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Abstract

In ship design downstream applications such as mesh generation, struzal/ uid/thermal anal-
ysis, rapid prototyping, production data generation, numerical controlled machining, casting end
e.g. computer graphics are fundamentally based on computer aided desig€AD) models. Each
of these downstream applications are strongly dependent on the accurg@nd consistency of the
input geometry. Due to data exchange issues, numerical problems, ipmecise design, software
idiosyncrasies, the ship hull form representation in form of surfacgatches produced in the early
design phase may abut within unpredictable tolerances, resultingn gaps, cracks, holes, overlaps,
T-connections, invalid topology, and inconsistent orientation which resulted in elusive automatic
grid generation.

In many cases this requires additional tedious and time, resource cooming e orts to adapt the
corrupted ship hull form CAD data for grid generation and further for CFD ¢ omputation.

This project developed a strategies and methods to reduce the timassociated to geometric pre-
processing and mesh generation for ship hydrodynamic computation. As eesult an automatic
ship hull form data repairing and domain preparation tool is developed. The tool helps to adapt
geometries for automatic mesh generation and CFD computations. It is primay developed to
resolve inconsistencies in parametric surfaces but also providerapair based on STL le format.
It reads patches in IGES le format and automatically detects and repairs commonly found geo-
metrical and topological errors. Based on the repaired hull form automatic domain preparation
strategies are implemented for mesh generators such afNgmeca Hexpressand OpenFOAMs
snappyHexMesh. Data range region identi cation of ship hull forms is implemented which is
able to divide hull forms into di erent regions and the repaired and consistent geometry is ex-
ported in the colored STL le format. The repair algorithms are tested against several test cases
to evaluate the tool robustness. The results achieved reveal that th developed tool substantially
decreases the time, and therefore cost, required for CAD data repaimg and domain preparation.
Based on colored STL le format, methods and procedures specic to sip hull form volume
mesh generation with OpenFOAMs snappyHexMeshare developed. The developed strategies
are scripted to ease the procedure for end user.



Zusammenfassung

Im Rahmen des Forschungsprojekts entwickelte die Universéit Rostock Methoden zur automa-
tisierten Integration der Schi sform in den Netzgenerierungsprozes.

CFD-Methoden zur Analyse der hydrodynamischen Eigenschaften s heutzutage ein gangiges
Werkzeug im Schi sentwurfsprozess. An das hiesir benetigte Netz werden hohe Anforderun-
gen bzgl. seiner Qualiat gestellt, da das Berechnungsergebnis ma geblich hiervon al#ngt.
Einige der vorhandenen Netzgenerierungswerkzeuge bieten eine autatisierte Netzgenerierung
an, jedoch hangt hierbei die E zienz des Gesamtprozesses ma geblich von der Quaiat der
bereitgestellten CAD Geometrie der Schi sform ab.

Im allgemeinen wird die Schi sform durch eine Vielzahl einzelnerFlachen dargestellt und mit
Hilfe des IGES-Standards ausgetauscht. Durch Datenaustauschprobleen numerische Unge-
nauigkeit, unprezisen Entwurf oder sonstige Fehler erllt die De nition der Schi sform unge-
wollte Toleranzen zwischen den Fachen, was zu Kla ungen, Lechern, Uberlappungen, falschen
Topologiebeziehungen und zu einer falscher Orientierung der Rthennormale thren kann. Dies
alles verhindert eine aigige Verwendung der Geometrie in der Netzgenerierung. Diese Fedl
meissen lau g mit erheblichen manuellen Aufwand behoben werden, was ein z&ufwendiger
Prozess ist, der vor der Netzgenerierung und CFD Analyse vorgenommenearden muss.

Als Konsequenz wurden in dem Projekt shipMesh Methoden entwikelt, um die Schi sform au-
tomatisiert reparieren und die Geometrie fehlerkorrigiert fur die Netzerstellung bereitstellen zu
kennen. Diese ermsglichen die Reparatur au ger topologischer und geometrischer Inkonsisten-
zen { wie oben genannt { von im IGES-Standard repmsentierten Freiform achen. Aufbauend
darauf wurden verschiedene Methoden entwickelt und bewertetum Regionen der Schi sform
zu erkennen und #r eine bessere Vernetzung bereitzustellen. Zur weiteren éfbesserung der
Reparatur wurden zusatzlich Methoden entwickelt, mit deren Hilfe die Schi sform als geschlosse-
nen Kerper dargestellt werden kann (d.h. Konstruktion des Decks, Spiedang der Backbordseite
nach Steuerbord). Basierend auf den Anforderungen der zweieggigen Netzgenerierungspro-
gramme Numeca Hexpressund OpenFOAM snappyHexMeshwurden Strategien zur direkten
Bereitstellung der fertigen Geometrie #ir die Netzerstellung erarbeitet.

Die entwickelten Methoden wurden beispielhaft in einem Softareprogramm implementiert.
Dieses liest die Schi sform als IGES-Datei ein, heilt alle Fehle und Inkonsistenzen mit geringem
Nutzeraufwand, konstruiert { falls erw einscht { einen geschlossenen Schi siper und identi ziert
verschiedene Bereiche der Form mittels der Datenbereichsmiebde, um anschlie end die geheilte
Geometrie dem Netzgenerierungsprogramm zur Vedgung zu stellen. Das Werkzeug speichert
hierbei die Geometrie als STL-Datei, um eine konsistente Weitergrarbeitung sicherzustellen.
Mit Hilfe der Beispielimplementierung ist es gelungen, einen atomatisierten Netzgener-
ierungsprozess whrend der Projektlaufzeit durchzufehren. Die Flachenreparatur wurde mit
Hilfe von vielen Testfallen mberpreft und hinsichtlich ihrer Robustheit bewertet. Die Ergebnisse
zeigen, dass die erarbeiteten Methoden den zeitlichen Aufwandef die CAD Reparatur und
die Bereitstellung der Geometrie #ir die Netzgenerierung und CFD Analyse stark verringern
kennen. Neben diesen Ergebnissen besteht weiterer Forschungslaeichinsichtlich der Regionen-
erkennung und der Optimierung der Triangulisierung der Geometie zur Bereitstellung fur die
Netzgenerierung.

Wahrend einer Projektlaufzeit von zwei Jahren wurden die Ergebnise des Projektes in
einer Fachzeitschrift publiziert und auf zwei internationalen Fachkonferenzen vorgestellt. Das
Forschungsvorhaben wurde im Rahmen des Programms zurefderung der industriellen Gemein-
schaftsforschung und -entwicklung (IGF) vom Bundesministerum fer Wirtschaft und Technolo-
gie aufgrund eines Beschlusses des deutschen Bundestagesgirt. Industriepartner waren
IBMV in Rostock, SVA in Potsdam, FSG in Flensburg, FutureShip, MT G, ThyssenKrupp und
HSVA.
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1 Project Overview

The research project \Automatische Erzeugung von Netzen ér CFD-Berechnungen von Schi -
sumstremungen (shipMesh)"aims to integrate and implement new approaches fathe generation
of nte-volume-meshes for the Computational Fluid Dynamic (CFD) analy sis of the ships ow
in the early design stage.

CFD-Methods are a common practice in the early design of ships to analgsthe hydrodynamic
performance of ship hull with regards to its resistance and requiredpower prediction. Beside
model testing, they are very important when it comes to optimisations of the hull form with
regards to ship resistance. The CFD-Process itself can be splinio three main tasks [1]:

1. Pre-Processing: This includes all the preparation for CFD-compuation: Based on the
geometry of an object a discretised computational mesh is generated. Badary and initial
conditions for further analysis are set.

2. Solving: Starting the computation
3. Post-Processing: The results of the computation are analysed and evadted.

In general the pre-processing task is the one with the highest usénteraction. In the early ship

design stage the ship hull form is represented as a surface based on tiple free form patches.
Interfaces give the user the ability to forward the ship hull form to the appropriate pre-processing
tool, which will create a volume mesh for CFD analysis based on the inial geometry.

Due to the high amount of di erent Naval Architecture Computer Aided De sign Systems (CAD)
and mesh generation software products it is common practice that exporté surface represen-
tations have to be repaired before importing to the mesh generation sokare. The reasons are
wrong or old geometric de nitions, holes, gaps or overlapping surfaces onven inconsistencies in
the surface patches. For the mesh generation and then CFD-computatioiit is essential to solve
these errors, otherwise the CFD-process will fail. This usuallyeads to an additional signi cant
manual and tedious work which takes very high amount of pre-processinge. This even makes
the pre-processing work more time consuming and tedious, when itanes to investigations of
several design variants that has to be analysed. An automatic process thatepaires the ship hull
form representation will signi cantly increase the e ciency of the pre-processing step.

With error free and repaired ship hull geometry, it is possible to sart generating a mesh for fur-
ther investigations. However, even the mesh generator itself is not aomatic process because it
needs additional input beside the ship geometry. Most of the mesh genation software systems
are developed for general purposes and special interests related toighdesign topics are not
specially addressed. One could general conclude that geometric qualitssues play an important
role to obtain reliable and applicable CFD results. Furthermore, CFD results also highly depen-
dent on the quality of the mesh and of course the quality of the mesh is ats highly in uenced
by quality or input geometry. Therefore an e cient geometric pre-pro cessing methods should
be in place to create the quality mesh in automatic manner which helpgo obtain a trustworthy
CFD-result.

In shipMesh project approaches and methods are developed to solve the above meoiied di -
culties in the pre-procesing tasks of ship hull form for CFD-Analyss.

This project work is divided into ve major work packages as shown in Fgure 1.

Work packages (WP) 1-3 are related to the repairing of the ship hull formso that it can be used
in downstream applications. It is common practice in the Naval Architecture world to use le
format of IGES-Standard [2] for the export, due to its comprehensive posibilities of geometry
representations, e.g. to represent Non-Uniform-Rational-B-Splinesurfaces (NURBS). However
the geometry has to be repaired before using it for CFD analysis. Theffere in WP 1 and 2
methods for the automatic repairing of CAD data inconsistencies suclas gaps, holes, etc. in the
surface representation are implemented. Furthermore in WP 3 metbds for the identi cation

Universiiat Rostock, Lehrstuhl Schi bau 1 CMT-Berict Final report
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Figure 1: GeneralshipMesh project overview

of typical regions of the ship hull, like transom and bulbous bow, are degloped. These regions
are used in the subsequent mesh generation work packages to have more gibsities to control
the meshing procedure itself. Due to the importance of this tasksthe members of theshipMesh
project industry advisory board (PBA-Member) recommended to emphasise on WP 1-3. This
part of the project in general aims to deliver a healed ship hull form n a le-format that can
be imported by most mesh generators, primarily STL le format. Therefore during the major
project period the research work is concentrated on work packages 1-3. Aobl is developed
that can be used in the existing researchers infrastructure to dmonstrate the capabilities of the
developed automated surface repair and preparation algorithms.

As the industry partners work with di erent CFD software systems, most of them already
have their own software dependent solution for an automatic meshing, wich ts into their own
speci ¢ daily working processes, but can not be used in a general matt. Therefore WP 4
deals with the nite-volume-mesh generation. It develops a mesh gegration process speci c to
ship ows analysis based on an open-source softwar®penFOAM ). Therefor di erent meshing
tools of OpenFOAM are connected to build at the end an automatic procedure in the existig
infrastructure of the research centre. With the help of the mesh geerator in WP 5 sample
CFD-analysis regarding ship resistance are performed to get a feeddaon the capabilities of
the developed process. This is also used to improve the mesh geaton of the OpenFOAM
tools with regard to the results. WP 4 and 5 demonstrate the capabilites ofOpenFOAM in the
maritime environment and contributes to test the developed tools h the shipMesh project.

Universiiat Rostock, Lehrstuhl Schi bau 2 CMT-Berict Final report
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2 Project Objectives

The core objectives ofshipMeshproject is to develop an approaches and methods to decrease the
di culties in ship hydrodynamic performance analysis processes This could be achieved through
process performance analysis and improvements. ThereforshipMesh project aims to develop
an automatic ship hull form repairing, regions identi cation, domain prep aration methods which
helps to substantially decrease time and therefore cost related toite geometric pre-processing.
Methods and procedures are also develop to adapt mesh generators to ghipeci ¢ analysis. In
general shipMesh is designed to improve the e ciency of using CFD in the early ship design.
This is achieved through the following measure points:

Developing methods to automatically repair corrupted ship hull form surface de nition
based on IGES-Standard[2]

Investigate and implement region identi cation and domain preparation methods for ship
hull form.

Contribute to quality criteria for the preparation of volume-meshes.
Implement methods for the automatic mesh generation with regard to shp-speci c issues.
Development of a software-tool and integrate this into an existing infastructure.

Contribution to use of open-source software tools in the maritime envionment.

Universiiat Rostock, Lehrstuhl Schi bau 3 CMT-Berict Final report
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3 General Background

3.1 Introduction

The use of Computer-Aided Design (CAD), computational analysis, and optimzation in any
industries with regards to complex high-performance product devilopment is inevitable. Todays
commercial and open-source software tools and libraries are the basics fhigh-performance
CFD, computational solid dynamics (CSD), computational electromagnetic analysis, speci ca-
tion and veri cation of any product design. In addition to services as virtual laboratory (CFD,
CSD, etc.), they play a very important role in automatic manufacturin g, inspection and assembly
operations as well, which ends with comprehensive archival design dalbase for reference; which
otherwise require expensive and time-consuming physical expienentation and documentation.

Modern computer aided design systems have attained certain degree ofaturity, however their
e ciency, reliability, and compatibility with subsequent analys is tools remained an active re-
search topic to-date. At the heart of this problem lie some mathematical ssues, concerned with
the computation, representation, and manipulation of complex geometriesthat have stubbornly
resisted the best e orts of the research community to formulate rigoous and e cient solution
procedures [3].

CAD systems allow designers to build a shape by modeling the surfacpatches or polygons
that comprise its boundaries. These boundaries are often representeas composite parametric
surfaces, or employ a discrete representation in terms of triangulafacets. Ideally the CAD
software generates at least watertight (0 continuous) which is then stored in a format that
maintains both a geometric description of each patch as well as topological comativity between
patches [4]. In addition to generating and storing geometrical and topologicatiata, the capability
of exchanging information with other systems in a large range of format; is als one the most
important requirement for CAD systems.

Virtually all computer-based design tasks commence with the use of CAD ystems to create
detailed geometrical models. These models serve as the base for dise analysis tools, such
as CFD, stress analysis, geophysical data exploration, computational eleomagnets, etc. The
models are also employed in many manufacturing processes, such asmerical-control machin-
ing, injection molding, and casting. The success of such downstream afipations is, of course,
predicated on the receipt of geometrical models that are accurate, setfonsistent, and econom-
ical in data volume [3]. The representation of CAD model includes featue based data and a
resulting Boundary-Representation (B-Rep) model. The B-Rep malel consists of more than just
geometry, and indeed one of the major problems in accessing CAD geometrab been due to
an oversimpli cation of what constitutes a valid B-Rep model. B-Rep models contain geometry
(shapes), topology (how objects are connected), and tolerances (how clg do they actually
t together). This combination of model data is then accessed by the CAD systems methods
to de ne a valid B-Rep model. Therefore, a valid B-Rep model shoull be considered to con-
sist of geometry, topology, tolerances, and methods used by the CAD syste it was de ned
within [5, 6]. Therefore, in order to perform downstream application without problem, the CAD
model should constitute a valid geometric representation and shouldu Il the requirements of
downstream application system algorithms.

3.2 CAD Data Inconsistencies and Its Origins

Despite much work and major advances in geometric and solid modeling, pctical implementa-
tions of geometric modeling operations remain error prone, and the goal of impmenting correct,
e cient, and robust systems for carrying them out has not yet been attained. There is an agree-
ment that the problem is serious, but what strategy has the best chanceof solving it is not
agreed on [7]. This statement has been made almost 20 years back, but the pilein remains;
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as the computational capability advanced a lot for the last two decades becae the problem
di culty seems to be rooted in the interaction of approximate numer ical and exact symbolic
data. Geometric objects belong conceptually to a continuous domain, yethey are almost al-
ways analyzed by algorithms doing discrete computation. Due to numegal problems, imprecise
design, software idiosyncrasies, or data exchange issues, the surfguatches produced at the
CAD step may abut within unpredictable tolerances, resulting in gaps, overlaps, or intersections
[8, 9].

The sources of geometrical and topological inconsistencies can be furthexplained looking at
the two CAD data development main categories:

nature and
approach.

Nature refers to the process from physical object (real-world data) toconcepts (virtual). This
can be further categorized into designed (virtual) which related tobasic concept abstraction and
digitized (physical) which related to measurement of real-world prenomenon. Virtual design
is the source for inaccuracies in the modeling process and desdign or representation, while
digitized processes for measurement inaccuracies and limitationsT'he inconsistencies occurred
due to problems in basic concept abstraction could be gaps, intersecins, degeneracies and
singularities. Likewise, holes, topological noise, could be resultedug to digitization errors.
There are several virtual design natures and digitization natures avadble for CAD development
and the extent of inconsistencies are very much dependent on the agmacy of those natures.
Figure 2 shows the introduction of CAD model inconsistencies durig the development process
and interchange between CAD systems.

Approach is also another source of inconsistencies refers to the apprdacised to change one
form of data to another (even to mesh). Some of the approaches are tesseil@ (which may

Sources of CAD Inconsistencies

Physical \ Virtual
"' Virtual Data )e=)y| Approach |==»( Another
Data

Virtual Design Digitization

1 l |

Related to Basic
concept abstraction

Source for:

— Inaccuracies in modeling
process

— Inaccuracies in representation

Related to Measurement of real
world phenomenon

Source for:
— Measurement inaccuracies
— Measurement limitations

Related to Data Exchange
from one to another includes

— Tessellation

— Reconstruction from points

— Solid model boundary
extraction

Resulted in:

— Gaps

— Intersections
— Degeneracies
— singularities

stages.

Resulted in:

— Holes

— Topological noise
— Aliasing

Resulted in:

— Holes

— Gaps

— Intersections
— Degeneracies
—s singularities

Figure 2: CAD Modeling processes and the respective inconsisteies introduced at di erent
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lead to gaps, intersections, degeneracies), reconstruction from pds (topological noise, holes,
gaps, and etc), solid model boundary extraction (singularities), trangation from one CAD data
le to another, and others more.

3.3 CAD Inconsistencies Classi cation

It is useful to categorize the inconsistencies in CAD geometries badeon application speci c.
Based on numerical simulation processes CAD geometric inconsistees can be categorized into
two, namely:

dependent and
independent
CAD errors.

Independent CAD errors are introduced in the process from real wod objects to mesh generators
as shown in Figure 3. Which includes the errors from measurement mbbds, the errors from
modeling process, errors from data exchange issue and so on. On the ethhand, dependent
CAD errors are usually created during grid generation and downstream ingégration. Therefore,

it refers to the errors during and after grid generation to virtual labor atories such as CFD, nite

element analysis (FEA), computer aided manufacturing (CAM), etc.

Independent CAD Errors

[

Real World Object | Modeling Process —| CAD Model [—#|CAD Data Formats—‘

L Grid Generation »-| Discretized CAD Data I C\QS”;IElfbgf&?gc

Dependent CAD Errors

Figure 3: Type of CAD Inconsistencies

CAD inconsistencies could also be categorized into geometrical and topolagil errors. Geo-
metrical errors could be independent and dependent CAD error as shawFigure 4. Likewise
topological errors can also be independent and dependent dependingvhich part of the process
it happens as shown in Figure 5.

Independent CAD errors refer to global continuity of geometric model aml further classi ed as

geometric errors (such as non-abutting patches of a surfaces; curvelmtersections; surfaces self
intersections; inconsistent normal vectors between surface pat@s) and topological errors (such
as unshared vertices's of neighboring edges; unshared adjacent edgesrtices's non-matching

no underlying curve; unclosed loops of the face; non-lying of the bawary curve on a surface;
incorrectness of face loops; overlapping faces; intersecting fa)e On the other hand, dependent
CAD error is also categorized into geometrical and topological and refers to bdg meshed ge-
ometries and largely resulted from meshing algorithm as shown in Figur®. For more detail on

the classi cation of CAD inconsistencies refer to Andrey [8] and for seegral list of collective topo-

logical and geometrical inconsistencies refer to Geo rey and Clive [9].This research project is
mainly concerned with pre-mesh geometric inconsistencies (inggendent CAD errors) and their

automatic healing process to su ciently prepare for meshing algorithm.
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Independent CAD Errors Dependent CAD Errors

Non-abutting patches of a surfaces Holes (missing pieces within a surface)

Curve self intersections Degenerate elements
Surfaces self intersections Gaps (Missing pieces b/n surfaces)

Figure 4: Geometrical CAD errors

Independent CAD Errors Dependent CAD Errors

Vertex on edge does not match Topological noise (tiny disconnected
underlying curve

Small area surfaces Orientation

<4

Figure 5: Topological CAD errors

3.4 Need and Challenge of CAD Repair

Many downstream applications such as mesh generation, structural/ uidthermal analysis, rapid

prototyping, numerical controlled machining, casting, computer graphics, and real-time render-
ing have speci c requirements for the input geometric de nition and representation. Hence, the
success of the downstream applications are strongly dependent on the@aacy and consistency
of the input geometry [10]. In most cases the problems of CAD model errorsalnot a ect the

e ciency of graphical applications, as these errors are too small to be obarved visually. But, the

major problems are encountered during downstream applications [8]. & instance, quality mesh
is essential for engineering analysis such as CFD, FEM. Therefore, gmetric data models that
have been created by mesh generation software or imported from extern&AD systems have to
satisfy quality constraints which usually impede automatic mesh genetion[11]. These quality
constraints required by mesh generators usually include globally comues (C° continuous) and
consistent representation of geometric models [4, 9]. Therefore it inecessary to adapt/repair
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the geometrical entities by changing their mathematical descriptionwhile maintaining the same
geometrical shape [11].

The research community in this eld addresses the importance and dctulty of CAD repair
over the years. Ken Morgan [3] notes that, despite meshing algorithms he attained a high
degree of sophistication and reliability, they need error-free geomeical input. He also showed
in detail with a mesh of about 50 million elements for a ghter aircraft; and characterized
the meshing algorithm as essentially 100% reliable, provided the inpuCAD model is error-
free. He presented the following \typical" breakdown of the e ort in a realistic CFD analysis:
1-4 weeks for geometry repair and preparation, 10-20 minutes for surface ntesg, 3-4 hours
for volume meshing, and about 1 hour for the actual ow analysis [3]. Vincentet al. [10]
discuss with regard to computational uid dynamics simulation process stages (preprocessing,
ow solution and post-processing of the results). Pre-processig includes geometry cleanup
and mesh generation to discretize the computational domain. They discss the inconsistencies
with regards to Initial Graphics Exchange Speci cation (IGES) and STereoLithography Interface
Speci cation or Standard Tessellation Language (STL) le formats and the di ¢ ulty to generate
automatic mesh generation directly from these le formats. Therefore,they express the situation
as the analyst has to manually clean the geometry to make it suitable for gridgeneration and
this cleanup (pre-meshing) process is very time consuming, expsive and tedious task for a
design/analysis engineer. They nally note that for realistic simulati ons, this is the single most
labor-intensive task in the process, preventing true auto-mestmg. Bronsart et al. [12] discussed
the situation with regards to generation of panel mesh around ship hull tocalculate the wave
resistance. They revealed that creating panels on the hull surfacesia labor intensive manual or
semi automatic task requiring a profound experience based knowledgend estimated the time
required to prepare geometry and generate panel mesh about 30 to 90% of the &ittime to
calculate the wave resistance.

3.5 State of the Art

Over the years, there are many techniques emerged by CAD, meshing drcomputer graphics
communities to solve CAD model inconsistencies. Some have suggeastgeneric means to rep-
resent the geometry, sometimes interfacing directly with the CAD packages themselves [13, 14].
Others attempt to deal with the representations provided by neutral le formats generated by
CAD software [9, 10, 14, 15, 16]. The present work falls into the latter category.

On the other hand two approaches for healing geometries have been propaseOne which acts
on the CAD model and one which acts on the mesh [9, 17]. Again the current workafls into the
rst approach which attempts to insure global continuity of geometrical d ata model produced
by CAD systems. The latter approach can be further categorized into two:

surface-based methods and
volume-based methods.

The rst, operate directly on the input mesh, while the second, corvert the mesh into a set
of voxels before repair[4, 18, 19]. Bischo and Kobbelt [19] combine the advantagef surface
oriented and volumetric algorithms to exploit the topological simplicity of a voxel grid to re-
construct a cleaned up surface in the vicinity of intersections andcracks, but keep the input
tessellation in regions that are away from these inconsistencies. ®y are thus able to preserve
any characteristic structure (i.e. iso-parameter or curvature lines) that might be present in the
input tessellation. Their algorithm closes gaps up to a user-de ned maximum diameter, re-
solves intersections, handles incompatible patch orientations and mrduces a feature-sensitive,
manifold output that stays within a prescribed error-tolerance to the input model. Many al-
gorithms developed to clean geometric inconsistencies were toleramariven and require users
interaction which takes signi cant time. Busaryev et al. [4], develop an algorithm that simul-
taneously repairs imperfect geometry and topology while generating Delanay meshes. They
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were able to x many errors in their user input tolerance driven algorithm. Patel et al. [20]
also develop a CAD repairing/healing algorithm, which can detect commonlyfound geometrical
and topological issues like cracks, gaps, overlaps, intersections, Binections, and no/invalid
topology in the model, process them and build correct topological information. Their algorithm
is based on iterative vertex pair contraction and expansion operations cadld stitching and II-
ing, respectively, to process the model accurately. The algorithntloses small gaps/overlaps via
the stitching operation and lIs larger gaps by adding new faces through tre lling operation.
Petersson and Chand [16] develop a tools for preparation of CAD geometries ingpted from
IGES les and maintained in boundary representation consisting of a pathwork of trimmed and
untrimmed surfaces for mesh generation. They claim that the algorithm an identify gross errors
and remove automatically while a user interface provided for manipuation of geometries such as
correcting invalid trimming curves or removing unwanted details. Petersson [14] demonstrates
an application code called \rap", which can suit the needs of mesh generain by cleaning up
CAD geometries imported from IGES le. The topology of the model is computed and water-
tight surface triangulation is created on the CAD model which simpli e s and speeds up the mesh
generation operation.

Ship design speci ¢ numerical simulation processes require alsmnsistent representation of CAD
model as an input. For instance, ship Reynolds-Average-Navier-StokeBquation (RANSE) sim-
ulation requires an objects of interest such as hull form, duct, voluge, etc, which represented
either mathematically closed assembly of surfaces within a boundaryapresentation (B-Rep) or
by a closed volume object within a Constructive Solid Geometry (CSG de nition [21]. B-Rep
models contain geometry (shapes), topology (how objects are connectednd tolerances (how
closely do they actually t together). This combination of model data is then accessed by the
CAD system's methods to de ne a valid B-Rep model. Therefore, a glid B-Rep model should
be considered to consist of geometry, topology, tolerances, and methodsed by the CAD system
it was de ned within.

Di erent attempts to recover ship hull form topology are presented in [21, 22]. In this project, an
automatic CAD processing tool is developed to reduce the amount of timeand cost associated
with geometric cleaning. The algorithm is based on the software developrm platform Open
Computer Aided Software for Computer Aided Design and Enginering (Open CASCADE/OCC)
Technology[23]. The tool detects and heals commonly found geometrical and tajogical errors
automatically. Geometries are read from IGES les, and translated to Opan CASCADE shape
object on which geometric healing performed and nally exported to STL, Standard for the Ex-
change of Product model data (STEP) and IGES le formats. Further functionality to identify
regions and construct computational domain are implemented to prepare geoatries for down-
stream applications. Based the repaired, regions identi ed, and domairprepared ship hull form,
methods and procedures to generate mesh using open source mesh gatwes is also studied and
implemented.
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4 Surface Healing and Domain Preparation

4.1 Introduction

An accurate and e ective hull-surface representation and modi cation technique plays an impor-
tant role in the CFD-based hull form hydrodynamic optimization. With the rapid development
of computer hardware and software, large-scale computational simulations anmaking signi cant

contributions to many important areas of ship hydrodynamics. Computational Fluid Dynamics

(CFD) in particular is proving to be extremely useful in the hyd rodynamic analysis and design
of ships. The future of CFD in ship hydrodynamics is to improve CFD tools and integrate

them in a comprehensive simulation environments to predict and stidy ship behaviors at sea
and perform hydrodynamic design optimization of ships. However most of hie CFD tools and
mesh generators impose speci ¢ requirements for input geometric peesentations. Speci cally
most mesh generators require globally continues and consistent represtation of the model.

Therefore, it is necessary to adapt/repair the geometric entities bychanging their mathematical

description or adding some entities while maintaining the same geometal shape.

As part of this project, an automatic shape healing, region identi cation, and domain prepara-
tion of ship hull form tool ( ShapeHeale} is developed. The tool adversely prepare the geometry
for downstream applications (mesh generation and CFD). Currently, ShapeHealercan read sur-
face patches from an IGES le format and equipped with the functionality to repair commonly
found geometrical and topological errors. In addition, it can read also STL and epairs geo-
metrical aws in the facets. It can write STL, IGES, Object File For mat (OFF) and STEP
le formats. ShapeHealermainly aims to provide the functionality to repair CAD data incon-
sistencies prior to grid generation. Because, many grid generators rege globally continues
and consistent representation of input CAD model, but due to numertcal problems, imprecise
design, or data exchange issues, the surface patches produced at thART step may abut within
unpredictable tolerances, resulting in gaps, cracks, holes, oveps, T-connections, invalid topol-
ogy, and inconsistent orientation. Usually adapting the CAD model for meshgenerators quality
requirement is tedious, costly and time consuming. ThereforeShapeHealerpresents signi cant
improvement in terms of time and cost associated to pre-processgn In addition to repair based
on surface patches read from IGES le format, ShapeHealero ers also geometric repair based
on triangulated surfaces (i.e. STL).

Due to vast varieties of CAD model applications and complexity of their topological inconsisten-
cies, developing fully automatic repairing algorithm for all kind of model is not trivial. Therefore,

ShapeHealeris speci cally developed to repair ship hull form CAD data automatically and pre-
pares domain for grid generators such adlumeca Hexpressand OpenFOAMs shappyHexMesh
Of course, it provides also semi-automatic repairing functionality for any kind of models as
well.

As the primary objective of this project is to develop the algorithm which potentially adapt
CAD data to downstream application. The geometries are read from an IGES k format and
translated to B-Rep data structure on which automatic detection and repair of commonly found
geometrical and topological errors are performed.ShapeHealerprovides not only repairing but
also domain preparation, region identi cation, hydrostatic data computati on and writing colored
STL le format. The repaired ship hull form and its domain is exported t o colored STL le format
as most grid generators o er the functionality to import it.

4.2 Standard File Formats

One of the most important characteristics of CAD systems are their capabity of exchanging
information with other systems in a large range of formats. IGES and STL are he two common
used le formats in CAD systems.
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4.2.1 IGES File Format

IGES is a neutral representation format for the exchange of product denition data between CAD
systems. Since the release in 1980 of the rst version of IGES, the IGEPDES (Product Data
Exchange Speci cation) organization has added increasingly sophisticatedata constructions to
the IGES speci cation. As the capabilities of IGES have been expandé to accommodate more
applications, the speci cation has become more pliable. Some of these @hges have added the
complexity and ambiguity to the speci cation, and this has increased the di culty of using IGES

e ectively.

However IGES is one of the common information exchanging format between CABystems using
the fundamental entities such as points, curves, surfaces, solidsnd their combination. Using
these entities, IGES is a mechanism for the digital exchange of databaseformation among CAD
systems. Not only between CAD systems, but also with CFD and nite eement method (FEM)
programs. But, usually it creates a problem for the downstream applicaion as it doesn't provide
valid topological information. As a result, ShapeHealeris developed to resolve geometrical
and topological errors in IGES le format and adapt for downstream applications (mainly grid
generators). In IGES le format, ship hull form is usually represented by a combination of
surface patches without topological informations as shown in Figure 6.

Figure 6: IGES-surface representation of a bulbous bow

As ShapeHealersupports IGES 5.3 and later versions and translated intoOCC data structure
on which the healing process is performed. All de nition in IGES vasion 5.3 are recognised but
only 3D geometric entities are translated toOCC data structure. It ignores other unrecognised
entities in an input le. For more informations about IGES data structu re and the translation
mechanisms of IGES entities to OCC data structures look at IGES stadard speci cation and
OCC documentation respectively.

4.2.2 STL File Format

STL is a triangular representation of a 3D surface and solid entities as ghwn in Figure 7. The
surfaces or solid entities are tessellated into a set of oriented @ingles (facets). STL is a widely
used data exchange format in the rapid prototyping industry. The geneation of STL triangu-
lation is very e cient and can approximate most geometries very preciely. In addition there
are various CAD systems and grid generators which o er the functionality to import and export
STL surface representation. ShapeHealerprovides a simple STL (without color) and colored
STL le format for downstream applications. Many commercial (e.g. Numeca Hexpresf4]) and
opensource(e.g.OpenFOAMs snappyHexMes[R25]) tools are claiming to consistently generate
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Figure 7: Coarse STL surface representations of a bulbous bow

meshes based on STL le format. Due to this fact,Shapehealertargets watertight (C © contin-
ues) and consistent STL le as an output, but also o ers the functionality to write IGES, STEP
and OFF le formats.

4.3 Open CASCADE Information Model

Open CASCADE Technology (OCC) is a software development platform freely available in open
source[23]. It is an object-oriented C++ class library designed for rapd production of sophis-
ticated domain-speci ¢ design applications. A typical application developed usingOCC deals
with two or three-dimensional (2D or 3D) geometric modeling in generalpurpose or specialized
Computer Aided Design (CAD) systems, manufacturing or analysis appliations, simulation ap-
plications, or illustration tools. It provides a wide range of CAD application from creation of
simple primitives (prism, cylinder, cone and torus) to complex NonUniform-Rational-B-Spline-
Surface (NURBS) parametrisation. It provides also several functionaliies to design, manipulate,
project, interpolate, approximate geometries. It incorporates also he Boolean operation (addi-
tion, subtraction, intersection), Tweaking constructions ( llet s, chamfers, and drafts) and mod-
eling construction (o sets, shelling, hollowing and sweeps), comptation of properties (volume,
curvature, center of gravity, etc.) and so on. It handles also data exiscange between di erent
standards which ensures the openness @CC in a multi-software environment, by allowing it
to process external data and providing a good level of integration.

OCC is designed with reference to the STEP standard 1SO-10303-42 and consisof di erent
modules which contain several libraries, each library contains clags grouped into packages as
shown in Figure 8.

Module
Library
Package

Class

Figure 8: General Open CASCADE structure
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l TopoDS_Compound |

| TopoDS_CompSolid ]

TopoDS Edge
TopoDS_Face
TopoDS_Shell

TopoDS_Solid

TopeDS_Shape

| TopoDS_Wertex |

TopeDS_Wire

Figure 9: Open CASCADE structure orientation

The structure is oriented one-way graph, where parents refer to teir children, and there
are no back references. Abstract structure is implemented as C++ fasses from theTopoDS
package. Figure 9 shows an inheritance diagram taken from th€é©CC Doxygen generated
documentation[23]. For more information on OCC data structure and modelling algorithm
refer to the documentation.

It is essential to precisely understand the di erence betweengeometry and topology to work
with OCC. Both analytical geometry which de ned by explicit equation of type f(x;y) = 0
and parametric geometry de ned by set of equations depending on one or monearameters are
implemented. For complex surfaces two numerical methods (intgrolation and approximation)
or combination of them are implemented. Geometry is a representation osimple shapes which
have mathematical descriptions (such as points, curves, and surfaspand is used to de ne the
actual dimensions of entities. While, topology de nes the connectiviy and associativity of the
entities. Topology consists of entities as shown in Figure 10, and are catiashapes"in OCC.

In this library, objects are topologically represented by entities sich as vertex (a point in 3D
space), edge (a linear or curved segment), wire (a set of consequagntonnected edges), face (a
surfaces limited by wire(s)), shell (a set of faces connected byheir edges), solid (a part of space
limited by shells with material de ned in, compound (a group of any ty pe of the topological
objects), compsolid (a set of solids connected by their faces) seedtire 10. Therefore, one can
construct, explore, visualise, transform and manipulate all geometrial and topological entities
in OCC.

(o]
e
o 7~
Vertex Edge Wires Faces Shell

Figure 10: Topological entities

Universiiat Rostock, Lehrstuhl Schi bau 13 CMT-Berict Final report



IGF 17257 N shipMesh CMT e Surface Healing and Domain Preparation

Another attractive feature of OCC is the usage of B-Rep which describes the data structure
for modelling objects in three-dimensions. In B-Rep modellingentities are represented by their
frontiers or their boundaries as shown in Figure 11. It mixes the geometr with topology. As
geometry in B-Rep is face lies on a surface, an edge lies on a curve and ateg lies on a point,
while topology is related to the connectivity of shapes. For more informaion on topology in
B-Rep and geometry in B-Rep look into TopoDSand Geom/GeomZolckages respectively.

7
/

Figure 11: Topological boundary representation

4.4 Open CASCADE Tolerance De nition

OCC enables the user to de ne tolerance as local properties. The most cononly used local
tolerance values are vertex, edge, and face tolerances. For example tbregertexes of the edges
are considered sharing a single vertex if the vertex tolerance is egl to or less the radius of the
sphere as shown in Figure 12 (left). The edges of the two wires are cddered as single wire if
the tolerance value of the edge is less or equal to the radius of the cyliler around the edges as
shown in Figure 12 (middle). The face tolerance is the thickness ofip surrounding surfaces as
shown in Figure 12 (right). In OCC the default tolerance value is 1 °” mm and it is required
that face tolerance should be less or equal to edge tolerance.

The possibility to de ne tolerance values at local level makesOCC favourable to deal with the
inconsistencies in CAD data models and repair accordingly. One can mafy and/or enforce
tolerance values of an entities in a CAD model, which helps to manipwdte the CAD model for
better quality. vertex tolerance should be greater than or equal to edgeolerance. This should
be ful lled to be valid geometries in OCC and the same is true inShapeHealer

~~~ [ y

Figure 12: Schematic drawing for vertex (left), edge (middle) and fae (right) tolerances

4.5 Repair Based on Surface Patches

The developed tool consists of six major modules namely:
import module,
repair module,
construction module,
domain preparation module,

region identi cation module and
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export module.

The following diagram in Figure 13 shows the sequence and the constrtion, transformation and
manipulation of all geometrical and topological entities from corrupted input IGES le format
to repaired STL output le format.

After surveying dierent 3D CAD modeling libraries and data struct ures, Open CASCADE
Technology (OCC) was selected among proposed open source CAD modellingriaries such as
CGAL[26] and other libraries at the beginning of the project. The core reasn was its capability
to handle NURBS surfaces, IGES le format, tolerance de nition and varies functionalities.
Therefore the advantages of this platform are taken to achieve the main obives of the project.
The rst four modules of ShapeHealerare performed inOCC information model. All the modules
will be explained one by one in the next subtopics.

Import Module Repair Module Construction Module
-Statistic Extraction -Deck Construction
IGES -Read L .| _shape Fixing > -Transforming
e -Sewing -Hole Filling
Export Module Domain Prep. Module Region Ident. Module
Writing -Domain Construction
STL ™colored STLI[™ Triangulation <— -Region identification

Figure 13: General overview ofShapeHealer

4.5.1 Import Export Module

Import and Export modules include the exchange of CAD data between dierent standards and
OCC shapes. Import module is responsible to read IGES le format and tanslates into OCC
shapes. After repairing, reconstruction, domain preparation and trianguhtion are performed
on OCC shape data structure. Then, regions are identi ed to write cobred STL le format.

After regions are identi ed, an Export model writes colored or normal STL le format. The

Export model is able to write IGES and STEP le formats as an output, but only for normal
(without region and domain preparation) repair functionality. It doesn' t include the export for
OpenFOAMs snappyHexMeshand Numeca Hexpresswhich are only in STL le format.

4.5.2 Repair Module

This is the main part of the tool responsible for xing possible topological and geometrical
inconsistencies in and between entities. It repairs the gaps, oviaps and other inconsistencies
between entities. It consists of three major parts:

Extraction of input model statistics,

shape xing and

sewing

The three parts will be explained in the following subsequent tojics.
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Extraction of Input Model Statistics

Four important model and IGES le format informations are extracted namel y:
IGES global section parameters,
surface entities in the le,
overall dimension of the model and
model edge length statistics.

IGES global section gives the user the know-how about the input IGES le format and the
model, for instance:

the type of unit used to write the le,
the scale,

the maximum line weight and

IGES resolution.

ShapeHealerextracts some of the IGES global section as follow. Table 1 shows the statical
output of KRISO container ship (KCS) hull form from Simman Workshop 2008[27]. The gures
in the following output list is interpreted according to the speci cation. For instance Unit Flag

value equal to six means the unit of length the le is written in meter (m), IGES version
number six corresponds to version 4.0. For more detail refer to IGES standard i cation
(Global section)[2].

Table 1: IGES global section parameters of KCS

unit value that the IGES file was written in: 1000
IGES version that the IGES file was writen in: 6

Unit Flag used to write IGES file: 6
Scale used in IGES file: 1
Maximum line weight width in IGES file units: 32.767
Resolution used in the IGES file: 1le-05

Knowing the type of entities incorporated in an input model is very important for further ge-
ometric manipulations. For 3D model it is essential to know the type ard number of surface
entities in input model. Because, the shape xing, sewing, trianglation and even bounding
domain constructions are very much dependent on the type and numberwsfaces in the model.
The output in Table 2 from ShapeHealerprovides hints about the number and type of surface
entities read from IGES le format and translated to OCC shapes.

Extraction of main dimensions based on surfaces patches were not robust OCC environment,
as a result, the surfaces are triangulated to precisely determinehie overall dimension of the
model. As consequence the following three overall dimensions argteacted as shown in Table 3
from the input model (KCS).

Another very important parameters to know before geometric repairing ae the length and
connectivity of the input model. Determination of detail model entities (surfaces, curves, lines
and points) length gives a know-how about the input model complexity and helps to de ne

an appropriate tolerance value for shape xing and sewing algorithms. InShapeHealer model

edge length statistics are determined to give the user a clue about th maximum and minimum

edge length incorporated in input le format. Table 4 presents KCS minimum, minimum not

degenerated, maximum, medium, and minimum edge length greater than I&S resolution of
edges in the example model.
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Table 2: Surface entities included in IGES le of KCS

Entities Number
IGES Faces: 55
Transferred to OCC Shape: 55
108: Plane: 0

114: Parametric Spline Surface:
118: Ruled Surface:

120: Surface of Revolution:
122: Tabulated Cylinder:

128: BSpline Surface:

140: Offset Surface:

143: Bounded surface:

144: Trimmed Surface:

190: Plane Surface:

OOOOgOOOO

Table 3: Overall dimension of the KCS ship hull form given in jnm]

LOA: 243844
Breath: 16101.1
Depth: 23503.6

Table 4: Model edge length statistics of KCS given infnm]

IGES Resolution: le-05
Min. length: 0

Min. length not degenerated: 53.4
Min. length greater IGES Resolution: 53.4
Max. length: 62559
Mid. length: 13361.5

Shape Fixing

Due to various reasons there might exist intra and extra entity incorsistencies in CAD models,
which could be geometrical or topological. Intra entity inconsistencie (inconsistencies in entities)
imported from IGES le format are repaired using the shape x module of the developed tool. In
this tool di erent shape xing package organized under ShapeFix classes (fromOCC) are used
to solve the problem in entities. It is not necessary for the user tadetect problems before using
ShapeFix because all components oShapeFix package make an analysis of existing problems
before xing them by a corresponding tool from package of shape analysis anthen x the
discovered problems. Shape xing is intended to solve inconsiencies in individual topological
entities (edges, wires, faces) or geometries entities (curvesur$aces). For instance problems
related to faces such as:

disorder of wires on the faces,
face with two wires and
face with no wire

are solved with ShapeFix_Face class. For example, the algorithm explore all faces in the input
model and check whether it ful | the general requirement to be a \alid face. The same holds
true for edges and vertices.

Some of the classes intensively used to resolve those problems &bapeFixWire and Shape-
Fix_Face. Below a detail explanation is given what these classes intended toesolve. The
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inconsistencies in wires are resolved with th&ShapeFixWire class which includes the geometric
ling of gaps. These xing and geometrical lling of gaps include:

Fix disordered edges in the wire (reorder).

Fix small edges (remove edges with a length less than the given toleram value), might be
same point with di erent vertices.

Fix disconnected edges (adjacent edges having di erent verticgsensure whether the end
vertex of the preceding edge coincides with the start vertex of thefollowing.

Fix intersections of 2D curves of the edges (self-intersection of 2Dueves of individual
edges, intersection of 2D curves of each of the two adjacent edges, insection of 2D
curves of non-adjacent edges).

Fix lacking edges to Il gaps in the parametric space of a surface, or chécwhether a
wire is not closed in the parametric space of the surface. The algorithmamputes the gap
between the edges, analyses the positional relationship of the ends dfdse edges and tries
to insert a new edge into the gap or increases the tolerance.

Fix gaps in 2D and 3D wires by means of geometrical lling (check gaps betwaethe ends
of 2D or 3D curves of adjacent edges).

The face problems xing is dependent onShapeFix Face. It xes problems on a face with regard
to its wires. It allows controlling the creation of a face (adding the wires), and xing its wires
by means of a classShapeFix Wire.

The following points are common inconsistencies related to faces:
Disorder of wires on the faces
Face with two wires
Face with no wires
Wires on the surface with degenerate edges

Most of the above stated inconsistencies are explained with the helpf pictures in Section 3.3.

The reader could refer to this pictures for more information. Another shape x class that has

been integrated into the tool is ShapeFixFixSmallFace which drops small faces from the input
model (OCC shapes). These small faces might be spot or strip faces. the size in one dimension
of faces is less than the given precision (strip face) or if the size dhe faces are less than the
given precision (spot face) the algorithm removes those faces. Figure Bhows very small surface
compared to others and does not a ect the whole shape when removed.

All the above shape xing processes are performed in one or either of thfollowing ways.
Increasing the tolerance of an edge or a vertex.

Changing topology (adding /removing /replacing an edge in the wire and/or replacing the
vertex in the edge).

Figure 14: The model with with spot surfaces
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Changing geometry (shifting a vertex or adjusting ends of an edge curvéo vertices's, or
re-computing a 3D curve or 2D curves of the edge).

In the tool ShapeHealeythe tolerance values are set to IGES precision values with some coe
cients depending on the type of xing to ensure fully automated processes.

Sewing

Sewing is the most important part of the tool when it comes to topological poblems from IGES
le format. Usually an IGES le format is preferred to convey CAD model i nformation when it
comes to complicated shapes made of NURBS surfaces (such as ship hull, ¢ardy, etc). This
le format might have plenty of topological problems with regards to gaps and overlaps which
is a major problem for mesh generation algorithms and then for numerical computation (CFD,
CSD). For instance Figure 15 shows the gaps and overlaps between two ighboring surface
patches. There are di erent magnitudes of gaps and overlaps registereds shown on the gure.
The maximum gaps in KRISO container ship hull form (taken from [27]) was 6454mm in the
fore part of the ship (see Figure 15, left). In a second ship hull form a gapf around 180mm
between neighbouring surface patches is found (see Figure 15, right)in dierent IGES le
format one might nd varies magnitude of gaps and overlaps from which the maximum gap is
very important for sewing purpose. Most downstream applications are uable to perform mesh
generation and/or computation analysis on this kind of models, as these are nowatertight.
Therefore, there is a need to repair inter entities topological probém and adapt the model to
downstream applications for better performance and quality.

In ShapeHealer sewing work package is responsible to close the gaps and overlaps betwewo
neighbouring surface patches. Therefore this module ensures tle®nnectivity and waterproofness
(CP continuous) of the model.

21.47

All in mm

Figure 15: Representative gaps and overlaps in IGES le format (Ship hulforms)

Sewing Principle

After successfully xing the problems in each entities using slape xing work package. The
sewing work package takes the output of shape x as an input. Which might cosists gaps and
overlaps between surfaces. Figure 16 shows roughly the successprecedure (sewing principle)
implemented to close gaps and overlaps. In general the algorithm searcheach free boundary
in the shape, and then identi es the set of candidates to be sewed bad on given criteria
(i.e tolerance, manifold/non manifold), and selects those candidates andnds the mid point to
connect the adjacent faces according to the de ned criteria and nally merges selected candidates
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S_u.rfaces healed with shape Identify all free edges Identify set of
f|X|ng module — Corrupted(gap in the surface patches candidates to be sewed
and overlap) based on given criteria
- - I
1
1
|
' ; Merge the two adjacent Construct an edge at
Repaired and consistent 9 J

surface patches at mid-edge.  the mid-point of two

surface representation candidate free edges.

Figure 16: Sewing principles and procedures

at the middle point to build the resulting sewed shape. In Figure 16the red line represent free
edges (open edges) and the blue line represent the middle point of ¢htwo candidate edges to
be connected.

Sewing Tolerance Management

The sewing algorithm is tolerance driven and allows the creation of conreed topology (shells
and wires) from (faces and edges) respectively. The algorithm does nathange the geometri-
cal representation of the shapes; but adds the information of topological corectivity. Three
parameters control the sewing algorithm in this work package:

maximum tolerance Thax: Maximal distance between topological elements which can be
sewed,

minimal tolerance T : Size of the smallest element in shape (edge) after sewing and
Manifold/Non Manifold.

The minimum (T min) and the maximum (T max) tolerances are roughly shown in Figure 17
and they should be properly de ned in order to sew successfully. Mnifold sewing of faces
merges only two nearest edges belonging to di erent faces or one closeat€ with each other and
already connected elements are left untouched. Non manifold sewing cades merges all edges
at a distance less than the maximum speci ed tolerance Tax. In this work Manifold sewing is

S——

]
I

T

== =i B

Figure 17: Example of maximum and minimum tolerances for sewing
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Tmax = 5000mm Tmax = 9000mm

Figure 18: Far too large maximum tolerance (Tmax) resulted in damage of ship hull form

considered in order to automatically resolves gaps and overlaps betweéwo neighboring patches
in ship hull form.

As the sewing work package oShapeHealeris tolerance driven to repair inconsistencies (i.e. gaps
and overlaps) between surfaces, it is indispensable to understdrthe tolerance management. The
variable maximum tolerance (Tmax) iS very essential criteria for sewing algorithm as it decides
which gaps or overlaps to be merged or not. The magnitudes of the distanceelbween two
neighboring open edges which are called gaps and overlaps in an imported dal a ect the
results. Because, all the distances less then the de ned Jax will be repaired and those greater
than T max remain untouched. Therefore, de nition of too small maximum tolerance value Tmax
leaves many disconnected surfaces, which certainly resulted insu ciently repaired model. On
the other hand, far too large maximum tolerance (Tnhax) de nition also connect too distant faces
which could certainly resulted in total damage of the model as shown in kKjure 18.

More emphasis has been given to the tolerance management as the main objeet of the re-
search work is to achieve automatic repair and preparation for downstream gglication. As a
consequence the sewing work package of the tool is categorised into twans namely:

rst sewing (fully automated)a and
the second sewing (fully automated for closed shell and automated for opeshell).

After inconsistencies and unnecessary geometric elements are rewed in the shape x work
package, the rst sewing algorithm which attempts to repair the inconsistencies (gaps and over-
laps) between patches is the next process. The algorithm considemsinimum edge length greater
than IGES resolution Mg as the maximum tolerance for the rst sewing Tmax and the IGES
resolution as minimum tolerance Tqin. The parameters are determined and set immediately
after IGES le format is imported. The rst sewing solves problems related to gaps and overlaps
between surface patches totally or partially depending on the magnitu@ of errors without user
interaction. Simple CAD models or models with a big minimum edge lagth greater than IGES
resolution are mostly completely repaired at this stage, as the maximum gap and overlaps in
the model is less than M. As Mg is the magnitude of the minimum edge length greater than
IGES resultion, it doesn't a ect the shape of the model. For instance a simple example is shown
in Figure 19. It does not require any user interaction and is completelyrepaired at rst sewing
step. Figure 20 shows simple ipped surfaces to demonstrate how # sewing algorithm treat
if the gaps and overlaps are out of plane. The examples are also repaired lfulautomatically.
The algorithm lIs the gaps or overlaps without a ecting the original shape s. But, this is not
always true and it needs further treatment in case of complicated modls or models with very
small minimum edge lengths greater than IGES resolution, which resus in a very small Tax
value.

Inconsistencies that are not repaired by rst sewing need more treamnents, the reason is that
the gaps or overlaps in that CAD model are possibly bigger than the minimumedge greater
than IGES resolution. To solve this kind of problem, the output shapesfrom rst sewing step
is sent to second sewing algorithm which is technically similar to he rst sewing but needs user
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Figure 19: Simple surfaces before and after repair

-
& W

Before

After

Figure 20: Flipped surface before and after repair

interaction. This second sewing step is categorised into two as shawon Figure 21, to ease and
automate the step, based on the input model type:

sewing for open shell and

sewing for closed shell.

Sewing for Open Shell

For open shells, automatic setting of needed maximum tolerance value (fax) for various kind
of model is not feasible. Therefore, it is left for the user to de nethe the maximum tolerance
value depending on how the model is corrupted, the size and the eeght of gaps or overlaps
the user wants to repair. Therefore, it needs few user interaction But, the magnitude of the
maximum tolerance valueTnax USed in rst sewing gives a clue on what magnitude of maximum
tolerance Tmax the user should de ne for the second sewing as initial trial. If the rst sewing step
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Shape fix « First Sewing
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Close?
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Figure 21: Sewing and shape x overview

used the maximum tolerance value of Fax = 0:1mm (which is minimum edge length greater
than IGES resolution)for automatic sewing and this maximum tolerance isnot su cient enough
to repair the model completely. Then, the user should de ne the maximum tolerance value
Tmax > 0:1mm, for the second sewing step in order to repair the remaining inconstencies in
the model. So, once the maximum tolerance is de ned by a user, the pigram repairs the gaps
and overlaps automatically. Figure 22 shows open shell before and after pair.

Detail case study on sixteen ship hull forms are performed. Table 4.5h®ws the number of
ship hull forms repaired fully automatically and others semi-automatically depending on the
minimum edge length greater than IGES resolution (My)). If the minimum edge length greater

64.54mm

Before After

Figure 22: KCS Ship hull form before and after repair
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than IGES resolution (M) is su cient enough to repair the model completely then the user do
not need to interact. The rst six test cases fall into this case whee the maximum tolerance
(T max) is equal or greater than the miximum gaps or overlaps in the hull form. These ship hull
forms are completely repaired without user interaction. In the rst sewing step the maximum
tolerance (Tmax) iS Set to Mg, if the maximum gaps or overlaps are greater than M, as in the
last ten test cases listed in the table, the user need to de ne a magdtude greater than Mg for a
maximum tolerance (Tmax) for second sewing. As an example in Table 5 for test case No. 9 and
16 the user can reach the appropriate tolerance (fax) to completely repair the model. On the
other hand looking at No. 14 which has M, = 0:00744 mm, whereas ax = 10 mm is used for
complete successful sewing. Hence the maximum tolerance could be obitad through increment
in the magnitude of maximum tolerance value, by trial and error.

Table 5: Di erent ship hull form test cases

No. Ship Type LOA M el Tmax ,  Tmax . Sewed automatic? Sewed automatic?
[m] [mm] [mMm]  [mm] Open Shell Closed Shell
1 Container Ship 224.60 54 54 915 3 3
2 Fishing Boat 63.41 26 26 305 3 3
3 Navy Ship Model 6.71 228 228 611 3 3
4 Historic Ship 20.88 43 43 110 3 3
5  Tanker 333.55 117 117 350 3 3
6  Twin Screw Vessel 149.80 311 311 835 3 3
7 Container Ship Model 7.69 1.69 51 166 3
8 Container Ship 243.00 53.4 265 994 3
9 Container Ship 205.87 7.78 38 605 3
10 Container Ship 149.30 0.00095 136 650 3
11  Container Ship 207.40 0.00191 382 540 3
12 Freighter 149.00 0.00095 10 290 3
13 Ferry 179.66 0.00099 150 590 3
14 Ferry 72.3 0.00074 10 210 3
15 Tanker Model 5.75 0.01528 8 155 3
16  Twin Screw Vessel 132.73 2.84 28 597 3

LOA { Length over all; M¢ { minimum edge length greater than IGES resolution; Tmax , { Maximum sewing
tolerance for open shell; Tmax . { Maximum sewing tolerance for closed shell

Sewing for Closed Shell

For closed shells, the program works by iterating the maximum tolerancevalue Tpax till the
shape will be fully closed (no free edges) without any user interagn. Once every free edge
is connected and no free edges remain, the iteration will stop and the gbrithm will export
the watertight (C © continuous) and consistent shape representation to the speci ed oyut le
formats. Figure 23 shows a simple box de ned by six separate and discoected faces. This

Figure 23: Box with six separate faces (before and after)
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Figure 24: Closed hull form before and after

corrupted box is imported and healed using the algorithm, and solved completely in the rst
sewing step. No action needed from second sewing step as no free edyenfl after rst sewing.
The second example is a ship hull form with closed deck, which is &gl in from an IGES le
and healed fully automatically using the algorithm for closed shell as shan in Figure 24. In all
gures, the blue colour shows the initial free edge.

E ect of Sewing on Shapes

Either shape x nor sewing algorithm a ect the original shape of the model. It is rather like
ling the gaps between two neighbouring faces in order to generate wadr tight model as an
output. For instance, in the ipped surfaces example shown above (Fgure 20) it seems that the
sewing algorithm a ects the original shape, but the fact is that the trian gulation algorithm could
not catch the sharp edges in the model. Due to this reason, the modelrkickles are not properly
represented. With more re nement of the triangulated surface e.g. ly controlling de ection value
and shape divide the exact original model could be achieved. Figure 25 stvs the representation
of ship hull form before (left) and after repairing (right). The orange lines represent open edges
that are healed.

The original and the repaired ship hull form is compared for KCS. The resilt reveal that, the
di erence in shape between the original and repaired hull form is causd by the triangulation.
To con rm this result shape divide (minimum area criteria) and decrement in de ection value
are used for triangulation (see Section 4.7). Figure 26 shows the comparisdretween original
IGES le format with repaired hull form in STL le format. The comparis on is investigated
to determine geometrical di erence between the STL le generatedby ShapeHealerand the
original IGES le. The center point of each triangles in STL le format are determined and the
distance between these points and the original points are determinedThe blue color represents
the distance with less than Imm and the red color represents the area with more than 1éhm

Figure 25: Ship hull form before and after with more re nement
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Figure 26: Comparison of hull form surfaces of KCS before and after repair

and other color in between. As shown in the gure, lowering de ectionvalue and decreasing the
minimum area for shape divide improve possibility to achieve the ociginal shape of the model.

To preserve the original model knuckles and curvatures which theriangulation algorithms fails
to attain with zero di erences. The user could minimizes di erence between original parametric
and triangulated surfaces. InShapeHealer the de ection value is kept to 1:0mm (which is the
maximum distance between parametric and triangulated surfaces) and th minimum area is set
to 10 to 100 times the Length over all (LOA) of the ship.

4.5.3 Ship Hull Form Reconstruction Module

Usually a hull form with deck is necessary in most grid generators and fuher for CFD simulation
of ships. Therefore, the functionality to automatically close the de& of a ship hull form to
achieve more easier repairing algorithm is essential. For symmetric ahport side ship hull form,
an automatic closing of deck and mirroring of starboard side to construct a losed ship hull form
is developed. To perform this process fully automatically, the hul form should be port side and
with positive z-axis in upward direction. After the successful construction of dek and mirroring
operation, the second sewing module automatically repair and provide ®atertight ship hull form
in STL le format. Figure 27 describes the developed processes to heve a closed ship hull
form and repairing algorithm result for downstream application.

All test cases provided in Table 5 are treated under this functionalty and the result reveal that,
the algorithm can repair the hull form automatically. In most cases, the maxmum tolerance
value (Tmax.) is large, which is results from deck closing algorithm but has no mucte ect on
the ship shape.

A hull form of a twin screw vessel with 353 disconnected patches impeoed from IGES le format
is considered as a good example. Usually is too tedious to remove thosgonsistencies between
neighbouring patches. ShapeHealersolves those problems without any user inputs, see Figure 28.
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Figure 27: Automatic ship hull deck closing and automatic repair

Figure 28: Ship hull form automatically repaired with deck closing fundionality

4.5.4 Region ldenti cation Module

The use of numerical computation to evaluate ship hydrodynamic perfomance dramatically
reduce the cost and time associate with experimental testing. It isused to evaluate not only
ship's main characteristics (block coe cient, prismatic coe c ient, cross-section area curve, etc)
but also hull form local details (bulb shape/size, stern shape, skegize/shape, ap, wedge,
interceptor, etc). In order to get better result and to reduce the computational time, certain
regions should be identi ed to search for optimal results. In this wok module di erent region
identi cation methods are investigated to identify relevant local details of ship hull forms. In
literature there are di erent methods suggested to divide a CAD madel into di erent regions.

In this work three di erent region identi cation methods are ident i ed and investigated. Those
are:

Data Range Method
Curvature Method

Knuckle Detection Method
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Data Range Method

Data range method is the simplest method to identify regions usingplane cross sections. This
method could identify ship detail regions (bow and stern) from otherparts, which are important
with regards to ship hydrodynamic performances. This method is inplemented in the current
version of ShapeHealerand works automatically using few user inputs. The current version
provides three di erent kind of regions identi cation functionali ties:

Identi cation into wetted and dry regions. This needs only the ship draught to be de ned.

Identi cation into wetted bow, wetted stern, and dry regions. Needs the draft and the
coe cient (C p) to be de ned. This method helps if one wants to single out the bow or
the stern region for any kind of special purposes.

Identi cation into wetted bow, wetted middle, wetted stern and dry regions. This operation
requires to de ned the draft, stern coe cient (C stem) and bow coe cient (C gow)-

Figure 29: Data range method for region identi cation (KCS hull form)

Figure 29 demonstrates region identi cation of ship hull form into four regions: bow, stern,
middle and the dry region. This operation requires three input values from the user: draught,
Cstem and Cgqw. This coe cients are multiplied with LOA to identify the respe ctive bounding
domain dimensions. Provided the user de ned the above three coecients, the four regions are
determined as follow:

Running = C gtern LOA

Middlepart = (1  (Cstern + Cgow)) LOA

Entrance = Cgow LOA

Abovewaterlevel(dryregion) = (Zmax Zmin) Draught

Where LOA is the over all length of the ship (LOA = X max  Xmin) and Zmax and Zmnin the
maximum and minimum extreme of ship in z-axis.

Figure 30: Cutting triangulated surfaces by a plane
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The data range region identi cation is implemented after the hull form is successfully repaired
and triangulated. Therefore, a simple sectioning algorithm is implenented to divide triangles
on the cutting plane. The procedures to section triangulated hull sirface using a cutting plane
are as follow:

1. First construct a cutting plane at desired position,

2. Then, categorize the triangulated surfaces which have no interséion with the cutting
plane into right and left side.

3. Determine the triangles which are on the cutting plane.

4. Determine the intersection between cutting plane and the triargle (blb2, blb3). As shown
in Figure 30 the intersection between cutting plane and triangle isulu2.

5. Then construct triangles blulu2, ulb2u2 and b2b3u2 respecting the orientation of the
original triangle.

This method divide/section triangulated surfaces with a cutting plane successfully. This method
is successfully integrated into the current version ofShapeHealer

Curvature Method

Curvature is determined as an alternative method to identify region Curvature is a geometric
quantity extensively used for mesh segmentation, recognition and regtration algorithms. Many

scienti ¢ applications based on surfaces are using these geometric gutities as a criteria. In

this work Gaussian and mean curvatures are utilized to determine thecurvatures of a surface at
a point. The general procedures to determine the curvature valuesre demonstrated with the
help of Figure 31 as follow:

1. At any point P on a surfaceS(x;y;z) nd a normal vector N.

2. Determined section plane §P) containing normal vector.

3. Determine the intersection between plane and surface which is section curve ¢(t)).
4. Then determine the curvature of this curve at point P.
5

. Rotate the section plane with desired angle to determine di erentcurvatures of the curves
at point P at di erent angles.

6. Determine the maximum (K nax) and the minimum (K i, ) curvatures which is known as
principal curvatures.

7. The product of the two curvatures is Gaussian curvature and the aveage of the two
curvatures is Mean curvature.

Mean and Gaussian curvatures are the two major surface properties empjed as solution for
di erent practical problems such as smoothing or simplifying meskes in modelling and manu-
facturing, also for surface classi cation, etc. Unfortunately, they are directly de ned only for
twice di erentiable (C 2 continues) surfaces. In contrast, the target output geometric data of ths
research work is STL le format which is simple polygon. It is not straight forward to deter-
mine the curvature of triangular meshes. Therefore in this work, thetriangulated surfaces are
compared with original surfaces from IGES le format and the curvature values at all vertices
of triangulated surfaces are determined. Therefore, the algorithm preide all vertices of the
triangulated surfaces with their respective principal, mean and Gagsian curvatures as shown in
Table 6.

The idea of using these curvature values to identify ship hull fom regions were to nd high
and low curvature areas and di erentiate them into separate regions. B, practically it is not
trivial to do this automatically, because it is strongly dependent on the complexity of the model,
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Figure 31: Curvature determination

Table 6: Triangulated surface curvatures value at vertexes.

the type of the model and needs human interaction. Therefore, evenhiough the computation
curvature for surfaces patches and triangulated surfaces are possiblesing ShapeHealey the
attempt to identify regions automatically based on curvature values is rot implemented in the
developed shape healing tool.

Knuckle Detection Method

In this project, two di erent methods are implemented to determine the knuckle lines in ship
hull forms. Before proceeding to explain the methods, it is esswial to see possible knuckles in
ship hull form.

Almost every ship has at least one knuckle in its hull form de nition which is the knuckle between
the hull and the transom stern. Often there exist knuckles at a ceter skeg in the aft part or
near the bulbous bow [28].

In the hull design system the information about knuckle lines is stil present, because knuckles
are normally modeled deliberately by the user. Unfortunately this information gets lost while
exporting the ship hull form to the IGES format as a set of unconnectedsurface patches. Even
with a correctly de ned B-Rep model of the hull surface it is not possible to capture information
about knuckle lines [28]. For parametric surfaces, knuckles might est at the boundary between
two patches or inside the surface itself. In this work only knuckles between adjacent surfaces
patches are considered.

To detect knuckles between two parametric surface patches the tav methods explained in [28]
are implemented in ShapeHealer
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Figure 32: Determination of knuckles between adjacent surfaces patcke

The rst method is to calculate points on the edge of two surfaces and poject them onto both
faces. Then it is possible to calculate and compare the surface normals bbth faces at the
projected points as shown in Figure 32 (right). This method is quite fast as it only needs to
calculate normals and compare, but sometimes the normals are calculated wngly and the edge
is recognised as knuckle although it is not one.

The second method de nes section planes at a humber of points along thedge. The tangents
of the edge are the surface normals of the section planes. With these sen planes the two

faces that share the edge are cut. Then the tangents of the section curseat the edge can be
compared for the decision whether the edge is a knuckle or not as shown Figure 32 (left).

This method requires some computing time but it is quite stable &en for faces that contain
degenerated edges.

Using the above methods, knuckle lines are determined. The usede nes the desired angle
between tangent vectors and the algorithm identify knuckle lines béwveen adjacent surfaces
patches. Figure 33 shows the knuckle lines of three dierent shiphull forms at angle of 10
degree.

Region identi cation based on knuckles would resulted in quality me$& and hydrodynamics
computation of ships, but rather complex to implement automatically. Because it depends on

Figure 33: Ship hull form knuckles at 10 degree
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Table 7: Ship hull form knuckles with di erent angles

several factors. The level of knuckles in ship hull form is di eren from ship to ship, which

strongly dependent on the angle between normal or tangent vectors. As shawin Figure 33 with

similar angle the number and position of knuckle line are di erent. This makes an automatic
region identi cation based on knuckle line di cult. But, the knuck le detection is promising for
manual region identi cation based on knuckle lines. Which potentially increase the mesh quality
of the hull form and the domain.

Before knuckle detection, the gaps or overlaps between adjacent patels should be repaired.
For perfectly modeled smooth and continues ship hull form the angle btween surface normal is
zero. The decision whether the edges between two surface is kndelor not depend on an angle
between normals. A case study was performed to identify an appropriatengle. Even though,
it depends on users opinion, to decide what magnitude of angle should bewgsidered as knuckle
or not. The case study suggests the minimum angle to be considered as kekle angle between 5
to 15 degrees depending on the complexity of the model. Some represative results are shown
in Table 6 for two container ships (KCS and CCS) at three di erent knu ckle angles (3, 10, and
15 degrees). At small angles (e.g. 3 degree) more knuckle lines are deténed where as fewer
and relevant knuckle lines are detected at 15 degree.

4.5.5 Ships Hydrodynamic Computational Domain Preparation Module

The availability of robust commercial computational uid dynamics (CFD ) software and high
speed computing has lead to the increasing use of CFD for the solution ofiid engineering
problems across all industrial sectors and the marine industry is not xceptional[29].

In just over 30 years CFD for ship hydrodynamics has surpassed all exqetations in reaching
astronomical progress, capabilities and milestone of providing the r$-generation simulation-

based design tools for model- and full-scale simulations and optimizatn enabling innovative
cost-saving designs to meet the challenges of the 21st century, espaly with regard to safety,

energy and economy. CFD is changing the face of ship hydrodynamics as tlemulation-based
design approach is replacing the now old-fashioned build-and-test appach such that model
testing is only required at the nal design stage; however, towing ink and wave basin facilities
are needed additionally for model development and CFD validation, whit requires even more
advanced measurement systems for global and local ow variables and morerstgent require-

ments on experimental uncertainty analysis as it plays an important rok in validation procedures
[30].

Despite the great development and now routine usage of CFD in maritimendustry there are
still di culties to apply reliably with certain level of accuracy. ITTC Computational Fluid
Dynamics Specialist Committee conducted a questionnaire over diculties and limitations of
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CFD. The questionnaire was conducted on maritime industries, uniersities and marine basins.
The result reveal that, around 42% of the total participant have a di cult y in mesh generation.
The di culty and limitations related to mesh generation are directly related with computation
geometries, which might include geometric repair, preparation and mdsgeneration (surface and
volume mesh). It appeared to be a time consuming and tedious work to adaghe CAD model
to mesh generator and further for CFD analysis algorithms. Therefore e ots should be paid to
simplify the integration between CAD systems, mesh generators and CB analysis tools for the
end users.

In previous topics, the research contributions with regards geometi repair are addressed and
in subsequent part the geometric preparation for automatic meshing wil be presented. Two
well known volume mesh generators for ships hydrodynamic computatiorare selected in this
research work. Based on repaired hull form an automatic domain preparation sategies are im-
plemented for well known volume mesh generators such afl(imeca Hexpressand OpenFOAMs

snappyHexMesh. In the following subsequent parts, the domain preparation for the twvo mesh

generators will be explained.

Domain for OpenFOAMs snappyHexMesh

This section describes ship hull form preparation forOpenFOAMs snappyHexMesh The tool
is an open source nite-volume mesh generator supplied with the CFD aftware OpenFOAM.
It o ers meshes based on triangulated surfaces such as STL le format, angrovides a mesh
which directly comply with OpenFOAM CFD computation. SnappyHexMeshuses the domain
prepared through repair algorithm discuss in previous sections, the eck clothing and mirror-
ing functionalities. These functionalities provide a watertight and consistent STL le format

(a) Two regions (dry and wetted) identi ed

(b) Three regions (dry, bow and stern) identi ed

(c) Four regions (dry, bow, mid and stern) identi ed

Figure 34: PreparedShapeHealeroutput of a twin screw vessel for meshing withsnappyHexMesh
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for region identi cation which identify regions based on users inputs The current version of
ShapeHealer provides the three dierent types of region identi cation options of data range
method.

After identifying regions, they are written to coloured STL le form at which is recognized by
shappyHexMeshor other CAD systems. The colored STL le format will be explained in Sec-
tion 4.5.6. Figure 34 show the twin screw ship hull form written in coloued STL le format and
ready for meshing with snappyHexMesh

Domain for Numeca Hexpress

In order to generate mesh with Numeca Hexpressone should prepare the bounding domain
around ship hull forms. The bounding domain is used to represent thesurrounding uid domain.
Numeca Hexpressuses this to generate mesh on and around ship hull formNumeca Hexpresss
an automatic unstructured hexahedral mesh generator software designe@if complex 2D and 3D
geometries. It o ers the functionality to import STL le format. The i mported STL le format
should respect some speci ¢ requirements in order to generate mesvithout any problem. Some
of the requirements are:

The normal of all the triangles should points in or out of the computational domain.
Degenerate triangles should be removed.

The computational domain should be & continues.

All adjacent facets must share two vertices.

Numeca Hexpressalso reads colored STL model representation which have additional imirmation
about the geometry attributes of the triangles, required to correctly reconstruct the topology of
the model. Detail explanation is given in Section 4.5.6.

In this project, automatic computational domain preparation for ships CFD computation is

developed for double body and free surfaces. The domain preparation isedeloped on repaired
port side ship hull form. The computational domain is dependent on theover all length of the
ship (LOA) and non dimensional user de ned coe cient values. The computational domain in

this study is designed as

a LOA = distance of inlet in front of the ship hull form,

b LOA = distance of outlet behind the hull,

¢ LOA = distance to the side,

d LOA = distance from the keel to the bottom,

and e LOA = distance of top above the deck for free surfaces domain.

The non dimensional coe cients (a, b, ¢, d, €) are open for the user to de ne if not the algorithm
takes the default values. The computational domain default coe cient values are,a=1, b= 2:5,
c=15,d=1:2ande=0:5.

In this study two di erent methods are implemented to construct ship hull form bounding
domain automatically. The rst method is boolean operation method as show in Figure 35.
The procedures to achieve automatic construction using boolean operain are:

1. Construct simple six sided bounding box with bounding domain dirmensions.
2. Use automatic closing method to closed hull form and ensure the contirity.

3. Change both the closed hull form and the box to solid.
4

. Use boolean operation to subtract hull form from the box.
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Figure 35: Result of boolean operation for generating the computational domaindr Numeca
Hexpress

Despite some successes, this method is unable to handle di eretype of ship hull forms with one
click. The boolean operation always require consistent and error fregeometric representation
of the model to provide consistent result. Therefore, this mettod is found to be not robust for
automatic construction of computational domain preparation.

The implemented algorithm with regards to boolean operation method is ot satisfactory from
the project objective point of view (automatic construction). Therefore, as part of this project
alternative method which could replace the boolean operation is invdgated. The alternative
method uses prepared triangulated hull form as an input. The explaind coe cients are also
valid to construct the bounding domain. Based on these input: the inkt, outlet, side, bottom,
centerline and top (free surfaces) are constructed automatically irDpen CASCADE information
model. Due to the complexity and quality of ship hull forms it is not easy to construct the free
surface and centerline surface boundaries of the domain.

The following procedures are nally used to obtain the bounding doman for double body bound-
ing domain:

1. Triangulate the repaired hull form.

2. Section at desired draft and determine the wetted region.

3. Extract the points on the free surface and the centerline of the weed region.
4

. Calculated bounding domain points on the free surface and the centdre from input
coe cients.

Order the points on centerline and free surface in clockwise or aftlockwise orientation.
Triangulate the centerline and the free surface surfaces.
Combine inlet, outlet, side, bottom, free surface, centerline ad wetted part of the ships

Sew them together.

© ® N o v

Divide the hull form into desired parts based on user input.
10. Separate the sewed hull form into di erent regions to write coloredSTL le format.
11. Check the consistency of normals and correct it.

12. Write colored STL le format.
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Figure 36: Bounding domain construction for surface boundaries

Figure 36 shows how the waterline surfaces are constructed to achieva consistent bounding
domain. The centerline is built respectively.

The computational domain preparation for free surface is also achieved tlmugh similar proce-
dures described above, but with some di erences. The main di eences are:

There is no need to section hull form at draft, instead the deck poins are extracted to
close the deck.

Centerline points should be used for both dry and wetted regions of theship.

Bounding domain construction has two major sensitive areas: The constrction of centerline
surface and closing deck automatically. Automatic detection of centerlie and deck points is the
challenging part of the work as it depends on the quality of the original degn. Once the deck and
centerline points are extracted, automatic surface creation is posslb. In this work, an automatic
triangulation is implemented to realize the centerline and deck suaces. In this process, keeping
the boundary points while triangulating was challenging. To solve this poblem, the points are
ordered in clockwise direction using the angle and shortest distareemethod together.

After each parts are prepared separately (inlet, outlet, bottom, side,top, centerline and ship hull
form), they are put together. Then they are sewed together before wriing the coloured STL le
format of double body and free surface computation domain. The Figures 37 an@8 show the
result from ShapeHealerfor double body and free surface bounding domain respectively.

The latter developed alternative to construct Numeca Hexpressbounding domain works auto-
matically. However, there are some problems remain unsolved till ths report is written. The

problems are identi ed for further improvement in the next version of ShapeHealer The main

problems are while writing colored STL le format. The developed algorthm is unable to sep-
arate hull form from centerline surface and creates a sharp edges betem ship hull form and
centerline surfaces. This problem is originated from the poor triangtlation algorithm of Open
CASCADE. There are triangles with very sharp angle and very long resulted from adly trian-

gulated hull form as shown in Figure 39. Therefore, it is very challengig to categorize those
triangles into either respective regions. Therefore, improvemet in meshing algorithm could

solve the mentioned problems permanently.
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Figure 37: Double body computational domain

Figure 38: Free surface computational domain

Figure 39: Sharp angle triangle of double body domain prepared foNumeca Hexpress
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4.5.6 Writing Colored STL File Format

In this project IGES is the primary input le format, which deliv er a lot of information. When-
ever, the le format is changed to triangulated surfaces, many informations about input CAD
model is lost. Therefore, there are di erent techniques being dveloped to keep some informa-
tions of the original model. In this project, two di erent colored ST L le format representations
are implemented. These are:

Colored STL le format for OpenFOAMs snappyHexMesh

Colored STL le format for Numeca Hexpress

Colored STL File Format for OpenFOAMs snhappyHexMesh

To improve the mesh quality snappyHexMesho ers the functionality to import coloured STL
representation. In this le format, the identi ed regions are attache d with their region names,
which permit snappyHexMeshto treat those regions as di erent regions. As shown in Figure 40
there are two regions (yellow and brown coloured) of triangulated surfaes. The two colours show
that there are two regions (region-1 and region-2 ) separated based of the feature angle in the
model. Separating the two regions help to re ne mesh and handle thé&nuckle lines between
the two regions while generating mesh. Preserving knuckle lines tough for mesh generation
algorithms in the absence of constraints. In general, identifying regins into di erent regions and
save it into colored STL le format, helps to improve the quality of m esh. This can highly a ect
the CFD computation of ships. This type of colored STL le format is also recognized by other
maritime CAD systems such asMcNeel Rhinoceros The rst line of all regions incorporated in
STL le format refers to the region name and ends with region name as showim Figure 40.

Figure 40: Colored STL le format for snappyHexMesh
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Colored STL File Format for Numeca Hexpress

The representation of coloured STL le format for Hexpressis di erent from snappyHexMesh
Hexpress expanded the main STL le format (*.stl ) with other property le ( *.stl.prop) in
order to use the full potential of its functionality of resolving knuckles in the geometry by the
mesh. The property le assigns each facets in main STL le format to a cetain region. This
enablesHexpressto create an additional le storing geometry attribute for each triangles of the
STL facets. The geometry attribute allow Hexpressto reconstruct topology information without
the need of using sophisticated and error prone feature detection algahm. Figure 41 presents
an example of colored STL le format for Numeca Hexpress In the gure there are seven regions
(namely: ship hull form, centerline, free surface, inlet, outle, side, and bottom) written into
colored STL le format. The property le ( *.stl.prop ) corresponds to each regions in the
main STL le format ( *.stl ). Therefore Hexpressconsider those regions as separate groups of
objects.

Figure 41: Colored STL le format for Numeca Hexpress

4.6 Shapehealer Repair and Domain Preparation Time

As the aim of automatic repairing and domain preparation is to save time and ost. Sixteen
ship hull forms topological and geometrical inconsistencies repairing ahdomain preparation for
snappyHexMeshand writing colored STL le format are analyzed against the computing time.
The number of faces included in IGES le format, the size of the le and the dimension of the
hull form (LOA) are analyzed against the repair computing time as shown in Fgure 42. The
gure shows computing time in abscissa and le size , number of facesand LOA in ordinate
axis.

From the gure it could be roughly concluded that the computing time is directly proportional
to the size of the le, the number of faces included in the le, the size of the model. The
repairing time is highly dependent on the number faces, and how coupt the le is. But based
on the type and the curvature of the surfaces, the triangulation implernrented in ShapeHealer
takes longer time compared to the repairing time. For instance lookingat the Figure 42, the
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Figure 42: shapehealer number of surfaces/ le size/LOA versus computig time.

hull form repairing and preparations takes 97 seconds even though the nuber of the faces, the
size of the le and the model is smaller. The reason is that, there aredces with high curvature
which increase the triangulation time.

There are ship hull forms with very large le size, and elapse also sigrcant time to process the
healing and domain preparation operations as compared to sixteen ship hufborms presented in
the gure. For instance a hull form with a le size (10:4MB) in IGES le format takes up to
800 seconds to repair and prepare the domain. This hull form is not includd in the above gure
because of its high range of computing time as compared to existing testases.

In a conclusion, ShapeHealeris capable to repair the hull form in a short run time, but the
domain preparation takes a while as compared to the repairing algorithms. Tis problem is
attributed to the triangulation incorporated in  ShapeHealer

4.7 Improvement on Open CASCADE Based Mesh
Achieving quality triangular mesh ensure the usability for downstream applications and has good
visual appearance. Mostly quality triangular mesher o ers:

A well-shaped triangles which have the angles between 35 and 100 degrees

User de ned element size

Avoid sharp angles and distorted elements.

Avoid degenerated elements.

Catch the curvature of the original surface and so on.

But the open source triangular surface mesh generator irDpen CASCADE is not developed
to generate quality mesh rather only to catch the curvatures of the orighal surface through a
user de ned de ection value ( ). The triangular mesh generator BrepMesh.IncrementalMesh)
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Figure 43: Triangulation result of Open CASCADE

creates a mesh optimized for visualization purposes and catches the mature depending the
de ection value. It is su cient enough to deliver consistent and top ologically continues model
for mesh generators. But it creates a problem while developing regiordenti cation and domain
preparation based on this triangulated surfaces foNumeca Hexpressas discussed in Section 4.5.5.
The de ection value de nes how the triangulation reaches the original arvature of the surface as
shown in Figure 43 with di erent magnitude of de ection values. But r esulted in badly shaped
triangles as shown in the gure.

A shape divide algorithm is implemented to divide the surface patcles into several areas in order
to improve the quality of the triangulated mesh. The shape divide isbased on a minimum area
(Amin) criteria. If the de ned minimum area is less the total area of the original surface and
greater than the half of the total area, then the algorithm divide the surface into two or four
parts. If the minimum area is less than half of the total area (A;), the algorithm divide the
surface into four or six parts and so on. If the minimum area is greater tlan the total area of
the surface, then the algorithm keeps the original surfaces as it is. Bure 44 shows how the
shape divide performs the division based on minimum area criteria ath improve the quality of
the triangles.

The same algorithm is implemented inShapeHealerto improve the output triangulated surface of
repaired hull form. This method improves the triangulation and leadsto better result as shown
in Figure 45. The result shows repaired hull form triangulation only with de ection value of one
millimeter which resulted in highly stretched triangles. The shape divide improve the quality
of the triangles and helps the triangulation to generate better mesh. Howver, the number of
triangulated surfaces are becoming very large. This situation leads todrge numbers of triangles
which dramatically increase the size of the output le format. Even though the surfaces are plane,
the algorithm divide the surfaces into several parts according to useinput and triangulate into
several triangles as well. On the other hand, for models with many sudce patches the algorithm
leaves small surfaces undivided which leads to uneven surfacesidistribution. Therefore, shape
divide algorithm could not be an ultimate solution for the problem but an alt ernative solution
to improve the output triangulated surface of ShapeHealer

Figure 44: Shape divide algorithm
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Figure 45: Repaired hull form before and after inclusion of shape divide gbrithm

4.8 Repair Based on Triangulated Surfaces

In the general background of this project, the CAD inconsistencies arecategorized into two:
dependent and independent. The repairing algorithm so far discussl is for independent CAD
error which is pre-mesh (before mesh). The repair based on triangulad surfaces is intended
to resolve dependent CAD error which resulted from meshing algoritms (after mesh). In this
work, the implemented triangulation sometime creates imperfect ST le format. Therefore, the
existing code Admesh) is implemented to resolve inconsistencies created by mesh geaeor [25].
The inclusion of repair based on triangulated surfaces increase the fationality of ShapeHealer
The implemented algorithm add the following functionalities to ShapeHealer

Read STL le format.

Provide the statistics about the input model, which helps the uger to know how corrupt
the model is or not (i.e. unconnected facets, bad normals).

Correct the value and orientation of facets normals.

Remove degenerated facets, connect neighbouring open edge.

Repair facets by connecting nearby facets that are within a given toleance.
Fill holes in the mesh by adding facets.

Provide Statistics after repairing.

Write binary and ascii STL and OFF le format.

The repair based on triangulated surfaces is included irShapeHealeras an add-on to increase
the functionality as the basic objective of the project is, repair baged on surface patches read
from IGES le format. This part of the algorithm resolves a seldom inconsitencies created by
the triangulation implemented in ShapeHealerand also gives the user to resolve various aws
exist in STL le format. In this case, the user can correct facets nornal value and direction, x
unconnected edges, remove degenerated facets, and then write inBIL or OFF le format for
open shell models. For closed shell models, one can use the holent functionality to close the
hole by adding facets and then write the repaired model. Two example are shown in Figure 46
for stern tube and rudder to demonstrate the repairing capability of gaps and/or holes in STL
le format.
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Figure 46: Triangulated surface repair
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5 ShapeHealer Description and Demonstration

5.1 ShapeHealer Description

The detail information about ShapeHealeralgorithms are given in previous chapter. This section
explains the main features, usage and instructions oShapeHealer

5.1.1 Introduction

As part of this project, an automatic shape healing, region identi cation, and domain preparation
of ship hull form tool is developed. The tool is calledShapeHealerand the currently version 0.3
is released for Windows and Linux operating system.ShapeHealeris a program for processing
surface patches and triangulated facets. Currently,ShapeHealerreads surface patches from an
IGES and triangulated surfaces from STL le formats. It is equipped with the functionality to
repair commonly found geometrical and topological errors. It can write STL, IGES, OFF and
STEP le formats.

ShapeHealermain features for repair based on surface patches:
Read IGES/IGS le formats.
Extract IGES le format parameters.
Determine overall dimension of the input model.
Provide model edge statistics.

Fix topological and geometrical inconsistencies within entities (asste whether all edges,
wires, faces are consistent).

Repair inconsistencies between entities (for instance close gaps @roverlaps between
patches) that are within given tolerance.

Automatically detect and construct ship hull form deck and repair.

Automatically repair and write consistent colored STL le format for OpenFOAMSs snap-
pyHexMesh

Automatically construct ship hull form bounding domain for Numeca Hexpresg(both free
surface and double body) with user de ned coe cients.

Automatically Il holes in bounding domain and hull form by adding facets.
Calculate the hydrostatic of the ship.
Write IGES and STEP le formats.
ShapeHealerfeatures for repair based on triangulated surfaces:
Read STL le format.
Provide statistics about the input model before and after repair.
Correct the orientation of facet normals.
Remove degenerated facets, and connect neighboring open edges.
Fill holes by adding facets.
Write ascii and binary STL le format.

Write OFF le format.
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5.1.2 How to Use ShapeHealer

The usage ofShapeHealerfor intended purpose is very simple once understood the main instic-
tions. It is programmed in such a way that the user can easily integrate ti with downstream
applications. The current version is command line (Terminal) driven with di erent options for
di erent objectives. The command line parsing is developed based ogetopt library functions.
The installation and usage of ShapeHealerare very easy and well documented. It has to be
checked if all mandatory les are available or not. For Linux version the | es shown in Figure 47
should be available and the same for Windows version as shown in Figure 48.

The README includes installation instructions for further usage. The User's Gude is on how
to use the developed tool.

Figure 47: ShapeHealerLinux version

Figure 48: ShapeHealerWindows version

5.1.3 Basic Instructions

To use ShapeHealerappropriately, one should have a knowhow about the input model to some
extent. For instance, the user should provide port side upright skp hull form to get appropriate
bounding domain for Numeca Hexpressand watertight colored STL le format for OpenFOAMs
snhappyHexMesh This section noted some fundamental points to be understood beforesing
ShapeHealer For more detail informations about di erent options look Section 5.2.

In this tool there are two kind of options:
Basic parameters options
Controlling parameters options

Basic parameters option deals with the type of actions the user wants imigment. For instance,
for repairing (-r ), for snappy related output (-s), for bounding domain for Hexpress(-b) and
S0 on.

On the other hand there are controlling parameter options which enableshe user to de ne the
controlling parameters for the implementation. For example-t to de ne tolerance for open shell,
-d to de ne ship draft and so on.

For all list of basic and controlling parameters refer to the ShapeHealer User's Guideor run
ShapeHealerwith option -h. Having familiarized with all basic and controlling parameters, the
user should careful remember the following cautions.
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Caution: 1

The input IGES le format ( input_file_name.igs ) should be given to ShapeHealerwith or
without extension (shapehealer -f <input_file_name>  or <input_file_name.igs> ) and the
output le format is an extension on the input lename based on the operation made. The
same is for STL le format import. However, the user needs to de ned le name for output le
format.

Caution: 2

The draft of the ship should be obviously between keel (gin) and the deck (zyax) of the ship.

Caution: 3

To identify regions using data range method, the user should de nedhe coe cients. The value
of this coe cients (C sirn and Cgow) should be between 0 and 1 and Gemn + Ceow 1. Cstemn
and Cgqy are the two variables to divide the hull form into thee regions namelystern, middle
and bow. The variable G is used to divide the hull form into two regions (bow and stern). For
instance Gy = 0:5 is used to divide the hull form into two equal parts (stern and bow) or aft
and fore parts.

Caution : 4

For hydrostatic computation, three variables are needed: The maximum,minimum drafts and
an increment between both. This helps to determine hydrostatic @ta at di erent draft values.
If one interested to determine hydrostatic data at a speci ¢ draft, only the speci ¢ draft value
is needed to calculate the hydrostatic data.

Caution : 5

ShapeHealerchanges an IGES le format written in any unit into millimeter, ther efore any
controlling variables input (tolerance, draft and so on) from user shoutl be in millimeter.

Caution : 6

The input hull form for Numeca Hexpress OpenFOAMs snappyHexMeshdomain preparation
and hydrostatic data computation should be always the port side of ship hll form and upright
in positive z-axis.

5.2 Shapehealer Demonstration
In this part of the report, detail description of input variables is explained with representative
examples. The demonstration is broadly categorized into ve parts to eas the description.
General CAD geometry repairing
Repair and domain preparation for SnappyHexMesh

Repair and domain preparation for Hexpress
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Hydrostatic computation
Additional functionalities

ShapeHealeris primarily designed to prepare ship hull form for mesh generator and drther

for CFD computation. Therefore, case study of repairing, region identi cation, domain prepa-
ration, writing colored STL le format, and other ShapeHealerfunctionalities are primarily

demonstrated with Duisburg Test Case (DTC) hull form[31]. DTC is a hull design of a modern
14000 TEU post-panamax container carrier, with main particulars in the desgn loading condi-
tion: length between perpendiculars Lpp = 3550m, waterline breadth Bwl = 51:0m, draught

T = 14:5m, volume displacementr = 173467:0m?, block coe cient C g = 0:661, wetted surface
under rest waterline without appendages § = 22032:0m?. This hull form is designed from 660
surfaces patches and represented in IGES le format.

5.2.1 General CAD Geometry Repairing

The core functionality of ShapeHealeris repairing CAD geometry read from IGES le format.
This part explains the usage ofShapeHealerto read IGES le format, extraction of IGES le
format global section model statistics, translation to OCC shapes on whib the shape repairing
algorithm is developed. The repaired CAD model is exported to STL, IGES, and STEP le
formats. In this general repairing process ShapeHealero ers three options executed from com-
mand line. Extraction of IGES le format model statistics, usage of ShapeHealerfor various
kind of CAD model, and usage for hull form deck closing functionality.

Extraction of statistics about the model saved in IGES le format is obtai n with the help of the
following command option:

shapehealer -f <input_file_name> -v

Where -f is responsible for reading IGES le format, and-v extract statistics.

Even though ShapeHealeris primarily designed for ship hull form repair, but it o ers a toleran ce
driven repairing functionality for any kind of CAD model. This can be achieved using the
following command:

shapehealer -f <input_file_name> -r -t <tolerance_value>

Where -r call geometric repairing function for open shells which is also viabldor closed shell.
The option -t provides the repairing tolerance value for the sewing algorithm. Theuser is open
to de ne any real positive number to repair the model read from IGES le format. The repaired
model is written into IGES, STEP and STL le formats.

Examples 1:

Bearing and ship propeller are considered to demonstrate the funadinality of ShapeHealerfor
any kind of CAD data in IGES le format. The result could be achieved using the following
command:

shapehealer -f bearing.igs -r -t 50
and similarly for ship propeller

shapehealer -f propeller.igs -r -t 10
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Figure 49: Bearing before and after repair

Figure 50: Ship propeller before and after

The tolerance value is de ned arbitrary 50 and 10mm for bearing and propeller respectively.
This does not mean that less or more magnitude of tolerance value is inapprojate. Of course,
for instance too small tolerances of magnitude 5m does not repair all gaps in the bearing,
because the gaps or the overlaps might be more than this magnitudes.

Figure 49 and 50 depict the input IGES model and the respective repaed STL le format of
bearing and ship propeller respectively.

Example 2:

The deck closing functionality described in Section 4.5.3 is showin this example. A tolerance
is not needed as the process changes the ship hull form to closed dhdlherefore the sewing is
iterative and does not need user interaction.

shapehealer -f <input_file_name> -r -

Where -| calls the deck closing and mirroring functions.

This function similarly writes IGES, STEP and STL le format as for gen eral case.
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Figure 51: Automatically repaired DTC hull form with ship hull form recon struction module

DTC hull form consists of topologically discontinues 660 surfaces patchem IGES le format.
Figure 51 shows the input le format IGES (DTC.igs) and automatically deck closed, mirrored
starboard side and repaired STL le format as an output (DTC_Repaired.stl ).

shapehealer -f DTC.igs -r -l

5.2.2 Repair and Domain Preparation for OpenFOAMs snappyHexMesh

As discussed in previous chapter, the domain preparation fosnappyHexMeshconsists deck clos-
ing, mirroring, region identi cation by data range method, writing snappyHexMeshcompatible
colored STL le format. ShapeHealero ers three alternative colored STL le format as an out-
put and one without region identi cation. The output with four regions id enti ed is considered
for demonstration as other are similar and easy to use.

The general command is:

shapehealer DTC.igs -sd 14500 -u 0.15 -w 0.25

where -s stands for snappyHexMesh -d is for the draft (14500mm) of the ship, -u 0.15 for
Cstern = 0:15 and-w 0.25 for Cgow = 0:25. This example provides thesnappyHexMeshcolored
STL le format shown in Figure 52.

5.2.3 Repair and Domain Preparation for Numeca Hexpress

The required domain for Numeca Hexpressis discussed in Section 4.5.5. An example for DTC
hull from demonstrates how to de ne the coe cients for domain preparation.

Figure 52: Four regions colored STL le format of DTC hullform for snappyHexMesh
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Double Body Domain

In this part the user should de ne at least the draft of the ship to obtain the default bounding
domain. But, the user can provide the desired input value for the ce cients ( a, b, ¢, d) to
change the bounding domain main dimensions. In addition, if one wants to tyide hull form into
regions, then the user can de ne the value for G and Cgow. The command -b stands for
double body bounding domain preparation.

The possible commands are:

For default inputs
shapehealer -f DTC.igs -bd <draft_value>

No region in hull form and with desired bounding domain dimensions.
shapehealer -f DTC.igs -bd <draft value> -A <A> -B <B> -C <C> -D <D>

No region in hull form and with desired bounding domain dimensions.
shapehealer -f DTC.igs -bd <draft_value> -A <A> -B <B> -C <C> -D <D>

Three regions in hull form and with desired bounding domain dimensios.
shapehealer -f DTC.igs -bd <draft_value> -A <A> -B <B> -C <C> -D <D> -u <u>
-wW <w>

For instance taking the double body bounding domain with three regions the coe cients

can be de ned as follow.
shapehealer -f DTC.igs -bd 14500 -A 0.5 -B 25 -C 08 -D 1.0 -u 0 .2 -w 0.15

This implies that a ship draft is 14 500mm and the domain dimensions for the
inlet=0:5 LOA,
outlet=2:5 LOA,
side = 0:8 LOA,

bottom =1:0 LOA

Figure 53: Double body bounding domain for DTC hull form with three regions identi ed
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excluding the dimensions of a ship. That means the total depth of the \ater is 14 500+10 LOA.
The -u and -w call the functions which divide the hull form into three regions namely bow, middle
and stern. Bow length is Q15 LOA, the stern region has 62 LOA length and the middle part
is 0:65 LOA. Figure 53 shows the result of the above inputs.

Free Surface Domain

The development of free surface domain preparation is similar to doubléody but only include
one additional coe cient ( -E) which used to de ne the region above free surface.

Similar to double body domain preparation, there are four options:

For default inputs
shapehealer -f DTC.igs -gd <draft_value>

No region in hull form
shapehealer -f DTC.igs -gd <draft_value> -A <A> -B <B> -C <C> -D <D> -E <E>

Two regions in hull form
shapehealer -f DTC.igs -gd <draft_value> -A <A> -B <B> -C <C> -D <D> -u <u>

Three regions in hull form
shapehealer -f DTC.igs -gd <draft_value> -A <A> -B <B> -C <C> -D <D> -u <u>
W <w>

where -g stands for free surface bounding domain. For example:
shapehealer -f DTC.igs -gd 14500 -A 0.5 -B 25 -C 0.8 -D 1.0 -E 0 .3 -u 0.2 -w 0.15

The result of this output is shown in Figure 54.

Figure 54: Free surface bounding domain with three region of hull form ideti ed
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Table 8: Hydrostatic data of KCS hull form

5.2.4 Hydrostatic Computation

ShapeHealercomputes main hydrostatic data based on surface patches at speci ¢ draftalue or
between two draft values (desired minimum and maximum).

The following commands are used to calculate hydrostatic data based on iported IGES le
format.

For single draft
shapehealer -f <filename> -yn <draft_value>

For span of drafts
shapehealer -f <filename> -yn <minimum_draft> -m <maximum _draft> -i <increment>

For example to calculate the hydrostatic data between minimum_draft= 6000mm,
maximum_draft= 14 000mm with an increment of 800mm for KCS hull form:

shapehealer -f kcs.igs -yn 6000 -m 14000 -i 800

Where -y stands for hydrostatic computation. Table 8 shows the result from KCS hll form.
The bold written row is the hydrostatic for the design draught.

5.2.5 Additional Functionalities

Even though the main aim of the project is to develop, an automatic repairng and domain
preparation algorithm for downstream applications based on IGES le format additional useful
functionalities are included in ShapeHealer These additional functionalities such as repair based
on triangulated surfaces, hole lling, nhormal reorientation, reading STL le format, writing OFF

le format, writing binary and ascii STL le format, provide the stati stics before and after repair
and hole lling. These functionalities further help the process ofadapting corrupted IGES and
STL le format for downstream applications.

The functionalities are fully automatic and based on STL le format. The following command
line options are used to execute the functionalities:

To read STL le format
shapehealer -F <input_file_name>

To repair corrupted STL le format use -R. This helps to remove degenerated facets, bad
normals, remove unconnected faces and so on. This can be used for both apend closed
shell.

shapehealer -F <input_file_name> -R
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For closed shell, it is recommended to use the hole lling functiomlity together with the
repairing functionality.

shapehealer -F <input_file_name> -RH

To re-orient the facets normal in the same direction, use the followaig command. It is
possible to use only the orientation but recommended with repairingalgorithm.

For open shell
shapehealer -F <input_file_name> -NR

To write repaired ascii STL le format.
shapehealer -F <input_file_name> -NR -K <output_file_nam e>

To write repaired binary STL le format.
shapehealer -F <input_file_name> -NR -W <output file_nam e>

To write repaired OFF le format.
shapehealer -F <input_file_name> -NR -O <output_file_nam e>

For closed shell
hapehealer -F <input_file_name> -NRH

To write repaired ASCII STL le format.
shapehealer -F <input_file_name> -NRH -K <output_file_ na  me>

To write repaired binary STL le format.
shapehealer -F <input_file_name> -NRH -W <output_file_na me>

To write repaired OFF le format.
shapehealer -F <input_file_name> -NRH -O <output_file_ na  me>

It also provides the statistical gures about the input model before and after repair, hole lling,
re-orientation. The statistic about the model includes the main dimensions, the number of
facets, the possible aws in STL le format (degenerate facets, edgeto be xed or xed, facets
removed or added or reversed, normal xed) and the volume of the model. These gives the
user a knowhow about the input model and what changes are made after the @pations. This
additional functionalities are developed based orAdmesh library except the ASCII export. The
repaired facets are retrieved fromAdmesh to write ASCIl le format in ShapeHealer This
signi cantly overwhelm the problem of writing ASCII le format for lar ge le size.
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6 Mesh Generation

To perform numerical analysis of the ships ow itis rst essential to create a discretised represen-
tation of the ship hul form and the surrounding domain, called mesh. Usig Reynolds Averaged
Navier-Stokes Equations (RANSE) for the numerical calculation this me#$ has to represent the
uid volume. The subtask mesh generation create nite amount of cells,which all together form
at the end the mesh of the uid domain. This is then used to solve the derential equations for
the uids ow numerically by building a system of equations based onthe mesh. To get a connec-
tion between neighbouring cells it is important to have a mesh topology This topology is similar
to the topology of the geometric representation of surfaces, but include that multiple faces can
build a cell. Most common types are hexahedral, tetrahedral and polyhexhl-elements.

6.1 Methods for Mesh Generation

Finite-Volume-Grids for RANSE-computations can be classi ed accordirg to appearance, kind

of cells, their utilization or the structure of the mesh. Furthermore for the convenience of
the discussion and explanation of di erent grid generation methods it nakes sense to classify
the mesh generation methods according to the kind of structure of themesh (Structured and

unstructured), as this holds a major importance. Mostly the methods are explained in 2D

convenience, but of course they work also in 3D.

In a structured mesh each side of a cell has only one neighbouring celhdditionally each face
of a cell has exactly one counterpart. Both de nitions are only ful lled , when the mesh consist
of hexahedral-cells.

In an unstructured mesh no consistent organisation can be found. Each #iecan has multiple
neighbours and even in the cell a face can have more than one counterparf.hus cells can be
build out of any kind of solids. However in most cases they are tetrahedra)] hexahedral- or
polyhedral-elements.

6.1.1 Structured Meshes

A typical structured 2D mesh is shown in Figure 55. It is a cartesian grds and it is very simple
to create on a simply geometries, e.g. plates, cubes, etc. For cartasi grids it is also possible
to manipulate the distribution of cells over the faces, so that a higler density of cells in special
regions is possible. Otherwise the use of this method is very litéd, as the quality of the cells is
highly decreases when it comes to complex geometries. Therefore tbartesian grid generation
method is not usable for arbitrary geometries.

Algebraic grid generation or using a system of di erential equations for the grid generation are
an improvement of standard cartesian grid generation. Within these mehods the vertices's of
the cells are calculated based on trans nite interpolation and coordinatetransformations based
on di erential equations[32]. An example for these methods is shown irFigure 56. As can be

Figure 55: Cartesian Grid as an example for structured mesh generation
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Figure 56: Mesh generated with algebraic grid generation method

seen the cells follow the shape of the domain. Unfortunately the qualit of the cells depend
mainly on the complexity of the geometry and the used interpolation metlod. A ubiquitous use
of this methods is therefore not possible.

Mapping Methods try to transform the uid domain into simplied su b models. The sub models
are meshed with cartesian grids and are then remapped on the initial geomti®[33]. The quality
of the meshes based on these methods are also depended on the input gebmn These methods
are in general not able for an automatic meshing of arbitrary objects.

Another method is the block-structured approach. In this method the domain is split into
an amount of blocks that can be meshed by one of the previous methods. Thadvantage is,
that the blocks and methods for mesh generation in the blocks can be dsen freely based on
the blocks shape. Due to this even for arbitrary domains meshes witlgood cell quality can
be generated[34]. Figure 57 shows a circle prepared to be meshed. Withe block-structure
approach it can be divided into ve blocks, on which block 1-4 can be mshed with the algebraic
and block 5 with a cartesian approach. However, for an automatic proceduret is di cult to
implement a general approach for the subdivision into blocks. Kovale[35] showed a method of
medial surface subdivision for the de nitions of blocks, but highlighted that this method is not
robust enough, when it is used in 3D-space.

Figure 57: Subdivision of a circle into blocks for improved structued meshing

6.1.2 Unstructured Meshes

The most frequently used approach when it comes to unstructed meshg are methods based on
the Delaunay Criterion as described in [32]. The Delaunay Criterionsays that a sphere built
around the vertices of a cell should not contain any other vertices. Wih methods based on
criterion it is possible to mesh geometries or domains of arbitrary shape Problems can only
occur at the boundaries. The meshes generated with this meshes arettahedral-meshes. An
example of Delaunay meshing is shown in Figure 58.

Another method used to generate unstructured mesh generation is thadvancing front method.
Though the volume of the domain is meshed from the boundaries into the domin centre. With
this method it is ensured that cells next to the boundary have goodquality, but in the domain
their may occur cells with bad quality due to overlaps and folding ofcells. Figure 59 shows an
example of this method. There exist a couple of di erent approaches o&dvancing front, but all
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Figure 58: Example of delaunay triangulation for mesh generation

Figure 59: Example of advancing front methode in mesh generation

Figure 60: Example of octree subdivision

together they have in common, that they are based on an already meshed bouades. Therefor
one disadvantage is, that the mesh highly depends on the initial surfacenesh of the boundary.

The octree method is an approach suits arbitrary volumes mesh with heahedral elements.
Actually for this approach there exists structured[36] and unstructured[35] methods, but the
latter one are more used in grid generation. The method rst creates carésian initial grid over
the domain or volume. Then it divides the initial cells along edges and dces of the boundary.
This re nement process enables the method to delete at the enddlls that are outside the domain
and nally snap the cartesian cells on the domain boundary. For the lling of the boundary there
exist a couple of methods. This procedure works well with arbitray object, as the method is
free from the boundary shape. Only the re nement of boundary cells hago be ne enough
to recognise the domain contour. Another advantage is, that at the end the oveall mesh can
consist of hexahedral cells. Figure 60 shows a general example of octédivision.

6.2 Automatic Mesh Generation with OpenFOAM

The opensource CFD-ToolboxOpenFOAM [25] contains several tools for mesh generation and
manipulation in the pre-processing step of a CFD-analysis. The twanost important ones are:

blockMesh It constructs a cartesian structured meshes. The mesh can consisf di erent
blocks.
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snappyHexMesh It generates unstructed hexahedral and polyhedral meshes for arbiary
geometries based on an initial cartesian mesh. Therefor it uses the aete subdivision
method.

To generate mesh generation withOpenFOAM rst a cartesian mesh has to be generated, that
builds the computational domain. Furthermore from this the geometry of the meshing object is
subtracted to generate the nal mesh. Figure 61 shows an example for thgeneral process. In
the left picture it is shown the initial cartesian mesh, which represent the computational domain.
It is also shown the ship hull form geometry for the mesh. The middlepicture shows how the
initial mesh is re ned around the ship hull. All cells that lie insi de the ship hull are then deleted.
Finally the re ned mesh is snapped on the geometry (right picture). It is not shown in this

small example, that also a boundary layer can be inserted into the mésby building a prismatic

layer. It is essential for the generation of meshes wittOpenFOAM, to understand this general
procedure, that always uses the two toolblockMeshand snappyHexMesh

As shown the procedure of creating meshes wittDpenFOAM is very simple and needs only
the automatising of two software tools, that have to be connected togetheto share output-

les. Anyhow the process is much more complicated as both programs work dy good and

produce reasonable results, when the input to the programs is suitefor the tools. Therefore it

is necessary to use more tools for the preparation of meshing and even rihg the exchange of
the mesh between the programs.

To get adequate and good quality meshes it has to be recognised, thanappyHexMeshcan

not identify and snap cell edges on knuckles of the geometry automaticallye.g. builds only

chamfer corners in the mesh. Therefore knuckle lines have to beénti ed before and forwarded

to snappyHexMeshseparately. Also the tool can only work best on initial cartesian meshes
with cubic cells, that look like a dice. These cells are not favouré in ship hydrodynamics, as

CFD-analysts like to stretch cells in upwind ow direction to re duce the amount of cells and
thus speed up the calculation. There are some more reasons for using atidnal tools beside of

blockMeshand snappyHexMeshto manipulate the mesh that will be explained later.

Figure 61: Steps ofsnappyHexMeshto generate a mesh around a ship hull form

6.2.1 Controlling the Mesh Generation

OpenFOAM tools are controlled by the use of dictionaries written in explicit named les. That
makes an automatic grid generation very e cient as the tools require no ugr-interaction during
the run. Everything is done by les. The structure of OpenFOAM -dictionaries is based on
keywords that are followed by the controlling-value. This value can be loolean, integer, string,
list of both or even a subdictionary with new keywords. Figure 62 left,shows an example of a
dictionary taken from the le snappyHexMeshDictthat controls the work of the tool snappy-
HexMesh The three given keywords enable the meshing toosnappyHexMeshto perform three
steps of mesh generation: Re nement around geometrydastellatedMesh ), snap on geometry
(snap) and adding of a boundary layer (@ddLayers). It can be very complex and therefore
hard to manipulate OpenFOAM manually. Thus during this work a parser for the dictionary
found in the python library pyFOAM [37] is used. The parser enables to directly manipulate
OpenFOAM -data with the help of the programming language Python. In Figure 62 right, the
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snappyHexMesh snappyHexMesh =
f f
castellatedMesh true; castellatedMesh : true,
snap true ; snap . true,
addLayers true ; addLayers . true,
g g

Figure 62: Example ofOpenFOAM -dictionary to control the usage of snappyHexMesh(left) and
the Python pendant in dictionary data type (right).

parsed part of the snappyHexMeshDictis shown. This representation is ofPythons data-type
dictionary and can be easily edited withPython. The use of the parser makes changes in
control les of OpenFOAM very e ciently. This is the main reason for the use of Python in the
development of automatic mesh generation.

The process of automatic mesh generation should be focused on ships. drefore the mesh
generation process should be controlled by added keywords, that can besed for ship mesh
generation purposes. In ship resistance analysis the radiated wave stgm plays an important
role. Therefore the discretisation of cells near the free water suace should be reasonably ne.
For the mesh generation toolsnappyHexMeshonly a re nement of the initial cells in this area
can be given. As it is well known that the wave length of the system is poportional to the ships
length and speed a more sophisticated approach for the discretisation ohe water surface would
be to de ne it by the number of cells per wave length. This can be futher on used to calculate
the corresponding value for the dictionary ofsnappyHexMesh Due to this, a control le for the
hole mesh generation process is introduced, calldtbliIMeshDict. The structure of this le is like
the one of OpenFOAM. An additional advantage is, that not multiple les have to be controlled
and only the necessary control instances are written to decrease userort.

6.2.2 Developed Mesh Generation Process

With the help of OpenFOAM, the programming language Python and the Software library
pyFOAM an automatic mesh generation process has been developed. Basic stepshi$ {process
are taken from [38]. The main objective of the prepared method is, that lss user control is
necessary. Figure 63 shows the overall developed process. Thisopess is implemented in a
Python-script called hullMesh Di erent Python-methods(blue boxes) are written to control the
mesh generation process. Based on the input control le (red cylindes) the Python-methods
write control les for OpenFOAM applications (grey cylinders) and nally run the applications
(yellow boxes). The intermediate meshes (green cylinders) arenanipulated in each step until
at the end a nal nite-volume-mesh is derived. The written Python-methods are called one
after another and are explained in the following section. All intermedate meshes are stored
in di erent folders and can be viewed at the end of the process, to dosequently analyse the
meshing process.

Input and Output

The Input for the developed mesh generation process is the healed rface representation in
STL- le format exported from the developed ShapeHealertool discussed in Section 4. Further-
more there has to be ahullMeshDict in which the mesh generation parameters are written and
which controls the mesh generation. The used keywords and their exphation are given in the
appropriate subsections.
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Figure 63: Developed process of mesh generation

The output of the mesh generation is a nite-volume-mesh of the surromding uid domain of
the ship. The mesh can be directly used for the CFD calculation withOpenFOAM. The mesh
is stored in a folder called polyMesh.

Geometry Information

During mesh generation step it is crucial to have some general informaédn about the geometry
to be meshed. Therefore within thehullMesh-script the developed methodstlinfo  gives general
information about the ship hull form dimensions. It gets the STL- le nam e from the hullMesh-
Dict -dictionary keyword stlFileName . Then the method reads in the STL-le and gives back
the following informations about the geometry:

Minimum and maximum coordinates of the cartesian coordinate axes;

Names of all de ned solids in the STL-File.

Creating Initial Cartesian Mesh

For the initial mesh inside the hullMesh-script the method writeBlockMesh creates the cartesian
grid. It uses the information given by stlinfo  to calculate the ships main principals. In Figure 64
a subdictionary for the creation of the initial mesh is shown. The paraneters behind, infront ,
farps , depth de ne the size of the computational domain with the help of the ships legth.
The top boundary is found relative to the height of the ship, as the in uence of the air part on
the resistance is very low. The keywordsubdiv de nes in how many cells the mesh should be
divided relative to the ship length. Changing this de nition will change the overall amount of
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domsSize
f

behind 2

infront O

farps 1

1

1

5;
.0;
O.

depth
subdiv 6;
scale .5;

g;

Figure 64: Subdictionary for the de nition of initial cartesian mesh with blockMesh

cells in the mesh. The keywordscale gives an aspect ratio for the cells. In the shown case the
cells are stretched by factor 15 in stream direction.

By the de ned parameters the writeBlockMesh-method writes a blockMeshDict in which nine

blocks for the mesh generation are de ned. At the end it starts the OpenFOAM -application

blockMeshthe create the mesh. In Figure 65 left the created blocks are showriThe grey plane
in the gure represents the free water surface. All blocks below e plane are in the water, all
block above are in the air. The blocks below the water surface are arraged in a way that the

given aspect ratio for the mesh is guaranteed around the ship hull. For te parts far away of
the ship a grading of cell distribution is given, so that cells in themesh are saved. On the right
side of Figure 65 the resulted cartesian mesh is shown, for conveniemthe STL-geometry is also
printed. The distribution of bigger cells can be seen far away from tke ship hull.

Adaption of Mesh to the Ship Hull

The initial mesh has to be further re ned around the geometry, snappel on it and a boundary
layer has to be inserted into the mesh. All this is managed bywriteSnappy method within the
hullMesh-script. It rst compresses the initial mesh and the surface geomeaty according to the
scaling keywordscale to derive cells with the appearance of a dice in the part where the sp

geometry is subtracted from the mesh. This is simply to insure thatsnappyHexMeshcan later
perform better.

Re nement of the cells  snappyHexMeshre nes around the surface of the given geometry and
can additionally re ne along planes and simple solid like boxes, sph&s or cylinders. These
simple geometries can be de ned in thehullMeshDict with a re nement used in the further

Figure 65: Blocks and resulted initial cartesian mesh generated wittwriteBlockMesh-Method
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geometry
f
box
f
type searchableBox;
min (230 10 12);
max (250 23 1);
g
g
refinementRegions
f
box
f
mode inside ;
levels ((1.0 5));
g
g

Figure 66: De nition of geometry box and re nement in snappyHexMesh

mesh generation. An example of the de nition of such a geometry and the renement is given
in Figure 66. A box is de ned by its minimum and maximum coordinates. The re nement is
always given in levels. One level divides a cell into eight cellsas it is isotropic mesh re nement,
e.g. in the example one cell inside the box is divided into 4096 cellsThe code is adopted from
the de nition in OpenFOAM. The user can de ne them in the hullMeshDict, for instance when
pne wants to de ne regions of special interest in the mesh for a ne ranement. writeSnappy
scales also these user de ned boxes according to ttszale keyword and writes them into the
shappyHexMeshDict Additionally there has to be a de nition of how ne the dierent STL-
solids of the hulls surface should be re ned. The user can de ne tld by keywords. In any case
the method writeSnappy will insure that all the solids will be re ned by a standard re neme nt
that is given by the keyword standardRefinement .

Furthermore it has been shown in the past, that an overall re nement box around the ship
supports better meshing results. Therefore in thehullMeshDict keyword shipBoxSize has to
be de ned. With the content of this keyword writeSnappy de nes a re nement box around the
complete hull to smooth the resulting mesh.

The free water surface has to be re ned reasonably ne, so that the wags radiating from the

ship can be resolved. As a consequence a re nement plane is used tabdivide the cells near
the free surface. To get the cells reasonably ne, the keyword$roudeNumber and subDivWO
together with the ships length are used to automatically de ne a re nement level, so that the

length of the radiated waves is the length of a cell multiplied by subDivWO

To delete the cells inside the surface geometry and outside of the al mesh, snappyHexMesh
needs a coordinate in the mesh.writeSnappy takes care of this and always a location in the
mesh is written into the snappyHexMeshDict

Snapping of the cells No changes or simpli cations of this procedure is made by thénullMesh -
script. All options to control this process are the same as insnappyHexMeshDict So the
subdictionary for snapping is only copied into the snappyHexMeshDict

shappyHexMeshdoes not detect knuckles in the geometry. Therefore knuckles wiln general be
rounded, as cell edges are not snapped on the knuckles. Neverthelesssipossible to pass a le
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with knuckle line information on to snappyHexMesh These les can be created byOpenFOAM -
applications. If the le is provided the hullMesh-script will recognise and use it in the mesh
generation process.

Adding the boundary layer For the boundary layer most of the standard snappyHexMesh
options are adopted. The user has to de ne inhullMeshDict all boundary patches on which a
boundary layer should be added and the number of patches. Unfortunatelyn snappyHexMesh
the thickness of the rst boundary layer cell can only be given by absalte values and not by the
relative y* -values. Therefore in thehullMeshDict a keyword yPlus is introduced to calculate
the absolute thickness forsnappyHexMeshDict As the y* -Value is independent of the size and
velocity providing this value can be used more general in the mesh geration. Otherwise the
user always has to change the thickness when adopting theullMeshDict for a new geometry.

After writing all options into the snappyHexMeshDictthe hullMesh-Script starts the application
shappyHexMesho perform the mesh generation. The mesh could be used for CFD-calcations.
However there are some more steps to perform, so that nally the meshsi easier to use in
downstream tasks.

Finalising the mesh generation

Additional Re nement of Water Surface  The cells in the free water surface have been already
re ned by the method writeSnappy . Unfortunately this tool can only do isotropic mesh re ne-
ment, so that the cells have the appropriate chosen size in longitudial direction. However it is
very useful to re ne these cells also in vertical direction, so hat the volume of uid method to
later on calculate the water ow is able to resolve the transition between water and air smoothly.
Therefore the writeSetset -method collects all cells out of the mesh that are re ned near the
water surface. From this selected cells near the ship with a high reaement are subtracted the
enhance the quality of the nal mesh. Preliminarily meshing test show that this is necessary,
because otherwise the boundary layer gets corrupted. The selectantlls are saved in a le.

The writeRefinement -method passes this set to theOpenFOAM -application re neMesh. With
each call of the application the selected cells are divided in vert& direction. For the control of
this procedure the keywordrefinementZ de nes how often anisotropic mesh re nement of free
water surface area should happen. Finally thehullMesh-script rescales the mesh to the original
size by stretching according to thescale -keyword. The mesh has its original size.

Organising the Mesh snappyHexMeshadds new boundary names for the cell faces that lie
next to the geometry. The names of the patches are by default given accongg to the STL- le
solid names. Therefore it can happen that the patch of the ship is splied into several patches
according to the STL- le representation. The method writePatch creates a control le for the
OpenFOAM application createPatch to combine all the patches of the ships hull to one single
patch called ship and runs the application. This guarantees the boundaries in the mesh to
always have the same names. Finally it starts the applicationrenumberMeshto reorganise the
mesh structure so that the bandwidth of the mesh matrix is kept to a minimum. After this step
the mesh generation is nished.

6.3 Demonstration of Mesh Generation

To demonstrate the mesh generation using the developed script, thBuisburg Test Case (DTC)

container ship hull form is used. The ship hull was healed and trianguted with the developed
ShapeHealertool introduced in Section 4. A screenshot of the geometry of the DTC an be seen
in Figure 67. The shapeHealertool used the data range method to divide the ships hull into
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Figure 67: The DTC-Containership hull form used for mesh generation wih hullMesh-script

four parts, that in the following can be used with di erent mesh parameter. Main dimensions
of the model and additional information about the test case are given in [31].

6.3.1 Mesh re nement

Mesh re nement is controlled within the hullMesh-script in three di erent ways:
Overall re nement due to more cells in the initial cartesian mesh
Re nement of boxes, spheres or along the ship hull form regions
Re nement of free water surface
Re nement of edges

First, an example is shown where only the overall re nement paramete subdiv in the
hullMeshDict is changed from 8 to 16. A higher value means more cells per ship length.
The result can be seen in Figure 68(a). A coarse mesh is shown in the tigiicture, where subdiv

8; is chosen. Keeping all meshing parameters constant and only enlarge thmarameter by factor

2 gives an overall ner mesh, as it can be seen in Figure 68(b). For imprad view of the mesh,
the following examples with no boundary layer around the ship is praluced. In both pictures
the re nement box around the ship and the ne mesh in the free surbice area can be seen.

As a second example the re nement around the ships surface is changetlsing the advantage
of the divided geometry by data range method the underwater part of the lll can be meshed
di erent to the dry part of the hull. In Figure 69(a) a very coarse discr etisation of the ships

(a) subdiv 8; (b) subdiv 16;

Figure 68: Generated mesh around ship hull with di erent overall re nement
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(@) level (3 4); (b) level (5 6),

Figure 69: Generated mesh around ship with di erent re nement of the underwater surface

surface is shown. The cells have been splitted 3 times in eachrdction. By changing the
re nement level for this part of the hull (5 up to 6) inthe hullMeshDict the script generates
a more ne mesh on the surface, which is shown in Figure 69(b). As can beeen the change of
re nement does not a ect the dry part of the hull.

In a third example the mesh from Figure 68(b) was taken and the free watersurface should
be more re ned. This is controlled by the keywords subDivWQand froudeNumber. The rst
keyword de nes how ne the resolution of one radiated wave length shou be. The other factor
gives the script the Froude number to calculate the wave length. InFigure 70 it is shown the
change of re nement by changing the resolution of the free water surfac&éom 10 cells to 30 cells
per wave length.

Figure 71 shows the e ect of changing the Froude number for the mesh gemation process. With
a decreasing Froude number the radiated wave length is also decreagi Hence the re nement
of the free water surface is increasing.

The re nement of edges in snappyHexMeshis straightforward to the re nement of surfaces.
Therefore examples of di erently discretised edges are not showmithis report.

6.3.2 Boundary Layer

Besides the re nement of the surface it is a major interest to crate a boundary layer next to the
patch, so that the viscous e ects can be captured. Therefore the optin of creating a boundary

(a) subDivWO 10; (b) subDivWO 30;

Figure 70: Generated mesh around ship with di erent resolution of the fee water surface for a
speed ofFr =0:218
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(a) froudeNumber 0.218; (b) froudeNumber 0.14;

Figure 71: Generated mesh around ship with di erent resolution of the fee water surface for
di erent speed of the vessel

layer of snappyHexMeshare improved for ship CFD calculations. The keywordsyPlus is used
to calculate based on Reynolds number the distance of rst cell to thesurface. Additionally
the number of layer can be given to each surface and an expansion ratio lveeen the layer
cells. There are a lot of additional parameters available insnappyHexMeshDict which control
the success of generating the boundary layer. For the test case of DTChese parameters have
been systematically varied, to nd out a proper and stable con guration. This is adopted to the
hullMeshDict and over 60 meshes have been generated witiullMesh-script to generate meshes
with dierent y*-values and number of boundary layers. To sum up, it can be said, that by
the script the boundary layer is only produced, when then re nement of the hull surface is at
least in the order of the ne surface shown in Figure 69(b). When they* -value is decreased the
surface re nement has to be increased as otherwise the boundary layaddition fails.

Figure 72 shows the inserted boundary layer as a grey surface around trghip for the mesh
of Figure 69(b). For the shown con guration the choseny® -values can not be smaller than
y* = 500 with an expansion ration of 1.2. Seven layers around the underwater shi hull are
inserted in this case. Additionally the investigations on the full sale test case show that the
number of boundary layers in uence the generation of the layer. The esult of a systematically
variation of this parameter shows, that the number should not exceed 20dyers, otherwise it
fails.

(a) yPlus 30;

(b) yPlus 500;

Figure 72: Generated boundary layer around the ship hull with di erent y* -value for full scale
test case

Universiiat Rostock, Lehrstuhl Schi bau 65 CMT-Berict Final report



IGF 17257 N shipMesh CMT e Mesh Generation

6.4 CFD Analysis with automatic generated meshes

After successive mesh generation steps developed, several CFD cantgtions have been done
with the generated test cases. As thehullMesh-script was not available from the beginning
of the shipMesh-Project, rst sample RANSE-calculations have bea done with manual created
meshes from the commercial softwar®dlumeca Hexpress These calculations have been done with
emphasise on the total resistance of DTC containership. For better comgrison and validation
of the CFD-computations this principal calculation are done for the modd scale of the vessel.
These calculations have been performed to validate the RANS-code forydrodynamic investiga-
tions. Additionally some calculations for full scale of the ship have bee performed with meshes
generated with the developedhullMesh-script.

In OpenFOAM there exist a lot of di erent solvers for di erent conditions. For th e calm water
ship resistance the following three solvers have been used, asetde are all capable to calculate
free surface ows:

interFOAM : Solver for 2 incompressible uids using a VOF (volume of uid) phase-fraction
based interface capturing approach .

LTSinterFOAM : Steady-state solver for 2 incompressible uids using a VOF (volune of
uid) phase-fraction based interface capturing approach.

interDyMFOAM : Solver for 2 incompressible uids using a VOF (volume of uid) phase-
fraction based interface capturing approach, with optional mesh motion.

To simulate the turbulence in the calculations the k -SST-Model was used during the project.

Concerning the boundary conditions, in all solvers the velocity has axed condition on the inlet

of the domain and the ship. On all other boundaries a Neumann condition is usd for velocity.
For the turbulence variables also at the inlet a Dirichlet condition is speci ed. On the ship a
wall function is used. All other boundaries have Neumann condition. TheTable 9 gives an
overview for the boundary conditions of the dynamic pressure eld forthe three solvers. As
interDyMFOAM is not working with a symmetry plane in the centre line of the ship in this
special case the computational domain is always mirrored to calculate th&hole ship. Therefore
for interDyMFOAM a symmetry plane does not exist and only the farps (far port side) condions
are given.

6.4.1 Preliminarily Calculations

For preliminarily calculations with the three solvers the commercial software Numeca Hexpress
was used to get the total resistance of the DTC container ship in model cale. Experimental

results for this simulation can be found in [31]. The generated nal meshfor this RANS-

calculation has 4 million cells. The water surface is re ned accordingo the Froude number. At

the ships boundary a layer is inserted withy* = 30.

Table 9: Boundary conditions of pressure eld used inOpenFOAM

boundary name interFOAM LTSinterFOAM interDyMFOAM

inlet zeroGradient zeroGradient advective

outlet xedValue xedValue advective

symmetry symmetry symmetry -

farps (far port side) | zeroGradient zeroGradient advective

top totalPressure totalPressure totalPressure

bottom zeroGradient zeroGradient advective

ship buoyantPressure buoyantPressure buoyantPressure
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Figure 73: Wave elevation of DTC in model scale atFr = 0:218

The simulation itself have been started with LTSinterFOAM and when a steady-state condition
of the calculation was found, the solver was changed tanterDyMFOAM to include trim and
sinkage. Due to the 2DoF-calculation the calculation domain is mirrored at he symmetry plane.
Figure 73 shows the resulted wave elevation of the vessel &r = 0:218. The simulation result
of the total resistance over simulation time is plotted in Figure 74. The dotted lines is the nal
experimental result for the resistance. As it can be seen the sinlation results are shown good
agreement with an experimental results.

Figure 74: Total Resistance of DTC in modelscale at~r = 0:218 over simulation time

6.4.2 Full Scale Calculations with hullMesh-meshes

After the validation of solvers with manually created meshes, thehullMesh-script is used to
create meshes for the full scale ship. The calculation of these meshéave been performed
with the steady-state solver LTSinterFOAM . Due to insu cient time at the end of the project

calculations with trim and sinkage have been neglected. From the 60 syamatically generated
meshes in Section 6.3 three meshes have been used for the RANSE-uldton. These are
di erent in the cell re nement along the ship boundary. All meshes are created with a boundary
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(a) coarse mesh for full scale (ref56) (b) ne mesh for full scale (ref78)

Figure 75: Generated meshes for calculation of DTC resistance in full s¢e at Fr = 0:218

layer of y* =500, as the creation of a boundary layer fails with smallery* -values. The coarse
mesh used in this calculations has a re nement of 5 to 6 subdivision ahg the hull. This leads
to 2.4 million cells in the mesh and 44 000 faces that represent the shipoundary. The nest
mesh has a re nement of 7 to 8 subdivisions along the hull and 550 000 faceldt represent the
ship boundary. A part of the bow of both meshes is shown in Figure 75.

The total resistance for the three meshes is plotted in Figure 76. As cand seen the resistance
has not converged yet for the full scale case over the re nement. Witlincreasing cell re nement
the total resistance and their components are still decreasing. The callation with the ne
mesh (ref78) underestimates the prediction by the model test, sbwn in the left bar of the gure.
Additional calculations have to be performed to investigate this further. However, the example
shows, that calculations based on the generated meshes with theullMesh-script are working,
but the quality of the derived results has to be improved in the future. This can be done by
further systematically variation of meshing parameter de ned in the hullmesh-script and more
test calculations to validate the overall meshing procedure.

'#$ %

me ( em

Figure 76: Resistance of DTC for full scale case afr =0:218
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7 Conclusion and Outlook

7.1 Conclusion

Under the research project \Automatic Mesh Generation for CFD Computations of Ships Flow
(ShipMesh)"run over the past two years an automatic integration of ship hullform represented in
IGES le format to downstream applications such as mesh generation and ftther CFD compu-
tation have been developed. Due to data exchange issues, numericabplems, imprecise design,
software idiosyncrasies, ship hull form representation in the form ofsurface patches produced
in the early design phase may abut within unpredictable tolerancesyesulting in gaps, cracks,
holes, overlaps, T-connections, invalid topology, and inconsistent oéntation which resulted in
elusive automatic grid generation. In many cases Engineers went through gedious, time and
resource consuming e orts to adapt the corrupted ship hull form CAD data for grid generation
and further for CFD computation. As a consequence an automatic repairing ad domain prepa-
ration tool ( ShapeHealej is developed as result of this research work. This tool is capable to
repair commonly found topological and geometrical inconsistencies read froraurface patches.
Geometries are read from IGES le format where topological informations are ot appropriate
for downstream applications. In addition to repairing 2D and 3D CAD model, successive au-
tomatic construction of deck, mirroring of starboard side and uid domain preparation of ship
hull form are implemented. ShapeHealero ers the functionality to export repaired hullform
into STL, STEP and IGES le formats. As many mesh generators o er the functionality to
import consistent STL le format. The main target of this project is t o provide a consistent
STL le format which comply with mesh generators input data requirements. After successful
repair through shape xing and sewing algorithms, domain preparations for dwnstream ap-
plications are performed. Before domain preparations, regions are idendd using data range
method. Based on the repaired hullform and identi ed regions, an automaic domain prepara-
tion strategies are implemented for mesh generators such adlgmeca Hexpressand OpenFOAMs
shappyHexMesh. The computational domain facilitate the successful mesh generation ash hy-
drodynamic computation of ships. ShapeHealerwrites colored STL le format to preserve the
constructed domain and the identi ed regions of ship hullform.

In addition to automatic repair and integration of IGES le format to downst ream applications,
ShapeHealero ers the functionality to repair inconsistencies in STL le format. After repairing
STL le format aws, the algorithm o ers the functionalities to export the repaired model
into binary and ASCII STL le formats and OFF le format. This increases the ShapeHealer
repairing functionality to two input le format (IGES and STL).

The developed tool is highly automated with very few user interaction It provides many func-

tionalities to automatically repair the inconsistencies in CAD moded and adapt the model for

downstream applications. The repair algorithms are tested against sevet test cases to evaluate
the tool robustness. The results achieved reveal that the develomktool substantially decreases
the time, and therefore cost, required for CAD data repairing and domainpreparation.

Eventhough, industrial partners suggested to focus on pre-mesh geotnie repairing and domain
preparation so that they can use the developed tool regardless of the derent varities of mesh
generator softwares used in their companies. Despite these, thereaw a need to check whether
ShapeHealerproduces usable output or not. Therefore the mesh generation strategseand steps
based on an opensource CFD-toolbo©openFOAM is developed. The developed script adapts the
general mesh generation algorithm inOpenFOAM to ship hydrodynamic speci cs. In addition,
the script not only adapt the algorithm but also simplify the procedur es and steps of generating
mesh for hydrodynamic computation of ships. The developed proceder enables the user to
control the construction of bounding domain and mesh generation steps wit few controlling
variables, which safe meshing and mesh manipulation time. Ship CFDiswlations are performed
based on the automatically generated meshes usin@penFOAM and the results show a good
agreement with experimental results from literature.
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7.2 Outlook

Parametric modeling of complex shapes are well developed, while theansfer of data from the
computer Aided Design (CAD) model to the Computational Fluid Dynamics (CFD) code is
non-trivial unless the shapes are topologically simple. ShipMesh piect contributes a lot the
attempt to uplifting an automatic integration of CAD data to downstream app lications. Despite
many achievements, there are still rooms for improvement.ShapeHealerprovides robust CAD
data reading, repairing, region identi cation, triangulation and CAD data wr iting algorithms.
However the triangulation algorithm implemented in ShapeHealeris robust but de ection value
driven and resulted in badly meshed facets. This badly meshed tangular surfaces create a
problem on its successive domain preparation module, which good triggulation algorithms
could permanently solve.

Another need for improvement in ShapeHealeris increase in input data formats. The shape
analysis, repairing, regions identi cation, and domain preparation algorithms depend onOpen
CASCADE data structures and independent of the input CAD data le format. The refore
ShapeHealercan be easily extended for other data formats. Which could equipShapeHealer
with many le format import functionalities.

Currently, ShapeHealeris command line driven tool, development of graphical user interface
would ease the usage, as visual interactions between users and CAD sysi®is essential. Finally,
complete integration with commercial or open source mesh generators woullelp simulation
engineers to save the time spent for manual or semi-automatic CAD data fgairing.
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8 Scienti ¢ Contribution

Publications:

1. Robert Bronsart, Desta Milkessa Edessa, Lutz Kleinsorge, Automatic Pe-Mesh CAD Data
Repairing, International Journal of Mechanical Engineering and Applications. Vol. 1, No.
1, 2013, pp. 1-9. doi: 10.11648/j.jmea. 20130101.11

2. Robert Bronsart, Desta Milkessa Edessa, Lutz Kleinsorge, A contribition to Automatic
Ship Hull Form CAD Data Repairing. The 12th International Symposium on Pract ical
Design of Ships and other Floating Structures, 20-25 october 2013, CECO, Chgmon city,
Gyeongnam Province, South Korea.

Presentations:

1. Desta Milkessa Edessa, Automatic Ship Hull Form CAD Data Repairing and Domain
Preparation, Faculty of Engineering - National University of Singapore, Sirgapore, 29 Oct
2013.

2. Desta Milkessa Edessa, Automatic Ship Hull Form CAD Data Repairing and Domain
Preparation, School of Naval Architecture, Ocean & Civil Engineering, $anghai Jiao
Tong University, Shanghai, China, Oct. 29 2013.

3. Robert Bronsart, Desta Milkessa Edessa, Lutz Kleinsorge, Automatic Msh Generation for
CFD-Calculations of the Ships Flow, Forschungsvorhaben shipMesh: e en des Projekt-
begleitenden Ausschusses (PA) , ShipMesh Research projects Adery Committee Meet-
ing, IBMV, Rostock, Germany, Jan, 22, 2013.

4. Lutz kleinsorge, AlF-Vorhaben: Automatische Erzeugung von Netzen #é@r CFD-
Berechnungen von Schi sumst®emungen (shipMesh), CMT Informationsveranstaltung,
Hamburg, Germany, June,19, 2013.

Work with PBA:

1. Meetings with industrial advisory board during the project period, to discuss results and
further research:

a) Kick-o meeting on 23th of April 2012 at Germanischer LLoyd in Hamburg
b) Milestone meeting on 22th of January 2013 at IBMV in Rostock
¢) End of Term meeting on 25th of February 2014 at University of Rostock in Rosbck

2. Project-Website: http://www.shipMesh.schiffbauforschung.de to inform members of
advisory board and interested parties about project status.
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A Contribution to Automatic Ship Hull Form CAD Data Repairing
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University of RostockDepartment of Mechanical Engineering and Marine Technology, Ggrma

Abstract

software or imported from external CAD systems has to
satisfy quality constraints which usuallyimpede
automatic mesh generatiqivang et al., 2007)These

In this paper, an automatic CAD data repairing andquality constraints required by mesh generator usually

domain preparation tool is proposed. Patches are reattlude

from an IGES file and tradated to a boundary

and
models

continues
geometric

watertighiess  globally
consistent representation  of

representation data structure on which automatic dete(Busaryev et al., 2009; Butlin and Clive, 199Bjt, due
tion and repair of commonly found geometrical andto numerical problems, imprecise design and -data

topolagical errors are péormed. The repaired ship hull
form is exported to STL file format as most grid gener
tors offer the functionality to import it. The shape gnal
sis and repairing algorithms depend on OfeAS-
CADE data structuse and independent of the iap
CAD data file format Therefore the tool can be easily
extended for other data formsatSixteen different ship

exchange issues, surface patches used to define the ship
hull form may resulted in gaps, holes, overlaps, T
connections, invalid topology and inconsistent
orientation. In many cases these inconsisenaie the
reason for an elusive automatic grid generation.
Therefore, it is neessary to adapt/repair the geometrical
entities by changing their mathematical description

hull forms are analysed and repaired to identify the toolvhile maintaining the same geometrical shape (Wang et
consistecy and robustness. The results reveal that thal., 2007).

developed tool is capabl® repair the inconsistencies in
ship hull forms efficiently and has sigiuént improe-
ment in terms of time and cost over the existingico
mon pratices.

Keywords: CAD Repair;Ship Hull Form Topology.

Introduction

Computeraided design, analysis, optimizatioand

manufacturing have become an integral part of th
product development process in
automotive, aerospace, electronics, and many oth

creating a detailed geometry model in a compuitizca

design (CAD) system. This CAD model is the starting
point for many downstream applications such as mes

generation, structural/fluithermal analysis, rapid

prototyping, numerical controlled machining, casting,

computer graphics, and reahe rendemg. Each of
these  downstream  applications has  specifi
requirements for the geometry definition and
representation. Hence, success of the downstre
application strongly depends on accuracy an
consistency of the input geomefyincent et al, 1999)
For instance, quality mesh is essential for engineerin
analysis such as CFD, FEM. Therefoeegeometric

model that has been created by mesh generation

am

CAD systemdave attained certain degree ahaturity;
however their efficiency, reliability, and compatibility
with subsequent analysis tools remainder active
research topic tdate. At the heart of this problem lie
some deep mathematical issues, concerned wagh t
computation, representation, and manipulation of
complex geometries thahave stubbornly resisted the
best efforts of the research community to formulate
rigorous and efficient solution proceduréslorgen,
1999).Parametric modeling of complex shapes well
developedwhile the transfer of data from the computer

shipbuilding,ﬁ"ded Design (CAD) model to the Computational Fluid

Drynamics (CFD) code is nemnivial unless the shapes

industries. Computdrased design process begins with%1re topologically simple. Assemblies of hull and

appendages; howeve, usually manual
preparation(Claus et al., 2012)

ﬁhip RANSE simulation requires an objects of interest
such as hull form, duct, volute, etc, which represented

either mathematically closed assembly of surfaces

require

within a boundary representation-f&p) or by a closed
volume object within a Constructive Solid Geometry
?CSG) definition (Claus et al., 2012)B-Rep models

contain geometry (shapes), topology (how objects are
onnected), and tolerances (how closely do they actually
it together). This combation of model data is then
accessed by the CAD systenmethods to define a valid

%—Rep model. Therefore, a valid-Bep model should

be considered to consist of geometry, topology,
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Domain Preparation for Ship CFD Computa-
tion

The functiorality to construct the fluid domain around
ship hull form whichis usually used in mesh generator
(e.g. NumecaHEXPRESS) and further used for CFD
computation is incorporatedThe solid model is
constructed fronthe repaired and closed deck ship hull
form. The fluid donain considered as simple box and
constructed using ship length over all (LOA) as
reference value aflustrated in Fig.7. The proportion
proposed in Fig7 is applicable for deep se@nce solid
bounding fluid domain and ship hull form were
constructed wsccessfully, the shighapes arsubtracted
from the domain as showkig. 8.

Fig. 6: Automatic closing of hull deck and sewing

Fig. 7: Automatic construction of fluid domain around ship hull form. All the dimension of the domainis corstructed
taking the ship length over all as reference value. Aft= (2-3*LOA, Depth = LOA+Draft, Above = 0.25*LOA,
Fore=LOA/2, Port = LOA+B/2.

After successful boolean operation both the fluidneedany user interaction, where small gaps, overlaps,
domain and repaired ship hull form are exported to STO-conrections, and holes are repaired fully
file format. automatically. In case not completely repaired by first
sewing, the user could use the second sewing option,
which againis categorized into twodepending on the
input CAD model For closed shells or shipwith deck,
the userdoes not need to interact, while for open shells,
the user should define the maximum tolerance
accordingly, to heal largetopological inconsistencies
that could notbe sewed in first sewig. In both cases,
the maximum tolerance valuedvery essential véable
to be carefully defined.Tolerance definition and
Fig. 8: Fluid domain for CFD computation: above -half management isery essential in any CAD systerfis
model, below - full model OpenCASCADE treats tolerance as a local property of
Result and Discussion the model the shape repairing module of the developed

In thi h which . trical and tool uses this advantage to treat entities at local level.
n this papemn approach which repaigeometrical and - g,,op, though, considerable full automation of shape
topological errors automaticallyis presented The

. healing procedures are hdeved for open ship hull
ithi it d dt if ical &orms, it fails to fully automate as the model cdenjty
within entiies and used to ensure if geometrical anGhoroases In  addition, the size and type of

topological entities _|n5|de CAD _model are valid andinconsistencies in the model vary from model to model.
error free. Thealgorithm automatically resolvesrrors Therefore, it is not trivial to fully automate the

or invali_din'es inthe r_nod_el. The ;ewing package Of_ theprocedure to complete ride off all consistencies
too! mainly deals with inter entity errors. These INNyithout any user interactiorln this work, only the
entity errors such as gaps, overlapgoifits and sma_ll aximum tolerance value has to be specifiedtimy
holes are mostly .the'reason for unsuccessful practice B5er to achieve the desired output. However, care should
downs_tr_eam appllcathn such as mesh ORI, .he taken as defining too small maximum tolerance
In addition to generating repaired, consistent and vali ould leave too many disconnected faces, and
geometry, developing very few user interactions too ecifying toobig upfront would connect todisiant
which further reduce the amount time and cost related ces. This might endith missing faces, holes or even
shape healings the main target of this work. To more mpietely adamaged model '

reduce the user interactions and to keep the ongiNaryarefore, users should be reasonable enough for the
shape of the model at the same time, the sewing

NN . ; . efinition of maximum tolerance ws. The maximum
package is divided into two parts. First sewing doats
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tolerance should be equal to or slighlygerthan the Butlin Geoffrey and Clive Stops (1996), “CAD Data
size of gaps, overlaps or holes to repair the Repair”, Proceedings of the5th International
inconsistencies. Therefore it might require the user to Meshing Roundtable, Sandia National Laboratories,
define the desired tolerance values to obtain completely Pp.712.

repaired result. The repailgorithm does not affect the Claus Abt, Erik Bergmann, Stefan Harri¢2012),
model part which is already repaired while thser “Domain Preparation for RANSE Simulations about
increasedolerance values. The first sewing result, the Hull and Appendage Assemblies”. Journal for
maximum gap/overlap/hole and the maximum tolerance Research in Ship Technology, Ocean Engineering
for first sewing give some clue about the maximum and Related Subjects, Vol. 59, No. 3., pp-3B4
tolerance for scond sewing to be defined fan open Desheng Wang, Oubay Hassan, Kenneth Morgaah
ship hull form. Nigel Weatlerill (2007), “Enhanced remeshing from
Apart from repairing algorithm, the functionality to STL files with applications to surface grid
define afluid domain around ship hull form has been generation”, Communication in Numerical Methods
implemented to facilitate the grid generation and in Engineering23:227239.

RANSE simuldion based on the repaired hull forms.  Ito Y, Nakahashi K. (2002), “Surface triangulation for
polygonal models based on CAD datkitemational
Journal for Numerical Methods in Fluid?9:75-96.

In this paperan automatic detection and healing tool of Mesh Repair: http://www.meshrepair.org/

commonly found topological and geometrical Morgen Ken (1999). “Closing the Gap between CAD
inconsistencies ipresentedin addition to repairing 2D Model and Downstream ApplicationSIAM News
and 3D CAD model, successive automatic construction Vol. 32, no. 5, Pp.@3-319.

of deck, mirroring of starboard and fluid domain OpenCASCADE Websitéhttp://www.opencascade.org/
preparation of ship hull form are successfully achievedPerezArribas F., SuareBuarez J.A., Fernandez
The repaired ship hull form, the fluid domain are Jambrina L.(2006), “Automatic surface modelling of
exported to STL file format preserving the curvature of @ ship hull”, Journal of ComputeAided Design,
the original shape. Volume 38Issue 6, pp 58%594.

The STL file format ofthe repairedship hull form can Vincent Franc,ois, Jean Christophe Cuilliere andhdic
be imported to grid generators. The fluid domain along Gueury(1999) Automatic Meshing and Remeshing
with ship hull form can alsobe used in some grid in the Simultaneous Engineering ContelRégsearch
generators such allumeca HEXPRESS after mesh  in Engineering Design Vol. 11, Pp.-85.

generation RANSE simulationan be performed. The Wang D., Hassan O., Morgan K.,Weathe\il(2007).
developed tool is highly automated with very few user “Enhanced remeshing from stl les with applications
interactions in case of open ship hull form and fully to surface grid generationCommun. Numer. Meth.
automatic for closed hull form Engng,Vol. 23, Pp. 227239.
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