown in
Figure In this plot the magnitude of the flow velocity inside the wake is
shown. Comparing this with the corresponding flow velocity pattern of the OGE
case (see Figure it is concluded that lower flow velocities are obtained in the
wake of the full helicopter as compared to those of the single rotor. The region
over which lower velocities are distributed is more extended.

Figure 3.13: Velocity magnitude and vector contour of the OGE case of
Polimi rotor with the fuselage, over an axi-symmetry plane at r/R = 0
(snapshot at the end of the 10" period, side view).

In the full helicopter simulation with HoP Flow the pressure distributions and
the streamlines of the flow over the surface of the fuselage have been recorded. In
Figure the pressure coefficient distribution on the fuselage and the stream-
traces on the surface of the body are presented. It is observed that the presence of
the fuselage, blocks the flow below the rotor disk. This is clearly depicted on the
CP values which obtain higher values at the top of the fuselage roof due to the
reduced flow velocities. The stagnation line is clearly identified on the helicopter
roof, lying over the symmetry plane of the fuselage. Stream-traces on the roof of
the fuselage, starting from the stagnation line, they split into two streams, one
following the port side of the fuselage while the other the starboard side. The
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streamtraces are abruptly interrupted when they reach the side edges of the fuse-
lage as a result of the separation of the wake flow on the lower side of the fuselage.

Figure 3.14: Velocity magnitude and vector contour of the OGE case of
Polimi rotor with the fuselage, over an axi-symmetry plane at r/R = 0
(snapshot at the end of the 10" period, side view).

Figure 3.15: Wake iso-surface of the Polimi main rotor with the fuselage in
OGE conditions. Over the iso-surface, the velocity magnitude is depicted as
it has been captured after the end of the 10" revolution.
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Figure 3.16: Pressure Coefficient distribution on the fuselage and stream-
traces for the OGE hover case

In conclusion, OGE simulations with either method correctly predict loads
and at the same time provide physically consistent flow fields as explained in
[116]. The analysis showed that the presence of the fuselage in the simulations
does not have a crucial effect on the loading of the main rotor, even though the
wake changes shape. In OGFE cases for zero values of the advance ratio, GenUV P
provides equally good predictions of the rotor loads and wake as high fidelity
actuator line methods. Furthermore, vortex model is cost effective and provides
robust predictions of loads. On the other hand, HoPFlow can handle flows in
which viscous effects are dominant (eg. presence of fuselage and occurrence of
flow separation), although it is far more expensive than the vortex model, both in
terms of computer time and memory requirements. Thus, it is more suitable for
simulations in which modelling of the fuselage is imperative.
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3.3 Performance of the rotor in ground effect

The first interactional case addresses helicopter hovering above the ground. There
are tunnel results by Polimi for different distances from the ground and by ONERA
with measurements at one point namely Z/R = 1. Simulations for all cases have
been carried out with GenUV P while with HoPFlow the smallest distance has
been considered.

Table 3.13: Cases and computational tools used

Data GenUVP HoPFlow HoPFlow
(viscous case) (inviscid case)

Loads Z/R=1-4 Z/R=1 Z/R=1

Flow Field ; Z/R=1 Z/R=1

In problems such as that of a rotor in close interaction with the ground, the
latter has a significant contribution to the rotor loading. This effect is created by
the jet of the helicopter in addition to the tip vortices emitted by the tip of the
blades.

3.3.1 Experimental main rotor loads analysis in com-
parison to GenUVP and HoPFlow predictions

In Figure GenUV P predictions of the normalized thrust coefficient (black
solid line) (CT) with respect to the distance from the ground Z/R are compared
to the Polimi (black markers) and ONERA measurements and predictions respec-
tively (red markers). In Polimi’s experiment the maximum increase in C'T" with
respect to OGE is about 15% and is recorded at the lowest measured station
(Z/R =1). At Z/R = 4 the effect of the ground almost vanishes. In the ON-
ERA experiment, the maximum increase in CT is lower and goes up to 12%. This
lower measurement is attributed to the deflections of the blades during the exper-
iment. According to experimenters, the model helicopter showed deflections and
deviations in the power of the motor leading to a higher standard deviations in
measurements.

Predictions are in good agreement with the measurements. The increase in
CT/CTocr as Z/R decreases, is correctly predict, however the recorded thrust
variation does not exactly follow the analytically calculated exponential shape
(ground effect of lifting wing calculated through application of Biot-Savart’s law).
At about Z/R = 1.6, C'T values maintain a constant level forming thus a ”knee”
in the overall variation. GenUV P captures well the thrust variation despite the
absence of viscous effects. At heights Z/R > 1.5 predictions and measurements are
almost identical. However, there is a small under-prediction of the ground effect
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at lower heights Z/R < 1.5. The maximum deviation appears at Z/R = 1 and is
~ 2.5 units lower than the measured increase of 15%.
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Figure 3.17: Rotor thrust variation in IGE for the Polimi and ONERA rotors.
Comparison of measurements against prediction obtained with GenUVP

This difference in CT/CTogg of 15% is attributed to the displacement effect
of the ground boundary layer which is not accounted for in GenUV P simulations.
Development of the boundary layer renders the active distance between the rotor
disk and the ground smaller and, therefore, the increase in thrust is higher. In
Figure [3.18] a contour plot of the velocity magnitude at an axi-symmetry plane
centered at X = 0 is shown for the above Z/R = 1 case, obtained through a
HoPFlow simulation in which the ground is modelled as a slip wall. It is seen
that in the absence of a boundary layer on the ground, the wake licks the ground
while the magnitude of the velocity near the inviscid wall substantially increases
leading to an outwash flow that moves fast away from the rotor.

Also, the Z/R value at which the "knee” of the CT variation occurs, is correctly
predicted. As Z becomes smaller, wake vortices reach the ground and bounce back
creating an outwash flow (see Figures and where the velocity magnitude
of the OGE and IGFE case at Z/R = 1 are shown). The wake-induced downwash
depends strongly on the distance of the rotor from the ground, which affects the
formation of the lateral flow. In particular, wake-induced downwash increases at
lower heights. This is because wake vortices move outwards, parallel to the ground
level (see Figure , while remaining closer to the rotor plane as compared to the
OGE case. As a result, wake-induced velocities attain higher vertical component.
At the same time the mirror vortices, that in theory account for the presence of
the ground, also get closer and therefore their counteraction (induced upwash)
becomes stronger. The above two opposing effects determine CT, which at some
points eventually levels out. In this particular case, this occurs at Z/R = 1.7—2.0.

Comparing the experimental data of ONERA against GenUV P predictions, a
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good agreement is noted (less then 1%) in terms of absolute value. However, the
GenUV P prediction for the C'T is greater than measurements. Considering the
deflections in the experiment and that in simulations only the nominal rotational
speed and pitch angle is used, this difference is justified.

Velocity Magnitude [m/s]
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Figure 3.18: Velocity magnitude and vector contour of the IGE case of Polimi
rotor at Z/R = 1 without the fuselage, over an axi-symmetry plane at r/R =
0 (snapshot at the end of the 6 period). The simulation is performed with
HoPFlow with slippery conditions on the ground wall.

In conclusion, the trend of the IGE trust variation predicted by GenUV P is in
good agreement with experiments while computations are time efficient (16 hours
on 20 cores for 40 revolutions of the main rotor) which indicates that GenUV P
is in every respect appropriate for industrial applications in which ground effect
should be taken into account.

Unfortunately, inviscid methodologies cannot reproduce the displacement effect
of the boundary layer. Thus, the increase in thrust when hovering within Z/R =
1 — 1.5 is smaller, regardless whether the method captures the overall trend. In
order to investigate the importance of the ground boundary layer formation, the
Polimi case for IGE conditions at Z/R = 1 has been revised.

Table 3.14: Comparison of measured thrust variation for the Polimi IGE case
at Z/R=1 against predictions with HoPFlow

Predictions HoPFlow HoPFlow
(inviscid wall conditions) (viscous wall conditions)
1.1441 1.149 1.1235

In Table ,the increase in C'T at Z/R = 1 with respect to the OGE case is
shown. It is noted that prediction of HoP Flow using viscous ground condition is in
very good agreement with the measurements. The maximum thrust at Z/R =1
is well captured at =~ 15%. Thus, the formation of the boundary layer on the
ground adds an extra effect that increases the thrust on the rotor for low hovering
altitudes. The thrust value obtained with HoPFlow by considering the ground
as a slip (inviscid) wall is at the same level with that obtained with GenUV P.
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The fact that HoP Flow prediction of the thrust in the inviscid wall case is very
close to that of GenUV P but deviates by 3% from the case with viscous wall is a
strong evidence that the effect of the boundary layer of the ground on rotor loads
is by no means negligible at low altitude (Z/R =~ 1) hovering flights.

Velocity Magnitude [m/s]

Figure 3.19: Velocity magnitude at a vertical plane at X = 0 for the Polimi
case in IGE viscous conditions at height Z/R = 1. Snapshot at the end of
the 6 period.
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Figure 3.20: Boundary layer formation at a vertical plane at X = 0 for the
Polimi case. Snapshot at the end of the 6 period.

The way that the formation of the boundary layer effects the loading on the
rotor can be seen in Figure [3.19 and [3:20] The first shows the velocity field at
an axi-symmetrical vertical plane r/R1 = 0 as it has developed after 6 periods on
the particle mesh solver. The differences between viscous and inviscid simulations
can be observed by comparing Figures and The key difference can be
spotted at the position of the core of the tip vortex. In the viscous simulation, the
vortex is higher and closer to the rotor. This is the result of the displacement effect
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created by the boundary layer. In the particle mesh solution, the boundary layer
is clearly identified by the decrease in the velocities close to the ground. Figure
shows the boundary layer region from the CFD (MaPFlow) solution.

Due to mass conservation, the velocity deficit near the ground generate an
upwash flux that the forces the vortex to bounce. So, the vortex ring created
by the rotor is pushed upwards, closer to the rotor level. When viscous effects
are included, wake-induced velocities create a tangential to the ground flow that
points away of the tip of the rotor. As a consequence, a boundary layer is formed
outside the rotor disk as seen in Figure|3.19

3.3.2 Investigation of the viscosity effect on the ro-

tor loading and flow field characteristics with
HoPFlow

Besides highlighting the effect of the ground boundary layer on the shape of the
rotor developed wake, which implies a direct effect on the rotor loading, also in-
teresting is to observe the effect of the ground boundary layer on the evolution of
the starting rotor wake in hover. Figures[3.21] and [3.:22] detail in terms of vorticity
contours, the evolution of the wake that the two modeling options provide when
Z/R = 1. The inviscid option is depicted in Figure while the viscous option in
Figure From top to bottom, snapshots are shown at the end of the 1st, 2nd,
3rd, 4th, 6th, and 10th rotor revolution. At the end of the 1st period of the inviscid
simulation (Figure , the starting vortex ring has formed below the edges of
the rotor disk. At the end of the 2nd period, the ring moves downwards as a result
of its self-induced velocity. At the end of the 3rd period, strong blade tip vortices
are shaped that travel downstream. At this point, the core of the vortex ring is at
Z/R = 0.58 above the ground level and at /R = 1.18 away from the rotor center
while the ring begins to roll up. At the end of the 4th period, delimited by the
strong tip-vortices, the contracting rotor wake is now well shaped. The vortex ring
moves further down and outwards and also starts to deform (the original circular
cross section shape is now distorted) as it interacts with the ground. At the end
of the 6th period, the vortex hits the ground at a radial distance of r/R = 1.76.
The cross section of the ring is further distorted into an elliptical shape. Finally,
at the end of the 10th period, the vortex travels outwards keeping the distance of
its core from the ground constant at Z/R = 0.22.
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Figure 3.21: Vorticity pattern plots for IGE case at Z/R = 1 (snapshots
taken at the end of the 1%, 274 3rd 4th 6th and 10" rotor revolution).
HoPFlow simulations with inviscid conditions on the wall.
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Table 3.15: Tip vortex core position for the Polimi rotor at Z/R = 1 for
inviscid wall condition

End of period [Z/R] inviscid [r/R] inviscid

1%t 0.98 1.02
ond 0.80 1.08
3rd 0.58 1.18
gth 0.45 1.34
6th 0.28 1.76
10th 0.22 2.14

In the viscous option (Figure , the shape obtained after the end of the
first period (Figure vs. Figure ) is very similar to that of the inviscid
option. The predicted position of the vortex ring is almost identical in the two
simulations (see also Table and. However, the magnitude of the vorticity
at the tip is higher in the viscous option and so is the loading. Higher circulation
of the vortex ring implies that also higher down-wash will develop in the wake at
the early stages of its generation.

In Figure the down-wash and the in-plane velocity components over the
rotor disk as obtained with the two modeling options are compared. Although the
differences are small, the down-wash velocities (negative sign) over the rotor disk
plane are higher in the viscous case (the extent of the blue pattern is greater in the
viscous option results). Furthermore, the up-wash induced by the wake is higher
outside the rotor disk area and the same holds for the in-plane velocities within
the rotor disk area. This explains why in the viscous option, at the end of the 2nd
period, both the vortex ring and the tip vortices of the blades have traveled a longer
downwards distance as compared to the inviscid case. The same happens at the
end of the 3rd revolution (longer downwards distance traveled by the wake) while
in addition to the above, the ground boundary layer starts to develop. The shear
in this boundary layer is caused by the wake jet flow that at the end of the 3rd
revolution impinges on the ground. The development of the boundary layer creates
a vertical displacement effect (an upwards transpiration velocity related to the
displacement thickness of the boundary layer) which changes in shape of the vortex
ring. The distortion of the vortex ring in the viscous modeling option begins earlier
than in the inviscid one (already at the end of the 3rd revolution). The reason for
that is twofold: (i) the ring in the viscous option travels downwards with a higher
velocity due to higher loading and (ii) the ring interacts with the boundary layer
of the ground. At the end of the 4th period, the thickness of the boundary layer
has further increased while a stronger interaction with the vortex ring is observed.
The cross section of the vortex ring obtains an elliptical shape. By getting closer
to the ground, the interaction of the vortex ring with the boundary layer on the
ground gets stronger. The outer edge of the ring is closer to the edge of a thicker
boundary layer as compared to the inner edge.
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Figure 3.22: Vorticity pattern plots for IGE case at Z/R = 1 (snapshots
taken at the end of the 15, 2nd 374 4th 6th and 10" rotor revolution).
HoPFlow simulations with viscous conditions on the wall.
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Transpiration velocities are therefore higher over the outer edge of the ring and
the ring appears to rotate around its axis. At the end of 6th and 10th revolution,
the vortex ring moves upwards and away from the ground as if it rebounds (at
Z/R = 0.51 and Z/R = 0.65, respectively, see Tables , while the wake
tip-vortices start to interact with the boundary layer on the ground.

The above comparison has revealed that as the distance from the ground gets
smaller, two features that can only be reproduced by taking into account viscosity,
become decisive: First, the induced velocities in the wake are higher leading to
higher loading and secondly, the vortex ring rebounds from the ground pushed by
the displacement generated in the ground boundary layer.

Figure 3.23: Comparison of the vertical and in plane velocity on the level
of the rotor for the case with the viscous ground condition (right) and the
inviscid ground (left). The rotor concerns the Polimi experiment, and the
helicopter rotor is placed at Z/R = 1 in IGE conditions.

Table 3.16: Tip vortex core position for the Polimi rotor at Z/R = 1 with
viscous wall conditions

End of period [Z/R] viscous [r/R] viscous

1 0.53 1.19
2 0.39 1.41
3 0.53 1.19
4 0.39 1.41
6 0.51 1.86
10 0.65 2.00
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Figure 3.24: Comparison of the helicopters thrust coefficient from HoPFlow
at IGE Z/R = 1 with inviscid and viscous wall conditions respectively.

Comparison of the predicted CT time series of the two HoPFlow simulation
options is shown in Figurefor the case Z/R = 1. It indicates that the presence
of a viscous wall gives rise to increased thrust of the rotor already from the very
beginning of the simulation while after a number of revolutions CT converges to
higher value.

3.3.3 Importance of the fuselage on the results of vis-
cous simulations with HoPFlow

In the previous section, despite the good comparisons, the validation of the meth-
ods and the detailed discussion, simulations did not include the fuselage which was
present in the measurements. So in order to complete the analysis an additional
HoPFlow simulation with the fuselage has been conducted. This simulation con-
cerned the Polimi rotor at Z/R = 1. The Eulerian grid of the main rotor overlaps
with the grid of the fuselage which in turn overlaps with the ground grid. In this
respect, this case also verifies the ability of HoP Flow to handle overlapping grids.

Adding the fuselage has negligible effect on the rotor thrust. The increase is
again 15% (CT/CTogp = 1.15). However, as expected, the effect on the developed
flow field is substantial.

As Figure [3.25] shows, the fuselage deflects the wake flow when it reaches its
surface. The vortex formed over the upstream side of the rotor disk is diverted by
the nose of the fuselage leading to high outwash flow. Furthermore, separation of
the flow at the edge of the fuselage creates a re-circulation area underneath of it.
Over the aft part of the fuselage, the tail boom, which extends downstream up to
the rotor tip, blocks the wake flow leading to reduced velocities in the downstream
part of the wake and smaller vortex structures in the resulting outwash flow. As a
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result of the above the wake structure is no longer symmetric over the helicopter
symmetry plane of Figure [3.25

Velocity Magnitude [m/s]

Figure 3.25: Velocity magnitude at a vertical plane at Y = 0 for the Polimi
case in IGE viscous conditions at height Z/R = 1. Snapshot at the end of
the 6" period.

However, looking the back view of the flow (Figure , there is resemblance
to an only-rotor simulation. This is due to the size of the fuselage in the lateral
direction. The effect of the fuselage on the formation of the wake is small since the
wake vortices on the advancing and retreating sides of the rotor are not blocked
by any surface. The only difference that can be spotted, concerns the region un-
derneath the fuselage, where two counter rotating vortices are created due to flow
separation. These vortices extend beyond the width of the fuselage and interact
with the strong downwash flow induced by the rotor. Even though the fuselage
interacts with the wake of the rotor and blocks part of the wake induced flow,
it does not intervene in the way that the wake interacts with the ground. As in
the case of the pure rotor a boundary layer develops on the ground as a result of
the rotor downwash that pushes the rotor vortex ring upwards. Thus, a similar
increase in CT/CTogr is again observed with respect to the inviscid ground case
which lacks the displacement effect by the ground boundary layer.

As shown in Figure the width of the boundary layer is smaller comparing
to the simulation without the fuselage (Figure This is due to a smaller mean
jet velocity.

These differences at the level of the ground are also seen in the pressure dis-
tribution on the ground. In Figure the pressure distribution on the ground
is presented for the inviscid condition on the ground and for the viscous ground
with and without the fuselage.

86



Velocity Magnitude [m/s]

136
12.7
11.9 y

Figure 3.26: Velocity magnitude at a vertical plane at X = 0 for the Polimi
case in IGE viscous conditions at height Z/R = 1. Snapshot at the end of
the 6 period.

Figure 3.27: Boundary layer formation at a vertical plane at X = 0 for the
Polimi case with the fuselage. Snapshot at the end of the 6" period.

(a) Inviscid wall condi- (b) Viscous wall condi- (¢) Viscous wall condi-
tions tions tions and fuselage

Figure 3.28: Ground pressure distribution comparison between HoPFlow
simulations for the single main rotor and the rotor-fuselage configuration.
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3.4 Rotor Performance in IGE conditions with
surrounding walls

ONERA examined the effect surrounding walls may have when combined with
IGE as shown in Section and specifically in Figure |3.3, Details about the
configuration of the experimental rig can be found on Table [3.4 and Figure [3.3
For this case, the experimental data are compared with predictions obtained with
GenUV P. Both loads measurements and flow field PIV data are reproduced using
the potential solution.

3.4.1 Main Rotor Loads Results
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Figure 3.29: Rotor thrust variation in IGE with side walls. Comparisons of
measurements against predictions obtained with GenUVP.

In Figure[3:29|the variation of the time averaged thrust with respect to the distance
from the ground is shown. The thrust ratio with (IGE) and without (OGE) ground
effect is plotted versus the dimensionless distance from the ground. According to
measurements, when rotor is hovering IGE while there is a peripheral blockage,
the thrust coefficient monotonically increases (almost exponentially) with respect
to the OGFE case as the distance from the ground decreases. At the lowest point,
the highest increase in thrust is obtained, which is about 7%. The effect of the
ground and of the surrounding buildings vanishes at Z/R values higher than 2.
Comparing the results of the previous chapter with the data from this exper-
iment, it follows that the two campaigns are in line in terms of the tendency of
the trust. The lower the height of the flight the greater the effect. On the other
hand, there are two major differences. The first concerns the actual value of the
increase. There is a 7% drop in the maximum thrust when the walls are added.
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The second is that the height of flight after which the effect of the ground com-
bined with peripheral walls vanishes, is lowered at Z/R = 2 compared to Z/R = 4
in the case of the only having the ground.

The comparison between measurements and the GenUV P predictions are in
good agreement. The potential solver is capable of predicting the overall trend of
the thrust increase as the rotor hovers closer to the ground. In quantitative terms
the predict thrust values are very close to the measured ones with a maximum
deviation of 1% at Z/R = 1.8. Such an overshoot was also seen in the tests as well
as in the predictions of the Polimi IGE case (Section [3.3.3] Figure [3.17). In the
case of this section, this is only seen in the predictions.

3.4.2 Flow field comparisons against ONERA PIV mea-

surements
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Figure 3.30: The velocity magnitude over a vertical plane placed at X/R=0
and flow patterns for the ONERA experiment when the rotor is placed at
Z/R =1 above the ground.

An effective way to explain the obtained reduction in thrust in the presence of
the side walls as compared to the pure IGE case (for Z/R = 1), is to analyse
the developed flow field. Figure m(a) shows the measured pattern of the flow
(velocity PIV measurements) in the region between the rotor and the ground/walls
when the rotor is placed at Z/R = 1 above the ground. It can be seen that the
wake of the rotor moves parallel to the ground and along the side wall before
arriving at its top edge. It then rolls up forming a counter-clockwise vortex which
remains within the court yard and stands in between the rotor and the side walls.
The vortex core lies at a vertical position slightly higher than the rotor hub and
induces downwash velocities over the rotor disc. This downwash contributes to
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an opposite effect on the loads as compared to that of the ground, in which the
position of the starting vortex ring is close but beneath the rotor hub and therefore
increases the loading. In the absence of the side walls (and in the context of an
inviscid simulation) the roll up of the wake that impinges on the ground would
take place at a much larger distance from the rotor position and would therefore
have minor effect on its performance.

In Figure [3.30] a similar flow pattern is obtained through simulations. While
the streamlines follow the ground and the side walls as in the tests, there is flow
leakage over the side walls along their edges. Also, the rolling up of the wake is
stronger and takes place closer to the walls as compared to measurements. Both
of these features are attributed to the essentially inviscid character of the model
which in the present case neglects the interaction with the wall boundary layer.
This also explains the slightly overestimated thrust. It is important to note that
even though the averaged loads are in good agreement with measurements, the
inviscid character of GenUV P generates deficiencies in the flow field. However, it is
important to consider that the effect of the surface roughness in simulations of flows
between buildings is decisive even for the appearance of multiple or single vortices.
In this context, the comparison of the flow patterns between measurements and
inviscid predictions is satisfactory.

In the experiment, the low Reynolds number and the viscosity are responsible
for trapping the vortex between the rotor and the wall and by that create a steady
re-circulation region. Inviscid predictions on the other hand produce this vortex
periodically. For instance, when the vortex ring of the IGFE case impinges on the
ground, it travels away from the rotor centre. When it reaches the side wall it is
accelerated upwards licking the wall. Then, when the vortex reaches the upper
edge of the wall, the induced velocities create an expansion zone that pushes the
vortex beyond the walls. When the vortex moves far away from the rotor disk
plane, in the absence of its induced velocities, the loading of the rotor decreases
leading to the emission of a new ring type vortex. This unsteady phenomenon
in the inviscid simulation is periodically repeated with a periodicity of 40 rotor
revolutions.

3.5 Helicopter Hovering above an obstacle -
Sweep in z axis (T1 case)

Next, the combined rotor-obstacle-ground interaction is addressed by varying the
horizontal placement of the rotor center with respect to the obstacle (horizontal
sweep defined in Figure . Predictions of the normalized C'T" and Figure of
Merit (F'M) with respect to the OGE case are compared against test data from
Polimi and Glasgow test campaigns (Figure and Figure respectively). In
all cases, the rotor center is at Y/R = 0, while the rotor plane is at 1R above the
obstacle top. This means that in the Polimi test, Z/R = 2 and in the Glasgow
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test Z/R = 3 with respect to the ground.

The T1 cases of the Polimi and Glasgow experiments have been simulated with
GenUV P and HoPFlow. GenUV P simulations cover the whole range of points
addressed in the experiments (see Table while HoP Flow simulations focus
on some points of the Polimi experiment (X/R = —1,0,1), where GenUV P fails
to provide consistent load and flow field predictions.

3.5.1 Main Rotor Loads Results
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Figure 3.31: C'T and F'M variations against the distance from the centre
of the obstacle (X/R=-1). Comparisons of measured data against GenUV P
and HoP Flow predictions for the T2 Polimi case. The rotor has a constant
distance of 2R from the ground.

Figure depicts the variation in CT and FM of Polimi rotor with respect
to the distance from the centre of the obstacle. At X/R = —1 the whole rotor disk
is above the obstacle. The increase in thrust is even higher than that of the pure
IGE conditions. CT/CTogg increases from about 15% when the rotor is 1R above
the ground, in the pure ground effect case, to 21% when the rotor is 1R above the
obstacle. It is noted that this 21% increase in thrust corresponds to a 2R distance
from the ground in the Polimi test. This difference is due to the presence of the
obstacle and is attributed to the different formation of the wake as compared to the
IGE case. In the present case the tip and starting vortices are again constrained by
the solid boundaries that introduce mirror vortices. In the presence of the obstacle
and the ground, mirroring becomes more complicated. The different boundaries
(horizontal and vertical walls) that need to be considered in the application of the
mirror technique result in an infinite series of mirror vortices.
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Figure 3.32: Comparison of the averaged circulation over the blade of the
Polimi rotor of T2 case Z/R = 2 against the OGE case Z/R = 1.

Figure[3.32shows the difference in circulation distribution along the blade span
of the Polimi rotor with and without the obstacle as calculated with the potential
solver GenUV P. In the two results the rotor is a) centered at 1R above the
obstacle and b) placed 1R above the ground. Results correspond to time averaged
circulation along the rotor blade over one period. For most of the blade length
(80% of the span) circulation is higher when the rotor hovers above the obstacle,
which explains the higher CT" values predicted in this case. It is worth noticing
that close to the tip the circulation distributions are very similar.

As the rotor centre is gradually moved away from the obstacle, the increase in
both CT and F'M becomes smaller. When the rotor disk is no longer shading the
obstacle (this happens at X/R = 1), the thrust increase is 3.5%, which is almost
the same as in the IGE case for Z/R = 2. This indicates that at this distance, the
presence of the obstacle is no longer influencing the rotor loading.

Comparing predictions against measured data the following observations are
made:

e The quality of the predictions is good, in both GenUV P and HoP Flow. The
same holds for the overall shape of the predicted CT and F'M variations with
X/R position. Despite its inviscid character, GenUV P reproduces well the
trend. The inclusion of the effect of the ground and the obstacle boundary
layer through HoPFlow simulations improves the level of agreement with
measurements in quantitative terms.

e The maximum difference between GenUV P predictions and measurements
is noted at X/R = —1. The difference is about 2.5 % in CT and 5% in
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F M. These differences are in line with the discussion of the IGE conditions,
where it was also noted that as the distance of the rotor from the ground
decreases, deviations between predictions and measurements increase, while
the maximum difference was again obtained at Z/R = 1 and it was found
to be of the same order of magnitude.

e HoPFlow does not only correctly capture the shape of the variation, but
also manages to predict well the maximum increase in C'T" and FM even
at X/R = —1. This outcome is in accordance with the previous discussion
on the importance of the viscous interactions that take place when a rotor
hover in close proximity to solid boundaries.
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Figure 3.33: C'T" and F'M variations against the distance from the centre
of the obstacle (X/R=-1). Comparisons of measured data against GenUV P
predictions for the T2 Glasgow case. The rotor has a constant distance of
3R from the ground.

Similar to Polimi, the T2 case of Glasgow showcases the variation in C'T" and
F M when the rotor undergoes a sweep in the x —azis. In contrast with the Polimi
test, the rotor hovers at Z/R = 3 from the ground. Measurements by Glasgow (see
Figure depict the same trend in CT" and F'M variations as Polimi’s. When
the rotor centre is placed at X/R = —1 (the obstacle is shading the whole rotor),
the maximum increase in CT is ~ 21%, higher than the value at Z/R = 1 of the
IGFE case and slightly higher than that of the Polimi test.

The above indicates that the thrust increase is independent of the distance
from the ground level, and is rather driven by the effect of the obstacle and the
way the wake develops in this particular case. As the rotor centre moves away
from the obstacle CT/CTogp decreases. At X/R = 1 (when the rotor is no longer
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shaded by the obstacle) the increase in CT is 5%. In this test, the increase is
slightly higher compared to the one of Polimi’s test for the same position of the
rotor. It is noted that in Glasgow’s test, the distance of the rotor from the ground
level is higher than in Polimi’s test (Z/R = 3 in Glasgow’s test against Z/R = 2 in
Polimi’s test) which indicates that at X/R = 1, the bigger obstacle in Glasgow’s
test, still influences the rotor inflow and the formation of its wake.

As the rotor centre moves further away from the edge of the obstacle, its effect
gradually diminishes and at X/R = 4 practically vanishes, as the 1% increase in
thrust obtained for the Glasgow configuration is in line with the recorded increase
in IGFE conditions. The two tests agree well in qualitative terms, although the
two obstacles are not the same. The shapes of the measured C'T" and F'M curves
are very similar. The maximum difference is in the order of 2% comparing mea-
surements against GenUV P predictions and it is well justified by the difference in
geometric characteristics (different shape and dimensions of obstacle and different
rotor diameter).

Predictions for the Glasgow T1 case are only provided by GenUV P. The
difference in thrust and Figure of merit is well captured by the model despite its
inviscid character. As in the Polimi case, the overall shape and trend of the results
are in good agreement with measurements. However, quantitative differences are
observed when the rotor is shaded by the obstacle. This is attributed to the lack
of the viscous interactional phenomena as discussed before.

3.5.2 Flow field comparisons against Polimi’s PIV mea-
surements

Polimi performed PIV measurements which are compared against predictions ob-
tained with GenUV P and HoPFlow. Contours of velocity magnitude and flow
lines are shown on the vertical xz plane passing through the centre of the rotor
r/R=0.

When the hovering rotor is centered above the obstacle (at X/R = —1), flow
measurements (Figure ) indicate that the slipstream of the rotor wake sepa-
rates from the edges of the box roof. A re-circulation (clock-wise rotation) zone of
low velocities is formed between the side wall of the obstacle and the wake shear
layer. Hence, a low velocities region within the re-circulation zone is created. Be-
cause flow separation is not accounted for in GenUV P (the wall and the ground
are modeled only as non-penetrated surfaces), the predicted streamlines in Figure
3.34b, remain attached to the side wall of the obstacle. High downwash velocities
are obtained over the side face of the obstacle. The counter-clockwise vortices
appearing at X/R = 0.5, 1 and 2 are due to the roll up of the rotor wake, which
once pushed downwards to the ground, then moves parallel to it as demonstrated
in the pure IGE case.

The above qualitative difference between predictions and measurements, ex-
plains the increasing deviation in the obtained loads (see Figure as the rotor
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approaches the top of the obstacle. In the real flow, the downwash expands outside
the bounds of the re-circulation zone and virtually increases the dimensions of the
obstacle that the rotor “senses” and by that also increases the influence of the
body on the rotor. These phenomena, which the inviscid code GenUV P is not
able to resolve, are well reproduced by HoPFlow. In Figures (c,d) the flow
field recorded over the particle mesh grid of HoPFlow simulation is shown. The
contours depict the velocity magnitude and the stream-traces of the flow field with
and without the presence of the fuselage.

Velocity Magnitude [m/s] Velocity Magnitude [m/s]

3r 3 3k .
8 8
7 7
25F . 25F :
I 4 [ 4
3 3
2 2
27— 1 27— 1
o« 15f o« 15F
N N
1 1
osf osf
O:wl | | ol | I SIS WA WA N N Oiwluuluuluuluu
2 -15 05 0 05 1 15 2 25 2 15 -1 05 0
X/R []
(a) Polimi Measurements (b) GenUVP Predictions

Velocity Magnitude [m/s] Velocity Magnitude [m/s]

ZR[]
ZR[]

(¢) HoPFlow Predictions without the (d) HoPFlow Predictions with the fuse-
fuselage lage

Figure 3.34: Flow field comparison for the Polimi experiment while the rotor
is stationed at X/R = —1 and Z/R = 2.

In the case without the fuselage (Figure mc), as the slipstream circumvents
the obstacle over its edges, a re-circulation area is formed at the side wall of
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the obstacle. Comparison with the test is good and HoPFlow reproduces the
measured flow pattern. The extend of the re-circulation zone, the position on the
ground where the wake jet flow impinges, the magnitude of the velocities in the
wake slipstream are also in good correlation with the measurements. Only the
velocities in the re-circulation zone are over-predicted. However, the deviation is
small and does not affect the loads. It is worth noticing that similarly to the pure
IGFE case, as the wake of the main rotor approaches the ground, a boundary layer
develops which pushes the vortex formed within the re-circulation zone upwards.

Then as regards the effect of the fuselage, the corresponding flow field for the
same case is shown in Figure d). When in proximity to the ground, the effect
of the fuselage is to deflect the wake jet flow as a result of its blockage effect. When
the helicopter is hovering above the obstacle, the same blockage effect is identi-
fied as well. Focusing on the region above the obstacle, two major differences are
observed: (a) the jet flow produced by the main rotor has reduced velocities as
compared to the only-rotor case. Therefore, the downwash that impinges on the
obstacle and separates from its edges has lower velocities too. Switching to the
window where measurements have been acquired, it is clear that a shear layer
of reduced velocities and higher downstream extent is formed. The results are
subjected to the assumption of laminar flow which eventually does not fit the con-
ditions around and underneath the fuselage. So, besides the conclusion regarding
the loads, the present simulation with the fuselage may be considered as a proof
of concept step, requiring further investigation.

When the rotor centre is aligned with the edge of the obstacle (at X/R = 0),
a re-circulation area of low velocities is again formed between the side face of the
obstacle and the rotor downwash region (see Figure [3.35] (a) of the measured field).
An anti-clockwise vortex is formed this time, which is pushed closer to the ground
level as compared to the previous case (down-left side of the PIV window). In
Figure[3.35h, the traces of both the retreating (downstream part of the rotor) and
the advancing blade (upstream part of the rotor) wakes are distinguished. The
downwash of the retreating blade as revealed, hits (not shown in the window) the
roof of the obstacle and a stream of the wake flow exits from the downstream
(right) side of the obstacle. Higher velocity magnitudes are noted in the wake of
the retreating blade.

In the flow field predicted by GenUV P (Figure ) only the trace of the
downstream (retreating) blade is detected over the simulation window, while the
wake of the advancing blade (not shown in the plot) moves to the left (upstream).
The above difference is caused once again by the inviscid wall condition. As in
measurements, a low velocity zone is formed between the right wall of the obstacle
and the wake slipstream. The flow mechanism that leads to the formation of this
zone is different in measurements and in GenUV P results. In measurements, this
zone is created by the combination of the two different shear layers. In GenUV P
predictions this is caused by the lack of high downwash velocities underneath the
hub of the main rotor.

96



Velocity Magnitude [m/s] Velocity Magnitude [m/s]

25|

ZR[]
T

(a) Polimi Measurements (b) GenUVP Predictions

Velocity Magnitude [m/s]

(c) HoPFlow Predictions without the
fuselage

Figure 3.35: Flow field comparison for the Polimi experiment while the rotor
is stationed at X/R =0 and Z/R = 2.

Similarly to the experiment, the flow over the upstream part of the slipstream
as predicted by HoPFlow , impinges on the box roof and moves upwind (Figure
3.35c). Over the downstream part, the predicted slipstream stream part of the
rotor appears to have velocities higher than in the tests. The jet flow through the
upstream half of the rotor splits in two; the very front part moves upstream while
the rest after impinging on the roof top, separates and the shear layer continuous
vertically downwards. There is indication in the measured window that at the roof
edge there are two shear layers, suggesting that the upstream part of the jet flow
altogether moves downstream (or the split favors the part moving downstream).
As in measurements, a low velocity zone is formed between the right wall of the
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obstacle and the wake slipstream. The above qualitative difference between pre-
dictions and measurements could be due to the effect of the fuselage which has
been neglected in this simulation.

When the rotor centre is at X/R = 0.5, two weak counter-rotating vortices are
formed within the PIV window at Z/R = 0.9 and Z/R = 0.6 which are predicted
with GenUV P but with an offset at Z/R = 1.2 and 0.4 respectively (Figure |3.36]).
In the larger simulation window, the slipstream of the left side is clearly formed,
while that of the right side is barely detected at the left edge of the window.
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Figure 3.36: Flow field comparison for the Polimi experiment while the rotor
is stationed at X/R = 0.5 and Z/R = 2.

When the rotor is further moved at X/R = 1 (Figure [3.37h), the slipstream
of the advancing side starts to show up in the PIV window of the experiment.
In the GenUV P predictions-Figure 3.37p, a stronger slipstream is observed and
further away from the side wall in comparison to the X/R = 0.5 case. Further,
on the right of the PIV window, a counter rotating vortex is formed in a region
of low velocities. A similar pattern is also seen in the simulations, although the
recirculating zone is offset and smaller in size. On the right of this vortex the
slipstream of the retreating side is seen as in the previous case.

Focusing on the corner between the side wall of the obstacle and the ground
level, it is noted that downwash velocities in this region are slightly underestimated.
Furthermore, the trace of the downwash flow is slightly shifted downstream as
compared to the measured one. In the, larger than the measured, simulation
window the trace of the slipstream of the retreating side is also detected.

In the HoP Flow simulation, predictions of the flow field compare well to mea-
surements. As seen in Figure (c), the upstream flow leads to a slipstream on
the side wall of the obstacle. A re-circulation zone is created beneath the main
rotor close the obstacle. Comparing HoP Flow to the experiment, higher velocities
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are noted in the PIV window. However, this increase could have been reduced by
the presence of the fuselage.
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Figure 3.37: Flow field comparison for the Polimi experiment while the rotor
is stationed at X/R =1 and Z/R = 2.

Overall, better agreement between both sets of predictions and measurements
is obtained when the rotor is less masked by the obstacle (X/R = 0.5,1.0). At these
test points, as depicted in the velocity magnitude contours, viscous phenomena
are not dominating the flow field. However, when the rotor is fully shaded by the
obstacle, only HoPFlow predictions are in good agreement with measurements and
the reason is that the inclusion of viscous walls is the key element for the formation
of the wake.
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3.6 Helicopter Hovering above an Obstacle -
sweep in z axis (T2 case)

In the present section the problem of a helicopter hovering above a rectangular
obstacle is investigated. This problem is addressed by Polimi’s test campaign.
As explained in Section the test matrix (Table consists of a number
of test points in which the rotor is placed at different vertical positions above
a rectangular obstacle. At the first point of the test matrix, the rotor center
is placed at X/R = —1 (the rotor is above the obstacle) and at Z/R = 2 (the
rotor is 0.8 radii above the top of the obstacle). Then a vertical sweep along z
axis is performed, the last measurement concerns the rotor placed at Z/R = 4,
or 3.2 radii above the obstacle. On the simulation side, a full sweep performed
using GenUV P while HoPFlow had been used to simulate three points of the
test matrix (Z/R = 1,2,4).

3.6.1 Main Rotor Loads Results
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Figure 3.38: C'T" and F'M variations against the distance from the ground
(Z/R). Comparisons of measured data against GenUV P and HoPFlow
predictions for the T'1 Polimi case.

As in IGFE case, measurements indicate that, the main effect of the obstacle
on the helicopter rotor loads is to increase C'T" with respect to the OGE case (see
Figure m (a). More specifically, the maximum increase appears at Z/R = 2
above the ground and it is equal to 20% (this position is the same test point of
Polimi T1 case). As the helicopter rotor center vertical distance from the ground
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is increased, a lower and lower increase in CT/CToqg is obtained. The rate of the
variation of the load changes with the vertical position. A higher rate is noted in
the range Z/R = 2—3. Above Z/R = 3 the rate of the load variation drops rapidly.
The effect of the obstacle at Z/R = 4 (the rotor is placed at Z/R = 3.2 above the
obstacle) is shown on rotor loading as an increase of almost 1%. Measurements
suggest that, in comparison with the IGE case, the maximum increase obtained
at Z/R =2 (Z/R = 1) is almost 7% higher than the maximum increase of the
IGE case. This difference is the result of the different flow field that the obstacle
creates. While in IGFE case and at Z/R = 1 the jet of the helicopter is diverted by
the ground leading to an expanded torus shape vortex (vortex ring), the obstacle
creates a far more complex flow pattern that has as a result a further increase in
CT. In Figure[3.3§|(b), the effect of the obstacle on the Figure of Merit is depicted.
The Figure of Merit designates/determines the ability of the rotor to convert its
rotational energy into thrust. Thus, measurements indicate that the effect of the
obstacle on the torque of the rotor is the same as on thrust. On the other hand,
the helicopter seems not to lose its ability to convert torque into thrust.

The comparison of the experimental data with predictions obtained by GenUV P,
show that the inviscid methodology exhibits an offset with respect to measurements
that ranges between 1-4%. Even though inviscid predictions capture the trend of
the experiment and can give a first impression of how a helicopter will behave
while hovering above and obstacle, however it cannot fully reproduce the effect in
quantitative terms. For example, at Z/R = 2 the maximum increase predicted by
GenUV P is 16% (4% higher compared to the pure IGE case) while experiments
suggest a 20% increase in thrust. This trend of under-predicting thrust continues
until the rotor is hovering at Z/R = 2.75. Beyond Z/R = 3, GenUV P predicts
an almost constant level of thrust which is about 5% than that of the OGE case
and therefore predictions deviate from measurements at increasing rate. This is
explained by the fact that the wake jet flow that impinges on the ”inviscid” ob-
stacle (composed by inviscid walls) is excessively accelerated, leading to sources
distribution over the obstacle that create a substantial upwash effect. This up-
wash destabilizes the structure of the wake and vortices start to move upwards
and closer to the rotor. As a result in the inviscid methodology the effect of the
obstacle does not fade beyond Z/R = 3 as done in measurements.

In the above analyses, the weaknesses of the potential model are recorded.
These weaknesses are related to its inability to resolve viscous effects on the walls
of the obstacle (boundary layer development on the ceiling and flow separation
from the edges of the obstacle). To verify the effect of the above described vis-
cous mechanisms, three simulations using HoP Flow have been performed. These
simulations not only confirm that the formation of a boundary layer and the sep-
aration of the flow have a critical impact on rotor loads when a helicopter hovers
above the obstacle, but also verify the predictions of the hybrid solver . As seen in
Figure the three simulations concern the two extreme points of the vertical
sweep test matrix (of maximum and lowest effect of the ground/obstacle) as well
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as the mid point Z/R = 3. It is seen that HoPFlow model accurately predicts the
increase in thrust in all the above three cases.

3.7 Helicopter Hovering next to an Obstacle
- Sweep in z axis (T3 case)

In the present section, hovering at different vertical positions of the rotor centre
next to the right wall of the obstacle is addressed (sweep in vertical direction — see
Figure . Again, predictions of CT and FM are compared to measurements
from the test campaigns of Polimi and Glasgow. Similar was the case discussed in
Section The difference between these cases is the greater rotor-to-side wall
distance in the ONERA set-up, which allowed the rotor wake to travel a longer
distance until it reaches the obstacle. In all cases the rotor is kept at X/R = 2 and
Y/R = 0, which places the tip of the advancing blade (upstream side of the disk)
1R away from the edge of the obstacle. The sweep on Z/R starts at Z/R = 1 and
ends at Z/R = 4. A distinct difference between the two tests is that Z/R = 1 in
Glasgow’s test corresponds to half the height of the obstacle, while in Polimi’s test
it is equal to the height of the obstacle. So, in Glasgow’s test the rotor is blocked
by the side wall on its left. Z/R = 4 is the height at which ground effect almost
vanishes (see Figure [3.17)).

Computations of the T3 cases have been performed using both GenUV P and
HoPFlow. GenUV P simulations cover the whole range of points addressed in the
experiments (see Table . HoPFlow simulations are then focused on the
cases of Glasgow experiment, where GenUV P fails to provide consistent load and
flow field predictions.

3.7.1 Main Rotor Loads Results

Comparisons between predictions and measurements are presented in Figure [3.39]
and Figure for the normalized C'T and FM of Polimi’s and Glasgow’s exper-
iments respectively. In the Polimi test , when the rotor is at Z/R = 1, the
increase in CT is 3.5%. As the rotor moves upwards, CT decreases rapidly and
obtains values less than 1. Beyond Z/R = 1.5 it starts to increase until Z/R = 3.7.
At Z/R = 4.25 it exhibits a small decrease. It is worth highlighting that beyond
Z/R = 1.05 the thrust coefficient and the Figure of Merit are both below the
threshold of 1. This means that when the model helicopter hovers next to the wall
of an obstacle, a loss of thrust and power efficiency compared to the OGE case is
noted which can potentially compromise flight safety. The obstacle creates in this
case a counter and stronger effect to that of the ground. It is notable that even at
higher altitudes (Z/R=3-4), CT and FM do not fully recover their OGE values.
In the Glasgow test when the rotor is at Z/R = 1, C'T increases by 12%
with respect to the OGFE case. The increase in CT is dictated by the low distance
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Figure 3.39: CT and F'M variations against the distance from the ground
(Z/R = 0). Comparisons of measured data against GenUV P predictions for
the T3 Polimi case. The rotor is placed at X/R = 2.
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Figure 3.40: C'T" and F'M variations against the distance from the ground
(Z/R = 0). Comparisons of measured data against GenUV P and HoP Flow
predictions for the T3 Glasgow case. The rotor is placed at X/R = 2.

from the ground. The increase in C'T is 9% lower than that of the ground/obstacle
effect when the rotor is placed at 1R above the obstacle and 2% lower than that
of the IGFE case. In this particular case, the rotor wake that impinges on the
ground is afterwards pushed towards the side wall and is lifted up forming a flow
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re-circulation zone in the region between the rotor and the side wall of the obsta-
cle. The clockwise vortex formed between the obstacle and the rotor induces a
downwash that decreases the effective angles of attack of the blades and thereby
leads to lower increase in C'T' as compared to that of the pure IGE case. Similar
trends are obtained at Z/R = 1.5,2, where due to the same effect (of the wake
licking the side wall and forming a clockwise vortex), the increase in CT is lower
than that of the IGE case. At Z/R = 4, CT is equal to CTpgg as in the IGE
case. Only at Z/R = 3, CT abruptly increases and it appears to be 4% higher
than CTpgp. It is noted that in pure IGE the increase in C'T at Z/R = 3 is less
than 1%, thus the present C'T difference is due to the obstacle that blocks the
expansion of the wake.

Comparing predictions against measured data the following observations are
made:

e The maximum difference between GenUV P predictions and measurements
in Glasgow’s test, are noted at the lowest distance from the ground (Z/R =
1). This is in line with the results presented in the previous sections, and
as explained in section [3.3.3] it is due to the inviscid character of the model
which neglects boundary layer effects. The difference between predictions
and measurements is somewhat higher in this case (about 7% in CT and
9% in F'M), and this is because additional uncertainty is introduced in the
potential flow predictions due to the effect of the obstacle side wall boundary
layer. Predictions consistently reproduce the shape of the measured C'T" and
F'M variations with respect to the Glasgow test. Moreover, they capture
the local increase in C'T" and F'M at Z/R = 3. In fact GenUV P predictions
suggest that both CT and F'M increase beyond Z/R = 2, following a local
dip at Z/R = 1.5, while measurements indicate that at Z/R = 2 both CT
and F'M still remain low. It is noted that in Glasgow’s test, Z/R = 2 is
the height at which the rotor centre reaches the top side of the obstacle.
Moreover, predictions overestimate CT at Z/R = 4. A 2 % increase in CT
with respect to the CTpgg is predicted, while as mentioned earlier, mea-
surements suggest that at Z/R =4 CT is equal to CTpgg. The agreement
in FM at this height is almost perfect.

e HoPFlow’s predictions are in very good agreement with measurements.
HoPFlow correctly predicts the loading of the rotor even at heights where
the obstacle fully shades the rotor (Z/R = 1—2). At Z/R = 1, a case
where GenUV P with the inviscid wall conditions underestimates thrust by
almost 10%, the viscous wall conditions of HoPFlow drastically improves
the predicted loading. Furthermore, changes in the slope of C'T" and FFM
variations with height between Z/R = 2 — 4 are well captured only with
small deviations compared to measurements.

e In Polimi’s test, GenUV P simulations predict a slight increase in C'I" which
is less than 2% and a similar slight increase in FM of the same order of
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magnitude. Also in this case simulations predict a lower increase in CT
and FFM as compared to the IGE case. On the other hand, measurements
indicate that both CT and FM drop below the levels of the OGE case.
Only at Z/R = 1 predictions and measurements agree both in qualitative
and quantitative terms.

e Overall the effect of the larger obstacle (of the Glasgow test) is more pro-
nounced in this case and causes larger variations in thrust and torque. The
above is equally seen in the predictions and in the measured data.

3.7.2 Flow field comparisons against Glasgow PIV mea-
surements

The PIV measurements at Glasgow have been performed on the small scale “Wee”
rotor. Besides being smaller in size than the rotor on which load measurements
were recorded, the “Wee” rotor is also two-bladed instead of being four-bladed.
Therefore, although the dimensionless parameters of the test are the same with
those of the larger rotor, the measured flow field of the “Wee” rotor test can be
only qualitatively correlated to the CT' and FM measurements of the larger four
bladed rotor presented in section .

When the hovering rotor is placed at the lowest vertical position (Z/R = 1),
measurements in Figure a) indicate that the slipstream on the rotor upstream
side is curved by the presence of the ground. When the slipstream impinges on the
ground, it moves parallel to it and then along the side wall. Finally, the slipstream
exits at the edge of the side wall, where a clockwise vortex is formed at Z/R = 2.2.
This vortex induces a downwash over the rotor disk which is responsible of reduc-
ing thrust as compared to pure IGE conditions discussed in Section [3.3.3] The
predicted velocities by GenUV P (see Figure [3.41|b)) are slightly higher than the
measured ones (maximum levels are at 6.5 and 7m/s respectively). The clockwise
vortex is also predicted, although misplaced with its centre at Z/R = 0.6 instead
of Z/R = 2.2. The difference in the position of the vortex is due to the inviscid
nature of the simulation which neglects the boundary layers developed over the
ground and the walls of the obstacle.

On the contrary, predictions by HoPFlow agree much better with the mea-
sured PIV results of Glasgow experiment. As depicted in Figure c), the
predicted velocity magnitude over the plane shows good agreement with the mea-
sured values and pattern. Moreover, the viscous wall conditions reproduce the
physical phenomena correctly placing the vortex and the resulting re-circulation
zone closer to the upper edge of the obstacle, as the experiment indicates. Even
if a two-bladed rotor has been used instead of a four-bladed one, the correlation
of the predicted flow field and predicted load results is reasonable. By taking
into consideration the simulation of the T3 case of Polimi with HoPFlow and
GenUYV P, it can be claimed that flights in close proximity to the ground have a
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Figure 3.41: Flow field comparison for the Glasgow experiment while the
rotor is stationed at X/R =2 and Z/R = 1.

similar effect on the rotor loading regardless of the main rotor design details.

When the rotor center is shifted upwards at Z/R = 1.5, the measured flow field
is similar to that of the previous case (Figure ) The clock-wise vortex that
induces a downwash to the rotor is again formed, but it is now situated under the
disk close to the tip at Z/R = 1.4. The induced downwash results in a decrease
in thrust. In the GenUV P simulations, the vertical position of the centre of the
vortex is lower, at Z/R = 1.2 as shown in Figure b). Furthermore, the centre
of the vortex is closer to the wall of the obstacle as compared to measurements. The
boundary layer developing over the side wall is again responsible for pushing the
vortex closer to the rotor in the measured data sets. As in the previous case wake
velocities are overestimated, however wake expansion is again well captured. A
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Figure 3.42: Flow field comparison for the Glasgow experiment while the
rotor is stationed at X/R =2 and Z/R = 1.5.

more realistic representation of the flow field is observed in HoP Flow’s simulation
(Figure [3.42k). The ability of the solver to account for the boundary layer that
develops on the side wall of the obstacle allows the re-circulation flow vortex to
move closer to the rotor tip as in the measurements. Moreover, the predicted
magnitude of wake velocities is comparable to the measured values.

When the rotor is placed at Z/R = 2 (see Figure [3.43h), measurements sug-
gest that the vortex remains close to the tip, now at Z/R = 1.8 .In GenUV P’s
simulation, where the ground and the walls of the obstacle are inviscid (Figure
3.43b), the vortex appears between the tip and the side wall and at a lower height
Z/R = 1.2. Again higher wake velocities are predicted, however the wake shape is
well captured. It is noted that although the relative vortex-rotor position of the
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cases Z/R =1.5 and 2 is similar in the measurements, in the simulations the vortex
centre appears closer to the rotor disk. This explains the sudden increase in CT
observed in the GenUV P predictions when moving the rotor centre upwards from
Z/R =1.5to Z/R = 2. Apparently, the induced downwash that is responsible of
reducing thrust, is weaker in the Z/R = 2 case as the vortex is further away from
the rotor disk. Predictions of HoPFlow (see Figure [3.43p) on the other hand are
again in better agreement with measurements. Both the shape of the vortex and
its position, match the experimental data. Also wake velocity magnitudes better
match to measurements. Thus, HoP Flow predictions of C'I' and F'M for this test
point are also in good agreement with the experimental values.

Velocity Magnitude [m/s] Velocity Magnitude [m/s]

_ 6. _ 6.4

3r 5e 3r 58

I 52 I 5.2

3 46 3 46

25 r g:g 25 r g:g

28 28

22 22

[ 16 I 16

2F 1.0 2F 1.0
o 1.5F oc 15F
N B N L
s =
05F 05F

(a) Glasgow Measurements (b) GenUVP Predictions

Velocity Magnitude [m/s]

(c) HoPFlow Predictions

Figure 3.43: Flow field comparison for the Glasgow experiment while the
rotor is stationed at X/R =2 and Z/R = 2.

108



3.7.3 Rotor inflow velocity comparisons against Glas-
gow PIV measurements

In addition to the PIV data, rotor inflow velocity measurements using Laser
Doppler Anemometry (LDA) are available from Glasgow’s campaign on the large
reference rotor (D=1m). Two configurations were considered. One without the
obstacle and the rotor in IGE conditions at Z/R = 1.5, and a second one with
the obstacle present. In the latter case, the rotor is at the same vertical position,
Z/R =1, but its centre is located at X/R = 2, thereby presenting an offset with
respect to the obstacle. Rotor inflow velocities were measured at 0.04 D above
the rotor disk along two diameters, one in the X and one in the Y - direction.
In Figures measured and predicted time averaged inflow velocities are
compared along the two rotor diameters. In the pure IGE case, the measured
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(a) Comparison against measured data (b) Comparison against measured data
along a diameter in X - direction along a diameter in Y - direction

Figure 3.44: Induced velocities on the rotor without the presence of the
obstacle at distance Z/R = 1.5 from the ground

variation of the downwash along the X - direction is asymmetric (Figure )
which can be justified by the presence of the model support mast extending at
positive X (and r/R) values. A smaller asymmetry is noted in the Y - direction,
which is mainly concentrated at the two tips and is probably related to the asym-
metric distribution of the measuring points over the two sides. Predictions provide
symmetric inflow profiles in both directions, as the disturbance introduced to the
flow by the model support is not taken into account. In the hub region, an upwash
is noted which is due to the absence of the entire hub from the simulations.

Both predictions and measurements agree that maximum downwash is ob-
tained at /R = 0.8. This is where local thrust force along the blade is maximized.
The overall agreement is good. The model slightly under-predicts the magnitude of
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inflow velocity towards the tips. This can be explained by the strong tip vortices.
The lack of physical diffusion in the inviscid simulations leads to over-predicted
inflow velocities.
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Figure 3.45: Induced velocities on the rotor in the presence of the obstacle
at distance Z/R = 1.5 from the ground.

With the obstacle in place, good agreement with measurements is obtained
while maximum differences are noted in the tip regions. The predicted profile
along the X-direction is asymmetric, as expected, due to the effect of the downwash
induced by the tip vortices that bounced on the solid boundary. As shown in
Figure the wake that hits on the ground rises up staying attached to the
side wall of the obstacle. This results in additional downwash which increases the
inflow velocities (in magnitude) on the rotor left side. The induced effect of the
re-circulation area of the wake is clearly visible in Figure m (a). The predicted
profile of the rotor in proximity to the obstacle is compared against the profile of
the IGE case. The profile in the Y-direction is symmetric, as expected. In the
presence of the obstacle higher induced velocities (in magnitude) are once again
detected due to the effect of the additional downwash induced by the recirculating
wake.
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Chapter 4

Conclusions and
Recommendations

The aim of the present work was (a) the investigation of the interactional phe-
nomena that occur during the hover flight of a helicopter in confined areas and in
prozimity to the ground and obstacles, and (b) the validation of existing computa-
tional methods for predicting such interactions.

4.1 Conclusions

This thesis addresses the effect of the ground and obstacles on the main rotor
of a hovering helicopter. When a rotor is hovering in proximity to the ground
and in confined areas, the physical mechanisms that develop, lead to a two way
interaction that influences the helicopter loading and stability.

In order to study the above described engineering problem a three step process
has been followed. First, the experimental databases from three different wind
tunnel experiments were collected and analyzed. Then, a medium fidelity free
wake vortex particle solver (GenUVP) was used in order to simulate the majority
of the cases and compare its results against measurements. Finally, a high fidelity
hybrid CFD solver was used in order to handle and assess viscous effects. The
fact that databases of more than one measurement campaigns and rotor/obstacle
interaction configurations were made available, gave the opportunity to identify
and categorize the physical mechanisms that, each time, and depending on the
configuration examined, dominate the problem. Before proceeding with the com-
parison of predictions with measurements, similarities in flow and load variation
patterns are sought in test campaigns of similar configurations, which are however
conducted in different wind tunnels. The above configurations are then reproduced
via simulations with the potential solver GenUVP. The low cost of the code led
to multiple simulations covering the whole matrix of the test campaigns. Having
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both measurements from wind tunnels and predictions proved to be essential in
identifying the conditions where the viscous interactional phenomena are domi-
nating the flow. Whether predictions agreed well with measurements or not, was
an indication that viscous phenomena are important (given that GenUVP is an
inviscid solver). Moreover, the above analyses revealed that deviations between
potential predictions and measurements increased as the rotor comes closer to a
solid boundary (either the ground or a side wall). The last step was to simulate
the above cases in which GenUVP predictions were not satisfactory with HoPFlow
and try to verify the experimental evidence. In this way, the conclusions extracted
are a result of complementary exploitation of experimental and numerical tests.

Next, with respect to every case separately,

e OGE: The OGE case defines the reference CT" and F'M values of the undis-
turbed hover flight. These values are then used for the normalization of the
corresponding thrust and figure of merit values of the interactional cases. In
comparison to measurements, both the potential solver and HoPFlow were
in very good agreement with all experimental data. In addition, through
this process the development of the wake for the undisturbed case was in-
vestigated and captured.

e IGE: In the pure IGE case performed by Polimi, experiments indicate an
exponential increase in CT' as the rotor centre approaches the ground. Max-
imum increase of (12%) is obtained at Z/R = 1. The effect of the ground
vanishes for Z/R > 4. The potential solver is in good agreement with mea-
sured data (good agreement in shape and values). However, deviations are
noted for Z/R < 1.7 (=~ 2.5% smaller increase). This difference is attributed
to the development of a boundary layer on the ground. The above argument
is complemented by the predictions obtained with HoPFlow. Predictions by
HoPFlow indicate that the boundary layer creates a displacement effect that
pushes the vortex ring away from the ground at higher vertical distances.
This creates an upwash over the rotor disk that increases the thrust on
the rotor. The same exponential increase is also observed in the ONERA
IGE data. Despite the presence of surrounding walls, the C'T" variation be-
haved similar to the pure IGE case. Two differences were observed: (a)
maximum increase is now 7%, and (b) the effect of the ground and the sur-
rounding walls vanished for heights higher than Z/R = 1.7. This happens
because the vortex ring emitted by the tip of the rotor is trapped within the
courtyard and it is pushed upwards when getting close to the walls. Thus,
a re-circulation vortex is formed within the courtyard area and above the
level of the rotor which induces downwash velocities that lead to a decrease
of the overall thrust. The potential solver predicted well the experimental
data and the comparison to measurements confirmed the mechanisms that
decrease the thrust of the rotor.
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e T1: In the horizontal sweep case, CT/CTocr and FM/F Mogg curves vs.
horizontal position of the rotor exhibit an abrupt drop as the rotor moves
away from the obstacle. This is seen in both tests and it is well reproduced
by the model in all cases. As indicated in Glasgow’s tests, in which a larger
horizontal distance is scanned, the effect of the obstacle on CT and FM
remains high as the rotor remains close to the obstacle. A 5%-6% increase
in CT and F' M is obtained when the rotor is within the range X/R = 0.5—2
(for Z/R = 3) which is higher than the corresponding increase in the pure
IGE case at Z/R = 3 (about 1% increase in CT). Pure IGE conditions are
obtained for X/R > 3. In Polimi’s horizontal sweep campaign, the minimum
value of CT/CTogr (almost 1.03) is obtained at X/R = 0.5. The same
behavior is also seen in GenUVP’s predictions with a slight under prediction
(CT/CTogr = 1.02). On the other hand, HoPFlow predictions of CT' are
in line with measurements. Also, the predicted flow fields correlate well with
the measured ones, showcasing the same phenomena. The rotor downwash
flow induces flow separation from the obstacle roof edges, which cannot be
predicted by an inherently inviscid model but only with HoPFlow. As the
horizontal distance of the rotor from the obstacle increases, the predicted
flow fields by GenUVP agreed much better with those predicted by HoPFlow
and the measured ones. Flow field measurements indicate that the reduced
CT and FM values, when the rotor hovers next to the side wall of the
obstacle, are due to the clockwise vortex that is formed between the rotor
and the obstacle side wall, which induces strong downwash velocities over
the rotor disk. This clockwise vortex is due to the rotor downwash flow,
which first hits the ground and afterwards licks the ground and the side wall
of the obstacle moving upwards

e T2: The pattern of the exponential increase in CT" when a helicopter hovers
above and close to a solid boundary is also observed in this experimental
case by Polimi. The loading of the rotor obtains its maximum value at
Z/R = 1 above the obstacle (21%). The effect of the obstacle is still present
at Z/R = 3 above its top surface. At this station the distance from the
ground is Z/R = 4 and the corresponding increase in C'T is minimized in the
pure IGE case. The 7% difference between the Z/R = 1 cases, the one above
the ground and the other above the obstacle, was due to the different rotor
wake development. In the pure IGE, the rotor slipstream generates a ground
boundary layer that bounces back the rotor wake ring vortex resulting in
an upwash. When there is an obstacle of limited size, the rotor slipstream
instead of bouncing back the wake, the flow separates along the top edges of
the obstacle and rolls up over its sides. This flow roll-up generated counter
rotating vortices close to the obstacle and thus upwash induced velocities.
GenUVP predictions fail to reproduced the effect due to the inviscid wall
conditions; however the general trend and shape of the increase is captured.
On the contrary, HoPFlow reproduces well the experiment as regards the
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increase in C'T as well as the predicted flow field.

e T3: The vertical sweep case, in which the rotor hovers next to the obstacle
side wall turned out to be the most challenging. Even in this case maximum
deviations between GenUVP results and measurements in the prediction of
both CT and F'M do not exceed 7%. Maximum difference is obtained again
when the rotor approaches the ground (at Z/R = 1 - due to boundary layer
displacement effect). At higher Z/R values differences between predictions
and measurements do not exceed 5%. HoPFlow results are in very good
agreement with measurements. This is attributed to the account of viscous
effects that the hybrid method includes. Overall the models agree with both
measured data sets in that the increase in C'T" and F'M is lower in this case
as compared to the pure IGE case. In Glasgow test, when the rotor exceeds
the level of the obstacle top, the above effect weakens and the rotor loads
are dominated by the combined obstacle/ground effect (mirroring effect).
Predictions agree well with the above observation. Moreover, the predicted
flow fields obtained by GenUVP in the vertical sweep case agree well with
Glasgow flow measurements. There are only deviations in the position of
the vortex, which as expected drive differences in CT of 4% and in FM of
5% results between predictions and measurements .

The above discussion summarizes the effect of the ground and an obstacle to
a helicopter and the mechanisms that drive this influence. However, in order to
understand the actual effect on the pilot of a helicopter these deviations must be
quantified. Preliminary simulations indicate that by increasing the collective pitch
of a rotor by 1 degree, thrust increases by ~ 10% (assuming that the attitudes
of the helicopter remain the same). This suggests that even for the maximum
increase in thrust and power that is noted at Z/R = 1 above the ground (T2
case) a pilot could easily adjust the collective pitch in order for the helicopter to
retain its balance. Considering that in real-life flights, a helicopter cannot perform
hovering or approach flight to a constant point in space or following a constant
path, a 20% increase in thrust will be easily handled by the pilot. For a typical
helicopter, fluctuations on the loading of the hub have a value of ~ 5%. This
means that in the majority of the cases, the deviations in CT/CTogr add only
a small uncertainty. However, even a small increase in thrust could be proven
a challenging task for a pilot when he cannot predict when the flow field would
change. For example, in most cases examined the maximum increase is observed
when the conditions of the flight and the flow field where symmetric (IGE, T2).
This translates to uniform distribution of the forcing on the rotor plane. According
to this, the moments of the rotor are fluctuating around 0 causing no significant
handling issues. Even though the increase in C'T" in T1 and T3 cases is lower, the
formation of the wake was blocked only in one direction causing the flow field to be
asymmetric. Considering the above, the distribution of normal force on the rotor
is asymmetrical too, creating an uneven loading and thus significant moments on
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the hub. That could be catastrophic if a pilot is unaware of such phenomena. To
conclude, the importance of this theoretical approach is the identification of the
interactional phenomena in order to extend the existing bibliography on the topic.

The second achievement is the validation of two solvers of different fidelity in
predicting these phenomena and evaluating the corresponding engineering impli-
cations.

e GenUVP: This solver is a medium fidelity potential solver. It treats the
solid boundaries as inviscid surfaces (only non-penetration condition is ap-
plied on a surface grid) and in this connection it cannot predict viscous
phenomena. The wake is modeled as blobs carrying vorticity and the ve-
locity field is obtained by solving two Poisson’s equations using the Particle
Mesh technique. The evaluation of the solver is proven to be successful if
some compromises are made. GenUVP delivers consistent predictions in all
cases. Even if it cannot reproduce the exact experimental values in some
cases, it predicts well the shape and trends of the results. In addition, this is
happening in a timely manner. Its low computational cost permits multiple
simulations in a variety of cases and across the whole test matrix allowing a
thorough overview of the problem. The simulations can be performed even
on a laptop and require small number of processors and ram capacity. Over-
all GenUVP is a suitable tool for preliminary predictions even in viscous
dominated phenomena. In order to achieve the above, several modifications
were made to the code: (a) GenUVP solver was coupled with the particle
mesh solver in order to reduce the computational cost (from N? to N log N)
regarding the treatment of the particle to particle calculations (Biot-Savart),
(b) GenUVP was parallelized in the framework of MPI for further reduction
of the computing cost, (¢) symmetry conditions through proper boundary
conditions were introduced to the particle mesh solver in order to simulate
the ground effect.

e HoPFlow: The hybrid solver is a combination of two sub-solvers; MaPFlow
solves the Eulerian description of the Navier-Stokes equations and the La-
grangian solver which takes advantage of the particles approximation to
describe the flow field and obtains the velocity vector via solving the Pois-
son equation using again the particle mesh technique. HoPFlow advantages
over standard URANS codes are the significantly smaller spatial grids that
are employed only near the solid boundaries and the fact that the method
can handle complex multi body configurations with their members moving
independently the one from the others. This is achieved through the intro-
duction of the overlaid Lagrangian domain that communicates the informa-
tion to the different CFD grids through a strongly coupled iterative scheme.
In this manner, viscous and compressible phenomena are introduced into the
field through MaPFlow, while the far wake is preserved as it is expressed
via material vortex particles. The validation of the solver was successful in
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every respect. In all cases that were simulated, the solver proved robust
and consistent and in very good agreement with all experiments. Both the
predictions of the rotor trust and torque but also the predicted flow fields
agreed well with measurements. Having a numerical tool in hand, which re-
produces well the experimental data in all tested cases also helps analyzing
and understanding the phenomena in greater depth supplementing thus the
experimental evidence. Within this framework, the rotor, the fuselage, the
ground and the obstacle can be simultaneously accommodated within the
simulation. The downside is that the solver is computationally demanding
especially in comparison to GenUVP. For that reason it was used in selected
cases and not in the whole range scanned by the experiments. It is worth
noticing that the solver is fully parallel in the framework of MPI but only
MaPFlow is fully scalable. The computational contribution of the present
work in HoPFlow is twofold: (a) the symmetric particle mesh solver was
coupled with the hybrid solver in order for the Lagrangian part to handle
the effect of the ground, (b) many modifications were made in HoPFlow in
order to be able to solve these engineering problems.

4.2 Recommendations

The recommendations discussed next concern at first short term possible improve-
ments of the solver and then some longer term topics for future research.

Short term improvements:

o Aeroelastic simulations: In the context of the present thesis, only the aero-
dynamic effect of the rotor-ground /obstacle interaction is investigated. How-
ever, examining the aeroelastic behavior of a rotor under the influence of an
unsteady flow field, is a crucial step in the design of a helicopter.

e Full scale analysis: In the present work, the results concern only model
helicopters in low Re flows. Extension to full scale simulations that involve
turbulent flow conditions is proposed. This may also improve the quality of
the flow predictions with the fuselage.

e Analysis of the descent flight scenario: While hover flight at a stationary
position is of critical importance to flight analysis, it is also essential to
investigate the effect of the ground and obstacles on descending helicopters.

Long term research topics:

e Non uniform Poisson Solver In order to reduce even more the computational
cost and at the same time be able to handle dense Particle Mesh grids
wherever they are needed (close to solid boundaries), the Poisson solver
should be reassessed. The algorithm allows only uniform structured grids.
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This constrains the length of the computational domain and prohibits the
increase of the density around bodies. Therefore, one possible option could
be introducing two or more grid scaling.

e Piloted simulations In real-life flights the variations in the hub-loads of a
helicopter may cause the helicopter to lose its stability and deviate from
its path/position. So the focus should be in analyzing the response of a
helicopter under such interactional flow conditions in piloted mode.

o Wind in flight simulations While the present thesis addressed the phenom-
ena on a wind off scenario, in nature the cases where the is no wind present
are extremely rare. Wind will cause the formation of a boundary layer up-
stream of the obstacle and the flow will separate on its way around it. This
will eventually change the rotor/obstacle interaction.

4.3 Publications

e Theologos Andronikos, George Papadakis, Vasilis A. Riziotis, Spyros G.
Voutsinas, "REVISING OF THE NEAR GROUND HELICOPTER
HOVER: THE IMPORTANCE OF THE GROUND BOUNDARY LAYER
DEVELOPMENT”, MDPI, Appl. Sci. 2021, 11(21), 9935
https://doi.org/10.3390/app11219935

e Theologos Andronikos, George Papadakis, Vasilis A. Riziotis, John M.
Prospathopoulos, Spyros G. Voutsinas, ” Validation of a cost effective method
for the rotor-obstacle interaction”, Aerospace science and technology, Vol-
ume 113, June 2021, 106698

e Theologos Andronikos, Dimitris I. Manolas, Vasilis A. Riziotis, Spyros G.
Voutsinas, " ROTORCRAFT FLIGHT IN INTERACTION WITH OBSTA-
CLES”, European Rotorcraft Forum, Conference paper, Milan, 2017

e Theologos Andronikos, George Papadakis, Vasilis A. Riziotis, ”AERODY-
NAMIC ANALYSIS OF HELICOPTER IN INTERACTION WITH WIND
TURBINE’S WAKE”, European Rotorcraft Forum, Conference paper, Delft,
2018

117



This page intentionally left blank.



Appendix A

Naca0012 CL-CD polars

Table A.1: Naca0012 polars-Re 100000)

Angle CL CD Angle CL CD

-3.500 -0.4957 0.01471 4.500 0.5761 0.01585
-3.000 -0.4545 0.01440 5.000 0.6141 0.01674
-2.500 -0.4137 0.01429 5.500 0.6503 0.01798
-2.000 -0.3737 0.01444 6.000 0.6862 0.01958
-1.500 -0.3320 0.01489 6.500 0.7235 0.02143
-1.000 -0.2578 0.01574 7.000 0.7631 0.02348
-0.500 -0.1345 0.01658 7.500  0.8050 0.02598
0.000 0.0000 0.01693 8.000 0.8471 0.02869
0.500 0.1344 0.01658 8.500 0.8884 0.03189
1.000 0.2578 0.01574 9.000 0.9246 0.03526
1.500 0.3320 0.01489 9.500 0.9524 0.04019
2.000 0.3737 0.01444 10.000 0.9661 0.04582
2.500 0.4136 0.01429 10.500 0.9913 0.05061
3.000 0.4544 0.01440 11.000 0.9845 0.05893
3.500 0.4957 0.01471 11.500 0.8378 0.07522
4.000 0.5365 0.01520 11.750 0.7898 0.08703
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Table A.2: Naca0012 polars-Re 200000)

Angle CL CD Angle CL CD

-3.500 -0.4915 0.01134 4.500 0.5782 0.01234
-3.000 -0.4463 0.01104 5.000 0.6195 0.01306
-2.500 -0.3942 0.01086 5.500  0.6591 0.01400
-2.000 -0.3085 0.01066 6.000 0.6971 0.01516
-1.500 -0.2255 0.01048 6.500 0.7351 0.01641
-1.000 -0.1454 0.01034 7.000 0.7725 0.01776
-0.500 -0.0700 0.01025 7.500 0.8096 0.01936
0.000  0.0000 0.01020 8.000  0.8481 0.02112
0.500  0.0700 0.01025 8.500  0.8890 0.02251
1.000 0.1454 0.01034 9.000  0.9291 0.02472
1.500 0.2255 0.01048 9.500  0.9693 0.02734
2.000 0.3085 0.01066 10.000 1.0067 0.02966
2.500 0.3942 0.01085 10.500 1.0445 0.03262
3.000 0.4462 0.01104 11.000 1.0681 0.03636
3.500 0.4915 0.01134 11.500 1.0860 0.04035
4.000 0.5357 0.01176  11.750 1.0969 0.04194

Table A.3: Naca0012 polars-Re 500000)

Angle CL CD Angle CL CD

-3.500 -0.4066 0.00840 4.500  0.5530 0.00966
-3.000 -0.3306 0.00786 5.000 0.6275 0.01036
-2.500 -0.2655 0.00737  5.500  0.6796 0.01102
-2.000 -0.2089 0.00696 6.000  0.7215 0.01170
-1.500 -0.1552 0.00662 6.500 0.7632 0.01236
-1.000 -0.1034 0.00638 7.000 0.8036 0.01316
-0.500 -0.0517 0.00622 7.500 0.8439 0.01399
0.000  0.0000 0.00618 8.000 0.8851 0.01479
0.500 0.0517 0.00622 8.500 0.9250 0.01577
1.000 0.1034 0.00638 9.000  0.9632 0.01699
1.500 0.1552 0.00662 9.500  1.0054 0.01794
2.000 0.2089 0.00696  10.000 1.0417 0.01951
2.500 0.2655 0.00737  10.500 1.0817 0.02069
3.000 0.3307 0.00786 11.000 1.1128 0.02267
3.500 0.4066 0.00840 11.500 1.1474 0.02416
4.000 04798 0.00900 11.750 1.1626 0.02500
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ITepiAndn

Yty mopodoo daxTopny| SlaTEBn UeAETATL 1) AAANAETOpAOT EVOC AwEOVUEVOU
EAXOTITEQOL PE TO €dapog xou Ue eunddia. H meplopiouévn BiBhoypapia ent tou gat-
VOUEVOU TOGO GE UTOAOYLOTIXO OGO X0l GE TELPUUATIXG TAAlGLo anoTéAece To xivnTeo
e epyaociog. Xtdyoc tng cpyasiac etvor 1) BIEEUVNOT TWV EMTTWOEWY AVTAS TNG
AAANAETUOPAONS GTNY TTHCT UWENONS TOU EMXOTTEROL XAMS XAl 1) AVIAUGCT] XL X0
TNYOPLOTOINGT TV QUCIXWY PUVOUEVLY TIoU AaBdvouy yopa. ‘Otav €va eEAxOTTERO
TPOGYELWVETAL 1) ATOYELWVETAL O OUOPEOUC TOU CAANAETILOPA UE TO ED0POC XOL UE TO-
poxetueva eumodio. H mapandve xatdotaorn odnyel oe peTofforéc Twv QopTiwy xou
TN AmOdOoNE TOL EAMXOTTEPOU, Ol OToleg AMOTEAOVY GUVEETNON Tou Adyou Uoug
uwENoNG-OlaéTeou Tou xUplou dpouta. Me autd Tov TEéTO TO TEdO POoTg dlapo-
POTOLELTAL OLUGLMBWE CLYXELTIXA UE TO AVTIOTOLYO TNE TTACNEC ADENONS MAXEUE o
GTEPEd GUVORaL.

H nthomn oauwdpnong ehxontépou hoxpud and to €8apog yopoxtnelleton and T om-
poupyio wag pofg BECUNG TOU EXTEUTETOL oltd TOV xUPLO DRPOUEX, UE TOV TAUTOYPOVO
OYNUATIONO £VvOC daxTuAlou cTpoPhotntag. Ilpoidvtog tou ypdvou, o BoxTOAOC ou-
TOC amoUoxXEUVETOL Ue oTodepr| ToyUTnTa.  Avtideta, dTtov évo eEAXOTTERO anwpeiton
XOVTY GTO €00Pog 1) OE EUTOOL, TapaTneeiToL 1) ONULOUEYIX OPLIXWY CTEWUATKY TEVE
OTIC OTEPEES EMPAVELES, ToL OTolal AAANAETBEOUY UE Tov BaxTUALD oTpoflilotnToac. H
OAANAETOPAOT) TWV TARATAVEL CTEWHUATKVY SLdTUNONS 00NYEl TNV dnuiovpyia Loy UEOY
Souwv aTEOPINOTNTOC, SLOOPPWVOVTAS UE AUTO ToV TEOTOo €va alvieto medlo porc
ToL eMNEEAEL TNV POETION TOU EAXOTITEROU.

H avéluon tne aAAnienidpoone nepthaBavel TELQOUATIXG ATOTEAEGUOTA Kol UTO-
AOYIOTIXEC TIPOGOUOWWMOELS YL €VOL LOVTEAO EALXOTITEQOL UTO ¥Afaxa. Ot BlacTdoelg
TOU EAXOTTEPOL X0l TV EUTOBIWY €Y0UV UTOGTEL avdAoYn UElwor 00TWS WOTE Va
Tpocopoldlouv TV ahhnhenidpaon ehxontépou pe xthelo. H emdoyy twv mapopy-
ATpwv Aertovpyloc Tou UTO xAlUoxa HOVTEAOLU TpayuaTOTOWUNXE UE TETOLO TEOTO
OOTE 1) ToyLTNTA axEoTTEPLYIoU Tou XVplo Bpopéa va datnendel otoepr. Ou ye-
TEYOEIC TRy UoToTOL U XAy O TElo BLPORETIXG TTOLVETILG THIULOL X0 EQELVITIXG XEVTEA
(ITohuteyvelo Tou Mikdvo, Havemothuo tne Ihaoxdfne, ONERA) yio oyetxd yo-
unhoie oprdpoie Re (uxpdrepouc and 300000). Ot melpapatinés YUETPROELS opopovY
TEOUOLES DLUTAEELS UE OLOPOPETIXES TUPUUETEOUC WO TOC0. Me autd Tov TpodTOo Xou
OBLOO TUTOTIOLWVTOG TOL ATOTEAECUATO, TO CUUTERAOHATA TOU EEAYOVTOL UTopOUY Xa-
Tyoptonotn oy BACEL TWV QUOLXDY QUVOUEVLY XL OYL AVIAOYX UE TNV EXAOTOTE
TELROUOTLXT SLATOE .

INo v emPBefaiworn TwV TEWOUATIXOY UETPHOEMY TEAYUATOTOWUINXAY UTONOYL-
OTXEG TPOCOUOLWOELS UE EpYahela peoaiog xaL UEYIANG UTOAOYIOTIXNG TG TOTNTOG.
[TpoxatopxTixéc TEOCOUOIWELS TIoTOToNCAY TNV XahY| Aettoupyio Twv epyaleiny o
TawTOypova avédElEay Toug Teptoptopols e xdde pedodoroyiag. To mphto epya-
Aelo, €vog aoLUTIECTOC U CUVEXTIXOC XWOXOSC CUVORLAXKY GTOLYEIWY %ot GTOoLyElY



otpofunotntag GenUVP, emitpénet v npocouoiwor ueydhou aptduol TEpITTOOE®Y
TEOAEYOVTOG LXAVOTIOUNTIXG amoTeAéopata. M auTh TV xatedduvor, avadetydnxoy
Ol TIEPLOPIOUOL TWV 1) CUVEXTIXWY PEVOdWY apol EYYEVHS oBUVITOLY Vol TEOAEEOLY
TNV ONULouREYio 0pLIXMOY G TEOUATWY.

[Mo va Eenepaotel 1) mapamdve aduvapio, yenolwonolfinxe emAextixd plo uBeLdix
uédodog udmirc axpBetag. H uédodoc auth cuvdudlel uéow uiog emavaAnTTXng
otadactac Ty Eulerian Swtinwmon tov e€loOoemy TE UNYavixnig TV pEUCTOV Ue
v Lagrangian exdoyr. Me autd Tov TpOT0 EMTUYYAVETOL 1) IXAVOTIOINGT) OAWY TGV
0pLIXY CUVINXWY TOL TEDIOV, XL ELOAYETOL GTIC TROCOUOWCELS 1) GUVEXTIXOTNTA
Tou €ddoug xaL TV eumodlwy. To amoteréopata mou mophydnocay cuyxeivovtal
TOAND XUAG UE TIC TELQOUATIXES UETEY|OELS.

Kotahyovtag, xdvoviac ypnon 1600 TERUUATIXGY OE00UEVLY and avedpTnTo
TELEGUOTA, OGO X0 UTOAOYLO TIXWV ATOTEAECUATOV Slapdpwy pedodwy, e€dyovtol ou-
UTEPdOoUaTA Yo TO TEOBANUA TN AAANAETIBEAONC EAXOTTEPOL UE TO EBAPOC oL UE
EUTOOLAL.

i



Kegpdiowo 1

Eiooaywyn

1.1 Avoaoxonnorn tou NeoBARUATOS TNG LA-
ANAETOpACTC OPOUEN EALXOTTTEPOL UE TO
E0UPOG KO UE EUTTOOLN

H ntiion evog ehixontépou ev yével yapoxtnelleton and meplithoxous Quoxols unya-
viopoUg. H peydn toaydtnta nepio tpopric Tou x0plou dpopéa Topdyel TNV amoealtnT
0om €10l OoTe va uTepVIXNUEl 1 BaedTnTol TOL EAMXOTTEPOL Yo TAUTOYPOVAL VOL OV
ntoéel TayUtnTa ttRong. H por| 8éoung otov oudppou tou dpopéa xou ol oTeéfilol
oaxpoTTERUYLWY Tou BnutoupYoLVTL, TAELBELOUY XATAVTL TOU EMXOTTEROU, oy Nuatilo-
VTG éval ToAUTAoxo Tedlo poric. Méoa o autd To mhaicto, 1 TAONYNON TEAYHATO-
molelton Ye TNV ahharyr) SLaPOpmY YEWUETPXMOY YWVIOV GTO ENITEDO TOU EAXOTTEQOU
xat Tou dpopéa. Me autéd Tov Tp0T0, XordloTorton SuVTY| 1) AEOUEIDSOT TNG HONS AAAY
xou 1 ahhayr) TG XATavoUrS TwV BUVAUEWY T8ve oTov dpouéa. d¢ amoTéAeoyo oL
EOTEC TIOU AOXOLVTOL 0TO EAMXOTTERO UeToBdAhovTtan. T'ar Tnv evotdieia Tou elixo-
TTEPOL amaUTELTAL 1) CUVEY S UETUBOAT) TOV TOROTAVG YORUXTNPLO TIXWY UE GTOYO TNV
£€100ppOTNoT ALY TwV EEMTERIXMY duVdewy (Bdpog, avtioTtaon).

Ye avtideon pe v xavovixh nTion Tou eEAxonTépou, 1) Sladixacio TeooYElwang
xou amoyelwong Slopépouv anuavTixd xadde o oudepous Tou xVplou dpouéa teploptle-
ToL omo TO E0UPOC AAANAETULOPWVTAC UE AUTO YO UETUBAAEL ONUAVTIXG TO TEdlo POT|C
YUOpw and to eAxontepo. O apyxds BoxTOMOC GTEOBMOTNTOSC TOU dpopéa Y TUTHEL
070 €0aOog xaL GTNY CUVEYEL OnuloupYeitoal o ovoualouevoc aTtpoflog eddpouc o
0TolOg BLOYXWVETOL UE AMOTEAECHA VoL ENAYETOL Evar eTUTAEOY xatopeupa. O oynuoti-
ouog xan 1) évtaon autol Tou aTeofilou elapTdtar and ToAoUE TaEdYOVTES OTKE 1|
AnOGTAOT) TOU ENXOTTEROL amd TO €0apOoc, 1 TayUTNTA TOU avéUou (v TIVEEL) ot TO
Ty 0g ToL oplaxol cTewuatos. Enouéveme, n napousio tou eddgouc (IGE) uetofdiet
TNV OEPOBLVAULXT] CUUTEQLPORA TOU BROUEN CUYXELTIXG UE TNV TTHOT] AUWOENONG EXTOC
¢ enidpaone tou (OGE) Bertudvovtag tny amddoon tou otpogelou (UxpdTepn Xo-
TVIALOXOUEVT Loy U¢ Yior TNV Bt o). QoTtéo0 €youy avagpeplel Teplo TaTind duoxo-



Noc yerpropol tou ehxontépou [1]. Aedouévou Mg 1 TAELOVOTATA TWY ATOYEUDCERDY
X0l TPOCYELWOEWY TEAYHATOTOLELTAL EVTOC XATOXNUEVKDY TEPLOY WY, TO TEOPBANU €-
vioyUeTal Ue TNV aAANAETIBEOCT, TOU OUOEEOL UE XTTPLA Xl JAAEC XAUTUGKEVES GTO
avipwnoyevée tepBdhhov. Auto €yel ooy amotéheoua TNV dnuLovpYla EVOS GUVEYMS
UETOBAUAAOUEVOL TEBIOL TUEGEWY TAVK OTIC XATUCKEVES, EYEIPOVTOC AVNOUYIES Yol TNV
QOQAAELL TWV EVOIXWY GANOL Xt TNV BUVITOTATA TwV TAGTWY va avtenc&éldouy o
QUTES TIC amPOBAETTEG CUVITXES TTHOTC.

To nopandve dedouéva Sladpapatilovy onuavtind pdho 6To Oyedlaoud eVOg €-
Axontépou xS xou TNV %aTtdeTion Tou gaxéhou tthong. Na onueiwidel o o
pdxehog mThoNe evoc elontépou anopTieTon amd SLdpopa GEVIELO TTACTE Tol OTola
TEONYOUUEVWLS €xouv doxipacVel xou eheyyVel emuerdc. ‘Olot oL mapandve Adyol
xou 1 EMhewdn extevolg BiBAoypaglag odhynoay Tov evpwnoixd opyavioud Garteur
oTov oynuatiopd plog opddag dpdone AG-22  ye oxond v avohuTixr) Siepedvnon
TOU (POUUVOUEVOU XAl TWYV ETUTTOOEWY TNV POPTICT TWV EUTOBIWY, GTNY EUC TAVELN TOU
ENXOTITEQOU XAl GTOV YERLOUOU Tou amd Tov mhoto. To mpdypauua exivnoe to 2014,
Ouexeoe 4 ypovia xou oe autd éhafe pépog xan to Epyoaothpio Agpoduvauinic tou
EMII. H extevic yerétn [2] mepthapfBdvel UTOAOYIO TIXES TEOCOUOIDOELS UE EPYUAEL
SropopeTinfic ToToéTTaC-oxpiBEtag xadde xou metpopatind dedopéva [3], [4], [5] mou
APoEOVY CTNV TTACT, AUWENONG EAXOTTEPOL XOVTA OTO £0aPog xou o€ eUmoda. Me
oUTO TOV TEOTO ATOTUTWINXAY 1) ETBEUCT, TNV POETION TOL DEOUEN X0 TOU EUTO-
olou xau 1 BLAUOEPKCY) TOu TEBIOL TaITNTAS O BLAPOPES CUVUHAXES X0 TEPLTTMOOELS.
Mépoc Ty anoteheoudtwy e Topolou BlaTpBhC TUEOUCLIC TXAY OTA TAACLo TOU
CUYXEXPWEVOU TTROYRAUUATOG.

Kotd tnv Sudpxeior tou AG-22 aAAd xou UETA TO TEPUS TWV dRUC TNRLOTATWY TOU,
Ol TELROUATIXEC UETRNOELS oL TEoéxuay Yenotdomotinxay yio TNy moTonolnorn dio-
POPWY PEVOBMY XS X Yo TNV TEQUTER BIEREVVNOT TOU TEOBANUITOS Omd TOUC
oLUUETEYOVTES 00 TEdYpoppa. H mAsiodmelio twv uehetdv tpaypatototdnxe ye tny
u€dodo Twv cuvoplaxwy cTolyelwy xat TN uédodo tne yeouunc dvwone. Ilpdxeiton
yioo un cuvexTixég acuurieoteg pedodoroyieg ol omoleg duwe anaToLY ULxEd UTOAO-
yiotxd yeévo. O Tan oty dnuoocieuon [6] ypnowonoinoe pia yédodo crtotyeinvy
otpoPhdtnrac [7] ouleuyuévn pe éva povtého oplaxol otpmuatos (8], [9], [10], mpo-
AEWEVOL VoL UEAETNOEL TNV AAANAETOPAOT) TOU X 0ELOU GROUEN TOU EMXOTITEPOL UE TO
€dopog xan To eunodlo. Ot mporé&el ouyxpivovTal xoAd Ue Tor TELpoUaTIXd dedouéva
[4], wotbéoo dev elvon oe Véon vo emhloouy Ue axpifelo To Tedlo ToUTHTLV apo-
U 10 HoVTEAO Yia TO oplaxd oTpwUa VETEL oplouévouc meptoplopols. Mia mopduota
UTOAOYLOTIXY| PEAETY TparyUatooinxe and Tov Schmid. I Toug umohoyiopolg
yenowonoinxe 1 pédodog cuvoploxwy ctolyelwv oe oOLEVEN UE EVo UOVTENO EAe-
Odepou opdppou [11], [12], [13]. Ov nporéieic ouyxpldnxoy pe melpopotind dedouéva
[3] xou mephaufdvouy amotehéopata yior TNy aANAET{Spaon Tou Spopéa U To Edapoc
X0l UE EUTOOLN OF TEPLTTWOELS UE ot Ywpelg dvepo. O ouyxploeg pe ta melpduota
ATAY OYETUE XOAES xS TEOAEYOUV OE PEYAAO Bardud xavomonTixd T UETEYOELS.
‘Opwe 1 EMeu)r| ouvexTdTog 6ToL 6TEPEd oUVopa emnpeedlel o Yeydio Badud to
UTOAOYLO TiXA OMOTEAECUATA OE TEQITTWOELC TOL 0 dpouéag Beloxeton Tohd xovtd oTo



EUTOBLO XL OTIC MEQLTTWOELS OOV UTIEPYEL GVEUOC.

H ouvbpopr| tou epyaotneiou agpoduvauixic Tou EMII oe unoloyiotind mhaicio
anoteheiton amd dVo dnuooteoelc [14] xar [15]. O mopandve perétec eZetdlouv tny
wavotnta piog uedodou cuvoplaxdv ototyeiwv (GenUVP) [16] ouleuyuévne pe
uédodo otolyelwv oTEOBINGTATAC Vo TROAEYEL 0pUd TO TEOBANU TNS IAANAETBpAONC
ywelc v mapoucio avéuou. To anotedéopata cuyxplinxay ye nepauotind dedouéva
xan omo Tic 3 dtatdielg. O ouyxploeic xpldnray xaréc av AdPBel xavelc utddn xan to
UxeO LTOAOYIG TG x00TOC. Tlapdha auTd, UEPIXEC TEQIMTOOCELS TUPOUGIUGAY G-
VTéC anoxhicelg o oyéon pe o tewpduota. To anotéheoua autod etvar Aoyind xadde
1N LEY0d0¢ GTERE(TOL TNG BUVATOTNTUSC TEOGOUOIOTE CUVEXTIXWY (PUVOUEVWYV.

H Swmilotwon mwg tor cuvexTind @awvoueva dladpopatilovy onuavtixd pdAo oTny
TEOAEEN TV PopTiwy ToL Spouéa xot Tou Tedlou PoHc YUpw amd autdy emBePoudveTon
xat oo T Vo dnpoctedoelc Tou mpayuatonowinxay ue Eulerian yedodoroyiec. O
Gibertini [17] ypnowonowdvrac tov xddxa ROSITA [18] o onoloc cuvbudlet uio
Eulerian Swtinworn oe cuvbuacud pe €va LOVTEAD BloXOL EVERYELNG VAo YAYE
ATOTEAEGUATA TOL CUYXEivOvTOL Tdpal TOAD Xohd UE TIC TELpopaTXéS peTproels. Ot
ouyxpeloeg agopoly OG0 oTa YopTiot Tou dpouta 660 xaL To Tedlo porc. Ilapduola
pedodohoyia epapudotnxe xou and tov Chirico [19],[20] oty dnpooicuot; tou [21].
Or mpoléZelc ouyxpivovTol TOAD XS UE TOL TIELROUOTIXG AMOTEAECUAUTO OTUE XOL OTNY
mponyoUuevn uerétn. H xohn obyxplon amodideton xatd xOpto AdYo o1 GUVETH TEo-
GOUOIWGCT) TOU OPLIXOAY GTEMUATOS TOU AVATTOCCOVTUL TNV ETLPAVELX TOU EOAPOUS
%ol TOU EUTOBIOU.

1.2  Xxonog tng spyaciog

H noapoloa epyacio anooxonel o) otnv yerétn tou gavopévou tne oAAnienidpaong
TOU EAXOTTEROU PE GTERES GUVopa Xat B) OTNV T TOTOINoT X0t EXTUNoY TNe atomt-
otiog 800 TEOUTUEYOVTIWY UTOAOYIO TGOV EpYUAEIWY (LEVOBOC GUVOELIXGDY CTOLYEIWY,
uPeLdLXr uédodog).

O x0plog 6ToY0¢ TNE BLaTEBNC NTAY 1) CUCTNUATIXY BIEPEVVNCT] TOU TEOPBARUATOS
NS OAANAETOPAONE TOU EMXOTTEQOU UE TO €000 Xou UE EUTOBLaL. AUTO TeEpLhoBdveL
EXTOC TWV GAAWY TNV GUC TNUATIXT AVEAUGT) X0 XUTNYOPLOTOINTT) TWV PUOLXWY U1 0-
VIOUOVY ToU AAUBavouy yweo o TETOL TROBANUATOL, TNY XATAYEPY| TWV EMTTOOEWY
TN AAANAETBPACNC OTNV POETION TOU BPOUEN Xl TN OLUOEPWCT TNG PONG YUE aTd
aTOV, XIS xoL Ylal CUYXELTIXY TOCOTIXT) AVAAUOT) TV EMBPACEWY TOU EGAPOUS ol
Tou eunodiou. Ilpdto Brua oc auth TNV TeooTdieio NTay 1 CUYXEVTPKON TWV TEL-
COPATIXOV OEBOPEVWY Tou fTay dladéaiua uéow Tou mpoypduuoatoc Garteur AG-22
xan 1 Aemtouepeic avdhuon toug. H avdiuorn Baclotnxe otnyv opotdtnTa TWV TELRO-
HOTIXY BLOTAEEWY Xal E(YE WG OTOYO TNV XATARYHY XATAVONOT Tou pouvouévou. Ot
TEPLTTWOELS OV EEETAG TNXOY HTAY ) 1) TTHOT AUOENONG TOU EAXOTTEQOU GE EYYUTNTA
HE TO €dapog HoTe va dlamotwiel 1 enidpaor Tou EBAPOUC TNV (GT XU TNV TOE0-
YOUEVY amd Tov dpopéa pomy| oTEEPNS, B) N TTAOY UWENONE TOL EAXOTTEQOU XOVTA
GTO €80POC UE TNV TAUTOY POV TUEOUGIA XATOLOU EUTOBIOL.
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Ot nepintwoec mou e€etdoinray mepthopfdvouy mévie oevdplo nthong. Ilpwtn
eZetdoUnxe 1 TTHOY AwdENONG EXTOC TN ENBEACTC TOU €BAPOUC. LTNV CUVEYELX OLe-
eeuvrinxe N eTBpAOT TOU EBAPOUC GTNY TTHCT AUWENONS YWElC TNV Topousia XEToLoU
eunodiov. Me autd Tov TEOTO TocoTIXOTOINXE 1) ENOPUOT AUTH AVIAOYA UE TNV O-
TOGTAOT) A6 TO EBAUPOC XKoL TOL ATOTEAECUATA TNE TORATAVG TOCOTIXOTOINCTE TEdNXOY
¢ Bdon v Ty petémeita avdAuor. H and xowol enldpacr tou eunodiov xa tou e-
0GPOUS ATOTIIATOL OTIC HAAES TEELC TEPLTTWOELS OTIOU O BEOUENS UETABAAEL TNV XddeTr
1 TNy optl6vTio V€oT Tou O OYECT UE TO €BUPOC XOU TO EUTODLO.

Ye unohoyloTxd eninedo, OMKS EMOINKE TEONYOLUEVKS, AVTIOTOLYES UEAETES
€youv Tpaypatoroiniel 1600 Ue pedodoug cuVopLIXWY GTolyElwY 600 xou ue Eule-
rian yedodoroyleg, Ta VeTind xan To apvnTXd TV onolwyv cuvodilovton TapaxdTe:

Eulerian M&9odot Meé9o6oL cuvoplax®y
) , otolyeiwy
+ Axpiifc wavomoinon twv o-
pLxev ouvinxey ota oTeped + Aev anoutolv yoeixd TAEYUa
cUvopa
+ Ozwentnd mapouctdlouy unde-
+ EmAdouv cuumiecotég xon cuve- it Sudyuon
HTIUES POEC
+ O opraxéc ouvifixeg 6To dmelpo
- To unoloyiotixd ywpio mpenel IXAYOTIOLOUVTAL ETOXELBOC
Vo eMEXTOVEl APXETS WOTE VAL -
XOVOTIOLOUVTAL OL OPLOXEC GUV- + 'Exouv  uxpd  umoloyioTixd
Ufxeg oTo dmelpo %x66T0¢
- Ilpoodeutixn opaiworn tou uno- - Eivau eyyevog aouunieotes xa
AOYLoTIXOU TAEYUOTOS IOV 00T un ouvvextxég pédodol

Yeh e exeTaevn) Ouduor] - Aloxohn wavornolnon Twv o-

plax®v  cLVINUOY oTo GTERES

cUvopa
H mapotoa epyacio yenowwomnolel 800 dlapopeTixéc uedodoug Yo TNV TEOCOUo-
lwon tou mpoPAfuatog. Ilpwta, yenowwomoleiton 1 uEVOBOC GUVOELIXWY CTOLYEWY
(GenUVP) [22]. To uxpd unohoyiotind xdotog tne uedodou emitpéncet Ty yeryoen
TEOGOUOIWOY OAWY TWV TEPINTOOEWY. Me autd Tov TpdTo, emTUYYdvETL Uiot GUVO-
Aty emioxomnor tou meofiiuatoc. Tautdypova, ToTOTOlETOL 1) IXAVOTNTA TETOLWY
uedodwv va TEOAEYoLUY TNV AAANAETIBEAOT EVOC GpOUEN EMXOTITEQOU UE TO E0UPOC
xou pe eunodio. H ouyxexpipévn pédodog éyel motonoindel oto moperdov [23] [16]
T000 OE EQUPUOYES YLl AVEUOYEVVNTEIEC 600 ol ot eAxonTepa. Télog, yivovtan o-
viiknmtol ol teploplopol mou Y€touy tétoleg PEYOBOL Yol TNV AVTIUETOTIOT TUPOUOLLY
TEPIMTOOEWY. Aldopec TpooTdieleg €youv Tpaypatomoinlel Yol TNV ELCAYWYT OU-
VEXTIXGV (QOUVOUEVWV GE U1 GUVEXTIXOUE XOOWeS (24, 25]. Qotdoo, xadde o apriude
Re au&dveton xon tar cuvexTixd pouvoueva yivovton évtova, tétoleg pedodoroyieg adu-
VITOUV VoL AmOTUTWOOUY PE oxpBela To @awvouevo. ‘Ouwe, 1 TeoXaTapxTixy| €peuva
mou efvan amapodtnTn Yo TV e&étaon tou tpoBiiuatog xahotd tov (GenUVP) éva

4



XAUTIAANAO epYohelo axduo xou av Bev efval txavd Vo TROAEYEL TNV avaTTUET OpLIXOY
O TPWUATOC.

H ovotnuotinr wotdéco Siepelvnon tou Teoffuatog anoutel Ty yeron ulog ue-
Yod0ou LY axplBelac xou dev unopel vo otnetydel €& ohoxhrpou oe pedodoug
ocuvoplax®yv otolyelwy. Tétoeg pédodor Paotlovion otnv Eulerian neptypopy| twv
eglotoewv Navier-Stokes. H enthuon twv e€lodoewy npayyotonoteiton ye v yeron
[enepaopévov Awgopdv (FDM) [26], pe Ienepaouévouc Oyxoue (FVM) [27], pe
aouveyhic pédodo Galerkin (DGM) [28] xa téhog pe Spectral Methods [29]. Ot o~
pomdvey TAEYUoTIXEC pédodol oe cLVBLAOUS UE TNV UEVOBO BLapyWELOUO0 TAEYUATOY
[30] xou pe TEYVIXEC TUPIAANAOU TEOYEUUUATIONOD €YOUV OONYNAOEL OE UELWUEVOUS
YEOVOUC TPOGOUOIWCEWY, TOL OIS ATOLTOUY UTOAOYLO TIXEC LOVADES UE HEYAAO optd-
16 enelepyao TIXGY TUE VLY. AxOuo UEYOADTERY UEWOT ETLTUYYAVETAUL UE TNV YPrioN
e pedodou multi-grid [31] n onola 0dnyel oe tayUtEPES OUYXAIOE TOU TRPOBAAUO-
TOG.

Mio aduvopior Teov TAEYPaTIXGY ueVOBKY elvon 1) Sloyelplom TeoBAnudtwy oto omolo
CUVUTIBRYOUV TEQLO TEEPOUEVO Xal U oTeped oOvopa. To mpoBinuo autd avTiuETw-
niletan pe ta aveZopthtwe xvovueva tAéyuata (CHIMERA, over-set) [32] xou Sliding
Grids [33], mou o€ cuvduaoud pe Ty Yewpeia Tou dioxou evépyetag [34], Sivouy xohd
anoteAéopata oTny PiBhoypapla yio To TEOBANUN TG dAANAETBpACNC EVOC Dpopga
ue oteped olvopa. Xe avtileon Ouwe UE To TAEOVEXTAUATO TOU PEOVOUV EVOVTL TWY
ueV60WY GUVORLIXGY GTOLYElWY, 6TO 6Uvoho Toug ol Eulerian yedodoloyieg anartoly
TNV YEHON EXTEVMY TASYHATWY Yol Vo txavorotndoly ol optaxéc cuVIXES GTo ATELR0
[35]. Auto €yet cov amotéheoya TNV oTadlaxy| opainon TwV TAEYUITOY YEYOVOS ToU
odnyel oe TEYYNTY BLdyuo.

Aopfdvovtoac umody Gk Tor Tapamdve, 1 Topovoa epyacion TpoTelvel cav Alon
™ yeron wplac uPedic pedddov. H pédodoc auth (HoPFlow) avartiydnxe mpo-
yevéotepa omd tov Ap. Tlamaddxnn [36] oto mhaioto tng Saxtopxhc Tou datelPhc
t0 2014. To unohoyioTind autd gpyoleio cuVBLAlEL Eva xhaoowd epyaheio Tenepa-
ouévwyv Oyxwv xau o Lagrangian otouyelaxt) npocéyylon tou mediou [36, 37]. To
Eulerian xoyydtt amotehelton amd yweixd TAEYUATA TEQLOPLOPEVOU £0POUC ToL OTO-
loa extelvovtan yOpw amd To GTEPER GUVORA. LUYXEXPWEV, VLol T TEOBAUTA TOU
e€etdlovtan oty mapolca SltelPr, €va TAéypa TomoveTeiton TAVW omd To €daPog
XL TO EUTOBLO, xal €vor oxoua YORw amd Tl TEPLOTREPOUEVA TTEPVYLY, TO OTmolo Te-
ptotpépeton poll ue owtd. Io va umopéoel 1 mAnpogopia vo uetopepdel and to €va
TAEYUO OTO GANO, TO GUVOAO TOU TEBlOU PONC MEQLYPAPETOL UG CNUELNXE CTOLYE-
{o (particles), yio to onolo emhbetan 1 pot| oe Lagrangian cuvtetorypéveg, xow otnyv
CUVEYELD UECK EVOC TAHEWS GLLEVYUEVOU ETOVOANTTIXO) CYAUATOS EMITUY YAVETOL CU-
VEYELL OGOV apopd TNV ADOT OToL ETUEROUS YweLxd TAEYpaTa. XTo Eulerian xoypdtt
TNC UeVOB0L EMADOVTAL Ol CUUTIECTEG €ELOMOELS TNE PONC EYOVTUC WG XVPLEC UETO-
BAnTéc TNV TuVOTNTO-ToyUTNTO-TlEoT X yenotpomolel tpo-ctadepomoinom yio yo-
unholc aprduolvc Mach, evey oto Lagrangian xoupdtt ot xOplec petoffAntéc ebvan 7
TuXVOTNTO-oTEoPLOTNTA-cUUTEST. Me autd Tov TROTO ElGdYETOL GTO UTOAOYIGTIXO
gpyareio 1000 0 UTEPBOAIXOC OGO X O EAAELTTIXOS YApAUXTHRAS TNG PONS.
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T6 cuyxprtind mAeovexthuata Tne pedodou oyetileton UE TNV AmouGio UTOAOYLO TL-
%00 TAEYUOTOC GTO AMELRPO GUYVORO, TOU EYEL WS ATOTEAEGUA TN UElwoT TNE BtdyuoTng
OTOV 0pOEEOL dpouéwy. To mapandve GUUBIAAEL OUCLWOWE OTN TULOTOTERT) OVITOQEO-
YOYT QouvopEvwy aAANAeTidpaoTC.

Ot otoy0L howndy doov agopd to HoPFlow etvou:

o H motonoinon xotapyny g ueddédou otny enilucn Tou TEOBAAUATOC TNG aA-
Anhemidpaong evOg dpouéa Ue OTEREd GUVORAL.

o H ocuyxpitixy avdlvon twv nporélewy ue Ti¢ mpohééeic Tou GenUVP xou twv
TELROUATIXDY ATOTEAECUATWY WS TEOE TN ONUAGIA TWV CUVEXTIXOY PUVOUEVELYV
OTO GUYXEXPWEVO TEOBANUAL.

o H dnuiovpyla evog umoroyio tixod epyaAelov Tou unopel UE GUVETELX VoL TROAEYEL
0pUd TEQITTWOEL OTOU GTEMUATO OLATUNCNE XAl OPLAXE O TEWUATO IAANAETLOPO-
OV PETAED TOuG.

Yty napoloa epyasia, 1 LOVIEAOTOMGT TWV TTEPUYWY TEUYUUTOTOLETOL YE TNV
Vewpelo e T'papunc Evépyelag ota mialola Tou Eulerian  tufuoatog tng mpocouo-
twong. Ot Adyol mou odRynoav oe auth Ty emAoyt elvon o) 1 npootddeio yelwong
TOL UTOAOYLO TWOU x6oT0UC, B) 1 xatarypopy] 0TIC HETPHOELS OROXANEWUEVLY LEYEDDY
POPTIONG TOL BPOUEN X0t O)L XAl AETTOUERWY XATAVOURDY POpTIoNG TdvVe 0T TEPDYLAL
xou y) M emhoyh TG poxpooxomxic eoTlaons T OlEpELVNONS oTNV Enidpact) Tou
£ddpoug.

1.3  Aoun tng datelSng
H nopoloa spyaocia ywetleton o 4 xepdionas

o >to Kegdhao 1 mapovoialeton pio olvtoun BiBhoypapiny| EToXOTNOY Xt O
oxoTO¢ TNS epyaciog.

o Y10 Kegpdhawo 2 ylveton cUVOTTIXN TEQLYPAUPY| TWV UTOAOYICTIXWY EQYUAEIWV
TIOU YENOLHLOTOLUNXAY.

o Y10 Kegdhowo 3 mapoucidleton n avdiuon tou mpofrfuatog. Apyixd, TEpL-
YEAPOVTOL OL MELRUHATIXES OLUTAEELS XAl Ol UTOAOYLO TIXES TUPAUETEOL TWV TTEO-
COUOLOCEWY. XTN GUVEYELX TOEOLCLALOVTOL Tl AMOTEAECUATO XAl CUYXEIoELS
UETOEY UETENOEMY Xl TROAEEEWY TWV UTOAOYIG TV ERYOAEIWY.

o Y10 Kegdhowo 4 nopouctdlovton T GUUTERACUTA XAl TEOTAOELS VLot UEAAOVTIXN
€pEUVOL.



Kegpdiowo 2

ITepiypopn) UTONOYLOTINWY
EQOYAAELWY

Ye auté to kepdAaio meprypdgortar ovvontikd to Uewpntiké vnoPalpo aAdd kar ot
UTOAOYI0TIKES AeTTOpEpPElES TwY €pyaleiwy mov xpnotponominkay otny tapovoa €p-
yaoia. OAeg o1 pédodor éxovr anantuylel oe mpoyevéotepo xpovo oto €pyaotniplo
Aepodvvapuxns tov EMII.

2.1 O medwaxeg ellowoelg coe Lagrangian
OLaTOTIWOoN

2.1.1 Awtdnwon ToVv eELoMoELY WS TEOog TNV
ITuxvoTnta-XteoBAoTNTA-ALOYX WO

H Lagrangian OSiatinwor tov eElo®oswy naipvel Ty popey: Eficwon ourvéyeag:

Dp
= — _ 2.1
Dt P 21)
E&iowon opuns o€ ovvtnpntiki popen:
D& . I | >
E:—weJr(w-V)u—p—QVpr(—er o) (2.2)
Do —»+ 7
— = 0>+ 2|Vi| _y. Yipt ) (2.3)
Dt
H elowon evépyelag oc cuvtnentxy Lopgt:
DII
— =VV (@ (—pI+ 7)) (2:4)



O eClowoeig 2.1, 2.2, 2.3, xou 2.4 emAdovTal 0TV GUVEYELL XAVOVTAC Yerion NG
O TOELNG TEQLYPAPHC TOU TEBlOL.  LOu@Qva Ue auTh TV Aoyixr, To Tedlo TEpL-
Yedyetan amd onuetoxd otouyela mou €xouv wdlo M, oe dyxo Vp(t), xau petagpépouy
SLoyxwon O, (t) otpofhdtTnTa Qp(t) xou mieon ep(t).

Ewodryovtag tov 6yxo §V otic nopandve Wiotntee @ = (p, 0,0, €) xon opatpdvTog
TOUC GUVEXTIXOUC 6poug, ol e€lowoelc oe Lagrangian Slatdnwmon nalpvouy tny tehin

Hop@Hh:

Awothpnon Méloc: D;)\fp =0 (2.5)
DS 1
Auwtpnon Opunic: Dtp =V, <(J} -V)u + FVp X Vp) (2.6)
P
Do, . Vp
Dt = Vp <2HVUH \Y P)p (2.7)
DII
Auwrtrienon Evépyetoc: Dtp = —V,V (up) (2.8)

2.1.2 Oesdpnua SLoYWEICUOU TV TAYLTATWY TOL
Helmholtz

Agdouévou 6Tl To Bidvuoua TNe ToyOTNTAG LoU@wve ue o Yehpenua tou Helmholtz
70 Btdvuoua Tne T O Tt Uopel vor Btaywplotel kg e€Xg:

i =Un + iy +tly, Gp=V¢, ty=VxXP (2.9)

Tr6 autéd to mplopa, To tedlo TaydTnTag TEoxUNTEL and TNy enthuon dUo Poisson
eZloMoEWY Yia TO Paduwtd SUVOULXO G XL YIoL TO BLUVUCHATIXG BUVAUIXO 1.

Mo tnv enfivon twv Poisson e€iothoewy yenotuonoteitar n tey vt Tou Particle
Mesh (PM)

2.2 Teyvixr, Particle-Mesh

Ou Particle Mesh (PM) pédodot ypnowonowotvtar vl tTnv enthuon piog Poisson e-
Elowone. H dwduasia emlivong anoteheiton amd tpla oTddLoL.

[Tpwtov 1 ywewh TANpogopio 1 omola €lvor SLAVEUNUEVT, OE GTOLYELXY| LOPPT
TEOBdAETOL YECK TNG CUVEETNONG TEOPBOANC GE €VOL XUPTECLOVO OUOLOUOP(PO TAEY-
wo. Av ue @Qp = ¢qp - Vp, ouvuPoliletan to péyedoc mou yetapépeTon and ToL GTOLyEld
O TEOPBLNOTNTAS, YENOWOTOLOVTOS TIC CUVAPTACELS TEOPOAAC:

_ 2 WV W @ik —?p) (2.10)

2 VoW Tk — 2Zp)

¢ijk = Proj pyi(ap; Vi)
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omoL Ue T jx oLUBoAleTon To Bidvuoua Véong Twy i, j, k x6ulwv tou mAéyuatoc. H
ouvdpTtnon topepfolrc optleton we:

W () = Wi(ra/h)Wi(ry/R)Wi(r./h)

onou h cuyPohilel TNy andotoot YeTald 5U0 xOUBwY TOL TAEYUATOC.
Yy ouvéyewa, 1 e&iowon

Viw=f(%), ZeD
w=wpg, Z € 0D (2.11)

ANoveton pe v uédodo Fast Fourier Transform (FFT).
Télog,n TAnpogopia peTapépeTon and To TAEYHA oTa oToLyEld oTROBIAGTN TS YEr-
CLIOTIOLWVTAS TI (BlEC CUVORTAHCELS TaPEUPONNC:

ap = Interp(qij) = > aijsW (&g — Zp) (2.12)
7:7j7k

2.2.1 AANvyopuwiupog Lagrangian emiAutH

To Bruato yioo Ty Abon tov Lagrangian e€lodoenmy unopodv va cuvoplotoly ota

egnc:
[N dedopéva otoryela oTpoBihoTnTaC: {Z_;?, my, V', ﬁ;}, S Hg} at t = nAt:

B 1: TpoBohd) wov {mf, ©F, (07 117} oto PM mhéypo:
Pijs Oijs Gijo €y

Brpa 2:  Enilvon V2¢ = 0,V%) = —@ %o UTONOYIOUOC TV

i Witys Uz, Wits UE YPAOT TEMERACUEVLY DLAPOPGV

Brjpa 3:  Troloyiopog oto PM mhéyua twv 6pnv Twv e€lomoewy eEENENC
(2.5), mx. Vi, Vi, Vi

Brpo 4: Hopepfold tov mocotitwy 6to TAEYpa ¢ 0Tic JECELS TV
otoelwv otpofndtnrac: ¢y = >, a5 W(Ti; — Z,) .

Brjpo 5:  Avovéwom TwV TOCOTATWY TOU UETAPECOUY To aToLyEelol
oTEOPBINOTNTOC.

Brjpua 6:  Enavoamheyyatonolnon epocov ypetdleTol.

2.3 Meédodog Xuvoplaxwy XTtolyelwy

To dewdpnua tou Helmholtz uropel va avanapactiost o nedlo taydTnTag Tng EONC
o€ TpoPAAuaTe aouuniesTwy (0 = 0) Un cUVEXTIXWY POWY. Le auTH TNV TEPITTHON N
eheliepn oTpoPhoTnTo Elvor Sloveunuévn Téve oe @O oTeoBAGTNTOC (ETLpovetax))
TIOU AVOTOELOTOVY TOV OUOPEOL TOL EXGCTOTE AVWOTIXOU CWUITOC.
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Yougwva ye to Yewpenua tou Green:

W@ = [ @0 +7009960) S (213
t
a@t) = [ 60 x V6 i) (2.14)
Du(t)
6mou, G(r) = —g==, r = |f], ¥ = — ¢, VG(r) = # eved Dy (t) umodnhdver to

ywplo tou oudppou 6To omolo cuyxevtpwveTon 1 otpofhétnta &. H xourndin S(t)
AVOTOELOTA ToL GTEPES GOVOQEAL.

2.3.1 7Yloroinon

To unoloyiotxd gpyorelo GenUVP  avortdydnxe oto epyacthpio Acpoduvapinic
Tou EMII xou elvon Baciopévo ot uédodo twv cuvoptaxay otolyelwy oulevypévn ue
€vol LOVTENO opdppou eleliepnv otolyelwy otpolihotnTag. Aemtoucpric TEpLypopy
Tou epyoheiov uropel vo Beedel ota [38] xou [39]. Xuvontxd avagépeton KOS Yol TNV
enfAuon tou Tedlou egapuolovtal oL CUVIAXES Un ELoYWENONS 0T OTERES alvopa,
n ouvifxn Kutta otnv oxyr) exQuync TV aveoTIX®OY CWUATRY,T0 VDR Tou
Kelvin xou 1 e&iowon yetopopds tne otpoflotnTag.

H mpddtn, epoapuoleton o onuelor eA€yyou Thvey OTa TUAUATA OToL OTolol Blaxpt-
TonoloUvToL To 6TEREd oUvopa (ETpavelaxd TAEYHa) xou efaopaiilel mwe N xddetn
TayOTNTa TG oYETXN PO ot auTd elvon fom e to 0. H un ypouuixr cuvirxn Kutta
eCoo@aiilel TS To TABTUA Teong otV oy ExuYTE lvon (G0 e To UNGEY xou ETi-
AoeTou PEGW Lo EmAVaANTTIXC Sladaciag, eve To Yewpnua Kelvin umodeixvietl tny
otpofdTnTa (évtoom xou Sidvuopa) mou anoPdiheton oTov opdppou. Téhoc, Bdoel
e e€iowong Yetapopds e otpoPldtnrog, efacpolileton 1 eEEMEN TOL oudEEOU.

2.4 O Eulerian EmtAuvtric - MaPFlow

2.4.1 Ecwowoeig Navier-Stokes

To clotnuo e€loMoewy OAOXANEWUEVO o 6YX0 ) ue cUvopo JS) Eyel TN pwopyY :

‘T/ Ud(z+jq§ (F.dS — F,)dS = / QdQ (2.15)
ot Jg P1y) Q
OTOV lj,

p

puU

U= pv (2.16)
pw
pE
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TO BLAYUOUA TWV CUVTNENTIXWY UETUPBANTGY,
F,,
pV
puV + ngp
E.=| poV+nyp (2.17)
pwV +n.p
p(E+ L)V

TO BIVUOUA TWY GLYVTNENTIXGY YEVIXELUEVWLY Tapoy kv (Convective Fluxes) xa V' =

T
ﬁv )
0
NgTeX + NyTzyY + Ny Ty
F’;, = | namyx +nyTyy +n.7y2 (2.18)

Ng T T + NyTY + NpT2 2
N0, +nyOy +n.0,

T0 SLdvuopo TwY cuvexTx®y Topoy oy (Viscous fluxes) xou :

Op = UTyp + VTpy + WTy, + kg%

T
@y - UTym + UTyy + wTyz + k%
O, = UT.p + VT2 + WT2, + k%—z

To cbotnua Twv €loWoEWY XAelvel ue TNV XaTaoTaTiXY e€loman Yo Bavixd aplo:

2 4 2 2
p=(y-1plp - LT (2.19)

Yy nopoloa epyaoia, ol topandve eglowoelg emAbovton ye 1o MaPFlow. O
MaPFlow AOvel cuumEGTEC POEC OTAL XEVTEO TWV XEALDV EVE TO YWEIXO TAEYUO UTO-
eel va ebvan elte dounuévo eite un dounuévo. Ot dpol petapopds dloxpltonotovtol Bdoet
ToL TpooeyYloTxoy emhOTy Riemann tou Roe [40] evd ypnowonotel Venkatakrish-
nan limiter [41],[42]. Ou cuvextxol 6pot BloxpitonololvTaL Pe €va XEVTEIXG oY ud
2" 18€ne. [No Ty povtelonoinon tne topPng eivon Sradeoyuo 600 povtéha. To mpwTo
elvon to povtélo tou Spalart (SA) [43] xodde xou T0 povtélo dUo eEloMoEMY TOU
Menter (k —w SST) [44].

To epyoheio etvon eovd va Slayerplletan HOVIUES XL YN HOVIUES POEC, UE TIC Te-
AeuTaleg vor amoTeEAOUY amopalTnTy TeoUnddeot Yo Ty enthuon TeoBANUAT®WY Tou
TepthoBdvouy TNy agpoduvopixy| avdhuon elxontépwy. H ohoxhrpworn otov ypdvo
TEOYUOTOTIOLELTOL UE EVaL dpENTO Oy Tua ToU ETTEETEL UEYOROTERA Ypovixd Brjuota. T
TIC UN UOVIES poég yenotponoteiton éva oyfua Beltepne T4Eng oTov YeOVO GE GUV-
duaopd pe v eyt tou dual time-stepping [45] yio vo Swacpoliotel 1 tayUTEEN
oUYXMoN 6TaY TEPLAUBAVOVTOL TEPLOTEEPOUEVES YEWUETPIEG XKoL TAEYUATIXES TOQO-
HOPPWOELS TOU BNULoLEYOLY €va cUVUETO Tedlo porg. o TNV avTETHOTION POMY ToUL
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elvar aouuTieoTee ypnowwonoteiton évac te-otadeporomthc [46] yia younhoic aprduo-
U¢ Mach. To epyaheio meplypdpetan AVUAUTIXG XU UE AETTOUEQRELX OTNY BLOAXTOPXN
SroteBn [36].

2.5 Ocswesla 'papurc Apdong - TAoroinon
cto MaPFlow

[t Ty emitdyuvoTn TV UTOAOYLOU®Y, To TTEPDYLN TOU EMXOTTEPOLU GTNY ToEOVUCH
epyooio yoviehonoloivion w¢ Yeauués dpdone oto mhaicto tou MaPFlow ol onoleg
OLVELCQEPOLY UE aVTIoTOLYES BUVAUELS GTOUG 6poug TNYTE @ tne edlowong 2.15. Ta
poptia utohoyilovion Yéow piog avdluone otolyelwv TTEPUYWONG Tou e@apuoleTon
XATE UAXOS TWV TTEPLYIWY X 08 GUVOLACUO e 2D xoumdheg dvmong-aviAlotaong-
comfc [47]. To onueio eléyyou mdve ota ntepiyla xadopilouv onuela, ta ono-
la mapdryouv dvwon xan avtiotacn avdhoyo ye To eldog TNG AEPOTOUNG, TNV Ywvia
oTeéne, To Yéyedog Tng yopednc xou TNV enaryouevn taydtnta. Me autd tov TpédTo ot
xdde onueio eréyyou avtiotory(leton éva Sidvuoua BOVIUNG. XTNV CUVEYELD, 1) AVWoT)
xan 1 avtiotoor urohoyilovton Bdoet TNg Tomxg TayOTNTAS AVEUOU XL TNS YoVviog
TPOCTITWONG TNS PONE OTWS Qadvetan oyrua 2.1 xou TEPLYEAPETAL Ao TIC oaxdhoVdEg
ellooeic:

Yyfuo 2.1: Blade element analysis

W,
¢ = arctcmﬁ (2.20)
eff,x
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aefp = ¢ — 0y — dp (2.21)
1 1
L= §pW€2ffCL(aeff)cAr, D= 5pW3ffCD(aeff)cAr (2.22)

fop = Lé1 + Dép (2.23)

omou, ¢ elvon 1 ywvio Tng enepyduevng oto oTotyelo pong, 0y elvan 1 ywvia cuoTeo-

Phc, ¢p bvon 1 yovio pitch To ntepuyiou, acry ebvan 1 pawvouevn ywvia tpdontwong,
Cr(acss) xou Cplacsy) ebvon oL cuvteheotég dvmong xon avtiotaong, p ebvan 1 u-
xvOTNTo ToU eeLoToL, Werr ebvan 1 tomny| Sudc Toom enoryduevn taydtnTa, ¢ ebvon
1 péon yoedr) Tou ctoyelou, Ar elvon To urxog Tou cTolyelou, xou €7, €p elvon Ta
otavoopata Bdong oty xatebduvon TN AVWwong xaL Tng aviioTaong avtioTolya.

Ot mopamdve duvdpels petagépovtoan oto MaPFlow cav dpol nyfic otny e€lowon
OLITARNONG TNG OPUNG XU TNG EVERYELNG OTA XEALY TOU TAEYUATOS TO OTOL CORMVEL
T0 xde nMTEPLYLO OTNV BLIEXEL TNG TEPLOTROPNC TOU Xl XOUTAUVEUOVTOL GTOV YWEO
yenotonowvtag pa 3D Gaussian  xatovouy| [48].

2.6 O YTBewuxog entivtng - HoPFlow

O uBediog emivtric HoPFlow BaoiCetan otny oUleuin tne Lagrangian dwtdnmone
TV Tedlaxyv e€lowoewy Ye Ty Eulerian. H pédodog avantdydnxe oto epyaoctrpto
Aepoduvapixrc tou EMII ota mhadoto tporyoluevne didoxtophic datplBic [36] ,6mou
X0l UTEEYEL 1) VOhLUTIXT TEQLYpapY) TNS UEOB0U.

s P zblr or
Dpy
‘——SE
A '-.-'QE Sf \\

Dyfuor 2,20 LynuoTixr] avamapdoTaoT) TV ETXAAUTTOUEVODY Ywpinv  Dpyy
touv Particle Mesh xou Dg tou MaPFlow.
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2.6.1 H dwadixacio tng oLleving

Y10 Lo 2.2 gobvetar 1 yevixr| Woéa Tlow and TNV LTOAOYIC TXY dLadixacio TG Ue-
Y680u. To urohoyloTind yweio Dp €xel SloywploTEl GE 500 ETXANUTTOUEVA UTOY WEld
o) To Eulerian Dg o ) to Lagrangian Dpys. Y10 DE egopuéleton to epyareio
MaPFlow xou ye autd tov TpoTO 0L 0plaxéc GUVITXEC OTO 6PLO TOL CWUATOSC SB
ovorotovton Pe oxp{Bela. Adyw Tng TEPLOPIOUEVNC EXTACTC TOU Y W0l TAEYUO-
To¢ Tou ywelou DE, ot oplaxéc cuvifixeg oTo ewtepnd olvopo Sk Bev Unopoly vo
tautiCovto mhéov pe Tic ouvixeg Tou amelpou. To auTtd TOV AdYO 1 TAnEOYoRia
otnv Sg mpoxUntel éncita and mopeuBolr) Tne Abong tou  Particle Mesh oty Sg.
Me autéd tov tpdmo emituyydveton 1 00levdn Twv 800 gpyoheiwy. 20T600, ENEWDY| Ta
600 ywela etvan ave&dptnTa uetal Toug, meénel va oploTel 0pdd 1) emixovwvio ueTodd
TOUC OOTE oL MOOELC TTOU TROXUTTOUV VoL EIValL GUVEYELS.

[oe pior 6edopévn yeovixn) otiyury t = n - dt, to otoiyelor Eyouy Tic €€ng WOLOTNTES:
{2y, mp, Vit 0, 65, T}

Me v yperion tou Particle Mesh xat v enfhuon tng Poisson unoloyiletou to
nedio taydtnTag. Me o Sidvuoua TG ToyUTNTIC YVWOTO X0 PE TIC TWES TWY G TOL-
xetwv meoPefrnuévec oto mAéyuo tou PM, umopel vo utohoyiotel oto PM 1o el
uéhoc twv Lagrange efiodoewy (2.5, 2.6, 2.7, 2.8). 'Encito, ye éva oyAua Runge-
Kutta tétoptng t8&ne ta particles e€ehicoovton otov ypdvo odnywvtag o plo véo
XATEOTOON: .

{Z;L—‘rl’ ,rng—i-l7 ‘/pn—i-17 Q;H-l’ @;H-l’ H'}r)z—&-l}

Acedouévou nwg ol Particle Mesh uétodot nopoucidlouv aduvouia oTov utohoyi-
ouo6 TN ADong xovTd oTo oTeped oUvopa xadde dev céBovial TNV axplfr) YewUeTpla
TWV COUATWY, TO GPIAMIA xOVTA 6Ny SR elvon apxetd yeydro. Enopévwg, éva tétolog
UTOAOYLOUOC BEV elvar 6lyoupo Twe Vo ixavorotel Tig SUVINXES N ECYWENONE Kol U1
oMoinong. o autd o AéYO, M emthuon Tng porg xovVTd 6Ta GTEPEd GUVOPA TRy o=
tomoteiton ue to MaPFlow. Eneidy| 1o ogdiua peidvetar exdetind ue tny andotaon
and TV Sp, 1 €xTaon ToU Yweol TAEYUATOS 0plleTol UE TETOWO TEOTO WOTE XOVTA
otnv S T0 o@dhua vo etvar TOAD wixpo.

H Sodixaoio tne oOleving mepthoaufdvel o) ToV 0woTO UTOAOYIOUO TOV OpLOXOY
ouvinxwy oto eEntepnd olvopo SE tou Dg, B) TV avTixatdoTtacT) v oTtoLyelny
tou PM evtoc g D xon oUVen®dE Tng Aong Ye Tnyv AOom mou €yel UTOAOYLOTEL amod
0 MaPFlow xou y) pe v opol| uetdBoon twv Aoewv uetob tov Dpyr xou Dp.
[o v entiteudn TV Tapamdve Yenoylonoteltal Evol ETUVOANTTIXG Oy U,
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Yyfua 2.3: Avamopdo tacT UTOAOYIOUOU TwV optaxwy cuvinxwy oty Sg. H
xotdotaon U, oto xévtpo tou ghost cell ( €66 gaiveton pe tnv yoden dtoxe-
XOPPEVT YROoUUT) TEOXUTTEL omd TNV TUEEPPOAY TwV ToOV Tou éyelt o PM
otoug x6uPouc (Umhe onueio).

2.6.2 Ymnolhoyiwowdg opraxwy cuvinxwy touv CFD octnyv
Sp

Aedoyuévou 6Tl ta mhéypata Tou Dpys xow D elvon emixahuntopeva dAlo dev €youy
AT vy xn xowoUg xoUBoug, ol 6woTEG 0ploxés cUVITXES 0NV SE TEOXUTTOLY UE
mapeuBoln Tne Abong tou PM otoug x6ufoug TV EIXOVIXMY XEAWY TOU TAEYUATOC
tou MaPFlow mou tormodetolvian extéc tng SE. XNy ouvéyela, 1 péon T TV
x0uPwv towv ghost cells, xadopilel TNV xatdotaon e org oTa XEVTEA TWV XEALDV.
Téhoc, ol mapoyés dioapéoou g SE unohoyllovta péow Twv avorrolnwtwy Riemann
mou oyetiCovton ye 1o medio evtog xou extog e Sg. H mapandve Swdixacio tepl-
YEAUPETAL OYNUATIXE OTO Ly o 2.3.

2.6.3 CFD particles

H avavéwon tne Aong tou PM evtoc tne D mporylotomolelton UE TNV avTXoTdo Tao
Twv PM otouyelwyv pe ta otoyeio mou npoxdntouy and tny Aborn tou MaPFlow. Av
urotedel g 1 Aoon tou MaPFlow elvar cwoth av ou oplaxéc cuvirxeg otnv Sk
elvoan cwoTég, TOTE 1 eNidpacn Tou cwuatog SB EUTEPLEYETOL OTNV ADCT TOU XL EV
ouveyelo oty oTEOBINGTNTA XaL cuTesTOTNTA Tou Ywelou. H cUlevén emouévng
TV 6V0 ywelwv Tou TepthauBdver TV avixatdotaon twv PM particles axolouvdel ta
e&hc Pripotor o) Tov yetaoynuotiopd tne Eulerian Aong oe particles, B) tnv avtixo-
TdoTaon 60wy particles eunepéyovioan 6to ywelo DE ye autd mou dnutovpyRinxay
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oto mpwto Brpe (Eyfua 2.4). Enedr to MaPFLow eivar Sounuévo pe tpémo dote
ot ueTtofAnTtéc Tou mpofAruatog vo utoloyilovTon oTo XEVTEPA TWY XEAWDY, TO TEWTO
Brua tepthopBavel: TV yenor to Yewphuatoc Green—Gauss yia TOV UTOAOYIOUS TGV
6 xou @ 6TOUE XOUBOUC TOU TAEYUNTOS, TNV TOREUBOATY TWV p Xl P OO TA XEVTEOL TWY
xehwv Tou CFD otoug xépPouc xar téhog Tov dlaolpacud tTng Tedloxnic TAnpopopiog
ambd Toug xOUBoug TV XEMWY oe oTadepEg VEaelg EVTOS xde xEAMOU OTwG (alveTon
o010 Lyfua 2.4. Eivow mohd onuovTtind yio TV UTOAOYLO TiXY| EVCTAVELN TOU GYHUATOS
VO UTIGEYEL XOAT) Y WEIXT| XATOVOUY| TNG TANROPOEIUG Xl YId AUTO TOV AOYO TOEAUTAVE
amo6 €va partcles dnploupyolvton oe xdie xeil Tou CFD.

| —n
N O O
E-arid | PM-grid
-grid__!
g BEw

n n n u Boundary Particles

Figure 2.4:  Xwpwx) xatavour; twv Eulerian E- particles. Apiotepd: Eva
Eulerian xeAl evtég tou mhéyuatog tou PM éxtaong 4x4 xehwv. Tmdpyouv
téooepa Pp particles péoo oto E-cell nou qoivovton ye pumhe ypoua. Acid:
Poatvetar €vol xOUPATL TV TAEYUATOY x0VTd 6T0 0TEEEd cUvopo. Ildve otny
Sp, mapdyovton emipaveloxd particles mou €youv umie ypwua. Ot padpot xou-
Bot avTimpocwrebouy Toug xouBoug Tou PM nou mpofdiheton To empavelaxd
particle Tou oyfuatog.

O tehndg 6To)0¢ OTLG avapépdnxe elvar 1 avtatdotaon Tng Adong Tou PM ue
v AVor tou CED. T autd tov Adyo, Ta particles tou PM nou (Beloxovtan evtog
e D mpénel va avtixatootadody ue autd mou dnutovpydnxay and tnv mpornyo-
Opevn Bradxacta Tou TEpLhaUBAVouY TNV cwo T TANEOQopla Yia TO TED0 PO XOVTA
0T0 0Teped. Autd mpobmodétel TV Blaypapn Tng meoBeBAnuévne mAnpogoplac Tou
npolndpyel otoug xouBoug tou PM. Ytnv ouvéyeia mpofdhhetoan otoug xoufoug 1
mAnpogopia and o E-particles otouc xéufouc tou PM (2.5). H Sobixacio auth w-
01600, evEYEL TOV xivduvo va cuureptAngiel emmAiéov TAnpogopla Tou TEdloL GTOUG
x6pPouc yia 600 Paocwoig Aoyoug. Ipwtov, dnwe avagéplnue xou TEOTYOUUEVKS, TA
0Lo MAEyuoTa OeV elvon xat” avdyxn Ouolo XL BEVTEEOY, 1) EMAVUANTTIXY| OLodaciaL
Tou axoloudeiton Péypet va undpéel olyxAlon e Abong tou CED Snuiovpyolv éva
o@dhua Tou meénel vor eohelpiet.

‘Onwe pabveton 610 Ly fjua 2.2 0TNY TAELOVOTNTA TWV TEQLTTOOEWY, GTO TEAOS xdie
xeovixou Bruatog, to Lagrangian particles avadlovépovton oto x€vtpa 1) 6Toug xOu-
Bou Tou xaptectavol Théyuatog Tou PM. Avtieta, ta CFD particles oynuatiCovro
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o€ 6h0 TOV OYX0 TwVY xehWV Tou Eulerian mAéypatog xou pdhiota, to 800 ouTtd TAEY-
potor 8ev €youy TNV (Biar dour|. EmnAéov o€ TepITTMOoELS TEPLOTREPOUEVWY COUITWY,
oL oyeTixéc Véoelg dapxwe ahhdlouyv. o vo amogeuydel n acuvéyelo g Aong Twv
OLAPOPETIXWY TAEYUATWY, Wia u€dodog BLopUmOEC TOU GYPIAUATOSC TR YUATOTOLE(TOL
XAt TNV SLdpxE TV eowTERX®Y emavolewv Tou MaPFlow. 1o Xyfua 2.2,
oL xOouveg tekeleg avtimpoownebouv toug xépPouc Tou PM mou Beloxovton evidg
Tou DE Tou TEplypdpeTol and TNV X0xxwvn xounUAn. oTtéco, Yyl ta particles ta
orola Beloxovian xovtd 6to clvopo xou edv unotevel Twe yenoylonoteitar cuVaETNoN
Tpofolfc Beltepng TAENg, TAnpogoplo Yo tpoBAniel xou extéc tou Eulerian ywpelou
(BMéme Toug xéuPouc ue to mpdovo yewuo oto MyAue 2.2). Kotd ty Swduacta tng
AVTIXATAC TACNC EMOUEVWS, 1) TEOPBOAT) 0To TAEyUa Tou cuvolou Twv Eulerian par-
ticles Qr Oa dnuoupyrioet plo acuvéyeia Tou Yo agopd TNV Teploy ) Tou PeloxeTon
xovtd oTo cUvopo tou Eulerian ywplou. H Swopdwon auvtic tng mapdfBaong emtuy-
yavetar pe to €€ teomo. H Aom mpofelinuévn minpogopior Qpar twv Lagrangian
particles, nopeuBdiietar otic Véoeg twv CFD particles Pg xou 6tnv cuvéyela Eovd
mpofdiieton oto PM otic Oéoeic Xpps. H Sradicacio auty| ovopdleton error tou PM
X0l AVATOELO T TO aeLiUNTIXG GPAAUA GTOUG xOUBoUC.

O mapodte e€lotoeic teptypdpouy ue axplBeta To oy To omolo oxohoudeitou:

error{Qpn}pv = Projection{Interpolation{Qp }prs,} pPm (2.24)

onou, Qpy etvon 1 TpoPefAnuévn mhnpogopla twv Lagrangian particle Qp ye 6yxo
Vp.

Enopévwe, 1 owo 1 tAnpogopla 6toug xouBoug AapBdveton edv agorpedet To error
an6 1o Q pyr xan mpoctevel 1 tpoleBinuévn Thnpogopta Twv CFD particle Qcorp ye
oyxo Vorp:

Qpy = Projection{Qp}pun (2.25)
Qg = Projection{Qcrp}prm (2.26)
correct{Qpnr} = Qpy — error{Qpn tpv + QE (2.27)
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Yyuo 2.5: Lymuotixd meptypoagr) Tng dtadwactog Teofolfic oTo TAEYU TOU
PM xa tng yévveong Tou error 6toug xouBouc.

‘Onwe napatneeiton oto Lyfuo 2.2, T0 error avouéveTtal Vo Topouctdlel TYEC oTta
opwa tne Sg. Hpdypatt, n epapuoyr| tne elowong 2.27 xatd unxog GAou Tou UTOAO-
Yo ToU ywelou dlvel:

correct{Qprm} = Qpur, €€w and Ty SE
(2.28)

correct{Qpy} = Qp, péoo amd TNV SE
(2.29)

correct{Qprn} = Qpy — error{Qpy}prv + QF, XOVTd OTNV SE
(2.30)

Eneio n npoflefrnuévn minpogoplio oe xéufouc tou PM ol omoiol Bploxovton e-
VTOC TV GTEPEWY CLUVOPWY OEV EYEL XATOLO PUOLXG VONuUa, Uio TopduoL Bladixacto
Yenowonoteltan yia Ty dtopdwon e Adong. Xt1o Lyfua 2.2 6Toug x0ufoug YE To
YXpL yewua diveton undevixn Ty T6c0o Yo o Qp 600 %o yio To error. Mia axdua
UTIOMOYLO TIXY| AETTOUERELD EYXELTAL OTOV TPOTO UE TOV OTOLO LTELCEQYETAL 1) TUEOUGTAL
TwV owpdtey otov Lagrangia emiuty. Xtic particle pedodoug, n nopousia twv ow-
udtwy avamaplotaton and enlpavelaxd particles to omola totodeTodvTon OTKG GNAGVEL
xal 1 ovouacio Toug oty emgdvela Tou oopatog. O empaveloxol 6pol unoloyiCo-
vtaw ota mhakota Tou MaPFlow ue éupolo tpdmo dmwe xan tor ywewd particles. ‘Otov
7o medlo TayUTNTag €yel utohoyiolel yéow tou PM tote, autol ol dpol agopobvton
a6 To TAEYUa Tou PM xodod¢ avamaplo o0y TNy TEoGOEdeUEVY) G TEOBLAOTN T XL OEV
mpénel va eCelytolv aTov ypedvo.
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2.6.4 O aiyoerdupoc tou HoPFlow

T éva Bedopévo civoro Particles: {Z], my, V', Qp, ©5, TIN} v ypovixd oty
t = nAt, o emAuTAC axolouVel ToL ETOPEVA GTAOLOL:

Briwa 1 TlpoBohd) v {m2, O, (07 117} w0 PM miéypon
p%k, H?jk, @’;’jk, 6Zk B
Brpa 2: Abon tov V2¢ =0,V = —&  xon uTOAOYIOUOS TLV:
P> Vijhr Tijr Vi
Brjpa 3:  Kodopiopdc v oplaxodv cuvinxaoy tou CED oty Sg
BAua 4:  Avavéwon tne CED hoorne (dual step emavodriderc)
Brjpa 5:  Avuxotdotoon twv PM particles ye ta CFD pe tnyv pédodo
TOU error.
Brjpa 6:  Av 1o CFD éyel ouyxiivel cuvéyioe, ahhidg Tiyouve oto Bhua 2
Brjpo 7: Troloylopde tou de€lol péhoug twv elomoewy (2.5)
oto mAéypa tou PM, Vi, Vi, Vi,
Brpo 8: IlopepBord tng unoloyiopévng minpogoplac oto TAEYP ¢;; Tow
otic Véoeic Twv particles: g = >, ¢y W(&ijk — Zp)
BAua 9:  Ohoxhipwon tne egiowone(2.5) otov ypdvo pe 4" tding
Runge-Kutta: {Zg“, mp vt ﬁg“, optt, Intt}
Brjua 10:  Re-mesh yio va undpéel ahhnhoemixdiudn particles
mou Vo 0dNyNoeL o aAANAoETXEALYN TUXVOTNTAC Yot udlog
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Kegpdiowo 3

AvVAAuoT TOL TEORANUATOS TNG
AAANAETULOPAC NG OPOUEN
EALXOTITEQOLU UE TO EOAPOG XU
UE EUTTOOLO

Ye auto to kepdAaio mpaypatonoleital ) avdAvon tng aAANAeTiopaons evos eAikontépou
1€ To édagog ka1 pe eumoda. Apyikd, mapovoidlovtar o1 mepapatikés dNatdées mov
pneretiiinkay vrodoyiotikd kaldg kai o1 UTOAOVIOTIKES AETTOUEPEIES TNS TPOTOJLO-
lwong tous and ta epyadeia mov avantUyinkav. Xtny owéyea, n kdle mepintwon
avaAvetar Eexwpiotd kar e€dyovtar ouunepdopata yia To €kdotote TpoPAna.

3.1 Ileipopatixég SLATAEELS XAl UTTONOYLO TL-
XEG AEMTOUERELEG

H pekétn tng ahinAienidpaoric eAXOTTEQOL XaL GTEPEWMY CUVOPWY Bacictnxe TOCc0
OF TELPAUATIXEC UETENOE Tou OlelryUnoay o€ BLdpopa TAVETIO TN Kol EQEUVITL-
%8 ®EVTPU 600 XAl GE UTOAOYLOTIXEG TPOCOUOOGELS Ue To epyalela GenUVP xou
HoPFlow. Y& auth TnVv mopdypapo TEQLYPAPOVTOL Ol TEWUUATIXES OLUTACELS Xall
ToEOLGLALOVTAL AETTOUERELES TTOL QPOPOLY TIC TPOCOUOLOOELS. T'ar TNV xohUTtepn Xo-
TNYOoplOTOMGT TOL TEOBAAUATOS, OL TERLTTAOGEL Tou eEeTAoTNXAY YwellovTto kg e€h:

Eletaloueveg llepintdoeig

o OGE: IIthomn autdpnong extog TNg Enldpaong Tou €88pPOUg

o IGE: IIthon aucdpnong und Ty enidpaon Tou e63(QOUS
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o T1: Iltron cuwpnong méve and to eunddio uetaBdhrovtog Ty Yéomn tou dpouéa
%xatd tov x dEova

o T2: IIthon cauwdpnong mdve and To eundoto uetaBdhrovtog TNy Yéon Tou dpouca
woTd Tov 2 dEova

o T3: Iltron cuwpnorng dimha and To eunodlo yetaBdArovtag tny V€om Tou dpouéa
%xatd Tov 2 dEova

3.1.1 AvVAALOT TELEAUATIX®Y OLATAEEWYV

To mewpduorta mou mapouctdlovta dielhyinoay oo tAalolo Tou tpoyeduuatos Gar-
teur ond to Hoavemothuo tou Mikdvo (Polimi) [3], onéd to Havemothuo tne I'ha-
oxdfPne (Gasgow) xou and to epeuvnTnd xévipo ONERA tng Fodhiog. Ou petprioeic
TEAYHATOTOINXAY OTIC AVTIOTOLYES OHEAYYES Xk ooy OpoUelc xou eunddla oL
ToEouctdlouy TOAES OUOLOTNTES OUMS ElVaL BLOPORETIXA TTROXEWEVOL Vo EheY Vel 1
CUVETIELNL TV GUUTEQUOUATWY TOU TEOXVOTTOUV.

o) To neipopoa Tou Polimi

To nelpaya aopd o TTACT AUWENOTNG EMXOTTEPOL XOVTA GE EUTOOLO TO OTOLo EYEL
tono¥etniel oo €dagog, eved 1 V€an Tou dpouta pueTaBdiieTar xddeta 1) optllovTia OE
oyéon ue 1o eunddlo (Bréne Lyhua 3.2. Enlong, npoypatomoidnxay yetphoeic tou
apoEOLY UOVO TNV ENBEACT) TOU EGAPOUE GTNY AMOBOGCT] TOU SROUEN OTWS PAUVETAL OTO
Yyfua 3.1, To anoteréopota mou napouctdlovian (UETUBOAES GTNV (OT XoL TNV EOTH
xou TEd{o TaUTATWV) apopolv TIC TEPLTTOOELS TOU OEV UTHPYE QVEROS. 210 mivoxa
3.1 mopouctdlovTon To YoUEUXTNELOTIXG TOU BEOUEN XL TOU EUTTOBIOU.

Mivoag 3.1: Hopduetpor tou metpapatinol povtélou (Polimi)

Xapaxtnelotixd Apopéac Polimi

"Tog eunodiou (z-4&ovoc) 0.45 m
[I\dtoc epmodiou (y-d&ovag) 1 m
Mrxoc eumodiov (x-dZovag) 0.8 m

AdueTpog dpouga 0.75 m

Aprude trepuyinv 4

Xopoh 32 mm

Aepotoun NACA0012

Fwvio 10°

Toybtnra nepioTEoPhc 2580 RPM (39.25 Hz)
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e

VAN // / VN
Ground

Yyfua 3.1: Avanopdotaon tng nepintwong IGE yu tov Spopéa tou Polimi.
To xévtpo tou dpopéa petafdhet Tnv Véon tou yetold Z/R =1 — 4.

Polimi set up

Ending point

T2
T3

)
|
|
|
|
|

ZR [

Starting point Ending point

A
|
|
|
|
|
|
| |
|
]
|
|
|
|
L

Starting point

w
L ey N B Y N B H B N B S |

T - | T T |

XR[]

Yyfua 3.2:  Avamoapdotoon twy tepintdoeny T1 (umke), T2 (uoB) o T3
(mpdotvo) tou Polimi

To amoteréopata TwV YeTEHOEWY €youy TpoxUel TalpvovTtag TNV YéoT Ty Tng
YEOVOOELRAS xaTd To 5 TEAEUTAlA OEUTEROAETTAL TNG TeoTOoUolwong. Ol uETPNOELC TeVY
nediwy toytntog (PIV) etvan o péoog dpog amd 400 exdves mou xatarypdpnxay xotd
TNV TEAeUTAlA TEPIOBO TWV TELPUUATODY.
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B)To neipapa tng ONERA

H ONERA mpayyatomoinoe yeteroels yio €vay dintepo dpopéa 3.2 Tou TparyUato-
motel TTHON AwdENoNE XOVTd 0To €00pog o Uid TEPLOY T TOU TEQIBAAAETAL TEQUIETELXS
a6 Tolyoug Omwe galvetan 6To Lyfua 3.3. To ehxdntepo TonodetRinxe oto xévtpo
ueTag) TV Tolywv xaL PETEHUNXE TO XATd TOCO EMNEEGLEL N GUYXEXEWEVY BLdTodn
TNV TTHON TOU EALXOTITEQOU GE GUVAQRTNOY UE TNV andcTaoY| Tou and To €dagoc. Ot
Aemtopépeleg tng Sudtadng gaivovton otov Iivaxa 3.2

Hivaxae 3.2: Hopduetpot tou metpopotinol poviéhov (ONERA)

Xopoxtnetotixd Apopéoc ONERA
"YToc eunodiou (z-dEovac) 0.36 m

II\dtoc epynodiou (y-é€ovac) 0.3 m

M¥xog eunodiov (x-6€ovac) 0.3 m

Alduetpoc dpouca 0.71 m

Aprdude trepuyinv 2

Xopd 32 mm

Aepotour NACAO0012

[wvia 8°

ToydtnTa neploTEoPrc 2600 RPM (40 Hz)

IGE effect with Walls

Yyfua 3.3 Avamopdotaon tng netpopatixg owdtadng tng ONERA

Or petprioeic Twv @optiny mpayuatomotfinxay oe pla neplodo 15 deuteporénTwy
ue ouyvotntd derypatoindloc 2kHz eved ov petprioeic PIV etvon amotéheopo yécou
opou mepimou 5000 exdvwy Tou xoTayedgpnxay ot ddoTnua 10 Aettov.
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v)To neipapa tov IMavemstnuiov tng I'aoxdpng

Hivoxag 3.3: Topdueteol Tou mewpopatixol yoviéhou Glasgow

Xapaxtnplotixd Meydihog dpopcag "Wee” dpoucac
Tog eunodiov (z-d€ovag) 1 m 0.3 m

II\dtog eymodiou (y-8€ovac) 1 m 0.3 u

M#xog eunodiov (x-6€ovac) 1 m 0.3 m

Alduetpoc dpouéa 1m 0.3 m

Apriude ttepuyinv 4 2

Xopd 53 mm 31.7 mm
Aepotopur NACA0012 NACA0012

Iwvia 8° 8°

Toybtnto neploTEOPC 1200 RPM (20 Hz) 4000 RPM (66 Hz)

Glasgow set up

Ending point
4
|
1 T3

Starting point | Ending point

|
I
|
|
| Horizantal sweep
|
|
|
1

Starting point

w
LI B sy I B A L A I A B B B LB B A |

OI\ [ TN TN T T T N ST I T S N [N

1 3 4
XR []

Yyfuo 3.4: Avonopdotoon twy nepintdoeny T1 (toptoxaii) xor T3 (xdxxvo)
tou Glasgow

To ravemotAuo tng MaoxdBng tpoypatonoince uio extetopévn diepebvnon tng
MANAETEBPaONGS EAXOTTEPOU PE TO €Dapoc o pe eunddlo [4]. O hemtopépetec tne
TelpapoTixrg Sudtagng mapouctdlovto otov Ilivaxa 3.3. Kotd tnv didpxeio Tou met-
edpaTog PETERINXAY Ol BLOXUUAVOELS OTA QOPTIA XAl Ol EMUYOUEVES ToYUTNTES GTO
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eninedo tou dpopéa , pe TNV teY VXY Tou Laser Doppler Anemometry [3] xou ypnot-
HomolmvTag Tov peYdho dpouéa. O dpopéag Wee yenoylonot{dnxe yio Ty anotinwon
Tou medlou taydTNTac. To amoTEAECUOTA TOU GUYXEXQIUEVOU TELRGUATOS QPOROVY Ti-
uég mou mpoéxuday and Tov PEco 6po 5 emavalfPewy, 2.5 deuteporéntwv 1) xdle
ulo. 210 Eyfuo 3.4 mopouoldlovTol oL TEQITTOOELS ToU EEETACTNAY OTNV ToEoVCH
epyooia.

3.1.2 YmnolhoyloTixeég AENTOUERELES

Yy mapovoa epyacia, 1 avdhuon Tou TEOBAAUATOS, TEAYHATOTOWRUNXE EXTOC TLV
GAAWY XU UE AMOTEAECUATO UTOAOYLOTIXWY TEOCOUOLOOERY 000 OLUPORETIXWY Ep-
yohelowv, tou GenUVP xou tou HoPFLow. Xtov Ilivaxa 3.4 napoucidlovian ta
UTOAOYLOTIX €pyaleiat TOU Yenoylonot{inxay 6Ty exdoTOTE TEPITTMON.

Hivoxac 3.4: Epyahela mou yenoiuomotidnxay ylol TNV TeoCOUOIwsT| TwY TEL-
COUBTRDV

Iepintwon  Trohoyotxd cpyaheio Hetpapo
OGE GenUVP Polimi, Onera, Glasgow

HoPFlow Polimi, Glasgow

IGE GenUVP Polimi, Onera
HoPFlow Polimi

T1 GenUVP Polimi, Glasgow
HoPFlow Polimi
T2 GenUVP Polimi
HoPFlow Polimi

T3 GenUVP Polimi, Glasgow
HoPFlow Glasgow

Yroloyiotixég Aentopépeieg otov GenUVP

Ot pé€dodoc Twv cuVopLIXWY GTOLYEIWY, eV amoutel TNV dnutoveYla YwELXOLU TAEYUo-
To¢, avtideta To TAEyUa ToToUETEITOL OTIC EMPAVELES TWY CWUATOY. XTNV ToUEoUCA
Otatetfr), Tar TTEEUYLN TEOCOUOWOVOVTUL CAV AETTEC AVWOTIXES ETUPAVEIEC UE EMLPO-
VELXESG XATAVOUES OLOAwY. Ta eunddia TpocoUoLINXAY GUAV U AVEOCTIXE COU-
Ta UE TEYOG, UE EMPAVELOXES XATAVOPES TINYOY. XTov Tivaxa 3.5 mopouctdlovTol
1 ETLPAVELOXT| DLAXELITOTIOMNOY TWV COUATWY Yia xdide melpopor xodidg xan 1 Yeovixn
otaxprtonoinon. To Eyruata 3.5 xou 3.6 delyvouv tnv Soxpitonoinorn yia 800 TuTL-
xé¢ mepintooelg. H mpooouolnon tou eddgoug mpaypatonoteitar pe tny pédodo tou
AV TIXATOTTELOUOD.
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ivoxag 3.5: Troloyotny| dlaxpitonolnon v ttepuyiny ye tov GenUVP

Hepimtwon IThéyua Xpovixd Brjuc
OGE (Polimi, Glasgow, Onera)  9x21 4°
IGE (Polimi, Onera) 9x21 4°
T1 (Polimi, Glasgow) 9x21 4°
T2 (Polimi) 9x21 4°
T3 (Polimi, Glasgow) 9x21 4°

Lyfuor 3.5 oapdderypa empaveloaxic BlaXEITOTOMONE TWY TTEPUYWY Xil TOU
eunodlou yia Tic tepinteoelc tou Polimi, Glasgow

ivoxag 3.6: Troloyotxd| dlaxpttonolnon twv eunodiwy pe tov GenUVP

[epintwon [Théypa  Xpovixd Bruc
IGE (Onera) 31x31x21 4°
T1 (Polimi, Glasgow) 31x31x21 4°
T2 (Polimi) 31x31x21 4°
T3 (Polimi, Glasgow) 31x31x21 4°

Aopfdvovtog uTdPy To UTOROYIGTIXG XOGTOC, O YPOVOS TWYV TROGOUOIWCENY YL
Tic mepimtwoelc OGE Ytav 10 mepiotpogéc Tou Spouéa OTou ol Tapatnerinxe 1
oUyxhon Ty goptiwy. [o Tig uTdloiTeg TEPITTHOOELS, 0 YEOVOS Bev NTav o (Blog o
ToEATNEAUNXE OTL Yo TNV GUYXAICT TV QopTinv ot plo Teplodiny) Abon anartovvTo
TouAdyloTov 40 meploTROPES TOu Bpouéa. XTNV TMEAEN, xaL Yo TNV 6wWoTH TEOAEEN
Tou TEdlov TayLTHTWY, Teayuatomoinxay 80 mepoTpogéc. Ta amoteréoyota TOUL
ToEOoLGIALoVTOL 0POEOUY TOV UEGO OO TWV TIWY XATE To BldoTnuo and Ty 417 €ng
v 80" meploTROYY.
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Lo 3.6: Topdderypor empavelonic dlaxelTonoinong TwY TTEPUYWY X TOU
eumodiou yio Ty mepintwon g ONERA

Yroloyiotixéc Aentouépelg oto HoPFlow

Y g npocopoiwoelg ue to HoPFlow, ta mteplyta avanaplotavton pe v uédodo tne
Yeuuung 6pdong Yo TNV YElor) TOU UTOAOYLOTIXO XOGTOUG. Y auTY| TNV xatediuvor),
EVOL Y WEIUO XUAVOEIXO TAEYUO OE Oy AU OTOUEOU AVATTUCGETOL YUEW ONO Tal TTEPUYLAL
To mAéypa autd €xer péyedog 1.5 qopéc v axtiva Tou mtepuylov otV oxcTvin
xatebduvor, eved oTic dhheg 600 extelveton 0.5 Qopéc tnv oxtiva. Mto Xyhua 3.7
pofveTal To TUEATAVEL TAEYUA To oTtolo yenowonowdnxe yia to tetpduata Tou Polimi
xan TN NMhaoxdBng. O x0xxveg Ypauég avamaploToly T YRUUUES DpdoELC oL OTolEg
€youv dlaxprtoroinlel ye 31 ornuela n xdde pla.

Yyfua 3.7 To mhéypa Tou CFD vy to mtepiyta. Me xdxoaveg ypouués ga-
tvovton ot Véoelc Ty TTepuylny.

Extéc tou meploTpeOUEVOL TAEYHATOS TOU TEPXAElEl Tot TTEPUYLY, OTIC TEQL-
TTWOOELC TOU UTEPYEL TO €00(POS XL TO EUTOOLO, AVATTUCCETOL XAl VAL Y WEXO TAEYUA
v and to oTeped olvopa avtdv (Lyua 3.8. To mhéyua exteiveton 0.5 opéc v
oxTlvVoL TOU BPOUEN £TOL WOTE TO OPLAXO CTEMOUN TOU OVATTUCCETOL Vo TEQLAUBdveTon
ThApwe Péoa 610 ywpelo Tou CFD. To mpdrto xehi éxet Glhog 2% 10™4 uétpa xou 1 pot
Yewpelton oTpwTA. Y *AMOIEC Amd TIC TEOCOUOLWOELS, CUUTERLARPUNXE o 1) dTEd-
ATOC TOL EMXOTTEQPOV, ETOUEVKS avamTOYUNXE xou €val Tplto aveldpTnTo TAEYHA YUE®
omd auth (UyhAue 3.9. Aentouépeleg oyeTd UE TOV apLid TV XENWY QaivovTaL GTOV
ivoeor 3.7.
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() To miéypa CFD oty mepintwon () To miéypa CFD oty mepintwon
IGE. T1,T2,T3.

Yyfuo 3.8 Aexovion Tou yweo) TAEYUNTOS Tou avamTOooeTal YUpw ond
TOL TTEQUYLOL TOU OROUEN X0 TEVE Ao T GTERES GOVORA OTIC TRPOCOUOLWOELS [UE
HoPFlow ywelc tnv nopousia tng atpdxtou.

(o) To mhéypa CFD ylpw and to nte- (B') To miéypa CFD ylpw and to mte-
EUYLXL XU TNV ATEUXTO TOU EMXOTTEPOL POYLAL XOL TNV ATEUXTO TOU EALXOTTEQOU
otny nepintwon OGE. otny neplntwon IGE.

Yyfuar 3.9: ATEXOVION TOU YWEIXoU TAEYUATOC TOU avamTUOOETAL YUpw oo
TOL TTEQUYLO TOU OROUEN X0 TTEVE Ao T GTERES GOVORU OTIC TPOCOUOLWOELS [UE
HoPFlow pe tnv mpoodvxn tne atpdxtou.
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ivoxag 3.7: Aaxprromoinon twv mheypdtwy tou HoPFlow

Hepintwon Apoygac Totyo.  Atpouxtocg
(xehidr) (xehid) (xeNid)

OGE (Polimi, Glasgow) 212000 -

IGE (Polimi) 212.000  288.000 -

T1 (Polimi) 212.000  1.150.205 -

T2 (Polimi) 212.000  1.150.205 -

T3 (Glasgow) 212.000 602.596 -
OGE (Polimi with fuselage) 1.005.802 - 120.690

IGE (Polimi with fuselage)  1.005.802  507.000 120.690
T1 (Polimi with fuselage) 1.005.802  1.150.705  120.690

3.2 IlIthon awwpnong extodg tng enildpaong
TOU EBAPOUG

H avdiuomn tou mpoBhrjuatog Tng aAAnAenidpaomns Spouéa EALXOTTEQOL UE OTEPEN GUVO-
eol ECTLALETAL GTY) XOTAYROPT| TWV PORTILY TOU BPOUEN WS UETABOAMY TOU GUVTEAEG TN
“oNg o€ GOYXELON UE TOV AVTIGTOLYO GUVTEAEGTY| (IOTE TTOL XATAYEAPNXE OE GUVITXES
OGE. Mt auté Ttov tpémo a&lohoyeiton 1 enidpaot Tou 64(QOUSC Xl TOU EUTodiov 6To
dpouéa we adZnom N Uelwor oe oy€on Ue TNV amddoan Tou GTEOYEoL Hoxpud and To
€daog. Tt autd Tov AOYO, OTIC UETPNOELC TWV TELOUATMY CUUTERLAOUBAVOVTAL ATO-
TEMEOUATE Y10l TOV GUVTEREG TN WoNE EXTOS enibpaomg Tou eddpouc (CTogE) olupumva
UE TOV OTolo UBLIC TUTOTOLOUVTOL T UTIOAOLTIOL ATTOTEAECUALTAL.

Hivoxag 3.8: Tepapatinég PeTEROES TOL CLVTEAESTH Worg o cuviixeg OGE
yioo Tor Tplo TELRdUOTL

Ielpapor  XuvteAeothc wong

Polimi 0.00729
ONERA 0.00379
Glasgow 0.00736

Yrov Ilivaxa 3.8 mapovoidlovton ot melpopatinés peteroels. Eivaw gavepd moe o
CUVTEAEGTHC (OTNG TOU Xde Dpoua elval BLUPORETINOS (G ATOTOXO TV DLUPOREY TOU
Tapoualdlouy oL dpoueic peTald Touc.
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ivoxag 3.9: Troloylotinég TpolELElC TOL CUVTEAEGTT WOTC (CT) oc cuvirixeg
OGE vy ta tplo melpdpata

Ietpopar  GenUVP HoPFlow

Polimi 0.00731 0.00730

Polimi - 0.00733 (npocouoinon ue Ty dtpaxto)
ONERA  0.00380 -

Glasgow  0.00735 0.007355

Avtiotowyo Ye Ta TEWIUATA, TEOYUATOTOUNXAY TEOCOUOLOOELS YLl TNV XoTA-
Yeapn Tou cuvtereo T wong. XTo Ilivaxa 3.9 goivovtar ol npokééeic tou GenUVP
xou tou HoPFlow. Metprioeic xan mpokéeic nopouctdlouy mohd Uixpés amoxAoelg
xat Pploxovtow oe moAD xohr) alyxplon. A&ilel va onueiwdel g ot Tpolégelc Tou
GenUVP xou tou HoPFlow mapoucidlouy xahf cuggpovia xodoe o tpdmog utolo-
Yiopol TV QopTiwy Elvor XOWOS xou T dUo uedodous. Axdua, dev mapatneeiton
1WOLodTeRT BlaPopd OTAY TNV TEOCOUOIWGT) GUUTERLAUBAVETOL XAl 1) ATEOXTOS TOU EAL-
xontépou yio nelpapa Tou Polimi. Hopatneeiton pévo plo nttdron e téEne tou 0.4%
1 omolot WO TOGO APIVETOL AGHUAVTY.

3.2.1 AvdAiuorn tou polxol nedlou

Yug otpoPihéc yedodoloyleg 6w elvon AUTEC TOU YENOWOTOLOLYTOL GTNV ToeoVou
MEAETY), UTBEYEL AUEDT) CUCYETION UETAED TOU POETIOL TTIOL TEOAEYETAL X0 TOU OUOE-
EOU TOL BlaoEPOVETAL XaTd TNV entluor. T'a autd To Adyo mpayuaTomolElTon Wla
OLEEEVVNOT] TOL TEBlOU POTE XATw AT TOV BEOUELN Yia VoL TOVIGVOUY OL UNyovicol Tou
odnyoly oTtnv clYxAoT Ty opTiwy. To Xyfua 3.10 delyvel éva oTydTUTO OIS
autd xotayedpnxe ané 1o HoPFlow yetd and 10 mepiotpopés yia Tov dpouéa Tou
Polimi oe OGE ocuvifxec yowpic tnv dtpaxto. To oyfuc anotunmvel To Y€Tpo Tng
Ty UTNTOC OF €Val XATAXOELPO ETENEGO TOU AEOVOCUUUETEOU TEBiOU Tou BiépyEeTol
and To %€vTpo Tou dpopta. ‘Onwg @aiveton, oe ulo TUTIXY TTHCT, UWENONG CYTUo-
Tiletan évag doxTOMOS o TEOBINOTNTAC O oTtolog UETAUXIVELTOL TPOS Tal XTe Ue o yuéom
oot 3-4m/s. O daxtOhog elvan amotéheopa TG AAANAETIBEAONS TWY dApYIXDY
oTeoPilwy Twv axpontepuyiny. Emnmiéov dnuovpyeitar pio 8éoun aépa xdtw and Tov
opopéa. Ot tayOtnTeg YeTaBdANOVTAL XoTd TNV oXTVIXT XATEDYUVOT XU AmOXTOOY TNV
péytotn T toug ato 75-90% tnv axtivag Tou dpopéa, Véon otny onola evroniletar
xou M ueyahitepn pdeTion oo tteplyto. H éNheudn tne atpdxtou odnyel otov oy nua-
TIoUO plog TEPLOY NS UNBEVIXWDY TaYLUTATWY xovTd oTny ella Twv TTepLYiny AoYw TNng
anouctag agpoduvauxc popTIoNg oe auTh TV Tepoy . ‘Otav o daxtiAog 6TEOLL-
ANOTNTAC €yEl QTdoEL MEpimou Wlar SLIUETEO XAtk amd Tov dpopéa, To Tedlo ToyLTNToC
CUYXAIVEL OTNV TEQLOYT| TOU DPOPEN Xal XUTd CUVETELX CUYXAIVOLY XL T PopTiol ToL

Opopéa.
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Velocity Magnitude

13.5806
12.7419
11.9032
11.0645
10.2258
9.3871

8.54839
7.70968
6.87097
6.03226
5.19355
4.35484
3.51613
267742
1.83871

—
i
——

==

Yyhuo 3.10: To pétpo tng taydvtntog (m/s) v ouvidixeg OGE 6nwe autod
xororypdgpnxe and 10 HoP Flow oe yia aovo-ouppetpxh mhéxo 6to /R =0
Yo Tov Spouéa Tou Polimi ywpic Ty mopousio tne atpdxtou (oTyUdTUTO GTO
éhoc e 10nc mepLddou).

AvtioTouyn mpocouoiwon mpayuoatonojinxe ue To HoPFlow xou yia tny nepinte-
o1 6mou MEpLAUUPBAvETOL X 1) ATEAXTOS TOU eAxonTépou. Lyfua 3.11 ameixovileton
0MOPEPOUSC TOU EAXOTITEPOL OE GTIYMLOTUTIO XuTd To Tépag e 10ng mepLodou. omwg
xatoypdgtnxe ye To HoPFlow. Ye avtiVeon ye tnv mponyoluevn nepintworn émou o
0u6PEOLS TOL Bpopéa xou To TEd(o Ty i TNTAS ToEOLGIALOUY AEOVO-CUUUETELXO YUpPo-
XTHRA, 1) TAEOLGLN TNG ATEEXTOU UETUBAAAEL 0T TO YoEAXTNELO TG XxadDC eumodilel
TV Sloppeor TS eong. Autd TEpLYPdPETAL XOADTERO XU antd To medlo Tay Ot
T (UETEOo o BLoviopaTa) OTWE oUTO XoToypdPNXE TNV (Blar Ypovixr aTiyur oe 800
xataxGpuPo. eninedo Tou TEPVOUV amd To XxEVTPo Tou dpopéa (Lyhua 3.12 xou 3.13.

H un ovyueteixn avdntuln tou oudppou amotutkveton 6to LyAuc 3.12. Kaldde
1 POY) CLUVAVTIEL TO PUYYOC TNE ATEAXTOV, ETUTUYUVETAL ovaVTL Tou dpouéa. Avtiveta,
OToY GLUVAVTAEL TNV oupala Boxd mopeuTodileTon and TNy topousio Tng. Autd €yel ooy
amOTEANEGHA O SuxTOAOC TToL Snutoupyeiton vor uny petotontiletar e TNy (Blar oy vTnTa
X0 Y10 QUTO TO AOYO XOTAVTL TNG eONG TMUPUUEVEL TO XOVTd 6Tov dpopéa. AvtideTa,
oto Lynua 3.13 evdd 1 pot| eunodiletar and TNV dTEaxTo, 1 CUUPETEIN TNS YEWUETELOG
o€ aUTO ToV dZova 0dNYEl GE CUUUETEWXT PO

H ahhnienidpacn tou Spopéa Ue TNV ATEUXTO OTWS QPAVIXE XU TEOTYOUUEVKS
eunodiler v avdntudn aovo-cuuueteixic pofc. Iapdhinia, 1 ot mou avantio-
oeTal YUPW AmO TNV dTEAXTO OONYEITOL OE ATOXOAANCT) ONULOVEYOVTISC EVOL BLIEXNOS
uetoPohhouevo media 6To xdTtw Yépog tng. To uétpo Twv ToyuTATLY €8ele WS ou-
vohxd 1 pot| éyet emPBpaduviel (uelwon oty UEYLoTn TIn) WO TOGO, 1 XUTOUVOUT TV
TAYVTATWY 0TO oxTVixd eninedo €yel dievpuviel. Autdg elbvar xou 0 Adyog mou evd 1
TapoLGia TNG ATEEXTOU AAROLWVEL TO TEDD PONG, TO OAOXANEWUEVO POoETIO TOU DPOUEN
0EV UETABAAAETAL OUCLAO TLXAL.
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Lyfuo 3.11: O oudppoug tou dpouca tou Polimi oe cuviixeg OGE ye tny
TOEOVGINL TNG ATEAATOU OTWE XoTarypdpTnXe and to HoP Flow(1co-napoyetoxt
EMUPAVELXL TOU PETPOL TNE 0TEOBLAGTNTOC 6To Téhog g 10 Tept6dou).

Velocity Magnitude

13.5806
12.7419
11.9032
11.0645
10.2258
9.3871
8.54839
7.70968
6.87097
6.03226
5.19355
4.35484
3.51613
2.67742
1.83871
1

Yyhua 3.12: To pétpo xou 1o Sidvuoua e todtntag (m/s) v ouvirxeg
OGE o6nwe autd xotaypdgpnxe and 1o HoPFlow oe pla afovo-GUUUETEXT
TAdxo oto /R = 0 v Tov dpopéa tou Polimi pe tny mopoucia Tng atedxTou
(onywédtuno oto téhog tne 10ng meptddou, Thdyta bn).
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Velocity Magnitude

13.5806
12.7419
11.9032
11.0645
10.2258
9.3871

8.54839
7.70968
6.87097
6.03226
5.19355
4.35484
3.51613
2.67742
1.83871

Yyfuo 3.13: To pétpo xan 1o Bidvuopo g todtnToc (m/s) yio cuviixeg
OGE 6nwg autd xotaypdgpnxe and 10 HoPFlow og pla afovo-cuUUETEXT
mhdxa oto /R = 0 yio tov Spopéa tou Polimi ye tnv napousia tne atedxtou
(omypétuno oto téhog e 10ng meptddou, miow o).

Yuvodillovtag, N TTACT UWENoNE EVOC EMXOTTEROU LUXQEUY aTtd TO €B0POC Y Upo-
xtneiletar and v yeRyopn cUYXAOT TwV PopTiny xaddc 0 oUdEEOLS TOU oToud-
%xpOVETOL EVOUTOBLO T Ao TO ETUTEDO TOL BPOUEN OBNYWVTIUC OE GUYXAOT) TOU TEdiOL
TAUTHTOY X0VTd o€ aUTOV. Ol TERUUATIXEC UETENOELS amd TIC 3 BLUTAEELS CUUPWVOUY
ue Tic unoroyoég Tpokéelg Tov GenUV P xou tou HoP Flow pe mohd yixpéc dlo-
popéc. Axoun, damotddnxe Twg N Topoucio TNG ATEAXTOL BEV EMNEEALEL OUCLLOWG
TNV QOETIOT TOU BEOUEA.
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3.3 Amno000T OpOUEN EAXOTTEQOU OE CUV-
INxeg enidpaong Tou £ddPoug

H npwtn tepintwon ahknhenidpoong dpouéa eAxontépou Ue oteped ovopa eviomile-
ToL OTNY TTHOT UWENONE Xovid oTo €dagog. o auty Ty nepintwon e€etdleton 7
enidpaoT) TOU EBAPOUS GTOV GUVTEAEGTY| (ONG TOU BPOWEN UE GUYXPLOT TELQUUATIXGY
OEBOUEVOV XAl UTOAOYLOTIXWY TEoAEEewY Tou GenUV P. Ytnv cuvéyelo e&etdle-
Ton 1) ETOPAOT TNG CUVEXTIXOTNTAS TOL edd@poug oTa anoteAéopata. H mepintwon
IGE nepthapPdver yetproelc tou Polimi yio tnv yetoffohr} Tou goptiou yio On and
Z/R =1 —4 xou petpfioeic tnge ONERA v 10 onueio Z/R = 1.

3.3.1 AvAdAuoT TOV TELQAUATIXOV UETPNOEWY Mo
ocuvyxploeig pe tov GenUVP

Y10 Yyfua 3.14 nporéEec tou xavovixonotnuévou cuviereot wong (CT/CTocE)
oe ouVdpETNoN Ye To VPog TNE TTHAONS AUWENONG And TO EBUPOC CUYXEIVOVTAL UE TEL-
papatixd dedopéva. O yetprioelc unodetxviouv alénon and 12-14.5% otnv won tou
dpouéa 6tav 1) tthon nparyuatonoteiton o€ Ohog Z/R = 1 and 1o édugoc. Ot yetproeic
tou Polimi (podpa otiypota) xataypdpouy uiot cuveyduevn peiwon authc e adn-
ong xad®g 0 BPOUENS ATOUAXEUVETAL Omd TO €00(POg €V 1) ETOPACT, TOU EOAPOUS
oty @opTion apyilel va eivon apeintéo petd to Ohoc Z/R = 3 xou @iivel teleiwe 6To
Z/R = 4.

|
YaN | ] In ground effect (IGE) Polimi
Predictions IGE Polimi
+ A In ground effect (IGE) ONERA
11+ || VAN Predictions IGE ONERA

cT/eT,,,

1.05 |

Yyfuo 3.14: Metoforéc otnv worn tou dpopca o cuvirixeg IGE yio Toug
dpopcic Tou Polimi xar tng ONERA. Yuyxploelc UETPNoE®Y UE TROAEEELS TOU
GenUV P.

Ou npoké€eic Tou GenUV P Pploxovton o mToAD %okl 60YXELoN UE TIC HETEHOELC.
H paden xoumOhn (nporéZelc) avomopdyel ot ixovortontixd Badud to @ouvdpevo t6o0
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o€ oY Mfua 660 oL GE AmMOALTES TIES. 20TO0O, UETPHOELS ot TPOAEEELS BEV OXOAOU-
Yoy emoxpiBmg Y avoluTix) ADon yio Ty enidpaot Tou eddpouc Tou utoo Tneilel
ulot LovoTovn), exVeTing UElWOT TNS YLoL TNV TTAOT KOS AVOO TIXHAC TTEPUYOS XOVTE GTO
édagoc. Ilepimou oo Vo Z/R = 1.6 1o CT napovotdlel pla tomxt| emnedonoinon
oynuotiCovtag éva “yovato. Amo autd to onueio xou yio ueyaAlTtepa U, ol mpo-
A&l oyeddy TauTiovTon Ue TIC UETPHOEIC TUEOAO TIOL TO UTOAOYLOTIXO UOVTEAD BeV
TEPLAUBAVEL OTIC TPOCOUOUDTELS TNV CGUVEXTIXOTNTA TOL €0dpous. [t Oihn uixpdTepa
ané Z/R = 1.6 bpwc, mapotnpeiton pio uto-extiunon tne mapayduevne Hdong 1 onolo
awEdveton xodwe o Spopéac tAnoldler To Z/R =1 6mou xou amoxtd Ty UEYLo TN T
¢ (nepimou 2.5%). H Swupopd ot amodideton 6Tny ENELPn CUVEXTIXMY Qouvouévemv
070 €6apoc. To oplaxd GTE®UA TO OTO0 AVATOPEUXTI AVATTOCOETHL A0 TI ETAYOUE-
veg Tay0TnTeg Tou Spoyéa, Uetatonilel TNV oY) TEOG Tal VL UEWDVOVTAS TO OYETIXO
Uog g awwpnone. H napamdvey aduvapio tng mapodoog yedddou anoTundveTal 6To
Yyfua 3.15 6mou mapouctdlovton To PETEO ot Tol SLVOCUOTA TG ToyUTNToOC OE Eval
eninedo tne afovoouuuetpixic pofic oto r/R=0. H xatavour tng toydtntoc oto
oy o auTd BelyVEL TS 1 POT) NIVELTOL ETULTOYLVOUEVY XS TANOLALEL TO €B0POC Xauk
UE QUTO TOV TEOTO, OL OTEOBIAOL TV UXPOTITEPUYIMY ATOUOXEUVOVTAL ATtd TOV OPOUEN
odNYOVTUC 6 GOYXALOT] TOU QPOPTIOU OF UXEOTERX ETUTEDA.

Velocity Magnitude

Yyhua 3.15: To pétpo xa o Sidvuopo tne TayvTntoc (m/s) yio cuviixec IGE
OTS aUTO oTayEdpnxe and To HoP Flow ot pio a&ovoouUUETE TAAXO 0TO
r/R = 0 yw tov dpopéa tou Polimi otnyv ¥éon Z/R = 1 ywplc v napousio
e atpdxtou (otiypdtuno oto téhog g 6ng meptddou, cuvinxn oliodnong
070 €0agoC).

3.3.2  Aigpebvnon TwV ENIRTWOE®Y TNG CUVEXTIXOTY-
TAC TOUL E064QPOUE OTA POopETiot TOL DpOUEN Xl
TNV SLUOPPWOT TOL TEdlOV

[ tnv Blepedivnomn tng onuaciog Tne TEoCoUOIWwsNE TNG CUVEXTIXOTNTAS GTO €U0

Tparypatorotinxay 600 tpocouolnoel; ue To HoP Flow yia tov dpopéa tou Polimi

oty Véon Z/R = 1. H npdtn enéfode 670 €daog wévo 1 cuvdfixn un eloydpnong

eve 1) 0eUTERT eTUTAEOY Xou T1) oLV XN un ohloUnong. Xtny medén 1 Te®TN TEOCOUO-
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lwom dev emtpénet vor avoamTuY YOOV GUVEXTIXA QPULVOUEVO GTOV TOLYO %Ol OUGCLUC TXd
TEATEUTEL OTNV Tpocouoiwor ue tov GenUV P.

Mivaag 3.10: Liyxplon netpopatiney petphioewy tou CT oty ¥éon Z/R =1
yioe Tov dpopéa Tou Polimi pe tporéec tou HoP Flow

Merprioeig HoPFlow HoPFlow
(ouviipn un oMiodnong)  (cuviinn olicinong)
1.1441 1.149 1.1235

‘Onwg gaiveton otov Ilivaxa 3.10 6ty dev epapuoleton  cuviixn un oilcinong
oTo €dagoc, ta anoteréopata Yoo to CT' elvon dpota ye Tic mporééelg tou GenUV P
xou mapouotdlouy andxhon tepimou 2%. Avtideta, Y TNV ECAYOYTH TV CUVEXTIXOY
PAVOUEVWY OTNY TPOCOUOIOT, 1 ATOXALOT UELOVETAL 0LOIWOMS (Tepitou 0.4%). Me
aUT6 TOV TEOTO EMPBEBUWVETAL 1) TEOTYOUUEVT eXTUNON T 1) aduvauion Tov GenUV P
VaL OV OLY Sy EL TOL TIELRAUATIXG amoTEREOpaTa o€ U ouddpnong pixpdtepa tou Z /R =
1.7 éyxeitan 0TOV U1 GUVEXTIXO YapaxTHEd TNS UeVOd0L.

O tpdmog Ue Tov 0Tolo TO OpLId CTEMUA TTOL AVATTUCCETAUL OTO €B0POC EMNEEALEL
NV @OETIoT TOL dpoyua atveton oTo Ly rua 3.16 o 3.17. To mpdto napovcidlel 10
nedio tayUTnTac ot pio aZovoouppeTtpxr TAdxa (oto eninedo tou PM) mou Siépyeton
and To %xévTpo Tou dpopéa (r/R1 = 0) dnwe autd €xer avantuydel petd and 6 mept-
oTpopéc Tou Spouéa. H ouotaotiny Slopopd HeTa&l TNG CUVEXTIXAC XAl U1 CUVEXTIXAC
mpocopoilwong (Eynua 3.15) evronileton otnv Véon xou 1o oyfua TV oTeoBilwy TV
OXEOTITEQLUYIWY. X TNV TEOCOUOIWOT) UE GUVEXTIXO £80pog 0 BoxTONOC G TEOBIAOTNTOC
Beloxeton oe uPnhoteen Véon xou oe peyahlteen eyyltnTa pe Tov dpouéa. To @ou-
VOUEVO TNE UETATOTIONG Efval amoTéAETUA TG ONULOLEYINC TOU 0plaX0) CTEMUATOS TO
omolo aAANAeTORd Ye TNV oTEOPAGTNTA ToL daxTuAiou. Emeldr| n otpofihdTnTor ToU
doxtukiou €yel avtieto TEOOTUO amd TNV GTEOBIAGTATA TOU OPLIXO) CTEOUATOC, N
oalAnAentidpaon odnyel oty dlamAdtuven Tou daxtuAlou. Xto oyfua 3.17, To oplo-
x6 oTpdua (xatayeypauuévo oto eninedo tou MaPFlow) odnyel toug otpofiloug
TWV aXPOTTEPLYLWY Vol xaTeLYLVYOLY TPOC Tl EMAVW, XoMOC TO ENAELUUO TOYUTHTOY
petoppdletan cav mapoyY| peucTol oty avtiietn xatevduvorn. Me autd tov TpéTo,
0 SaxTUAOG avomndder xou 1) VEoT Tou GUYXAIVEL XOVTE GTOV GROUEN OONYWVTAS OF
ueyahTepa poptia.

3.3.3 Aigpedvnon tng enldpaong TNg ATEAXTOL TOU
EAMXOTTEQOVU OTA ATNOTEAECUATA

‘Onwe Slomotdinxe, 7 CLUVEXTIXOTNTA TOU £064POUS dladpopaTilel NUUVTIXG PONO OTNV

OWOTH TEOAELT TWV POPTIWY EVOC EMXOTTEPOL GE TTHOT TOAD xovTd oTo €dagoc. To

0pLIXO GTEMHA TTOU DLUORPWVETIL GTO £00POg HETAUBAAAEL o ueydro Badud to medio

Tayuthtwy. Tnd autd to mploya, mpaypatonot(inxe dAAN uia Tpocouolwon Ye To
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Yyhua 3.16: To pétpo xar o Sidvuopo tne TayvTntoc (m/s) yie cuviixec IGE
OTS aUTO xoTaypdpnxe and To HoP Flow ot pio a&ovoouUUETEY TAAXO 0TO
r/R = 0 yw tov dpopéa tou Polimi otny Véon Z/R = 1 ywplc v napousio
NG ATEAATOU (Gnywétuno oTo Téhog Tng 61¢ TeEpLddoL, cuVITXY Un oAlcUnong
070 €80OC).

Lyfuo 3.17: Lynuatiogdg ToU 0pLaxol GTEMHUATOS TOU E03(POUS Yo CUVUTXES
IGE 6mwe autd xataypdgnxe and to HoP Flow oe pla a&ovoouuue ey mhdxa
oto r/R = 0 yw tov dpopéo tou Polimi oty V¥éon Z/R = 1 ywpic tnv
Topovaia TS atEdxTou (oTYOTUTIO 0To TEAOS TNe BNne TepLddou, cuvifxn un
ohioUnong oo €8ugoc).

HoPFlow o auth v @opd TeooTéUnxe xaL 1 dTeoxTog, 1 omolo and Hovn Tng
TPOGBIdEL Evar axdUa ETIMEDO AAANAETIOPACEWY.

Y1y meplntwon Aolndv Tou 0 SPOUENS TEAYHATOTOEL TTHOY oUWENOTNE XOVTY GTO
€dapog xau ouyxexpléva oty Véon Z/R = 1 1 petaBorf tou CT eivor moh) -
%@ o oLyxexpiéva Tne tens tou 0.5% ouyxpitixd ye TV amoucia TS aTEdxXToU
(CT/CTogr = 1.15). To cuyxexpiévo anotéheopo delyvel Twe o’ OAN TNV ahhn-
AeT{dpaoT TOU OUOEEOL TOL BpouEa UE TNV dTEAXTO, N xUplo cutlal TNG EMTEOCUETNS
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aOENong Tou QoETiou Efval 1) GUVEXTIXOTNTA TOU E8APOUC.

Y10 Uyrua 3.18 xou 3.19 mapovcidleton o UETPO X To Odvucua Tou mediou
Toy Ut oE BV0 xdVeTEC TAdXES TTOL TEPVAVE amd To %EvTpo Tou dpopéa (r/R = 0).
Autéd nou mapatneeiton elvon TpoxTixnd pla utépleon Twy TEdlwY Tou TEOXUTTOLY AN
TNV TTHON AOENONS UE TNV ATRUXTO UAXQEUE ontd TO €000 Xl Omd TNV TTACT GTO
€dapog e TNV avdmtudn Tou oploxol oTpwuatog. H mapousio tne atpdxtou dmee xon
TEONYOUUEVKC EYEL UELOOEL TNV UEYIOTN ToyLTNTA TN PONC OECUNS o dnuiovpyelto
a6 TOV DEOPEN XAl ONULOVEYEL TEPLOYES avVaXUXAOPOELIGC GTO XATL HEEOS TNG KoL XOVTH
oto €dapog. Kivoluevol poxpud amd tnv dtpaxto, o 8axTOA0S GTEOBIAOTNTIC TOU
OnUtovpYELTaL BEV UmOPAXEOVETOL TG TOV BEOUEN, OAAS oVATNOUEL OTO OPLIXO OTEMOUA
xa TomoVeTELTAL O XOVTIVOTERT ¢ TEog Tov dpopéa Véor. Eniong emonuaiveton mwg
AoYw g Omopdng Tng oTedxTou, 0 SaxTUALOG €xel Bloyxwiel cuyxpELTixd, woTOCO
auTo6 Bev emnpedlel oe Yeydro Badud to goptio.

Eyfuo 3.18: To uétpo xou to didvuoua tne tayvTtnoag (m/s) yio ouvirxee IGE
OTWE aUTO XaTorypdpnxe and To HoP Flow ot plo a&ovocoUUUEToiY| TAdXA OTO
r/R = 0 yw tov dpopéa tou Polimi otny 9éon Z/R =1 pe tnv napousio e
oTEEXTOU (OTLYMOTUTIO GTO TENOC ¢ 6n¢ TepLddou, cuvirnn un oAlodnong oto
€daoc, TAdyta 6¢m).
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Yyhua 3.19: To pétpo xa o Sidvuopoe tne TayvTntoc (m/s) yioa cuviixec IGE
OTC aUTO xoTaypdpnxe and To HoP Flow oe pio a&ovoouuUeTe| TAdXO 0TO
r/R = 0 yw tov dpopéa tou Polimi otny Véon Z/R =1 pe v napousio g
ATEAATOU (owﬂuéwno oTo Téhog TNne 6n¢ TEpLOdou, oLVt un oAlcUnong oto
€daqoc, Tiow o).

3.4 IlIthon oudenong eAxonTEgou TAVWL o-
O eUmOdLo - peTafoAr) tng YEong Tou
opouga cTov x dafova I'l nepintwon

Mio oxdpo meplntwon mou avahletan lvon 1 TTACT UWENONS EMXOTTEROU T8V AUTO
EUTO0L0, UetadAloviac auTth TV gopd Oyl to Udog Tng adenone ahkd Ty Véon
Tou d€ova Tou Bpopéa ot ayéon UE To x€VTpo Tou eunodiou. H avdiuvon nepthouBdvel
CUYXEIOELS TEWRAUATIXGY UETEHOEMY YL TN PORTICT TOU dpoUEd Xat To Tedlo Tary hTnTog
ue mpohééelg tou GenUV P o tou HoPFlow. T tnv cuyxexpévn mepintwon
xenotonotdnxay dedopéva Tne melpapotixrg didtaing tov Polimi, xotd tny onola
o dpopéac apyxd Tomoveteiton Ve amd To x€vtpo Tou eunodiov X/R = —1.01
XL oTNY oLVEYEL PETOBAAAETaL 1 V€om TOu xaTd Tov z-dEova Uéypel xar Tnv Yéon
X/R = 1, 6nou o dpopéac mhéov Bploxeton €€ ohoxhipou extoéc tne oxiaong tou
eumodiov. To Ooc tne awdpnone napouéver otadepd oto Z/R = 2 evid oL TpohéZelg
TWV POPTIKY aPopolY TEOGOUOIWOELS UOVO TOU XUELOL DpOUEd, Ywpelc TNy Utapdn Tng
ATEAATOU.

To Eyrua 3.20 napovoidlel tig yetoBoréc oto CT xou tou Paduol anddoong
FM Tou dpoyéa Tou EMXOTTEROU GUVIRTACEL TNE AMOGTACNE TOU OO TO XEVTPO TOU
eumodiou yio dedopévo Uog aumenone. ‘Otav o dpouéac Beloxetan oto X/R = —1.01
oxdleton TAfpwe and to eunddo. H adZnomn oty don elvon tne téene tou 21% 6tav
Beloxeton mepinou 1R ndvew and to eunddo (2R mdve and 1o €dagog) oe avtiveon
ue ™ 15% adZnone vy Ooc ampenone 1R néve and 1o édagoc. Idia petaBolr
HATOYEAPETAL O YLl TNV TERITTWo™ Tou F M.
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Eyfuoe 3.20: H enidpoon tou eunodiov oto CT xou F'M tou dpouéa oe Guvdp-
TNoM e TNV anbéoTacT) Tou dpopéa ond 1o ®évtpo Tou eumodiov (X/R). Yu-
yxploelc melpopaTiney dedouévmy ue mporélelc tou GenUV P xaw HoP Flow
yioo Ty epintwon 12 tou Polimi.
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Lyfuer 3.21: X0yxplon Tou yeovixol UEGOU GPOU TNG XATAVOUNS TNG XUXAOPO-
eloc oto mteplyto Tou Bpopéa Tou Polimi yio Ti¢ tepintoelg 172 Z/R =2 xou

IGE Z/R = 1.
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‘Onwe golvetar xor 610 Lyruo 3.21 1 dtapopd 0Ty (o1 TEOXVTTEL And TNV dU-
Enuévn xuxhogoplor otar mtepdyta Tou dpouéa. H olyxplon agopd tn puéon tuy oto
YEOVO TNG XOTAVOURAC TNS XUXAOQORiag Tdvw 6T TTEPVYLO OTNV MEQINTWOT TOU O
dpopéac totovetniel oto Z/R = 1 mévew and 1o eunddlo (Uowen xomiAn) xon Téve
and 10 €dopoc (xOxxvN xaOAN) avtioToLyo.

‘Oco amopoxpiveton otodiaxd o dpopéac and To eunddio, n adnon tdco oto CT
600 xou 610 F'M pewdveton. ‘Otay TA€ov 10 eEAxOTTERO TaeL Vo BploxeTtal Tdve anod
70 eUndLo (a6 ouuPaiver oto X/ R = 1), n dhon nopovoidler adEnon 3.5%, nou eivou
oyedby 1 Bio ue TV TEpInTwon Tou 0 EAMxdTTERO awwpeiton 0To Z/R = 2 ywelc TV
Tapousiol xdmolou eUTodlou. BUUTEPUVETOL AOITOV WS Amd oUTH TNV ATOCTACY) Xol
€MELTA, TO EUTOOLO BEV EyEL Xdmola ENBEACT, OTNYV POPTIOT TOU EALXOTTEQOU.

Yuyxelvovtag TI TEROATIXEC PETEHOEIC PE TIC UTOAOYIOTIXEC TpoAéEels, e&dyo-
vTon o axdlovdo cuumepdouaTa:

o H nowdtnta twv cuyxploewy eivan xahy), 600 yio tov GenUV P 660 xan yua
10 HoPFlow. To (8o woylel xou yioo v pop®h Twv UeToffordy twv CT' xou
FM ocuvapthoer tne andotaone X/R. Top'dho to un ouvextixd yopaxthpa
Tou, 0 GenUV P ovanopdyel ixavomolntixd o telpdpata. 201600, 1 eloaywy
CUVEXTXOY QouvOUEVKDY PE T0 HoPFlow, BeAtidvel onuavtixd Tic amoOAUTES
TWéS TV Yoptiny xupine oto X/R = —1.01.

e H péyiot dagopd twv mporégewv tou GenUV P evioniletan 610 X/R = —1
(2.5 % oto CT xou 5% oo FM 6tav oL toiyol €y0ouy Un oUVEXTIXES CUVOTXES).
To anotélecpa autd ©WoTHCO eivon amdAUTA GOUPWVO e T Tporéels oe IGE
ouviixeg, 6mou erlong xoTayEdpnxe EdETNOT TOV GPIAUATOC UE To Uhog Tng
UWENOTNG TOU EALXOTTEQOL.

o O npoié€eic Tou HoPFlow avanopdyouv t6co 1o CT 6co xan to FM oo
X/R = —1.01 énwe axpBoe ouvéln xow otnyv nepintwon tou IGE. Me autéd
ToV TpOT0 eMPBEBUdVETUL WS 1) CLVEXTIXOTNTA Bladpauatilel oNUAVTIXG POAO
xupledg Tay To EAOTTERO Bploxetan ot Uixpr) amdoTAoY) And TO GUVOEO.

3.4.1 3Xuyxploelg Tou nediov TaYLINTAG

Or mopamdve BLUmICTOCELS Ylol TNV ENLdpaot Tou eunodiov ota poptia, emBefodvovion
xan and To medlo Ty dTNTUC To onolo XATUYPAPETUL GE EVa ETUTEDO TOU BLEPYETOL UTO
70 €v1p0 Tou dpopéa 1/ R = 0 xou amOTUTMVEL TO UETPO TNS ToyUTNTOC XS Xou TIC
Yeouués pofic. Ot mepapatixéc petphoels Tou tediov (PIV) ouyxpivovton pe tpoléeic
tou GenUV P xou tou HoPF Low.

‘Otav o dpopéac Beloxeton mévew and 10 xévtpo tou gunodiov oto X/R = —1.01
ot yetprioelc tou mediou (LyAua 3.220) Selyvouv mwe 1o medlo déoune tou Spopéa
TOU EAXOTITEQOU TPOOXEOVEL GTNY 0p0YT] TOLU eunodiov, diaywpeileton oe 800 €po-
TTOUEVIXEC GTO EUTOOIO OECUES, OL OTOIEC AMOXOAAMVTIAL GTNY CUVEYELN OTNV GXEN
Tou. Arnuouvpyeitar EToUEVLS pio TEpLoy T avaxuxhogopiog (wpohoyLoxt Teplo ToPY))
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() HporéEewc HoPFlow ywpic v mo- (8') HpokéZew HoPFlow pe tny napoucio
poucla TN ATEAXTOU TN ATEAXTOU

Eyfua 3.22: Xuyxploeig tou nedlou tayUtnTog (m/s) 6mwe xataypdpTnxe oe
wla x&detn agovo-ouppeTond Thdxa yio To Telpaua Tou Polimi 6tay o dpouéog
TparyUatonotel Tthon cudpnong oty Véon X/R = —1.01 xou Z/R = 2.

YOUUNAGY ToYUTATOY PETIED TV XEUETWY TolYwV TOU eunodiou o TOU GTROUNTOS
OLATUNONEC TOU OPOEEOL TOU EMXOTTEQROU.

To medlo porc Omwe autd Sopoppwveton Ye tov GenUV P anoTtun®veTtol 6To
Yyfuo 3.223". Acdoyévou 6tL oL tolyol tou eumodiou elvon emipdvelec oTIC omoleg
iovomoleiton Hovo 1 cuvIxn U eloywenong, 1 uéVodog aBUVITEL Vo TROAEEEL TNV
arnoxohhnon e eofc. §2¢ amoTéEAEOUA 1) POY| TUPUUEVEL TROGXOANUEVY] GTO EUTOOLO,
OTWC BELVOUV Kol Ol XUTAYEYPUUUEVES Yeopués porc. TTapdddnha, 1 por) emitaybveTon
oToug xdETOLS Tolyoug XaL oL GTEOBIAOL TwVY axponTepUYiwY Tou eugavilovtol oTig
Véoeic X/R = 0.5, 1 xou 2 anopaxpivovtar ond to eunddio. H napomdve mototixd

43



Olopopd METOED TWV UETENOEWY Xl TV TROAEEEWY €ENYOUV XoL TNV OLopopd oTny
pbetion tou Spopéa (Bréne Lyhua 3.21, onueio X/R = —1.01). H moapoucio tne
VNG ovoxuxAoQoplog TEQULETEIXA TOU EUTOBI0U OTIC UETENOELS OLEVPUVEL TaL OpLoL OTA
omola 0 oubEEOUE TOU EMXOTITEPOU EQYETOL OE ETMAUPT| UE EVOL PUOLXO 1) LBEATO GUYORO UE
ATOTEAEGUO OL OLUGTACELS TOU EUTOBIOU VoL UEYAADVOLY’ PUYOUEVIXA Y10 TOV OPOUEA.
Me autd Tov TEOTO ALEAVEL Xou 1) ETLEEOT] TOU EYEL GTNY PORTION.

Ye avtideon ye tov un cuvextxd GenUV P, 1o HoPF Low emf3dAlovtag otoug
Tolyoug xan To €0uog xaL TN cLVITXN UN EloYOENoNG AAAL xaL TN cLVITXN un o-
AMonong etvon oe ¥éom va mporéel 6woTd To TEDO, AVATAUPAYOVTAS T QUOLXT| TOU
gawvouévou. ‘Onwe gaiveton xou oto Lyrfua 3.22Y", 1 uédodog eivon weovy| var TeoréEel
TNV amOXOAANOT TNG POYIC OTO dXEO TOU EUTOBIOL ONUIOLVEYOVTIS TNV TERLOY T AVAXU-
xhogoplac. Axdur, To onuelo Téve oTo E8APOS OTOU TPOOXEOVEL 1) POT) ATOTUTVETOL
6mwe xou oto nelpoyo oto onueio X/R = 1. Mévo uixpéc SlapoponolAcELS TopaTneo-
UVTOL Ol OTIOLEC APOPOVUY GTO PETEO TNE TaUTNTAS EVTOC TNS TEPLOY NS AVAXUXAO(oplaC
xa T0 PEYEVOC TWV TUYUTHTWY TOU GTROUATOS didtunong. 261600, 1 utepextiunon
TNE ToUTNTOC OEV EYEL UEYBAT) ETLEEOY| OTNV QPOETION TOU BpouEa, 1) OTolol TEOAEYETOL
e ambéxion wxpotepn tou 0.5% cuyxpltixd e to melpopol.

Enedr) n nponyoluevn npocouolworn dev TeplAopBdvel TNV dTEOXTO TOU EAXO-
TTEEOU xS X TOV Lo TNEWXTIXG PBpayiwva, Yo TNV xahOTepn BlEpElVNOT TOU
TpofAfuaToC TpaypatoTolunxe xa Wia Teocouolnwon oTny omola cuUTERLAOUBAVETOL
N dtpoxtoc. Ta anoteréopata Tou Qaivovton 6To My fua 3.228" Tapouctdlouy apxeTé]
OUOLOTNTEG OGOV aPopd TNV Tpocouoiwat ue 1o HoP Flow yweic tny dtpaxto. H qu-
O TwV TEOAEEEWY TEPLAAUBAVEL TNV amOXOAANON TNG PONC AAAS Xan TNV Snuiovpyia
e Lovng avaxuxhogoplag. Aopfdvovtog unddiy xau Ty avticotolyn tpocouoiwon ue
NV dtpaxto oe ouvirxec IGE, mapatnpeiton TWe Xol GTNY CUYXEXPWEVT TEQITTWOT),
n Omapdn g atpdxTou Slyéel TN EOH XATK omd TOV GpOoud UELDVOVTAS TO UETEO
e ToyLTNTOG. AuTo €yl ¢ anoTéAeoua amd TN Wa Vo TpoAéyovTal ToyUTNTES OTNY
LN avoxuxAopoplag GUOLOU UETEOU UE QUTEC TOU TELRAUATOS, OO TNV AT OUKS 1
Covn avoxuxhogoplag €yel UEYOADOEL UETATOTILOVTAC XATAVTL XU TNV TEPLOY T OTOU
TO OTPWUA OLATUNONG EPYETOL OE ETUPY) UE TO EDUPOC.

Metatonilovtog 1o xévtpo Tou dpopéa 0to X/R = 0 1o anoTeAéopoto TV Ue-
TeNoEWY Topouctdlouy TN Bla Quoxt| Pe Teonyouuéves. H por| mou npoomintel oto
TV PEPOUS TOL eUTodiou BlaywpelleTon, 0BNYWVTIC TNV POT TOU XIVETOL XUTAVTL TOU
eunodiou v aroxohhnidel. (d¢ anotéleopa dnuovpyetton plor Lwvr avoxuxiopoplog 1
omolo duwe evtoniletal aUTY TN POEY ULXPOTERY) Xl UETATOTUOUEVY TEOC TOV XAUETO
Toiyo Tou gunodiou (Lyhua 3.23%). H @opd tou eZacdevnuévou otpofilou otny Ldvn
avaxuxhogoplag €xet oMGEet (avidwpohoytaxn gopd), woT6c0 ot Toy UTNTES HECO TNV
Covn €youy ToAD uxed uétpo. ‘Eyel onuacio va avagepiel twg oty mdve opio tep
yovio Tou Tapadlpou TWV UETPHOEWY TAUEATNEOVVTUL Tal BUO GTEOUATA BLUTUNONG Vo
evovovton. H egantoueviny) otny opogt| por, mou gpy€ton avavTl Tou Eunodiov, eu-
paviletan eZacVevigévn (Uxpotepo pétpo ToybTnTog). Autd €yel ooy amoTéAEoud Vo
oaAAEEeL xatebYuvoT amd TNV aBlATAEUXTY POT) TOL Bpopéa 1 OTolol EVOL EUPAVKS TO

Loy uen.
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Eyfua 3.23: Xuyxploeig tou nedlou tayUtnTog (m/s) 6mwe xataypdpTnxe ot
wla x&detn agovo-ouppeTond Thdxa yio To Telpaua Tou Polimi 6tay o dpouéog
Tparypatonotel ntion caudpnone oty Véon X/R =0 xou Z/R = 2.

To nedio 6nwe xatoypdpeton and tov GenUV P gaiveton oto Lyfua 3.23(B") xou
AOY® TOU U] CUVEXTIXOU YOEAUXTHEO TOU, AOUVATEL VOl AVATOEYEL TO (POUUVOUEVO. Y€
avtiteon e to melpopa, 1 oY TOU TEOCTUTTEL GTNY 0pOYY| TOU euTodioL deV SLoywpelle-
T, avtideto xateudiveTan avdvTt Tou eunodiov. Me autd TOV TEOTO O OPOEEOUE TOU
Opopéa TPooxEOVEL GTO EBUPOC Xl XATEVYVVETOL XATAVTL TOU EUTOBIOU ONUIOVEY VTS
€tol plo TEPLOY ) YUUNAWY TAYUTATOY XOVTE OTNV TEPLoY ) Tou eunodiou. Avtideto,
Ta anoteréopata tou HoPFlow elvon o€ TOA) x0AT) CUUGPOVIO UE TIC TELRUUATIXES
uetpnoec. H guow tng adAnienidpaone avamapdyetol TAROS %ol HOVO TOGOTIXES
drapopéc evronilovtan (Eyhua 3.23Y"). Ltny nepintwon tne tpocouoiwons 1 por mou
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€pYETAL OO TNV 0pOYT TUEOLCLALEL ONUAVTIXY EEACVEVION Kol OE GUVBUNGUO UE TNV
UTIEREXTIUNON TOU XUTWEELPATOS Tou Bpopéa, 1 Lwvr avaxuxhogoplac Teploplleto
OpaoTixd xou peTotomileton TOAD xohd oTo eunddlo. Ou TocoTxés auTég Blapopéc
mdavov vo Teploplloviay oTnV TERITTMON TOU TEOGOUOLWYOTAY XAl 1| ATEUXTOS, TOU
OTWE ETUONUAVINUE TEONYOUPEVWLS BlaryEel TNV PO
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Velocity Magnitude

(v") HpokéEewc HoPFlow ywplc tnv mo-
poualo TN ATEAXTOU

Yyfua 3.24: Luyxpioeic tou nediov toybtnrog (m/s) énwe xataypdgtnxe oe
ulo x3deTn a€oVo-GUUPETELXT TAGXA Yol To Telpaa Tou Polimi 6tav o Spouéag
Tpaypotonolel tthon adenone oty Véon X/R =1 xou Z/R = 2.

‘Otav 0 dpopéac €yt anmouaxpuviel axdua TeptoabTERO omd o eunddlo oto X/ R =
1 (Eyhua 3.240") xavévo pépog tou dioxou dev oxtdleton TAEOY, UE AMOTENEOHA 1) POY
vor Loty welleton 6TNy dxern Tou EUTOBiou 08NYOVTAUS OE €VOL XATAXOPUPO CTEWUA Oi-
GTUNONC TTOU XIVELTAL TIPOG TO €80POS Xol VAL GAAO GTNV 0LOPT) TOU EUTOBI0U XIVOUUEVO
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avdvTt Tou dpopéa. Etol, dnwe galveton xou 0To Toedupo TOV PETEHCEWY, SNULOUE-
yetton plor Ladvn avoxuxhogopiag yaunioy tayuthtey. Hopduowo yotiBo éyouv xan ta
unoloylotxd anoteréopata (Eyhua 3.243°Y"). Ltnv npocoyoiwon ye tov GenUV P
1 Covn avoxuxhogopiog €xel petatomiodel uhnAdTERA o TEOG TO XEVTEO TOU BpoyLa,
ol OTWS QULVETOL, AOYW TOU U1 CUVEXTIXOU YopoxThpa Tne uedodou o oudppouc
dev SLorywetletan aAAd xateutiveton mapdhhnha Teog otov xddeto Ttolyo. Avtideta,
Ta anoteréoyata Tou HoP Flow avanopdyouv optd 1o gavouevo eupaviovtog ouwe
TIC (DleC TOCOTIXES OLUPOPOTIOLACELS UE TIELV.

Yuvohixd, yio tov GenUV P ol cuyxploeic lvon xovomointixés, avohoyt{ouevol
TOV U1 OLVEXTIXO YopaxThea Tng uedodou. Ilapdha autd, xaAbTEREC TPOAEEELS ova-
pévovton 1660 0To TEdlo GGO XU GTA POPTIo HTAV O BPOUELNS UTOUUXPUVETAUL ot TO
eunodo. Avtideta, to anoteréopota tou HoPFlow cuyxpivovtow ToA) oAl Ue TiC
HETPNOELS xoOC AvamapdyoLY G PEYAAO Bardud Tar QUOLXE PUVOUEVA TIOL TOEOTNEO-
OvTon 0To TElpoaL.

3.5 lItnorn oudenong eAXonTECOU TAVL o-
TO €UNOOL0 - PETABOAY, Tng YEong Tou
dpouEa cTov z dfova 12 neplintwon

Y auTH TNV Toedypapo aVIADETHL 1) IAANAETOPAOT) EVOC ENXOTITEPOU UE EVaL EUTOOLO
btav o dpopéac Tonodeteiton v and to xévipo tou gunodiov (tepintwon T'1). T
auTH) TNV TEpinTwOoT), Yo TUEOUCIACTOUY AMOTEAECUATA TOU aPopolY GUYXEICELS TEL-
COPATIXWDVY OEBOPEVWY UE LTOAOYIO TXES TTPOAEEEL; Tou GenUV P xaw tou HoPFlow.
It Ty ouyxexpyévn tepauatxy didtaln, undpyouv yeteroelc and to Polimi xou
APOPOLY TETPAMTEQO DPOUEN TTOU TEAYUATOTOLEL TTAOT ouwenone o oToepés VEaelg
xdde Popd TV amd TO EUTO0L0, PeTUBdANovVTaC To Uog TTHong oTov z—dfova. To
TpwTo onueio TornoVeteitan oto Z/R = 2 and to édagog (nepinou Z/R = 0.8 and vy
TV ETUPAVELY TOU EUTOBIOV, eVe To TeEAeuTalo onuelo Twv UeTEroewy PeloxeTtoul 6To
Z/R = 4 névo ond 1o €dagoc. Ou npocopounoeic howdvouy unddy uévo tov xOplo
Opopéa xat Oyl TNG TEUXTO TOU EAMXOTTEROU.

To amoTeEAEOUATA TWV TELRALATIXOV UETEHOEWY TOROUCIALOUY UEXETEC OUOLOTNTES
TNV eTdpaon Tou eumodiou oTa opTio Tou xVploL dpouéa pe TNV mepinTtwon IGE
(BMéme Eyhua 3.25). O ouvteheotic CT/CTogE mapouctdlet pla exdetin| UeToBoly
cuvapThoel Tou Udoug auwenong and to €dagoc. H peyohiteen adinorn napatneeiton
otav 10 Z/R = 2 nau eivon fon pe 21.5%. Koadde to Ooc avZdver, n adZnorn tou
CT/CTogE pewveta xa oto Vhoc Z/R = 4 n enldpacn tou eunodiov mpoxtixd
undeviCetar. Xuyxpivovtde to anoteréopata Ye TNy mepintwon IGE eivon opatd mae
OTAY TO EMXOTTERO TEAYHATOTOLEL TTHOT UWDENONG TEVE ATO TO EUTODLO X O DPOUENS
elvon TAPOC oxloUEVOC amd auTd, 1) enidpact Tou poldlel o Yeydho Badud e tny
enidpaon tou eddgoug. H onuoavtixdtepn dapopd kotdoo, elvon twg 1 adinorn g
oong ebvon xotd 7% peyolUtepn. H Sopopd auth ogetheton xupine oto Btapopetind

47



13F 13F
F F ] Polimi Experiment X/R=-1.01
125k R S . GenUVP X/R=-1.01
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(o) MetaPoréc Tou ouvteheath wone ou- (B') Metofoléc tou ouvtekeoth FM ou-
vopThoeL Tng Véang tou Bpopéa 6ToV 2- VapTAoeL g Véone Tou dpouéa oTov 2-
dEova d&ova

Yo 3.25: H enidpaon tou eunodiov oto CT xow F'M tou dpopéa oe ou-
vpTnom pe to Uog adpnong ond to €dagoc (Z/R). Xuyxploeic Telpoatiny
oedouévmy pe mporélec Tou GenUV P xaw HoPFlow yw tnv mepintwon T'1
wou Polima.

Tedio ToyLTHTY TV BV TepinT®oswy. [lopduoia enldpacn €yel To eunddO XL GTNY
PO TOU dpopéa 6TwS gaiveton oto Lyua 3.25 (B'). Lto oyfua autd topovoldletar
n petaBorf Tou Figure of Merit(FM) tou Spopéa cuvopthoel tne andotaons ond
70 €daoc.

Xenowornowvrag tov GenUV P mporypatomotidnxay TeoGopoLoELS YLol T GOVOo-
Ao TV TEpoPATIXGY onueiwy Tou peteriinxay. H olyxeion tov nporélewy pe Tig
UETENOELS Efvar OYETHE XY, OUWS PAVERGVEL Xal TIg aduvoieg Tng pevddou. ‘Omeg
QOLVETAL OO TNV BLUXEXOUUEVT] LT XoUTUAT Tou Ny fuatog 3.25 1 uédodoc mpohéyel
v av&norn tou CT oe cbhyxpion pe Ty nthion OGE, 6uwe UTOEXTIUEEL TNV YOpTION
Tou Bpopéa 6Tay auToC Beloxeton TOA) X0VTd 6TO XOUT! THEOAO TOL TEOBAETETOL KO T
n emniéov adinomn ouyxeitixd pe v IGE meplntwon. Axdun, yi Ogn pyeyoldtepa
Tov Z/R = 2.7 nopatnpeiton plo emnedonoinon tng xoaunding otadeponoidvtag Ty
enidpaon Tou eunodiou mepinou oto 5% axdua xau vy Z/R = 4.

Ye avtideon ye tov GenUV P, 1o anoteréopata tou HoPFlow cuygonvoly ce
oAU ueydho Podud Ue Tic PETPNOEIC. Xe CUVEYELL NS OlamicTwoNg TwS 1) CUVE-
xuxdTNTA ToU €8dpous Bladpapatilel xoufixd pdho otV PoETIoT ToU Bpouéa, SLomi-
OTOVETOL W 1) AVETTUET TOU 0pLOXOU GTEWUNTOS GTO EUTOOL0 UETUPAAEL oEXET ToL
aroteréopota. o tar Tpla onueior Tou TELRAPATOS TOU TEUYUATOTOLAUNXAY TEOGOUOL-
ooee (Z/R = 2,3.4) n obyxplon elvan Toh) xohf 1600 o€ popp 660 xou OE AMONUTES
twéc. To HoPFlow mpoléyel ye opd6 tpomo tny péyiotn avénan tou CT' (ornueio
Z/R = 2), tov pudud eiwone tou CT (onuelo Z/R = 3) xou 10 bpo o710 onolo
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enidpoon Tou eunodiou mavel va el onuavux Ty (onueio Z/R = 4).
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Kegdhawo 4

DIVUTEQACULALTO XU
Meihovtixn, 'Egsuva

O oxoméc e mapoloac epyaciog Arav o) 1 ot Béddoc diepedivnon tne alknhenidpoonc
EVOC EMXOTTEPOU UE TO £0QUPOC O TORUXEIUEVO EUTOBLY OTAY TEAYUATOTOLEL TTH o
UWENONS XOVTE OE aUTd ot B) 1 ToTomoinon dU0 LTOROYIOTIXGDY YEVEBWY Bdlapope-
TG TOTOTNTOEC WG TTRog TNV 0ptY) TEOAEEN TwV PopTiny ot Twv medlwy pofc ot
TETOl TREOPAAUNTA CAANAETLOBPAUOTC.

4.1 Xvunepdopota

H enidpoomn tou €6dpouc xou Tou eunodiou oty dloaude@wan Tou Tedlou poNg dhAd
XL OTNV POPTION TOU ENMXOTTEQOU TRUYUATOTOMUNKE YENOWOTOLWDVTOS TEROUATIX
OEBOUEVAL TRV BLUPOPETIXWY TELQUHUATMY XAl UTOAOYLOTIXY amoTeAEoUATo amd 000
OtapopeTixd epyoheio. Ta cuunepdoyata mou e&hydnoav 6cov apopd To TEOBANUA
e ahAnhenidpaong mapouaidloval oTNY cuVEYEL Yio xde TEpinTwon EeywploTd:

o OGE: Ta 06edouéva TNG CUYXEXPWEVNS TEPITTWONG YENOWOTOLAUNXY Yiol TNV
aBLIC TATOTOINON TWV ATOTEAECUATWY TWV ENOUEVWY TEQITTWOoEWY. Tao tetpoua-
Txd anoteréopata Yo 1o CT' ouyxplvovtar TOAD Xohd UE TOUC UTOAOYIGUOUC
xou an6 ta 800 epyareio (GenUV P, HoPFlow). Iapddinia, dmoteydnxe
WS VO 1N UToeEN TNG ATEAXTOU GTOUC UTOAOYLOUOUS ETNEEdlel Bloaudppumon
Tou TEdlov potic, dev emneedlel o onuavTxd Bodud TNV PoETIoN ToL XVELOL
OpopEa.

o /IGE: Ltny meplnteon Tou To EAXOTTEQO TEAYUATOTOE! TTACT wENoNSG XO-
VT8 GTO €d0pog, ToL MEWRAUATA Topouctdlouv Tepitou extdetiny abénon tou CT
%x¢ 1) ambéoTaoT and To €dagog uewwveton. H péylotn s nopoucidleton oto
Z/R =1 xou eivou {on pe 12.5% mepinov. H enidpaon tou eddpoug madel vo €yet
enintwon ota goptia uetd 10 Z/R = 4. Ot npoé€eic tou GenUV P eivan o
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TOAD XOAT} CUPQWVIA UE TA TEWRAUATA TUPOUCLALOVTAS UXEES DLOPOPOTIOLACELS
(umoextiunon 2.5% touv CT) xuping oe uxed Odn nthone Z/R < 1.7. Adyw
TOU [U1) CUVEXTIXOU YopoxTheo TNS, 1 WEV000¢ aduUVATEL Vo TPOCOUOLOCEL TOV
OYNUATIOUO TOU 0pLIXOL CTEOUATOS GTO EDAPOC UE ATOTEAEGUA 1) DLUPORETIXT)
Olouoepwaon Tou TEdiou PoRC VoL ExEl EMINTWOT 0NV POETIOT Tou dpopéa. A-
vtiveta, n tpocouolwon ue o HoP Flow mpohéyel ue mohl ueydhn axpifeia to
CT (Swgopd oto CT/CTocE wxedteen tou 0.2%. Méoa and v avdiuon g
aVATTUENE TNE PONE GTAL AEY XS OTABLYL TNE TTROCOUOIWONG TUEATNEHUNXE TS OL
ENMAYOUEVES ToYUTNTES OTO ETUTEDO TOU E6APOLE 0BNYOUV OTNV avaTTUEN OpLa-
%00 GTPOUATOS TO 0Tolo AAANAETIBEA UE TOUC GTEOPBIAOUEC TV AXPOTTEQLYIWY.
Yoy amoTEAEGUA, O BAXTUMOS TOU ONULOURYEITOL XATA TIC TEWOTES TEPLO TEOWES
TOU OpoUEd avamndd TV GTO oplaxd oTpUa xal Totoveteiton oe umAdTeEN
Véon oe oyéon ue to €dagog. Axdum, n enldpacyn TNC ATEEXTOU GTO AMOTE-
Aouatd tng popTione elvon ageAnTéa Topoko Tou 1) enidpacT 6To TEdlo porg
GTOV OUOEEOL TOL dpouéa efvar oNUOVTIX.

T1: Ye out) TV TeplnTWoT TO EAXOTTEQO TEAYUATOTOLEL TTHOY AUWENONG OE
otadepd Uog mdvew and to €dagoc (Z/R = 2 v ty mepintwon tou Polimi
xou Z/R = 3 yw v Glasgow) petaBdihovtoc tny optldvtia ¥éan tou xatd tov
x-dZova. Apyixd o dpopéag ToToVETETOL AV AT TO XEVTPO TOU EUTOBIOU XaL
OTNY GLUVEYELL TO XEVTPO TOU UTOUOXPUVETOL OO TO EUTOOL0. LTV apyixY| TOU
Véon X/R = —1 (oxpBdc méve and to eunddio napotnpeiton xou 1 HeyollTepn
avZnon ota goptia tov CT/CTogr xou FM/FMocr. Kadde anopoxpidveto
TEATNPE(TOL XATAXOELPT UEWOT TOV POPTIKY ot Yo TIC 000 TELUUATIXES
olatdéelc.  To LUTOAOYIOTING POVTEAN AMOTUTIOVOLY TOAD XOAd TO (POUVOUEVO
xou vl Tic 800 mepintoeic. O pn ouvextxde GenUV P anotehel alldmoto
epyolelo Yoo TV TEOAEEN TwV QopTiwy. loTdo0, aduvatel vo Teoréyel 0p¥d To
Tedl0, EOWE OE TEPITTMOELS OTOU To GUVEXTLIXA (ouvoueva eivan EvTova.

T2: 'Otay 10 ENXOTTEQO TEAYUAUTOTOLEL TTACT] ADENONS AV ATO TO EUTOOLO
ueTodhhovtog To UPog TOLU XaTd ToV 2-AZova, 1) LopPT| TNS HETAHBOANC TNS POE-
TIoNg Tou dpouéa Ye To UPog Tapouatdlel opoloTNnTeG Ue TNV nepintwon IGE.
Hapatnpeiton pio exdetins adénon tou CT' xadodg T0 EMXOTTERO TANCLALEL TO
xovtd oto eunodo. H péyiotn addnon (Z/R = 2 névw and o €dagog) e-
tvau mepinou 21%. O Adyog mou au&dvetan nepautépw o CT e oyéon ye v
nepintwon IGE, evtonileton TNy anoxOAANGCY TNG pONC OTIC GXPES TNS TAVK
ETULPAVELNC TOU EUTOBIOU TOU €Y0UV CaV AMOTEAECUA TNV ONULOLEY o TEPLOY WY
avoxuxAopoplog TepUETEXE Tou eunodiov. To anoteAéopato mou taprydnooy
ue tov GenUV P elvan oyetnd xahd (Uéyiotn andxhon 4%) xodde ovomo-
EAYOUV EV UEPEL TO (QOUVOUEVO, TAUEOUGCLACOUY OUWS UPXETES OLOPOPOTIOLACELS
660 otV popyY| TN xounLANG Tou CT' 660 xaL 610 TEdlo porg, apod OeV TE-
eLhaBavouy Tor GUVEXTIXE (pouvoueva Tou eggavilovtal 6To eunodlo. Amo tny
GAAT TAELRG, OL CUYXEICELS TWYV TELRAUUATIXWY HETENOEWY UE TOUG UTOAOYIGUO0G
tou HoPFlow givon moA) xahéc, pe anoxhioec pixpdtepec tou 0.1%.
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e T3: 'Otav 10 eAixdnTepo anwpelton dimha and tov xddeto Tolyo Tou eumodiou
petoBdAlovtog to Udog TTAONG TOu O OYEom WE TO E80Og, TMUPATNEELTAL 1)
HEYAAOTERY BUOGKOAIDL YLol TOL UTOAOYIG TG EQYUAELDL VoL OVOITOEEYOUY TOL TELRQ-
potixd dedopéva. Eved undpyel capric e€dptnon tou Uoug TTACNE UE TNV Gon
xou TN pomh (xadde pewwveton to Udog auddvouv ta poptia), eviomilovton pe-
Ta3oAEC TTOL amodIBOVTAL GTNV TAEOUGEA TOU EUTOBIOL XAl TNV BLUHOEPWST) TNG
eoric oty Lwvn peTad) Tou Spouéa xaL Tou xdietou Tolyou Tou eunodiov. Eivon
CUPES TG OTNY TEPIMTWOT TOL TELpduatog TNg I'haoxwPBng ol peyahitepeg dla-
GTUCELS TOU EUTOBIOV CUYXELTIXG UE TOU TELpduaTog Tou Polimi emnpedlouy o
peyahitepo Badud toug Aoyoue CT/CTogr xu FM/FMogr. O GenUV P
aduUVaTEL vor Tapaxohovdnoel Tic UETAB0AES TV @opTiny ue TN ¥éom Tou dpouda
AOY® TWV EVIOVOV CUVEXTIXWY QYUVOUEVGLY TIoU Aofdvouy ywea. Avtideto to
HoPFlow xoatagpépvel vo TROhEEeL owoTd TIC UETABOAES TV PopTiwy, apou
1] CUVEXTIXOTNTO TTOU EIGAYEL GTAL OTEQEX GUVOPA TOU EOAPOUC Xl TOU EUTO-
ofou cLUPAAOLY GTNY CWOTH AVATUEAC TACT) TOU TEdioU PoYiC xou oTn Véom Twv
oYMUoTiloUeEVKDY 0TROBIAWY Tou eMNEEdlOLY TN BIUUORPKOT) TWV POETIWY TOU
oloxou Tou dpouea.

‘Ocov agopd TNy a€LoAdYNOT TWV UTOAOYLOTIXWY ERYUAEIWY WS TEOS TNV IXOVOTNTH
TOUC VoL EMADOUY TOL CUYXEXPWEVA TROBAAUNTA Tal CUUTERAOUOTA vl To €ENG:

o GenUVP: To cuyxexpyévo UTOAOYLOTIXO epyalelo anoteAel pio aflomiotn
Moo Yo Ty emAuoT Tou TEOPBARUATOS TNG AAANAETBpaoTS Bpouéa EMXOTTEPOU
ue oteped olvopa. Etvon oe déom va TpoAEYEL TIC EMMTWOOELC TOU EMLPEPEL TO
€00pog XaL TO EUNOBI0 0TV POETICT Tou dpouéa topdho mou Bacileton oe pla
un ouvextixn pedodoroyia. To amoteréopata edyoviar o Alyo yedvo YeYO-
VOG TOU ETUTEETEL TNV TEOGOUOIWOT) TANYMES TEPITTOOENY APOY O HWOOLXAG
rapakknroroiinxe oe mepBdihov M PI xou 1o medlo ToyTNToG EMAVETOL UE
Vv uévodo tou Particle Mesh. 261660, 0 N CUVEXTIXOS YUEAXTARUC TNG
uedod0u etvor xou 0 AOYOE TOU OL GUYXRIOELC UE TIC TEWRAUUATIXEC UETPHOELS Mot
pouoldlouy amoxhicel oTo YopTion aAAd xaL TNV BladePwon Tou Tedlou o
TEQPLTTWOELS TTOU TO EALXOTITEQO TEAYUATOTOLEL TTHOY ALOENOTNS TOAD XOVTA OE
o TEPEd GUVORAL.

e HoPFlow: O uPpdixog xwodixag cuvdualet tnv Eulerian xou tnv Lagrangian
exB0) 1 TWV TEBLIXWY EELODCEMY X0 UE AUTO TOV TEOTO EIGEYETOL OTI TPOTO-
HOLWOELS 1) CUVEXTIXOTNTA TOL E0GPOUE Xt Tou eunodiov. Emiéydnxe évovtl
ulag xhooixic CFD pedodohoyiag TETEpaoUEVeY Oy xwy xodwe yetplleton mo
ATOBOTIXG TNV TOEOUGIA XIVOUUEVKY Kol (A1) CWUATLY EVIOC TOLU UTOAOYLO TLXOU
ywelou. O cuyxploelc TwV TEOAEEEWY UE TIC MERUUATIXEC UETEHOELC TOROUG!-
alouv oL UxEES amOXACELS, TOCO oo YopTiot 650 xa oTo medio. H eqopuoyt
Tou emiPBefaiwoe TNV onuavTixy eiBEaoy TNS CUVEXTIXOTNTAS OTNY TEOAEEN TOU
CT 7tou xptou dpoyuéa OTay aUTOC BEloXETAL XOVTA GTO E£00POS oL GTO EUTOOLO.
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4.2 Ilpotdoeig yia peAAOVTIXY EQELVA

O mpotdoelg yia yehhovTix) €pELVa UTOPOLY Vol XaThyoptotoindoly avdAoya Ue To
av apopoLy TN uedodoloyla 1) EQUoUOYES.
Me9o8ohoyixég Ilpotdoelg:

e EmAvtng Poisson H dwdiacio enthuong tou medliou toydtntog mporydatonole-
{ton yéow tou Particle Mesh. H ouyxexpyévn pédodoc anoutel tnv yperon
OUOLOUOPPOU YWELXOU TAEYUUTOS XoG TMVTAS OOy OREVTIXT) TNV TUXVWGCT] TOU
%x0VTd 6ToL 0TEPEd oUvopa. T'at auTd TO AdYO, TEOTEIVETAL 1 AVTIXAUTAC TAGT], TOU
Particle Mesh and évav Poisson emAUTY aVOUOLOUOR(POU TAEYUTOS, E(TE 1|
TEoG U7X EVOC TNAEGHOTUXOU UNYAVIOUOU) GTNV UTdEYoUCH Bou

ITpotdoelg spaproyng:

o Egapuoyn tns uebédov oe mpoPAnuata mTHoONS aidpnons mov agopoly ei-
KOTTEPa TANPOUS KATHaKas

o FAeyxo§ TV eMTTWOEWY TOU €ddpous Kal Tov eumodiov otny evotdlea tou
eAikontépou

o Awddvon tng ntrjons aidpnons kovtd oo édapos/eunddio e ouvrinkes avépou

o Avdlvon tng ntions mpooyelwons eAlkontépou
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