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Abstract

This diploma thesis iBbcusedon thedevelopmenbf aparametric model used in
the generation of marin@opeller geometrical model instancepresented by one single
watertightT-spline surface The designng process of the wireframe geomeaiyd the
presented algorithmisave been implemented in#@nside Grasshopper, a parametric
modeling and visual programming phugtool of Rhin@eros3D.

One of themain functiors of this parametricmodekr lies in its ability to
automatically and quickly produce valid geometric representations of marine propellers
(blades and hub) based on a small set of geometrically and physically meaningful
paraneters.This functionality isamajor prerequisitevhen dealing with the problem of
design/shapeptimization of functional surfaces, such as marine propeller & wind
turbine blades, that possessnplex geometry angeometricallysensitive performance.

Further to this,by using Fsplines, the modelegeneraés smooth, analysis
suitable instances, which will eliminatiee timeconsuming, labemtensive and costly
overhead of transforming Computer Aided Design (d3) model intoan appropriate
Computer Aided Engineering (CAE) model, commonly through an approximate mesh
model generation. This aim can be achieved by appealing to IsoGeometric Analysis
(IGA), which provides a direct and tight link between CAD and CAE.

The ynal r equiigdiplomathesisgptieesapadityobtimeprovided
parametric modelin accurately reconstructing and representing existing propeller
models.Therefore, an approximation of Wageningersddies has been accomplished
throughthe aforementionegarametric modeAdditionally to the above approximation,

a prototype marine propeller 3D modebbtained from OpenProgndis comparedn
detail with respect to th&-spline parametric model requirements order to achieve
benchmarking purposes

Keywords: Parametric Modely, Marine PropellerRepresentationl-splines,B-series,
OpenProp, Rhino 3D, Grasshopper
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| Introduction

A. The Significancef Marine Propelles

Marine propellers lie submerged in water aft of the ship, they form an integral
part of a ship and have a significant impact on ship perfornfahcé ship propeller is
a mechanical device thaainsmits power by converting rotational motion into thritist.
consumes the power produced by the engine and puts this power into thrusf)ower
The power transfer is enhanced bg particular geometry of the propeller. The propeller
consists of a revolving shaft with several blades attached to it. The propeller shaft
connects the engine with the marine propeller. As part of the power transmission, the
propeller shaft rotates due & torque produced by the engine. The geonj8jrgf the
propeller blades is designed in such a way that, when a propeller rotates, a force is
produced, which pushes the ship through the water. This force is known as thrust and it
comes from a pressure difference betwt#enforward and rear surface diet airfoik
shaped blade, and the water accelerated behind the blade. Most marine propellers are
screw propellers with fixed helical blades rotating around a horizontal axis or propeller
shaft.In consequence, theydrodynamic performance of a marine prdgreis tightly
linked to the geometric characteristics and the shape of its blades.

Designers and manufacturers of propellers define the efficienthoséas the
ratio of the power produced by the propeller (thrust) to the power consumed by the
engine Propeller efficiency indicates how much energy is lost in the power transmission,
which is described above. Naturally, efficient propellers are desirable due to the
relationship between propeller efficiency and fuel consumption, where the fuel
consumptionis the real indicator of ship performanoks statedat [4], fuel costs
represent as much asi®0% of total ship operating cost, depending on the type of ship
and service. Taking into account the continuous increasenker price, improving the
propeller efficiency seems to be an unavoidable task for the global shipping industry.

Therefoer, propeller design, it is one of the most basic scientific research topics
in Naval Engineering. Since the first use of marine elleps in 1850 much has been
said and published on the development alsthbut there is much more to be done
Unquestionably in today's times, the demand for higher efficienmpore intense than
ever and therefore propulsor designers are forcetitpt more complex geometries.
Fortunately the propeller design process has been in explosive growth during the last
two decades due to the rapid evolution in computational power, which can lead to higher
accuracy models with better performance.
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B. CAD Hisiry

The use of computer systems to aid in the creation, modification, analysis, or
optimization of a design is called Computeded design (CAD]5]. A CAD system is
a combination of hardware and softwdhat is used for making-R and 3D models of
almost anything from jewelry to airplanes. The purpose of developisgkitid of
systems is to increase the productivity of the designer, improve the quality of design,
improve communications through docunwin, and to create a database for
manufacturing. CAD software is often referred taC# CAM software('CAM' is the
acronym for Computer Aided Manufacturing). The usage of CAM software is to control
machine tools and related ones in the manufacturinggaskpieces[6]. Its primary
purpose is to create a faster production process and tools with more precise dimensions
and material consistenc€ AD-CAM systems exist today for all of the major computer
platforms, including Windas, Linux, Unix and Mac OS X and they are widely accepted
and used throughout the industry. These systems moved from costly workstations based
mainly on UNIX to offthe-shelf PCs. The increasing power of computers, and especially
the introduction of lowercost minicomputers with optimized Fortran compilers and
graphics capable terminals, made CAD software more accessible to engireers.
Computer Software used to analyze CAD geometry tools that have been developed to
support these activities are considef@8E tools[7]. CAE tools are being used, for
instanceto analyze the robustness and performance of components and assemblies.

ghebeginningsof CAD [8] [9]can be traced to the year 1957, whbka first
commercial numericatontrol programming systemamedPRONTOdevelopedy Dr.
Patrick J. Hanratty. As a result of the very high cost of early computers, large aerospace
and automotive companies were the earliest commercial users of CAD solitwi£@0
Sketchpad, was developed by Ivan Sutherland and it was the first to ever use a total
graphic user interface, users wrote with a light pen omapointer display.

2D drafting applicationswere typically the first-generation CAD software
systemsMuch of the early pioneering research in 2D CAD software was performed at
MIT's Mathematical Laboratoryln 1965 at Cambridge University's Computing
Laboratory began serious research into 3D modeling CAD softivatke meantime,
French researchers were dpialso pioneering work into complex 3D curve and surface
geometry computation.Paul de Casteljau made fundamental strides in computing
complex 3D curve geometry and Bezier published his breakthrough research,
incorporating some of de Casteljau's algorghim the late 1960s.

In themathematicafield of numerical analysjDe Casteljau's algorithrfiL0] is
arecursivemethod to evaluate polynomialsBernstein forrorB ® z i e r [11¢. Asr v e s
it is known, recursive functions can be easily implemented particularly when it comes to
a programming. So that is one of the main reasons HgjiliBe curve [12] is purely
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evolved out of the availability of computefithe work of bottBezierandde Casteljau
continues to be one of the foundations of 3D CAD software to the present time.

3D wireframe features were developed in the beginning of the sixties, and in 1972
MAGI (Mathematics Application Group, Inc.) released the imhmercially available
3D solid modelerSyntha Vision.In 1971, me of the most influential events in the
development of CAD was the foundingMCS (Manufacturing and Conking Services
Inc.) by Patrick J. Hanrattyyho wrote the system ADAM (Automated Drafting And
Machining. This interactive graphic design, drafting and manufacturing system was
written in Fortran and designed to work on virtually every machine, a huti@hivent
on to be updated to work on 16 andi82computers | n t o d8% O6f CADX i me s ,
programs can be traced back to the roots of ADAM

Solidmodeling  further enhaed the 3D capabilities of CAD
systems.Throughout the 1980she CAD software market was inevitably shifting the
CAD software marketo 3D and solid modelindue tothe new generation of powerful
UNIX workstations and emerging 3D renderi@AD softwarevendors had begun as a
collection of fastgrowing companies benefiting from rapid advances in computer
hardware and a potential market that was expanding as falling computer prices and
maintenance costs made CAD software available to more déRBS mathematical
representation of freeform surfaces, appeétrstlly on Silicon Graphics workstatiomns
1989. Also, in 1989 FFLEX and later Pro/ENGINEER introduced CADs based on
parametic engines.

Parametric modelings a method based on algorithmic thinking anglans that
the model is defined by parametdt®nables the expression of parameters to determine
the relationships between the design elements in order to define a settipfemu
solutions.A change of dimension values in one place also changes other dimensions to
preserve relation of all elements in tiesultingdesign.In this regard, parametric design
can significantly improve the field of landscape architecture by provigwgtools of
design investigation. So, the architects can set up more effectively the entire design
process.

14


https://en.wikipedia.org/wiki/Solid_modeling
https://en.wikipedia.org/wiki/Solid_geometry
https://en.wikipedia.org/wiki/Nurbs

program that took
ideas of Skelchpad and
made it come to life,
on sald madals,
istory based features,
athe

this was a huge turn in

INTO THE FUTURE...

A T v e NX

o
=R E R ‘ | |
%’—.—.—.—.—.—9—‘—#—.—‘—.—.%

Popular CAD Formats and Versions Added to the CADENAS eCATALOGsolutions platform
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C.Parametric Models

The need for parametric models that will facilitate the automatic generation of
valid propeller model instances and enabledésign optimization of blades has been
i dent iy e desdarghers, esluelinga@titchard (1988, Grisel et al (2004)14]
and Koini et al[15] for turbomachinery blades, Epps et al. (20[1%)] Calcani et al.
(2010)[17] Mirjalili et al. (2015)[18] and Herath et al. (2015)9] for marine propellers.
However, the number of parametric model s s
optimization of marine propellers are rather limited and are commonly build around the
computational package used for the assessment of the propelldrmade d / or t he s pe
characteristic the researchers are trying to optimize. Furthermore, the parameters
employed in the parametric models found in literature, 6],and[21], are mainly
appealing to coordinates of control points and there are limited cases where all, or most,
parameters have a physical meaning.

At the same time, various commercial, academic and-eperce software
packages exist for the design and/or design optimization propellers. The commercial
tools include PSP and QPROP from MARIN (Maritime Research Institute Netherlands)
[22], PropCAD and PropElements from Hydrocomp 28] and many others. The list
of academic/opesource software toolacludes XROTOHR24], JavaProp25], JBlade
[26] [27], OpenProf28] [29] [30] and PROP DESIGIB1].

XROTOR is an interactive program for the design and analysis of ducted and
free-tip propellers and windmills, JavaProp is a relatively simple piece of code based on
the blade element theory, JBLADE is an oenrce propeller design and analysis code
basedon David Mart enfdnsd D@pleADBi and XFLR5 softw
OpenProp is a free software for the design and analysis of marine propellers and
horizontataxis turbines based dviatlab[32] and PROP DESIGN is an open source,
public domain, aircraft propeller design software allowing the design of ducted or
unducted aircraft propellers with straight or swept blades and constant or elliptical chord
distributions. In all of above cases, propellmodelsare tightly linked to the
computational procedure employed (or assumed by the corresponding software tool) and
in no case these propeller models are the type of analyiséble models required in the
IGA context(see:éMotivational Backgroundnd Objectives,b.e., smooth & accurate
geometric representations of propeller blades that can be directly used in analysis.
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D. Software

In this thesis, the software utilized is Rhinoceros. Rhinoc¢833 is a
commercial CAD application software and 3D computer graphics by Robert McNeel &
Associates. The geometry of Rhinoceros is based on the NURBS mathematical model,
which focuses on producing mathematically precise representation of curves and
freeform swfaces in computer graphics. Rhinoceros is mainly used in processes of
computeraided design (CAD), computaided manufacturing (CAM), rapid
prototyping, 3D printing and reverse engineering in industries including architecture,
industrial design (e.g. aunotive design, watercraft design), product design (e.g. jewelry
design) as well as for multimedia and graphic def3gh

The capabilities of Rhinoceros can be complemented and expanded in specific
fields like rendering and amiation, architecture, marine, jewelry, engineering,
prototyping, and otherg35] by plugins, which are available from both McNeel and
other software companies. One of the most well kwon McNeetipkigs a parametric
modeling ad visual programming tool, called Grasshop|38], that runs within the
Rhinoceros 3D computaided design (CAD) application and takes advantage of
Rhino's existing tools. This graphical algorithm editor has attracted mamyeats to
Rhinoceros due to its ease of use and ability to create complex algorithmic structures.
Grasshopper was developed by David Rutten at Robert McNeel & Associates and offers
new ways to expand and control the 3D design and modeling processedingclu
automating repetitive processes.

It provides the users of Grasshopper the ability to use mathematical functions to
control or generate shapes and enables them to quickly change fundamental attributes of
a complicated model, such as a marine propeiNbere a user might want even more
flexibility. Some of this flexibility can be accessed also from within Rhino by using the
built-in support for scripting languages like Rhinoscript or Python. These scripting tools
(Figure 1.2 offer powerful control over Rhino's modeling commands, including some
that are not available through the graphic interface of Rhino. Using scripting languages,
though, requires a fairlyn-depth knowledge of computer programming techniques,
which, of couse, many users don't have. Grasshopper combines the graphical approach
of working in Rhino with the powerful algorithmic techniques found in scripting.
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Figurel.2: @mpleteBreakdown ofall w K A YD&/€dadperTools
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E. Motivational Backgroundand Objectives

In Computer Aided Engineering fields iterative procesg87] to find an optimal
design is often required. This process consists of a modeling phase followed by a
numerical simulation and an analysis phase. The classical finite element method (FEM),
in which the finite elements are conforming with the physical bates of the model,
is a common choice for the second phase. The d#éisignghanalysis (DTA) tools are
fundamental to simulate complex physical phenomena and systems, such as a marine
propeller. At Sandia National Laboratories, the anatom9 A the praess has been
studied by Ted Blacker and more specifically the percentage of time devoted taskach
has been calculatezhd is summarized iRigure K. This research has shoywhat for
complex engineering designBigure I3 showsa typicalautomobile consists of about
3,000 parts, a yghter jet over 30,000, the
submarineover 1,000,000 the transition from the geometric model to the simulation
model causes more than 80 % of the engineering effbis approximation, 80/20
modeling/analysis ratio, seems to be a very common ratio in industrial area and there is
a strong desire to reverse For the purpose ajvercoming the difficulties involved in
this transition process, various methodolodiage been developed

The most prominent method is Isogeometric Analysis (IGA) as proposed by
Hughes af38] and later described in detail [89]. IGA aims at bridging the gap
between the CAD model and computational Igsia by utilizing the same shape
functions in CAD and FEAThis functionality allows to eliminate the troublesome &
time-consuming meshingorocess involved in the common engineering analysis
paradigm and at the same time preserveetkect geometry (no approximation via
meshing is required)while rendering possible the automati@ta/model transfer
between CAD & CAE packages. This approach has been already succeggiliéy in
shape optimization of hydrofoilf40] [41] and ship hulls[42] [43] [44]. ) DTA
framework can be created using combined Isogeometric Analysis (IGA) and a smooth
geometry of a modelThe smoothness of the geometric model offers essential
computational advantages over theefactofinite element method (FEM), in which the
finite elements are conforming with the physical boundaries ofribeel. By the term
smooth geometryye usually mean that interelement continuity may Be(@C< n < p,
where p is the polynomial degree of the basisgeometric analysis has emerged as an
importart alternative to traditional engineering design and analysis methodologies.
There are numerowsandidateeomputational geometry technologies that may be used in
IsogeometriAnalysis.
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The most widely used in engineering design are NURBS and theypiapgtous
in CAD systems, representing billions of dollars in development investment. For
instance, NURBS is the only frderm surface typethat issupported in the IGERI5]
file format, the most populdormat for data extange between CAD softwandost of
the early developments ilGA focused on establishindpe behavior of the smooth
bivariate and trivariate NURBS basis in analysisce NURBS geometry underpins
almost all major design packages

While thesmoothness of NURBS make them useful in isogeometric analysis,
NURBS are severely limited by the fact that they are four sidetladitional NURBS
based design, modeling a complicagéegjineering design often requires hundreds, if not
thousands, of NURBBatches, which are usually discontinuous across patch boundaries
and it very is difficult to join multiple these patches into a single watertight model. Also,
almost alINURBS models use trimming curves. So, designing a marine propeHer
CAD systembased on NURBSIs usually not suitable as a basis for analy&ierefore
development of technology meets the demands of both design and analysis.

T-splines[46] are a new mathematical formulation for surfamedare a superior
alternative to NURBS, the current geomedtgndard in computarided design systems.
T-Splines models are mathematically watertiginid are not limited to rectangular
domainsThus the designers are ablerepresenentire modedwith a single surfaceia
T-spline technologywhich makes the modelsasier to analyze and optimize, and can
minimize the likelihood of mistakes in downstream processemmercial bicubic T
spline surfae modeling capabilities have been recently introduced in Mdyhand
Rhino[48] two NURBSbased design system%his facilitates their utility as a design
tool.

In this thesis, & IGA-basedparametricdesignof a marine propeller using-T
splines technologyframework implemented using the Grasshopper algorithmic
modeling interfacdor Rhinoceros 3D.Combining the increasing interest in designing
the optimal propeller shape, antomated optimization can fill the design spioceugh
a parametric modelevith numerous designs that gravitate, guided by the optimization
algorithm, towards an optimal design.
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Il Geometric Tools for the Model

A. B-splines and NURBS

As background for our discussion ofsplines,a brief overviewof B-spline and
NURBS curves, surfaces, and solidprovidedfocusing on those featureshich are
important for understandinfpe generalization to-$plines. Thecases considered here
consist of a single NURBS patch. However, teneralization to the muipatch
NURBS casegit just involves daransformation between the control point indices of each
patch and the correspondigtpbal control points

A.i. Knot vecbrs and the Bspline basis

A knot vector is a nowecreasing sequence of real numbers that indicate
parameter valueslenoted , h B h ,where, N g is the " knot, p is the
polynomial degree dhe B-spline basis functions, and rtiee number obasis functions
which comprise the Bpline. Bspline basis functions for a given degree, p, are defined
recursively in the parameter space by the-@eBoor recursion formula as follows:

Tt €/ QI Q (11.1)

The de Boor algorithrfd9] provides a standard methoahdis perhapshe most
famous of theexistingalgorithms for evaluation of Bpline basis functions and their
derivatives
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From (1.1) and (I.2), one can verify that Bpline basis functionpossess the
following properties:

i. Partition of unity:

G, pho A (113)
ii. Pointwise nonnegativity:
O p , mo phgBHRE (11.4)
iii. Linear independence:
w0p, Tv O Thé pMRE (15)
iv. Compact support:
c0F, meLh (11.6)
v. Control of continuity:
If a knot value has multiplicity K'e&sh E , then the basi

functions ar®  -continuous af . WhenQ 1), the basis i® and interpolatory
at that location

Thefirst four properties ensureveell-conditionedand sparse matrjxvhile the
fifth allows continuity to be reduced to better resolve steep gradiiits

v v v v v v v v v

An example of a quadratic-8pline basis for mirtrtphg ho e e ol is
shown inFigure 1.1 The basis isnterpolatoryat,  mirfv. If the first and last knot
valuesare repeated at legstimes the knot vector is called open vedae to the use
of anopen knot vectoiOtherwise, the basis i6 0 across element boundaries.
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0(,)0 0 1 2 3 4o 5595

Figurell.1: Quadratic basis functions

A.ii. BSpline Curves

A B-spline curve of degree p m is defined by a set of-Bpline basis
functions,0 0 f and control point§ 0 asfollows:

(1.7)

Important properties of Bpline curves are:

i. Affine CovarianceAn affine transformation of a-Bpline curve is obtained
by applying the transformation to its control points.

ii. Convex Hull:A B-spline curve lies within the union of all convex hulls
formed by p + 1 contiguous control points (§&&] for the relationship between
the convex hull and the polynomial order of the curve).

iii. Variation Diminishing:A B-spline curve irA  cannot cross an affine hyperplane
of codimension 1 (e.g., a linesn , plane inA ) more times than does
its control polygon52].

In addition, Bspline curves inherit all of the continuity properties of their
underlying bases. This is illustratedRigure 1.2where a Bspline curvdrom the basis
shown inFigure II.1At the spatial location corresponding to parameft@ues= 4, the
B-spline curve is only continuous. Thespline curvanterpolates the control poifs
at this location. The use of open knot vectors enghegshe first and last control points,
P1 andPs, are interpolated as well.
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Figurell.2: Quadratic BSplinecurvewith control points and control pgdon

A.iil. NURBSurves

A NURBS (NonUniform Rational BSpline) is defined by a knot vector
, h Bh , a set of rational basis functioRs 'Y j , and a set of
control points) 0 as

(11.8)

The NURBS basis functions are defined as
~ 00g,
Ve T (11.9)
Wherew , is the weight function and wB is the weight corresponding th&lBRBS
basis function

(11.10)

For more efficient computation, a rational curvedin can be representdry a
polynomial curve in the projective space. Working in the projective coordinate
system allows the algorithms which operateB-splines to be applied to NURB&s
an example, if R is a controlpoint of a NURBS curve then theorresponding
homogeneous control point iprojective space 8 0 0 R . Thus, given a
NURBS curve defined im by (11.8) the corresponding Bpline curve defined in
is:

(I.12)
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A.iv.NURBS surfaces and solids

To maintain singlendex notation, which is standard forsplines, we introduce
a mapping, , between the tensor product space and the global indexing of the basis
functions and control points. L& phci8 FE,’Q phehB i, andQ  phch8 hathen in
two dimensiongnd in three dimensionge define

~

ap O (11.12)
TTAAQ a4 a4 Qp aQp Q (1113)
NURBS basis functions for surfaces and volumes are defined by the tensor
product of univariate Bpline basis functions. Lei , , 0 —, and0; — be
univariate Bspline basis functions associated with the knot vectors
, h Bh ) - h- B h- , and - h- 8 h- . In
two dimensions, witth ~ ~ @Qandd " " (710)
wh O0f , 0 =0
Y h = = ;
Bf'QpBngU R, Dp—0 (1.14)

Wherey " , - are the surface NURBS basis functions. Similarly, in three dimensions,
withd 6 "G0Q andd © RAE®

YR

B w—0p —0 (1.15)

Where'y P . h-h- are the volume NURBS basis functions.

_Given a control meshd , whered pfgiBhé & for surfaces, and
0 phcBhée a & for volumes, we can define a NURBS surfacel a NURBS
volumeasit follows:

(11.16)

(11.17)
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NURBS inherit all of the important properties from their piecewisignomial
counterpartaind are shown below.

i.  Partition of unity

ii.  Pointwise nonnegative
iii.  Affine covariance
iv.  The convex hull property

The continuity of a NURBS object follows from that of the basigxactly the
same manner as for-&lines A B-spline object that does not uaeights is called a
polynomial Bspline to distinguisit from a rational Bspline. Note thaf all the weights
are seequal a rational Bsplineis reducel to a polynomial Bspline.

A.v.The index, parameter, and physical spaces

Figure 11.33hows both the physical mesh and control mesh in the phgpiaed

for a bigquadratic NURBS surface generated from mimmiplkgigly  and

TiTiTipiplp . Note that the control points are not generally interpolated by the
surface itselexcept of the corner control points, which are lying on the sairfa

The physical mesh is comprised of the image of the pai@m&in under the
geometrical mapping. The curves in the physical mesh aim#ges of the knot lines.
In this case, we have two elemeritbe control mesh isomprised of the red control
points, the black lines connecting the control poiats] the images of the knot spans
under a bilinear mapping.

Physical Mesh Control Mesh

Figurell.3: The physical mesh and the control mesh biquadratic Bspline surface
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Figure Il.4shows he domain of the mesh, a subset of the parameter,space
corresponding to the biquadratic NURBS surface, se€igure 11.3The domain of the
meshis simplythe preimage of the physical mesh. ThRE&JRBS mapping takes each
point in theparameter space to a point in the physical space, and the images aitthe kn
linesunder the NURBS mapping create the boundaries of the physical elements.

0 1
Figurell.4: Asubset of the parameter space
The index spaceorresponding to the biquadratMURBS surface seen in
Figure 11.3is shown inFigure 1.5 This point ofview is very useful for developing
algorithms, as well as for building intuiti@bout Fsplines.n the index spacét is easy
to spotthe knotlines at which the support of any given function will begin or end, as
well as whichfunctions have support within any given element.
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Figurell.5: The index space
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B. T-Splines

This section gives a brief review ofsplines as presented[#6]. Thenotion of
T-splines extends to any degr@ethis section the&liscussions restrictedo cubic F
splines.Cubic T-splinesare G in the absence of multiple knots.control grid fora T
spline surface imamedT-mesh.When aT-mesh forms a rectangular grid, thespline
reducego a tensor product-Bpline surfaceKnot information for Fsplines is expressed
using knot interval§53], nonnegative humberassigned to eackdge of ar-spline
control grid that indicate the difference between tlwmts. Figure 11.§54] shows the
preimage of a portion of @-mesh in i d parametespace

N S G |

(]
5 d d
t4—<> ol 10 o 11 —
€ Fy e, F,
t3—()—() 9
(o] O O——
e - P3
3 € F,
t2—<> > P e o —
e 2
2
tl—c .
“Valal|dldldld]ld]|ad
1 2 3 4 5 6 7 8

-, I T T T T T T T
SO Sl 52 S3 S4 55 S6 S7 S8
Figurell.6: Preimage of a Tmesh

The Q and 'Q denote knot intervals, with reddges containing boundary
condition knot intervalsA T-mesh is basically a rectangular grid that alldwanctions
hence the name-Fplines A T-junction isa vertex shared by onedge andwo s-edges,
or by ones-edgeand twot-edgesKnot intervalsare constrained by they the following
rules:

Rule 1 The sum ofll knot intervalsalong one side of any face mesjualthe sum of
the knot interval®n the opposing siddhus onface R in Figure I.6e3 +e4 =e6+e7,
and on facé-2, d6 +d7 =d9.

Rule 2 If a T-junction on one edge of a face dagally beconnected to a-function on
an opposing edge of the fagtbereby splitting the face into two face#)atedge must
be included in the ‘meshwithout violatingRule 1 Legaly connectedneansthat the
sum of knot vectors on opposisgles of each face must always be eduat.example
a horizontal linevould need to split faceél if and only ife3 =e6 anded = €7.
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The motivation for Rule 2 ishownin Figure I1.7In this case, is legal to haam
edge connectind\ with P, and is also legal to have &lge connectindd with P.
However, these two choices wilteatedifferent t knot vectors for,BoRule 2 resolves

suchambiguity.

o dz
b. C.
Figurell.7: Possiblembiguity

Theknot coordinate systefor a T-spline surfacés used in writing an explicit

formula
0if wimimlin i 06 i

(1.18)
Where0 ohohxh  are control points ind , whose weghts aré and
whoose Cartesian cooridantes are whohy . TheCartesian coordinates of points

on the surface are given ltlge following equation:
B oo 6 i
B 06 i (1.19)

In (1.18) 6 i are the blending functions and are defined as follows:
O 0ihHHBKHHKH {i0O0MMMMM o (11.20)
Where i i H H H i isthe cubic Bspline basis functioassociated

with the knot vector
i i H A A H (1.21)

0 is the cubic Bspline basis functioassociated with

andl o O M K
the knotvector .
0 o mmh (1.22)
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The knat lines for blending functions are illustratedrigure 11.8

Si0 Si1 Si2 Si3 Si4

Figurell.8: Knotlines forblendingfunction® i fo

The T-spline equation is very similar to the equation for a rationablhe
surface. The difference betwetose equations is how the knot vector¥ (11.21) and
«(11.22) are determined for each blending functibni o . The explanation of how we
inferredthese knot vectors frofrmeshneighborhoof Pi is provided by the Rule:3

Rule 3 The knot coordinatesf 0 are i [ and the knots andi are found by
consideringa ray in parameter spadg| i | v andare the s coordinates of
thefirst two sedges intersectday the ray (not including the initial h ). The other
knots ins andti arefound in like manner.

We illustratethe above ruleby a few examples. The knot vectors fibr in
Figue ll6are i i HHAAHA and o oMM QD . For |,
i iAAAA and o oMM QM .Forl|,i i A A H A
ando oMM QM . Once these knowectors are determined for each
blending functiord i o , the T-spline isdefined usingl(.18) and (1.20).
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C.NURBS vs-$plines

A NURBS surface is defined using a set of control pdirigure 19), which lie
topologically in a rectangular gridTherefore, one of the major strengths of NURBS
surfaces is that they camnactly represent all quadric surfaces, such as cylinder, spheres,
ellipsoids, etc. as illustrated inFigure 1110 [55]. Additionally, they possess useful
mathematical properties, such as the ability to be refined throughirisestion and
CP! continuity for degree p NURBS. They also are convenient for freeform surface

modeling and there exist many efficient and numerically stable algorithms to generate
NURBS objects.

Figurell.10: Quadric primitives
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Certainly, in the case of a marine propeller, which is a more complex model than
the quadric primitives, using a typical NURBS surface for the representation of its
geometry will create a large percentage of superfluous control points, which they will
contain no significant geometric information, but merely are needed to satisfy the
topolagical constraints. Superfluous contqmdints are a serious nuisance for marine
designerd56], because theyequire the designer to deal with more data and because
they makethe model more difficult to fairThis deficiency oNURBS will cause gaps
and overlaps at intersections of surfaces, that cannot be avoided, leading to generation
of a meshAs anexample, in th&igure 1.1 thehand geometry is modeled with multiple
NURBS patches and the location where patahiessect introduces gaps and overlaps

Figurell.11: Model of a handomprisedof multiple NURBS patches

Another serious problem with NURBS is that it is mathematidaifyossible for
a trimmedNURBS to accurately represent thersection of two NURBS surfaces
without introducing gaps ithe model Additionally, it is impossible to represent most
shapes (including a propeller) using a single watertight NURBS surface.

On the other hand;-splinesaddress the fundamental limitationsNlRBS and
can modelcomplicated engineering desigrsich as a marine propell&s a single,
watertight geometryFurthermore NURBS are a special case ofsplines so the
existing technology based on NURBS extlsnto TFsplines.T-Splines modelsre a
solutionto the gap/overlap problewf NURBS surfacesnd significantly reduce the
number of superfluous control points. With fewer control posush models are easier
to fair. In theFigure 11.2 a headmodel is shown, the NURBS model is defined by 4712
control points and the-Bpline model by 1109. The points with the red mark in the
NURBS model are superfluous.
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a. NURBS b. T-spline
Figurell.12: Head modeled (a) asMURBS and (b) as é5pline

In the Figure 11.13, the T-Spline model of the handintroduced inFigure 1.1
eliminates gaps amaverlaps and is a singleatertightgeometry

\

a. NURBS b. T-Spline

Figurell.13: A gap between two NURBS surfaces, fixed witfsplifie
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A major difference between a-dpline control mesh (Tmeskand a NURBS
control mesh is that-$plines allow a rowf control points to terminate. The final control
point in a partial row is called ajlinction,hence the name-3plines.T-junctions enable
T-splines to be locally refined, by contrast NURBS refinement requires the insertion of
an entire row of control pointRefinement is the process of adding newatrol points
to a control meshvithout changing the surface and itas important basic operation
used by designer3.-meshalso, permitscontrol points of valence other than four, as
illustrated inFigure Il.6Control points with valence other than four are calledpiants
in somecommunities and extraordinary points in others. Stants give Fsplines the
power to model any surface using a sinfmeshA personal watercrafs depicted in
Figure 1.4 modeledas a NURS (13 surfaces) and as-spline (1 surface)lhe yellow
control points arestar pointsAs mentioned before, a basic limitation of NURBS is that
the trimmed NURBS models are not mathematically watertight. However, using T
splines it is possible to overcome this trimming problémy trimmed NURBS model
can be repesented by a watertight trimle$sspline[57] and multiple NURBS patches
can be merged into a single watertighsfdlinesurface58].

Figurell.14: Watercraft modeled (a) as a NURBS and (b) aSplifie
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These propertiesmake TFsplines an ideal discretization technology for
isogeometric analysisTable 11.1[59] lists several of the most critical and desirable
properties of @esignthroughanalysis discretization technology. It is interesting to note
that thelargest group of properties are required to both design and analysis.

Tablell.1: A comparison of @inite elements, NURBS, angflines

CFE NURBS  T-SPLINES

WATER TIGHT Vv U Vv
LINEARLY INDEPENDENT Vv Vv Vv
PARTITION OF UNITRGPERTY Vv Vv Vv
AFFINE COVARIANCE Vv Vv Vv
PASSTANDARD PATCH TESTS Vv Vv Vv
LOCALLY REFINEABLE Vv U Vv
ACCOMMODATE EXTRAOFIRY POINTS Vv U Vv
TRIMLESS OPTION U U Vv
SIMPLY IMPLEMENTHBDHEA CODES Vv Vv Vv
USED IN DESIGN U Vv Vv
FORWARDS AND BACKWARCOMPATIBL U Vv Vv
WITH NURBS

EXACREPRESENTATION ORICO U Vv Vv
SECTIONS

HIGHEFORDER SMOOTHSS U Vv Vv
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lll ConceptuaMarine Propeller Design

A. Marine Propeller Geometry

A.i. Blade Description

Abriefdi scussion on propel | esrnecéssarymoibe ol ogy
provided, lefore the description of the parametric moddlis will allow the reader to
appreciatehe complexity of the propeller geometry and follow later with more ease the
description of thgparametric model constructi@pproaches

Detailed descriptions ochnbpfoungiedevemlr s & bl
publications, e.g[60] [61] [62], but hereareonly presentetl he basi c deyni ti or
wi || facilitate t he reader 0s under standin
oConstruction StegsThe coordinate system, which is adopted as the global reference
frame for this parametric model, was proposed by the ITTC in [BBj&nd it is shown
in theFigue IIl.1 The Xaxis is positive, forward and coincident with the shaft axis. the
Y-axis is positive to starboard and thea¥is is positive in the vertically downward
direction.

Blade reference line - Propeller r'gference and
generator lines
/ Generator line . % L

[ 1 3

‘\ Propeller reference line \

\\ (Directrix, Spindle Axis) |

|

. Blade reference line
AB |
B—— —— o
7~ / %

5
\-
~—

~<{V

) £ 4 | P4

Figurelll.1: Blade Reference Lines
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The propeller blade is defined about a line normal to the shaft axis called
fipropeller reference limeor thefdirectrixd. Frequently synonymous with the propeller
reference lin@r thefdirectrixi s t he t er pas sesnprigorel lll.khe poxti s 6
A is depictedwhere this helix intersects tiptane defined by the directrix and tKe
axis. Thus, lte locus of all suclpointsbetween the tip antbot of the bladeompose
thusgenerator line.

A commonthreebladed marine propellealong withits major constituent parts
is shown inFigure IIR. A propeller blade has two main hydrodynamic surfaces. The face
(or pressure side)f the propeller is that part of the propeller seen, when viewed from
astern and along the shaft axisd correspondsa the surface area of the blade that
experiences high pressuaen d f aces t h e Orpthevothat bandhésbick e a m
of theblade is the surface, which faces forwdrch c e s t h e gnoexpenepcest r e a m
low pressureThe root of the blade compristise area of the blade that attaches
propell erés hub (a ylleted blade area that
transitionbetween the hub and the blade), while the farthermost point of the propeller
along the spawise/ radial direction is clgd the blade tip. Propellers are divided into
right-handed and lefhandedones.When viewing the propeller from stera right-
handed propeller rotates clockwise and the leadiuge of each blade wilbe furthest
edge along the hulihe edge to the left is called trailing edge. Similarly, thehaftded
propellers rotate in a counterclockwise direction.

Tip
__ Mother Blade

R

S
|
K 1V897 7
R oA r~ALN
b o nngiee

\ Y
3rd Blade \
\\V%

Spindle Axis :
Propeller Reference Line.Z;
N
=
Q
o
QD
&

<
<
N

+ve downwards

Figurelll.2: Marine propeller parts
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A series ohydrofoil sectionssuch ashe oneshown inFigurelll.9, are commonly
used to generatihe blade surfaces of a propel(€igure II3) [64]. The blade may be
generated via a single hydrofoil, appropriateiynsformed in the spamisedirection, or
via multipsteapadd kyemodigi ér pmtoyaesasg oof t he
root, mid and tip areas Each hydrofoil section forming the blade is located at a
corresponding radiusy Y, whereYYist he propel |l erds radius, ar
with the saméY radius and axis coincidenttoh e pr op el lFartheg®thisshaf t ax
hydrofoils are commonly rotated/twisted about téference line by the stalled pitch
angle and translated accorg to the skew and rake of tipeopeller.The terms pitch,
skew and rake are described bel®&mally, as it is shown ifrigurelll.2, the blades of a
marine propeller are identiced the mother blade.

gy Helical line
Cylindrical surface

N
\

I W
| X
/

L

Blade section

Figurelll.3: Cylindrical Blade Section Definition
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A.ii. Pitch

As described previously blade sectioiis located at specified raditg placed,
so thatits chord lineis rotated via a angleabout the reference liné{axis);seeFigure
l11.4. In theFigure Ik is also shown, a surface of a cylinder of radusolled out to its
fully developed lengtig“ Y .

Thus, when this surface is wrapped around a cylinder of radjtise chord line
forms part of a helix on the cylinder in the same manner as a screw thread. Thts angle
is called pitchangle or helix angle and is given by the following equation.

L .. N

In one revolution of the cylinder, a point on the helix travelslistance,
measured normally onXOdirection,and is named pitch of the section. Frequently, the
pitch is supplied as dimensionless valuggOcalled pitch to diameter ratio&ach

section of the bl ade ¢ aandthemforehe gitchd- er ent p

T, where'Y is the propeller radius, is commonly used as a representative value (the
nominal pitch).

Shaft axis

N & -

(pi
pitch (P:)

Figurelll.4: Geometrical Representation of Pitch
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A.lii. Skew& Rake

Skew i s deyned to be the displacement

Skew is also specified in angular faroalled the skew angl&@he skew angle— of a

particular sectiomt'Y is shown inFigure ll.5andis the angle between tiheference line
and the midchord point of the section on the transverse plattee YZ planeln Figure

l11.5, the two different types ofrppeller skew: balanced and biased skew desgayes
also depicted

N x=r/R
\ i Balanced skew
clo design

Y
(Projected view)

Zy Distance CD = rf,(x)

Biased skew
design

Figurelll.5: Skew in Angular Form Definition

Rakecorrespondso an aft or forward displaceme(figure 116) of the section
alongthe shaftaxis The terms rake and skew have a cimmgpling component due to
the helical nature of blade sectiom¥opeller rakds induced when the sections are
displaced along the pitch helandis divided into two components: generalioe rake

"Q and skew induced raké&) . The total rakef thei" section with respect to directrix
‘Q is given by

0 Q0 (11.2)

In cases, wherhe generator lines a linear function ofadius it is meaningful to
talk aboutpropellerrake "Q or a propeller rake angle— Thesetermsare measured

at the propeller tip as shownkigure |16, where thegropeller rakeangleis given by

0
— O WE — .3
0wE (11.3)
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Generator line

X
——

[ —
Z

Figurelll.6: Tip Rake Definition

Figure 117 is presented in order to clarify the meaning ofdkew induced rake
considerof a sectionin this Figure an unwrappingylindrical sectionat some radiuy
between the tip and root of théadeis illustrated Skew induced rake is theomponent,
measured in th&-direction, of the helicatlistance around the cylinder from the mid
chord point othe section to the projection of the directrix when viewerdnally to the
YZ plane The following Equationl(4) gives the kew inducedakeof "Q section.

Q i—OAd (111.4)
Generator et -
Total | Rake e
Rake | Skew - Intersection of
Induced Rake e generator line
e and cylinder of
cl2 radius r X
e
A LNe °
chot=~ L
- Y
« r*@si

Figurelll.7: Definitionof Total Rake
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A.iv. Propeller Outlines and Area

There are four basiutlines which describe the propeller blade shape:
1. The projected outline.
2. The developed outline.
3. The expanded outline.
4. The swept outline.

The projected outline is the view of the propeller bjadieen the propeller is
viewed along thehaftcenter lineThe helical sectionm this view,are defined in their
appropriatgitch angles and the sections are seen to lie aiooglar arcs whose center
is the shaft axisThis viewtogether with the developed and expandewsis illustrated
in Figure 11B. From this Figurdt is clear that the projected area Ap is given by

o] 0w — — 1 Qi (IIL5)
The developed outline is related to thentioned abovprojected outlinelt is a

helically based view, but the pitch thfe sectiors has been reduced to zeemdis used
to give amappreciation of the true form of the blade and the distribati@hord lengths.
In Figure 1IB is shownthis view in relation to th@rojected outlineit is necessary to
integratethe area under the developed profile cunuenericallyif a precise value is
required. For most purposds, calculate the developed ari¢as sufficient to use the
approximation for theleveloped areafas beingwhere A is the expanded area of the
blade.

6 0 (IIL6)

However, several researchers have developed empirical relationships for the
estimation of the developed ardarelationship like this, proposed by Burril[65] for
nonskewed forms, is

5
P81 @ X T& G UFO (11.7)

In general, the developed area is greater than the projected area and slightly less
than the expanded area
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The expanded outline is not really an outlineould more correctly be termed
plotting of the chord lengths at their correct radi@tions about the directrixn this
outling the pitch angle of each section is reduced to zéowever this view is usedto
give an idea of the blade section forms used, as thefeauently plotted on the chord
lengths, as seen Kigure 11B. The expanded area is thienplestof the areas thaan be
calculatedandis given byfollowing the relationship:

0 W wQl (11.8)

Blade area ratiosi either theprojected, developed or expandbthde area,
depending on theontext,divided by the propeller disc area:A

0 10
P —_
|’r? O
0 10
' “O (11.9)
|’y6 T O
ro “O

Leading edge

y. Projected outline

Developed outline Expanded outline

Figurelll.8: Outline Definition
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Flow

A.v.Section Geometry and Definition

A hydrofoil is a specializedersion of the airfoi[66] that is manufactured to
work in water. The shape of the hydrofoil plays a vital role for the construction of a
marine propeller an#&igure 11D shows a typical airfoil and illustrates variotsms of
airfoil terminology[67].

The mean line or camber line ohgdrofoil comprises the locus of equidistant
points between the upper and lower sides. The paihgse the camber line meets the
hydrofoil coincidewith the leading and trailing edge pointstbé hydrofoil and the
straight line connecting these two edge points, is called the chorarlgimply chord

®. The maximum distance between the mean/camber line and the chord line is called
camber, whilethe hydrofoil thickness is the maximum distance between its upper and
lower side

thickness
camber

leading edge trailing edge

Pper Side

——
——
—_—

e —

chord line

>

chord length (c)

Figurelll.9: Airfoil Terminology

45



B. Hydrofoil Mother Concept

In this model, for the generation of the bladedhe @ R NB T 2 kdhcept Bad K S NE
been adoptedand it is referring to a hydrofoil, that functions as a geometrical basis for
all hydrofoil sections. The process, that is followedésignthed | @ RNR2 KSME a2
the initial hydrofoil is described iiiStep 1. Parametric Model of a Generd Blydrofoib
and leads to a Bpline shapeéfoil. The control points of the initial hydrofoil are
transformed into the 3Bpace (seefiStep4. Blade Caggin order to ceate the Tspline
blade cage.

The first transformation is related with the sizing of the hydrofoils and their radial
positioning along th&ingspanandFigurelll.10illustrates this transformation 8D B-
spline curves (sectionsyhe part of C# code, which is used for the first transformation
of the sections is shown drable I1l.1

Figurelll.10: Hydrofoil Sections Positioned and Sized



Tablelll.1: Part of C# code for thetTransformation

/Isizing airfoils of every section

List<Point3d> Profilel = new List<Point3d>();
for (j=0; j <= Profile_F.Count - 1 j+t)
{

Point3d pt= new Point3d();

[ffirst section(connection with hub)
/IProfile_F bounding rectangle airfoil

if (i==0&&i==1)

{
pt.X = -1.0* RotationSign * Profile_F[j].Y / Thickness_mother * ThicknessRatiol[i] * Diameter * 1.2;
pt.Y = -1.0* RotationSign * (Profile_F[j]. X/ ProfileLength - 0.5) * ChordLengthRatio[i] * Diameter * Chord_mother *1.2;
pt.Z=0.0;

}

/Isections except from the last and the first one

else if ((i <NumberSections - 1) && (i>1))

{
pt.X= -1.0* RotationSign * Profile[j].Y / Thickness_mother * ThicknessRatio[i] * Diameter;
pt.Y = -1.0* RotationSign * (Profile[j].X / ProfileLength - 0.5) * ChordLengthRatiol[i] * Diameter * Chord_mother;
pt.Z=0.0;

}

else

{
pt.X= -1.0* RotationSign * Profile_F[j].Y / Thickness_mother * ThicknessRatio[i] * Diameter*0.5;
pt.Y = -1.0* RotationSign * (Profile_F[j].X / ProfileLength - 0.5) * ChordLengthRatio[i] * Diameter * Chord_mother;
pt.Z =0.0;

}
Profilel.Add(pt);

Subsequentlyn the second transformatiptie control points of the profiles are
rotated via the pitch angle of each section around the Zaxgeen ifigurelll.11The
following basic rotation matrix rotate vectors by an amfgdout theZ-axis, in three
dimensions, using thight-hand ruleand is used in C# code dablell.2.

Al-© OB+ m
Y — OBEF A6 n (.10
Tt Tt D

Tablelll.2: Part of C# code for the®Transformation

/Irotation of the blade (pitch)

List<Point3d> Profile2 = new List<Point3d>();

for (j=0; j <= Profilel.Count - 1+t

{
Point3d pt = new Point3d();
pt.X = Profilel1[j].X * Math.Cos(Angle) - Profilel[j].Y * Math.Sin(Angle); /Irotation matrix
pt.Y = Profilel1[j].Y * Math.Cos(Angle) + Profile1[j].X * Math.Sin(Angle); /Irotation matrix
pt.Z = Radius + Profile1[j].Z; /IProfilel values only last section
Profile2.Add(pt);
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Figurelll.11: Hydrofoil Sections Rotated via Pitshgle

Finally, the control points of the hydrofoils are displaced due to the rake and the
skew of each sectionlin the third transformation T@ble 11.3), parallel to this
displacementthe sections aralsowarped becausehey are lying on the surfacd
cylinders as seen ifrigure 11B. The impact of the third transformation on the control
points is shown irfrigurelll.12

TablelV.6: Part of C# code for thed3ransformation

/IProjection of the Profile2 on a cylinder with axe on X and radius = Radius (of every
section)
List<Point3d> Profile3 = new List<Point3d>();
for (j=0;j <= Profile2.Count - 1 j+4)
{
Point3d pt= new Point3d();
Theta = Profile2[j].Y / Radius - RotationSign * Skew][i] + GeneralRotation;
pt.X = Profile2[j].X - RakeRatio[i] * Diameter;

pt.Y = Profile2[j].Z * Math.Sin(Theta);
pt.Z = Profile2[j].Z * Math.Cos(Theta);
Profile3.Add(pt);




Figurelll.12: Hydrofoil Sections Warped and Displaced via Rake and Skew

The way, that the control points of the sections projected on the cylinders with
radius equal with their corresponding sectiadius is depicted iRigurelll13. The terms
shown in the below Figure are defined in the above parts of C# codes.

Zn

Profile2[jl.Y

<V

Profile2[jl.Y

Figurelll.13: Schematic Representation of a Control Point Projected gtirel€r
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IVConstruction Steps

A. Working Interface

The working interfacg68] of the parametric modeler is shown in the figure
below. The main window is called canvas and an algorithm is developed by dragging
componentsfgnctional blocks) and connecting them with wires. The program flows
from the left to the rightind he components are divided into groups depending on
their function in the modelFinally, the generation of a marine propellerspline
control cage is &-step process and each construction stelpscribed in detail below.

Parametric Model of Marine Propeller

L= A

AN
I,

B-series Propeller = Il \t:%auh___l |%-
T =

e Generic Propeller (NURBS Curves)

Generic Propeller (Graph Mappers)

=hee

- Decision Maki

i

l\\l.m\l“l\&'l

FigurelV.1: Grasshopper Interface of the parametric model
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B. Step 1. Parametric Model of a Generid22Hydrofoil

The designing process of a marine propeller begins with a parametric model for a
generic 2D hydrofoil [41], which is shown in the red group of componefigirelV.2).

=
==
==
-
-
-
=
==

FigurelV.2: Building the Parametric Model for @feric 2D hydrofoilinside Grasshopper

This model creates a closed cubiSBline curve that represents a hydrofoil, using
a set of 8 parametersgblelvl) . Except of the chordds [ ength
are defined using nondimensional ratios, so that their values range always from 0 to 1. The
chord length is a free parameter and functions as a scale for the hydrofoil geometry.

TablelV.1: Parameters for the Construction of a Generl2 Blydrofoil

Nr. Name Description Symbol Actual Range
1 | Length [ SYy3dK 2F Kg§ L free
, Maximum width of suction 0 D0
2 | Max width side wrt chord max_z LTt hm_,
. Camber maximum width ~ e
3 | Camber width max_c THTST WP W WX
wrt chord i
Max-width Longitudinal position of 0 .x0
4 1 position 2dz00A2y aARGE-MH o
Max-camber | Longitudinal position of 00 XRoao Ow
> |width position | O Y6 § NDa v oM mhe T
Suctionside {dzOG A2y Q& &A ey v L QOO
6 " ab Wl WoOmE—F—— NP w
angle trailing edge wrt chord - U 0aaww
Camber angle at trailing ~
7 | Camber angle edge wrt chord abp T W
8 | Tip Leading edge form factor tip B0
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The construction of the parametric model initiates with the definition of four
simple Bezier curves, that are employed in the generation of the final ctfpdirie
curve. The upper part of the hydrofoil is consisted of two parts: a simple cubic Bezier
curve and a simple quadratic one for the fore and aft part respectively. The first control
point of the cubic curve is located at (0,0) while the last one is at (x_z_max, z_max). The
positions of the two interior control points are controlled by the tip faotor parameter.
Specifically, the first point lies on the line segment defined by (0, 0) and (0, z_max),
while the second on the segment defined by (0, z max) and (X_z_max, z_max).

The camber curve is designed in a similar way using two quadratic simple
Bezier curves. The construction of these two curves is equivalent to the curves referring
to the hydrofoil suction side with x_z_max, z_max and a_b being replaced by x_c_max,
c max and a_b_p. A merging algoritj6®] of two B-spline curves into one-Bpline
curve has been developed. So, the suction side and the camber curve can be represented
by one Bspline curve respectivelyghereupon, the pressure side of the hydrofoil is
constructed by mirroring the suction salgout the camber curve.

Finally, the two curves corresponding to upper and lower part of the hydrofoll
have also been merged aad a resulla closed Bspline curve is gnerated, which
represents the-R hydrofoil model. This method leads us to a cubisgine curve
without superfluous control points, which is consisted of 12 control pdtigare V.3
The geometrical definition of the 8 parameters is depictdukeifigure below.

X_C_max

Lendgth

FigurelV.3: 2-D Hydrofoil Model
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C. Step2. Basic Parameters

Thereafter, the user chooses the basic parameters for the construction of a marine
propeller, which are described TrablelV 2. A different set of basic parameters is used
in order to approximate a-8eries propeller model.

Number Sliders are useditaport numerical values to the parameters. A number
slider is a special interface object that allows quick changing of individual numeric

values.
TablelV.2: Basic Parameters for the Construction of a Geméaiine Propeller
Basic Parameters
Generic B-series
Name Description Usage Range Usage Range
Diameter Diameter of the Propeller \% Norrnegative \% Normnegative
number number
Blades Number of Propeller Blades \% chx \% ofx
Hub Diameter| HubDiameter divided by ~
Ratio Propeller Diameter v T oh T v about 0.167
Number of Number of Hydrofoil Sections . .
sections composing the Blade v Xho Tt v xfp v
RotationX ¢) | Angle of Rotation around-xis V w i T V Wi
Right Handed| Direction ofPropeller Riation \% True or Falsg V True or False
Expanded Area divided by Disc -
AdAo Area (Blade Area Ratio) U v v TESPET L
P/D Pitch to Diameter Ratio U U \% T®pa
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In theFigurelV 4 the basic parameters, which mentioned above,théin number
sliders inside Grasshopper.

B-series Basic Parameters |

FigurelV.4: Basic Parameters with Number Sliders inside Grasshopper
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D. Step3. Radial Parameters

In the third step, a set of radiphrameters is definedéblelV.3), which are

affecting the bl adeds geometry al cgat@ t he
of quantitiesand these are septed in three categories.

TablelV.3: The Categorized Radial Parameters

RADIAL PARAMETERS

Mapping Sectios

Posiotioning Sections Hydrofoil Shape Changing Control Points
Name Description Name Description Name Description
Defining the
. .| Distributuon of the : Determing Chord . .| Rotation via
Sections_Rati¢ Sections along Chord_Ratio Length of the Sectior Pitch Ratio Pitch Angle
wingspan

. . Determing Thickness . | Rotation via
Thicknessatio of the Section Skew_Ratic Skew Angle

Rake_Ratig Mgvement

via Rake

In the first category, only the Sections_Ratio parameter is contained and is utilized
in order to have a desirable section spacing along the wingspan. This parameter is a
driver for the rest of the Radial Parameters, because the radial position of iessect
follows the distribution of the first graph. The second category of parameters is defining
the chord length and the thickness of each hydrofoil section. Using the parameters of the
third category, namelyhe skew angle, the rake and the pitch of thapeller; the
hydrofoil sections are mapped into B® spacgseeHydrofoil Mother Concejpt
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There arethreeoptions (FigurelV.6) to create the radial distributions of those
parameters. According to the first oflight red group inFigurelV.6), the distributions
are created with the help of Graph Mappers components. This Grasshopper tool allows
the user to remap a set of numbers, which lie exis, using the curve onto theaxis.
The red vetical linesin FigurelV.5 are representing the numerical values eaxis and
their number is defined on the previous step with the Number Sections parameter. In our
model we choose, as a graphic type, a cubic Bezier curve and six Meqgers
components are used, which are depicted inRigerelIV.5. In this way, different
propeller shapes can be generated interactively, by changing the positions of the control
points (vide the little circles in tHéigurelV.5). The problem with this method is that the
control points can change ortty mouse movements, so by designing the propeller in
this way, the parametric model cannot be a part of an optimization process. Therefore,
the parametric model has been enhanced with a second option.

4 Sections ratio P { Pitch_ratioc }) q' Rake ratio b

05:2 -03:03 |
'—/_——4)
({14 <
= h—C =
© O O » ] -
! — [o-1) [o:7]
{ Skew_ratio }) q' Thickness_ ratio b 4 Chord Ratio P

5090 [o:1 ]

FigurelV.5: Generating Distributions of Radial Parameters with Graph Mappers

In the same manner with the Graph Mappeethodology, a set of cubic Bezier
curves has been utilized for the generation of the radial distributions mentioned above.
The difference between these options, is that in the second one, the graphs have been
constructed with @et ofin-house C# code(light blue group inFigurelV.6) and the
positions of the control points can be changed by a set of number Slidersurpose of
the code is to create the radial distributions of the parameters to follow a propeller logic.
In the same e, the code can offer a great deal of variety in the resulting shapes, which
IS necessary in an optimization algorithm.
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The third option (light green group FigurelV.6) is related with the creation of
Wageningen BseriesGraphs, which will be discussed in the next Chaftee.path, that
theal gorithm will foll ow Figarghé7/pds on the user

T

FigurelV.6: Three options to create the Distributions of the Radial Parame

FigurelV.7: Decision Making
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E. Step4. Blade Cage

A set of irhouse C# codes components have lesmloped aiming to build the
contr ol cage of t h e HywdidofaildMotherCbnoepd dias rbeermo d e |
adopted. In order to create the control cage of the blade, a set of control points has to be
mapped via the radial parametefalfleV.3). The control points of all sections have
beegenerated from the control poimothed .of t he

As mentioned before, each section is formed by a control polygon contained by
12 control pointsThe controlpointsof each section should @nsformed as described
in AiHydrofoil Mother Concept In theFigurelV.8the control points are shown with red
mark and théluelines connecting these points define the blade CHge.order of the
sections is from the root of the blade to ifs So, the first section is referring to the
section at the root of the blade and the last section is located at the tip of it.

FigurelV.8: Control Points Mapped into thel@imensional Space
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For the generation of the blade cage an additishape of Hydrofoil is utilized
and it is also generated from theyidrofoil Mothe. It is calledi BundingHydrofoilo
because of its shapEigurelV.9.

I / Control Points with the same Vertical Position

1" Group Y 2™ Group 3% Group 4" Group 5" Group
9q 10)

—— Extra Lines for the Tip Section
—— Bounding Hydrdfol
—— Hydrofoil Section's Palygon

FigurelV.9: Bounding Hydrofoil Model

This hydrofoil is used on the tip and on the robthe blade. These areasrean
issue for our designing processe to the following reasons.
1 Achieve the proper smoothness of the fillet dheaugh the control cage
1 Theblade and the hub of a propeller are extended in different directions
1 Closing of thecontrolcageat the tip but not with a single point

The fillet areaof the propellerimplemented by using two, close to each other,
adapted bounding hydrofoils sectiofsgure V.1 The only purpose of this area is to
connect the hub with the blades by maintaining the mechanical strength of the propeller,
resulting an hydrodynamicalipactive zone. Therefore, thicker sections (rectangle) are
employed in the generation of the fillet. The fillet radius is also a parameter of the model
and it can change from the radial distance between the first and the second section.

N

e Y%

FigurelV.10: Two Nearby Sections for the Generation of the Fillet A
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The construction of a single watertighspline surfacef a propeller is a difficult
task, because as mentioned before the blade and the hub of a propeller are extended in
different directionsIn consequence, the control points of the first section must be located
in proper positions, so the hub can recéngt blades of the propeller. The way that the
root section points adjusted is explained below. These 12 control points are separated
into 5 groups depending on their vertical position on the expanded view of the section
(Figure I\Q). For each group of pais, one circle is defined, in which one point of the
group is lying in the circle mentioned abov
to the topology of the created circles, are being moved, in order each group of points to
belong to their adjacewircle Figure 1V.1).

1" Group

2" Group

3" Group B | 6
4" Group 1 Oll\ I.
5"Group |~ ¥

11 e \\_

|

\ 1

Initial Root Section
—— Adjusted Root Section

/ z

FigurelV.11: Adjustments at the Control Points of the First Section

The closing of the bladebds tip was al ways
our model, we use an adapted bounding hydr{des::Figure 1V.12redsection) for the
representation of thetip because i todés not desipombl e, the
For this adaptation some extra lines are used as illustratédjune I\9. This set of
control points are also lying topologically on a rectangular grid. Additionally, the last
section should be very thin and long in order to approximate tioé tiye blade.
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FigurelV.12: Last Section of the Blade Cage

Once, the Blade cage is constructed, the rest blades of the propeller are generated
by rotating the initial cage via thellowing angle

=P fia pifs (V.1)

Where Z is the number of Blades and i is representing the serial number of the
rest bladesTheFigure 1V.13hows three blade cages of a marine propeller.

FigurelV.13: Three Blade Cages of a Marine Propeller
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F. Step5. Hub Cage

Subsequently, the parametric model creates a proper hub, which ealhbected
with the blade cage. The shape of the hub is in a simplicity a cylinder that closes on the
front with a cap. The approximation of the hub is attained by using a set of polygons in
a row, which are connected to each other. The closing of thechpb i€ created by
decreasing the radius and the sides of the polygons. The polygons that are utilized, are
divided in two categories.

The polygons of the first category are illustrated in FigurelV.14with black
mark and they are called initial polygs. The construction process begins with these
polygons, that are five, as many as the groups of the control points at the root section. In
each of these groups corresponds a cifeigufe 1V.14. The radius of those circles is
equivalent with the radiusf the polygons, that initially produced and their centers are
located in the same position. So, the root section points are also part of the initial
polygons. The longer the length that the blades are covering over the perimeter of the
circle, the smallst the number of polygon sides and conversely.

Therefore, the initial number of polygons is declared exclusively from the
thickness of the root section and from the number of blades. In our model, the number
of the initial polygon sides can receive onpesific values, which are the following: 8,

12, 16, 24, and 32. Numbers greater than 32 were rejected, because they make the
propeller model more complex. Those values have been chosen, because they are
multiple of number 4 and in this mod@hst sectiorpolygon should be 4-sided
polygon)

The second category of polygons is showfigure 1V.14with red color. When
viewed from astern and along the shaft axis, five of those polygons are in front of the
blades and another five are behind. The order n$tcoction in each side of the second
category polygons is from the main body of the hub to its edge. These polygons are
regular and the first sectiggplygon has as many sides as the initial polygons and the
last one is a-4ided polygon. The distancestbe polygons and the reduction of their
sides is accomplished in a way, that the symmetry of the hub surface is kept, hence the
chosen numbers multiple of four.

In order to achiev€? continuity and a smooth surface, the helical line of the blade
shouldaso continue in the hub. This achievabldy maintaining the value of the pitch
angle at the root arfay rotating the regular polygonga this pitch angle.
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Four-sided Polygon Section

v,

FigurelV.14: Construction of the Hubage Using a set of Polygons in a Row
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G.Step6. Control Cage of the Marine Propeller

Theprocess ofjeneration of a marine propellerspline control cagaside
Grasshopper is shown in tRegurelV.15

Designing Propeller

SectionsRatioRadius

PitchRatio
RakeRatio

Skew

Thic
ChordLengthRatio

Diameter

Blades

HubDiameterRatio

11 NumberSections

Blade Points

BasePath

Blades I

q

q

{  Numbersections
GeneralRotation
q

RightHanded

Profile (1i¢ Righthaded

profile_F

w
o
£
=
o
s
s
]
]

Blades

o
Thickness_mother :=:'

Chord_mother

pts_f

BasePath

pd

FigurelV.15: Process of Designing a Marine Propeller wisiplines inside Grasshopper

The T-spline surface is constructed in the last compooénhe above figure
which uses the command of RhinisFromLines[70]. The tsFromLinescommand
provides a way to creat®emplex surfaceshat are closer to the desired final shape than
the default primitivesThe workflow of creating a -Bpline surface from lines the
following:

a. Creating the control polygon
b. Connecting control polygon edges correctly ($egurelV.17)
c. Running the tsFromLines command
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TheFigurelV.16 shows the star points of thespline mesh of the propeller and
they are located at the hub, tip and the fillet afidee star points or the extraordinary
points are mterior T-mesh vertices that are notjinctions and whose valence do not
equal four In last two figuref the sectiona curvature analysis has been accomplished
inside Rhino using a Gaussian surf@cg] [72] andan evaluation ofmarine propeller
surfacesmoothness andontinuity using the Zebr§Z3] command.

As a last remark, we need to menttwere that the processing time, i.e., the time
required forbuilding the control cagef a model instanceequiresaround 12 secs on
an entry levektandard PCFurther to this, an additional time of up30 secs might be
required for the Ispline surface construction, especially if a smooth tessellaion
required for visualization purposes.

The superiority in smoothness faiT-spline surface modé also extended to the
bass used for its represent-8dlinesurfacentpebngi ycal |
the propeller geometry exhibits overalf Gontinuity, limited to G in the vicinity of
extraordinary pointgillustrated inFigure 1V.15

FigurelV.16: Star points on the-mesh of a Marine Propeller

65



V2

FigurelV.17: Entire Control Cage of Marine Propeller
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FigurelV.18: Marine Propelle€CurvatureAnalysis using Gaussian Surface
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FigurelV.19: Evaluation of Marine Propeller@face Smoothness ancontinuityusingZebra
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V Model Instances

A. Wageningen Bseries

Various generic shapes are produced by this parametric model. This variety is also
including real marine ppeller models and it is feasible to a user of the modeler to
receive any propeller he desires, by applying to the algorithm the proper data input. As
part of this parametric modein approximation on the geometry of the Wageningen B
Screw Serie§74] using T-Splines technology has been carried out.

Wageningen BScrew Serieg75] is the most extensive and one of the oldest
propeller series, due to its simplicity is also one of the most widely used.-Sbae3
was originally presented in a set of papers presented by Ti@}steferred to as the
ATo®t seri eso. Th eSeries pndpellers ranfingroma3doe7sbladef B
area ratios ranging from 0.30 to 1.05 and the pitch to diameter ratio values are between
0.6 to1.4. The main feature of-Beries is, that the propellers have constanh pitith
the exception of-bladed propellersfhe XY -ZZ notation is used to denote the propeller
series, where (X=B) edhemonderadffadeshdeZZ iB Be
blade area ratiQAe/Ao).

Table IV.Zhows the parameters, that atiéized for the construction of a-Beries
propeller, which is defining completely the geometry of thaeBes model. The
challenging part of building a-Beries blade was not only the creation of the appropriate
radial functions of the parameter3gble I\3), but also the drawing of a hydrofoil
section, which corresponds to thesBries definition.

The below Figure depicts the process of generatiegloud of the B-series
propellerpointsinside Grasshopper, as showrFigure V.2

FigureV.1: Generating the Cloud of thesRries Propeller Poinitsside Grasshopper
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The overall geometric properties of the original Wageningaeifies are known
from [77]. So, calculating the formulas given by a cloud of points lying on the surface
of the required blade is generated. The resulting points are part of 8 sections located at
0.2 r/ R, 0. @FigueV.B, andéach dectich cangigR points.

08 R

‘\\\\
N

DEn’R
Iz
il 1 | 0.5 R

|
1::? '*

FigureV.2: A Cloud of a Beries Propeller Points

In consequence, depending on the position of the resulting points, the distributions
of the radial parameters are set up. In order to approximateDh@ &iles of a Bseries
blade, we develop an evolutionary algorithif8] by utilizing the parametric model for
the generic hydrofoil. The outcoming sections are very close to-dezi@s definitions
(Figure V.3). A genericplatform for the application of Evolutionary Algorithms is
provided withinGrasshopperas shown irFigure V.4and it is named Galapagp9].
This Grasshopper component can optimize a shape, so that it best achieves a user defined
goal. The parameter3dble IV1), except of the chord length of thgdrofoil, are the
genes of the algorithm. Galapagos can try these 7 numerical values in various
combinations, and each combination,genomeproduces a unique hydrofoil shape.
Counting the distances between thsdBies points and the outcoming hydrb&hiapes
(curves inFigureV.3), the maximum value of these distantesavedThe goal ofitness
functionof the algorithm is to minimize theforementionednaximum distance.
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FigureV.3: Comparison of Beries sections with a set of Approximated Sections

FigureV.4: Generating a Beries Hydrofoil Using Galapagos Generic Platform

In this way, byapplying an evolutionary algorithmnaappropriateiHydrofoil
Motherd proslucedghereatfter, all the required data are set for the continuation of the
designing process. Following the same design strategy witlotistruction of generic
propeller cage, which is described in the previohapter the creation of a Beries
propeller has been accomplished.
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TableV.1shows he extent of the series in terms of a blade number versus blade

area ratio matrixThe20bladeareablade nunb e r

c 0 n ywhichrage shovenrbelow,

gives a summary of the seri€ar completeness purpodagureV.5illustrates 4geometric
model instancesf B-seriespropellers.

TableV.1: Summary of th&Vageningen BScrew Series

Blade Number (2) Blade Area Ratio #Ao
2 0.30
3 0.35 0.50 0.65 0.80
4 0.40 0.55 0.70 0.85 1.00
5 0.45 0.60 0.75 1.05
6 0.50 0.65 0.80
7 0.55 0.70 0.85
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FigureV.5: FourGeometricModellnstances of Beries propeller
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B. OpenProp

For benchmarkingurposesa prototype marine propeller 3D model, obtained
from OpenProp software package, was ugegenpropis an opersource software
package used for the design and analysis of marine propellers and horizontal axis
turbines The standard required input for geang a 3D marine propeller model in
OpenProp includes the number of blades, the propeller & hub diameter, the template
hydrofoil 6s mean | ine and thickness, al ong
thickness, pitch, skew and rake along the radiadctdon; see default OpenProp
geometry input parameterskigureV.6 The OpenProp 3D model corresponding to this
default set of parameters is depictedrigure V.7.

(4 OpenProp - [m] X

Single Design ~

OpenProp v3.3.4

Specifications Blade Design Values Inflow Profile Values | Options
Number of blades: 3 R c/D Cd t0/D | Skew @ XsiD r ValVs | Vt'Vs (®) Propeller
Rotation speed 200 02 | 016 | 0.008 0.0329| 0 0 O Turbine
e T
Rotor diameter (m): 2 0.3 0.1812 | 0.008 | 0.0281 0 0

[] chord optimiza..
Reguired thrust (N): | 25000 04 |02024 0.008 | 0.0239 0 0 Viscous forces
Ship speed (mis): 5 05 |02196| 0.008 | 00198 0 0

[] optimization pi...
Hub diameter (mj): 0.4 06 |0.2305] 0.008 | 0.016 0 0

Geometry plots
Fluid density 1000 07 102311 0.008 | 0.0125 0 0 [ Performance c..

# radial panels: 20 08 02173 0.008 | 0.0091 0 0 Airfoil type

# chordwise 20 09 |0.1807 | 0.008 | 0.006 0 0 LTI T
095 |01383| 0008 (0045 0 | O N e type.
1 | 0001 0008 O 0 0 waca 65010 B
Ducted Propeller Non-dimensional Parameters Tools

Thrust Ratio: 1 J=VinD = 0.75 CT= 063662 | | Filename DefaulPropelier
Duct section drag 0.008 L = omega*R/\V = 4. 18879 KT = Ti(rho*n*2*D"4) = 0.140625
duct D/ prop D: 4 Load | Save | RunOpenPr..

FigureV.6: DefaultGeometryInput ParameterValues for OpenProp

FigureV.7: Default OpenProp 3PropellerModel
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FigureV.8: Default OpenPropadial Distributions ofBasicGeometricalQuantities

In sequelthe use ofhe parametric model in approximating the defattenProp
3D propeller modeis demonstraté. The comparison is limited to the propeller blade
which is the mostcomplex and decisive geometrical element for he opel | er 6 s
performancexnd he processas as follows

i. The basicparameter values, Diameter (umber of bladesandthe number of
sections are set tqg 2and 16respectively

ii. The parameters described irable IV.1lare employedin approximaing the
NACAG65A010 hydrofoil proyl e

iii. The distributions for chord length, thickness and pitch angle depictgdure V.8
are approximated using the corresponding mechanisms built ipattaenetric
model(see:iStep3. Radial Paramete.

iv. The T-splinecorresponding 3D propeller modslthen automatically generated;
seeFigure V.9andconsists of 884ontrolpoints (ncluding the hub component)

The yr sthat ist dsdessagis the approximation level achieved by the
parametric model when compared to the OpenProp prototype surface blades. To this end,
points from 20 sections belongito one OpenProp bladee generatednd compared
them against the corresponding sectiaisthis thesismodel. In Figure V.9 the
corresponding results for thesplinegenerated bladis presentedit is easy to see that
the overall deviation i&arger and that there is a region (red colored region), in with the
surface deviations exceed 1cmimMPAddtatedaver age
comparison of deviations in all generated sections are includezbirV.2
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S p e c i yoceach segtion we present the average and max deviations achieved
by each parametric modelh en compared to OpenPropds prot
are presented both as distance values Pen.,, Max. Dev.) and percentages of the
secti onods (AvhRer Max. Ped.nFopdll\h eachs ect i ondés chord | e
approximated by each model, is aisoluded in the comparison.

eenes s NN NNl

...... 8 txn:rn\!- R
..... ; )
_ " mrme
Point / Surface Deviation X _ WW% i\
[}
All measurements are in milimeters e ,1
Options — Ignore:
Proximity angle: 1.0
Hair scale: 1.0
Display hair
[[IMake hair permanent
Statistics
Point count: 2100
Mean distance: 0.003786
Median distance: 0.002665
Standard deviation: 0.00336
Close

FigureV.9: PointsurfaceDeviations between OpenPrdgeneratedPoint Set and the correspondingsplineBlade Surface
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TableV.2: Comparison of OpenProp sections vlibpline Parametric Model

Section #0 (0.200 r_R)

Section #1 (0.263r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00702 | 0.01978 | 0.34671 | 2.03% 5.70% 0.00563 | 0.01332 | 0.34086 | 1.65% 3.91%
Section #2 (0.325r_R) Section #3 (0.387r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00522 | 0.01212 | 0.36299 | 1.44% 3.34% 0.00575 | 0.01236 | 0.385176| 1.49% 3.21%

Section #4 (0.447r_R) Section #5 (0.506 r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00574 | 0.01236 | 0.40535 | 1.42% 3.05% 0.00537 | 0.01206 | 0.422928| 1.27% 2.85%
Section #6 (0.563r_R) Section #7 (0.618r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00496 | 0.01246 | 0.436891| 1.13% 2.85% 0.00453 | 0.01216 | 0.446082| 1.02% 2.72%
Section #8 (0.670r_R) Section #9 (0.720r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00403 | 0.011452 | 0.449488| 0.91% 2.55% 0.00366 | 0.01107 | 0.446361| 0.82% 2.48%
Section #10 (0.766 r_R) Section #11 (0.808 r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00336 | 0.01081 | 0.43633 | 0.77% 2.48% 0.0031 0.0100 | 0.41953 | 0.74% 2.41%
Section #12(0.847 r_R) Section #13 (0.882r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00282 | 0.00917 | 0.39728 | 0.71% 2.31% 0.0024 0.0087 | 0.37045 | 0.69% 2.34%
Section #14 (0.913r_R) Section #15 (0.93 R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00231 | 0.00896 | 0.337891| 0.68% 2.65% 0.00213 | 0.00883 | 0.294328| 0.71% 3.00%
Section #16 (0.961r R) Section #17 (0.978r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.00177 | 0.00707 | 0.23812 | 0.74% 2.97% 0.00194 | 0.00581 | 0.175485| 1.11% 3.31%
Section #18 (0.990r _R) Section #19 (0.998 r_R)

Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.| Av.Dev. | Max.Dev. | Chord (L)| Av. Per.| Max. Per.

0.0028 0.00499 | 0.112106| 2.03% 4.45% 0.002658 | 0.005091 | 0.04909 | 5.42% 10.39%

The approximating accuracy, at this point of development, is not reaching the
desirableaccuracy but thesmoothness exhibited by tparametric modelith respect
to both its representation bases and surface quality, makes it certainly atti@ctive
propdler-design optimization environment powered by an IsoGeometric Analysis
Boundary E| e me n't
Furthermore, the smallumber of control pointsyhich normally leads to a small number
of degrees of freedortnumber of unknowns) for the lineaystem appearing in the

context of the BEM formulation, is an additional and equally impoliaatn.e y t

Met hod
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C. Special Designs of Marine Propellers

This sectiorshows the ability of the parametric model producing a big variety of
generic propeller shapeBigureV.10illustratesfour marine propeller models and the
basic parametersf the construction cfachmodelare shown irrableV.3.

These four models were seted, because of their properties. The properties, that each
propeller model possess are described, as follows.

i. The first model is a twdladed propellerTwo-bladed propellers are not usually
used in marine propeller engineering. Furthermore, the hubetgs of this
model is taking the maximum value of the parameter, as showabie 1\2.

ii. The Model B is a highly skewed propelleith three bladesThe advantages and
disadvantages of highly skewed propellers compared with conventiapeallers

are examined 480].

iii. The Model C is avery thin propeller with four bladeRue t o t he propel
thickness, a few sides of polygons are employed to build the hub as exptained i
0Step5. Hub Cageé Also, the number of the sections of the blade cage is 7, hence
thesmall number of control points (448), that define thgpline surfacelUsing
few blade sections leads normally teraall rumber of control pointand to a
small number of degrees of freedom (number of unknowns) for the $ipstam
appearing in the context of the BEM formulation

iv. The last model is a leftanded propellerwhich is consisted of 1940 control
points. Further tathis, 30 sections(maximum value of this parameteaye
employed for the generation of the blade cageig number of blade sections
can lead to a bettepproximationof anexisting propeller model

TableV.3: Properties of the Four Generic Propeller Models of Figure V.10

Model A Model B Model C Model D
Diameter(m) 1 1 1 1
Hub DiameteRatio 0.250 0.200 0.167 0.167
RightHanded True True True False
Number ofBlades 2 3 4 5
Number of Sectios 11 15 7 30
Number ofControl Points 584 848 448 1940
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FigureV.10: Four Generic Propeller Model Instances
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VIConclusions and Future Work

This workis focused on the creation ofjaometric parametric modelapable of
generang various marine propelleraodel instancesepresented by a gfe watertight
T-spline surface, which asaiitable for engineering analysis following tseGeometric
Analysis paradigm

Further to this,tihas been demonstratétht the parametrimodel can quickly
and automatically produce valid geometric representations of marine profdediees,
on a small set of geometrically and physically meaningful paramétersset of these
parameters is yrstly wused rionf otiHe paaonydter,ucwh
later copiedand transformed in the spavise direction on the basis of a series of
di stri but i onthelranaigsing daet pirmparametérs, These distribution laws
describe the scaling, rotation and translation of the templateoy | e and speciy
correspond to chord length, thickness, pitch, ke skew propeller distributions.

Also in this thesis, t h e parametric moohmadityy) N appr o X
reconstructing existingharinepropelles have been testethitially, an approximation
on the geometrpf Wageningen BScrew Serigsone of the most widely used propeller
series has been accomplished. Following this approximation, a benchmanksasen
examined using th©OpenPr opos d e f a uih tompprisan pvah thee r mo d e
presented Bpline model. Theuantitativeresults, that came up from this comparison
are encouragindoutstill waysof enhancing theno d eappdogimating accuracy negd
to beinvestigatednore.

So, combining the increasing interestdesigning the optimal propeller shape,
this parametric modelseems to possess the required properties, i.e., robustness,
automatic and quick instance generation, for their introduction to an automatic design
optimization framework

Finally, theaforementioned parametric moaeinstitutes part of the work carried

out in a research project entitled AShape
surfaces with the aid of |soGeometric Analy
be performedsia the projecs peci yc i sogeometric anal ysis |

currently underdevelopmentThis computational solver will investigate in depth the
appropriateness of the model for engineering analysis, in an isogeometric context, and
simultaneosly will further check itperformance in covering the feasible design space

in the context of shape optimization
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Appendix APropeller Model Utilized

In all chapter®f this thesisexceptoft h e ¢ Madeltinstanced a specific
model of a marine propeller is illustrateal order forthe reader to understand better the
modeling process ambt tobe confusedvith a big variety of shapes. This specific model
is aB3-60 propellerand is illustrated inside Rhino Figure Al and thevalues ofthe
Basic Parameterthat assigned in the model are showiable A.1

TableA.1: Basic Parameters for@ Propeller

Diameter mm) 250
AE_AO0 0.6
Blades 3
P_D 1
Hub Diameter Ratio (unitless) 0.167
Number of sections 15
Rotation X f) 11
Right Handed True

Figure Al: B3-60 Propellerinside Rhino
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The hydrofoil section mother, that is used for the construction of the above
propeller is shown ifrigure A.2and theparameters of itk sectionwith their valuesare
shownin the Table A.2These valuesvereexported by the evolutionary algorithras
described irfWageningen Beries a4 SOGA 2 Y

TableA.2: Hydrofoil Mother Parameters with their Values B860 Propeller

max_z 0.130
max_c 0.324
X_z_max 0.178
X_C_max 0.604
ab 0.390
a b_p 0.930
tip 0.394

\

Figure A2: Hydrofoil Section Mother for B&) Propeller

In FigureA.3 the distributions of the radial parameters of the6B3ropeller are
depicted. In the horizontal axis the values are ranging from 0 to 1 and in the vertical axis
the parameters are taking their raalt values. Therefore, the grapth skew angle
(measured in degrees) differs in length, from the others.
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Appendix BWageningen Screwdgries

The overall geometric properties of the original Wageningeersare shown
in TableB.1

TableB.1: Dimensions of Wageningen@opeller series

Dimensions of fouy, five-, six and seven bladed Bcrew series
b L A
Mo T | b | b S L
T F =p ” >
0.2 1.662 0.617 0.350 0.0526 0.0040
0.3 1.882 0.613 0.350 0.0464 0.0035
0.4 2.050 0.601 0.351 0.0402 0.0030
0.5 2.152 0.586 0.355 0.0340 0.0025
0.6 2.187 0.561 0.389 0.0278 0.0020
0.7 2.144 0.524 0.443 0.0216 0.0015
0.8 1.970 0.463 0.479 0.0154 0.0010
0.9 1.582 0.351 0.500 0.0092 0.0005
1.0 0.000 0.000 0.000 0.0030 0.0000
Dimensions of threebladed Bscrew series
$h L A
Mo T | b b S L
™ r =p ” >
0.2 1.663 0.616 0.350 0.0526 0.0040
0.3 1.832 0.611 0.350 0.0464 0.0035
0.4 2.000 0.599 0.350 0.0402 0.0030
0.5 2.120 0.583 0.355 0.0340 0.0025
0.6 2.186 0.558 0.389 0.0278 0.0020
0.7 2.168 0.526 0.442 0.0216 0.0015
0.8 2.127 0.481 0.478 0.0154 0.0010
0.9 1.657 0.400 0.500 0.0092 0.0005
1.0 0.000 0.000 0.000 0.0030 0.0000
o Mo WEET ORI wOVAEYEO
cp QQi o &Q@‘Q @ 'Q & QR "@x3 "Q‘Qig Qi @& .
® Q0 0ANNOAVQH VAR 0 OOD "ALT QaFAD QL
W &1 QQEN & MO OFOFEE QLD © QN0 |
i A 00 QEO A ONIQWD OTTBEEQECD ©'QNO |

In the FigureB.l, the geometric blade section parameters of a Wageningen B
seriegpropeller are depicted.

82



Position of generator line

Nosition of‘nﬁimum thickness

o i ©
TE NZE 5 LE
v Dl M|T
[Putch or reference line
P=-1 P=0 P=+1

Figure BL: Definitionof geometric blade section parameteEWageningen Beriespropellers

Referring to thd-igure B.1note the following:

4 F a QoI W
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Quoi ®N &a @IRWEOOSAEEQE GWBIMO | ¢ Qi €08 "Q

a Qo QR AN

hr 0 G006 AGOHENOIBEDE OVEYIE B

£ £ EQQE0NE T &8 BN AORTTNGONQEME | QD A& QG 6 &
GO QEGE QOAMR WO MI I p O&E @ Erpé | QD "BLE QA 6 &
SN0 QEGAH i O VDWFANI 0 p
The requireccoordinates of the profiles can be calculdtgdneans of formulas

as shown int the equatiorB.{) and B.2, analogous to the formulgs/en by Van Gent
and Van OossandB1] andVan Oossane[82].

—— T () ®w ol A@d

Qcw T, , . stz ‘88 . B1
) W ® 01 ABOgg Ogg (B1)

g % W w ol Ado

Qe 71T, , .. e < ‘88 . B2
w w w 0‘| A®088 088 ( )

Values oftabulated function¥1 and \s are given inTableB.2 Also, the values
of thetie and te are usually chosen accordance with rules laid down blassification
societies or in accordance with manufactureguirements.
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TableB.2: Values of Yand \sfor use in equations (B.1) and (B.2

Values of Y for Use in the Equations

r'R \ P| -1.0 -0.95 | -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.2 0
0.7-1.0 0 0 0 0 0 0 0 0 0 0
0.6 0.0382 | 0.0169 | 0.0067 | 0.0022 | 0.0006 0 0 0 0 0
0.5 0.0522 | 0.04 | 0.03 | 0.019 | 0.0100 | 0.004 | 0.0012 0 0 0
0.4 0.1467 | 0.1200 | 0.0972 | 0.063 | 0.0395 | 0.0214 | 0.0116 | 0.0044 | O 0
0.3 0.2306 | 0.204 | 0.179 | 0.1333 | 0.0943 | 0.0623 | 0.0376 | 0.0202 | 0.0033| O
0.25 | 0.2598| 0.2372| 0.2115| 0.1651 | 0.1246 | 0.0899 | 0.0579 | 0.03% | 0.0084| O
0.2 0.2826 | 0.2631| 0.2400 | 0.1967 | 0.157 | 0.1207 | 0.088) | 0.0592 | 0.0172| O
0.15 | 0.3000 | 0.2824 | 0.265 | 0.2300 | 0.19% | 0.1610 | 0.128 | 0.0955 | 0.0365| O
+1.0 | +095| +09 | +0.85| +0.8 +0.7 +0.6 +0.5 +0.4 | +0.2 0
0.7-1.0 0 0 0 0 0 0 0 0 0 0 0
0.6 0.0382 | 0.0169 | 0.0067 | 0.0022 | 0.0006 0 0 0 0 0 0
0.5 0.1278 | 0.0778 | 0.0500 | 0.0328 | 0.0211 | 0.0085 | 0.0034 | 0.0008 0 0 0
0.4 0.2181 | 0.1467 | 0.1088 | 0.0833 | 0.0637 | 0.0357 | 0.0189 | 0.009 | 0.0033| O 0
0.3 0.2923 | 0.2186 | 0.176 | 0.1445| 0.1191 | 0.079 | 0.0503 | 0.030 | 0.0148 | 0.0027| O
0.25 | 0.3256| 0.2513 | 0.2068 | 0.1747 | 0.1465 | 0.1008 | 0.0669 | 0.0417 | 0.0224 | 0.0031| O
0.2 0.358 | 0.2821| 0.2353 | 0.2000 | 0.1685 | 0.118 | 0.0804 | 0.05D | 0.0304 | 0.0049| O
0.15 | 0.38® | 0.31% | 0.2642 | 0.223 | 0.18™ | 0.13D | 0.09D | 0.0615 | 0.0384 | 0.0096 | O
Values of Yfor Use in the Equations
IR | P| -1.0 -0.95 | -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.2 0
0.91.0 0 0.0975 | 0.1900 | 0.3600 | 0.5100 | 0.6400 | 0.7500 | 0.8400 | 0.9600 1
0.85 0 0.0975| 0.1900 | 0.3600 | 0.5100 | 0.6400 | 0.7500 | 0.8400 | 0.9600 1
0.8 0 0.0975| 0.1900 | 0.3600 | 0.5100 | 0.6400 | 0.7500 | 0.8400 | 0.9600 1
0.7 0 0.0975 | 0.1900 | 0.3600 | 0.5100 | 0.6400 | 0.7500 | 0.8400 | 0.9600 1
0.6 0 0.0965 | 0.1885| 0.3585| 0.5110 | 0.6415| 0.753 | 0.8426 | 0.9613| 1
0.5 0 0.09% | 0.1865| 0.3569 | 0.514 | 0.6439 | 0.758) | 0.8456 | 0.9639 | 1
0.4 0 0.0905 | 0.1810 | 0.3500 | 0.504 | 0.6353 | 0.7525| 0.8415 | 0.9645| 1
0.3 0 0.0800 | 0.167 | 0.33@ | 0.4885 | 0.6195| 0.7335| 0.8265 | 0.9583 | 1
0.25 0 0.0725| 0.1567 | 0.3228 | 0.474 | 0.60% | 0.7184 | 0.8139 | 0.9519| 1
0.2 0 0.064 | 0.1455| 0.30@ | 0.4535| 0.5842 | 0.6995 | 0.7984 | 0.9446 | 1
0.15 0 0.054 | 0.1325| 0.287 | 0.428 | 0.5585| 0.6770 | 0.7805 | 0.93® 1
r'R \ P +1.0 | +095| +0.9 | +0.85| +0.8 +0.7 +0.6 +0.5 +0.4 +0.2 0
0.91.0 0 0.0975 | 0.1900 | 0.2775| 0.3600 | 0.5100 | 0.6400 | 0.7500 | 0.8400 | 0.9600 1
0.85 0 0.1000 | 0.19% | 0.283 | 0.36@ | 0.518 | 0.6455| 0.759 | 0.84% | 0.9615| 1
0.8 0 0.109 | 0.2028 | 0.2925| 0.3765 | 0.5265 | 0.6545 | 0.7635 | 0.850 | 0.9635| 1
0.7 0 0.124) | 0.2337 | 0.3300 | 0.414 | 0.5615| 0.684 | 0.78% | 0.868 | 0.9675| 1
0.6 0 0.1485| 0.272 | 0.3775| 0.46D | 0.608) | 0.7200 | 0.809 | 0.87D | 0.96D 1
0.5 0 0.179% | 0.3056 | 0.4135| 0.5039 | 0.643 | 0.7478 | 0.8275 | 0.888 | 0.9710 1
0.4 0 0.1935| 0.3235| 0.4335| 0.52D | 0.659 | 0.7593 | 0.8345 | 0.8933 | 0.9725| 1
0.3 0 0.189 | 0.3197 | 0.4265| 0.51 | 0.6505 | 0.75D | 0.8315 | 0.892D | 0.97D 1
0.25 0 0.1758 | 0.3042 | 0.4108 | 0.4982 | 0.6359 | 0.7415| 0.8259 | 0.8899 | 0.9751| 1
0.2 0 0.158) | 0.284) | 0.3905 | 0.4777 | 0.619 | 0.7277 | 0.811 | 0.8875| 0.97D 1
0.15 0 0.1300 | 0.2600 | 0.3665 | 0.45D | 0.5995 | 0.7105 | 0.8055 | 0.8825 | 0.976 1
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