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Abstract

Modern engineering requires detailed kntaglge of forces, flow directions and veiibes, when
designing the vehiclesf the future. In the ship building industry this is traditionally done in towing
tank and wind tunnel experimentsr by the long experience of skilled enginedlrs the last yeay
computational fluid dynamic (CFD) methods developed to a stage, where they become interesting
not only from a financial but also from a performance point of vitaw larger ship yards as axtra

input and in long term thinking asfall alternative tothe experiments.

The special branch dfixury yacht building yardss like every business in strong competitiamd

needs to work economical. It can be very expensive to carry out both methods on the one hand
Since on the other hand tlse high technolog yards have special requirements to fulfill that might
change more frequently than for commercial ships, CFD is often a desinelied for the yardsto

master. The open source software (OSS) openFoam® offers here a possibility to include a modern
CFD mthod without extensive investment costs into the design process and to gain "free"
experience with a technologyf the future.

The present thesis shows the strength and weaknesses of openFoam® in the ship building industry
for and in close collabation with the FriedrichLUrssen shigard in BremenThe yard has specialized
in the construction of luxury yachts ove®@m and naval vessetwer 30m

Due toopenFoam® slassical case folder structure, several tutorials were created to investigate this
purpose Theyreflect typical flow situations needed by the yard for futunealysisj.e. a wind tunnel

setup, a towing tank setup, a sinkage and trim tutorial, a heat analysis tool and a particle injector.
Besides the important resistance calculations the manu$olay on the analysdf the exhaust gas
behavior. Mega yacht customers demand lowest possible air pollution on deck, so that extensive
wind tunnel experiments are done during the early design stages. The aerodynamic tutorial was
created as an alternativto these experiments. Satisfying results were achieved with openFoam®
when compared to testsonductedby the Hamburgische Schifu- Versuchsanstalt (HSVA)o show

the differences in performance to commercial software the hydrodynamic resilispenF@am®
solverwere compared to StarCCM+ by @Bapco.

The investigation now clearly showed that openFoam® has competitive performance abilities to
experiments and commercial CFD softwaiéhen no expensive openFoam® training is paidHer t
time it takes togather experience in openFoanm@ndlingis long,but can be shortened immensely

by the usage oformerly prepared tutorials.In ship design the most important simulations do not
change very often, so that this structure can be a help for the yard. Buirthsual structure and the
unsatisfying product documentation set the limits quite high for the time restricted ship building
business to risk the use of the academically developed tool.



Essentially, lamodels are wrong, but some models are useful
--George E. Box(Professor Emeritus of Statistics)
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1 1 Introduction

1 Introduction

Identifying flow directions, velocitiesand forces isa very importanttask in most of the many
engineeringindustries To summon information about the flow around a ship inparticular is
interesting formarine engineeraround the world fora long time now. This typicallydonein wind
tunnels and towing tanksor collectedfrom long time gathered experienc&ince for mst complex
flow situations an analytic solution is nawailable rule-of-thumbs arenot detailed enoughand
experiments are expensiyeomputer generatedsolutions becane more and more popular with
increasing computational power and better mathematicabdels. This field of research is called
Computational Fluid Dynamics (CFD) and wagémeraltopic of this thesisThe currentchapter will
show now where exactlythe thesis is located inhis field of study(Chapterl.2) and why it was
performed Chapterl.l). Inchapterl.3the structure and the approach of the thesis is presented.

1.1 Aim of the thesis work

TheMaster Thesigat handaims d the development okeveraldifferent CFDstandard moded for the

Fr. Lurssershipyard in Bremen, Germany a builder of custom made luxury yachts with @ bf

more than 60m - using the open source code openFoafy@rsion 1.7.1on Ubuntu 10.0% and

testing the applicability of open source software on ship yardike modek should be able to
calculate the exhaust gas floabove and underneath the design waterlir@ound any new
developed Lirssen yacHt wasmeantto be an input forboth the mechanical egineering and the
ship theory department of thgard

1.2 Projectbackground

In the last century sophisticated CFD methods changed from being only a scientific to an industry
established tool.Theydo not provide acompletelycorrect solution yet, but can givcomparable
results for an experiencedser in shorter time and with lower costs théns done by experiments

[1]. While hydre and aerodynamic resistance predictions are most important for most ship yards
CFD methods carsa be used to investigate oth8ow situations. For cruise vessels and large motor
yachts knowledge of the distribution of exhaust gas on deck and utidewaterline is crucial to
satisfythe demanding customer needS§imilar to naval vesselthe flow around helipads islso
important to comprehendn orderto guaranteethe safety of helicopter operations.

Analyzingthe flow with wind tunneland towing tank tests is costly and thereby only used in later
more definite design stages. To be able to stadd vary the desigonf exhaust outlet<CFD methods
can be usedilso already in early stageResearch in this area was done beforeKmkarni[2] or
Moctar [3]. OpenFoam@self starts to be of ingrest forthe ship building industrgince it § free and
highly developedOne cause for its low distribution at the momemhight beits pure academic
background andhe unusualhandling of openFoam@® reliable graphical user interface (GUI) is not
avaihbletoday.

To satisfy the different needs of the two main computations the thesis was split in two pas
aerodynamic and a hydrodynamic part. The models for the aerodynamic calculations were two new
Lursseryachtswith a Lo, of more than100m. Wind tinnel experiments performed at the HSVA were
used to validate the calculation setup. Since the yachtsnatebuilt yet theywere called "MYacht"

and "AYacht" in this report. Furthermore all picture material showing geomaty important
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dimensionsof the vesseldiad to bedistortedin some way or anotheiFor the hydrodynamic part an
older yacht was used thavasnamed "CYacht" in this thesiShe can be founth the same length
area as the other two yachts and was especially intereddimng to her distinct underwater exhaust
outlets ¢ the research object ahat part.

1.3 Approach and structure of the thesis

The time that it takes to prepare and run as many CFD calculationsyas necessary for such a
project with standard workstationsmade it vital to structure and organize the work in theorrect
way. It wasdesiredto overlap the times of actual computing with the preparation of the next
problem as much as possible. The thesis follows the actual @fenrk steps quite clady and
shows thereby how th problem wasapproached After an extensive research an2 R Imetbds
and possibilities a general approaslasidentified. Togive background information otihe chosen
approachthe requiredtheory is presentedn chapter2 which contains the governing equatio@sl
and a few words on the computation of turbulent and multiphase 8@w2 .

A CFD calculation is only as good as its setup and needs oagsagsment of the outputs along the
way. Several coarse calculation loops are necessatlye beginningo gather information about the
prerequisites of the problem at hand. As an output from these loopsctieulation setup of both
the aerodynamic andhe hydrodynamic calculationis presented in chapteB. To verify the grid
guality a grid convergencetudy was performed for theyrid that wasused in theaerodynamic
calculationand theperformanceof the usedmethods wasvaluated(see chapte#). From this point
iterations with smaller changesere done which resuktd in a setup thatwas validated and
enhanced further until the outcomshowed good resemblanagith the experiments. In particular
the aerodynamic computations were checked against a wind tunnedxperiment and the
hydrodynamic calculationvas compared tocommercialsoftware The validated and completed
results are shown in chaptér and finally discussedhichapter6. An outlook on the future work is
given in chaptei. The different parts of the thesis are also visualizeBigurel.l.

Validation

Figurel.1 - Structure of the work and the thesis
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2 Theory

Thedynamt behaviorof any flow situation can be described by several gerexas in physicsThe

first section2.1 presents the most important equatiorteat were derived from tbselawsand also

how the equationgan be simplified to ease the solving proce&dslving tleseequations analytically

is difficult to achieve for most engineering applications as has been said previbhaislyis whyCFD
methods are used which approach the problem numerically. The important methods and some
additional theoryare now shown in thesecond sectio2.2,

For the interested reader whrequiresa broaderview of the topic on CFDat this pointplease refer
to the standard text bookf Ferziger andPeric[4], Versteeg andVialalasekra[5], Blazek[6] or
similar. By far the nost information inthese chaptersvastaken from these books.

2.1 Governingequations

The earlier mentioned physiclws are the laws of conservation @fiass energyand momentum,
which are described in the next two sectiofifiese principaproperties of fluids are mostly governed
by the visc@l A lGaddthe density” | y RhaitlyfiBctions ofthe temperature T, the pressure p
and the velocity USince flow problems are limited in spatés looked athe flow of a fluidthrough
an arbitrary singleontrol volume(CV)to gain knowledgaboutthese properties

Fluid flows carbe distinguished in laminar artdrbulent flows. In this thesigurbulent flows were
examinedthat occur when Uvaries unorderedin time and spaceThe turbulence magnitude is
correlated to the flow velocity and viscositynagnitudes i.e. the Reynolds NumbeiRe. All
turbulence phenomena in the flow are basically unpredictable, but with certain simplifications (see
chapter2.1.2 one can get a good understanding of the macro scale flow behavior

In the ship building industrigh turbulence is most of the times unwantesinceit increases the
frictional resistanceof a shipor destroys asmooth airflow around the superstructurdn the
following sectioss it is shown that you use different compational methods for laminar and
turbulent flow.

2.1.1 Continuity & NavietStokes equations

The law of conservation of mass states that the total net transport of the mass across the boundaries
(i.e. the mass flux) of a system, that is in this case the comtiime, is zero if sources are not
considered. This means that no process inside the control volume can change the mass quantity, i.e.
no mass can be destroyed or created. The law is representdtidogo calledcontinuity equation
(Equation2.1).

Equation2.1

— QQ0AN ™

A similar law exists also for enerdhe law of conservation of energy states that the total energy in a
closed system(againin this casethe control volume)remains unchanged over the tim&]. The
corresponding relationship simply says that the sum of all the poteatidlall the kinetic energy in a
system equals the totanergy
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To get a detailed view of thilow the NavierStokes Equatias(Equation2.2 - Equation2.4) (NSEjor
a compressible fluid arexamined Together with the continuity equation arttle energy lawthey
give a complete picture of thflow characteristics.

Equation2.2

27 Wigao S W] e |,

z <

Equation2.3

z Z O
z 4

| I Sl EF

Equation2.4

— W ogio S W Hl >R,

z < 0

The NSE was developed from the momentum equation, which is an application of the Newton laws
of motion for a continuum (Fothe detailedderivations referto the mentioned text books). It
consists of several parts of which each represents a driving éor¢ke fluid which are:

1T — Unsteady Acceleratio(in this casdor all exemplaryn x-direction)
T QW@ A6 Convective Acceleration

1 — Pressure Gradient

T QQULQ WQ ViscosityForces

T 7Y OtherBody Forces

To simplify the equatiorfor different flow situations some of itsparts shown abovecan be
nedected or modeledThis saves computational time or makes the NSE analytically sqlizablksiso
sometimesintroduces errors Typical approximations and modeling techniques cansben in the
following section

2.1.2 Simplified equations and flow approximatian

An engineer working on a flow problem will always get the best resolinputing the NSHirectly.
Since computational resources usually do not allow, thisore practicableapproachis to simplify
certain parts of the equation or to fully erase a parhen it is not needed.For an example the
smallest eddies in the floare usuallynot accounted forin practical purposesince their influence is
guite small on the overall solution,ub they would be included the complete NSE is solved.

A first and very general approximation has already beerade in this thesis. For the following
equations and calculations incompressible flmasassumed. This means that the time derivative of

0502YSa TSN ¢KS FLIINBEAYIGA2Y OlFy 0S5 -YIRS
water and low speed air (Mach number < J3)
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2.1.2.1 Boussinesqapproximation

TheBoussinesq approximaticnvolvesmodeling of gravitation free flow in which density variations
can be neglected in the convective and unsteady part of the NSEmmmurate temperature
gradients are allowedts advantage is the reduction of complexity &gysuming one overall density
for the different substance streams in the flowhis can banade use ofe.g. in ocean current
calculationsor natural ventilation in homes

2.1.2.2 Euler & Potential flow

A different approachs used by the Euleand the potential fow theory. Here not the density is
manipulated but the viscosity isompletely neglected. If the viscous forces in the flow are
disregardedthe NSE simpldsto the so called Euler equatio:quation2.5). The eaation can be
usedto compute compressibl#ows with high Mach number8]. This can be done since the implied
no-slip condition Ke. No viscous forces on walie calculated) is not anajor problem at high
velocities whereviscous effects are only important fime small area close to the wall.

Equation2.5

' COMAN -COAA m

If nowarotation free flow ¢ A 1) is considered a velocity potential must exist thatfulfills the
equationA n3. Taking this into accounhe incompressiblecontinuity equation(Equation2.6)
becomesthe Laplace equation for the potentigEquation 2.7). This equation can be usetb
compute a free streamnon turbulent flow e.g. in the water flow field far away from the shiphe
Laplace equation is analytically solvable even for more complex flows by combining simple cases
(Sources, Sinksrde Stream, etc.) and can be used as an input to solve the integrated momentum
equations, the so called Bernoulli equations.

Equation2.6 Equation2.7

2.1.2.3 Boundary layerapproximation

Whenthe fluidis close to bounding surfaceke near wall area is calletie boundary layer (BL). Here
viscous effects cannot be neglecteshy longer. For low Re the flow stays laminar awmdn be
calculated using the simplified N&&ledthe partial differential equatior(Equation2.8).

Equation2.8

"ANzZCOMA COAA ‘1 A

In theorythe fluid has no velocity directly on the surface and thereby a velocity gradigm¢ars
normal to the surface that causes frictional forces in the fléidurther approximation is made by
assuminghe pressure across the BL (in direction normal to the surfeeep constant[9]. The effect
on the computations of these assumptions is presented in the seation
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2.2 Computational fluid dynamics

From chapte2.1a set of general equations is known that can be used to solve the flow problems at
hand. Several methodologies exist that can carry out this tasks. Since viscous calculations are the
main topic of this thesis the most commonly used techniyirethis field are describedaminar flow
methods are shortly illustratedfhemost known generadpproach in a CFD work is to create a mesh

of the geometry and the flovdomain to choose the numerical techniques, to solve the equations
and then to viewand control the results. These steps are called:

1 Preprocessing (Including the meshing process)
1 Solving
9 Postprocessing

The need for pregprocessing is based on the fact that edldw simulation has different needs in
terms of start values grids, schemessolvers, etc. IrFigure2.1 the different steps are showthat
needuser input in the preprocessing stageEspecially in the modeling and the discretization stage
many methods and schemes areadlable- the user needexperiene and understandingf CFDXo
choose the right onesThe information inFigure2.1 was taken from the educational slides of T. S.
Craft[10].

Choose set of

goﬂ-athtri]c?r?; partial Heat, chemical,
. q turb. model, etc
equations added
4 Numerical solution: N\

wGridto calculate U, T, p, etc at each node
point (e.g. center of grid volume)

wModeling of the different governing
differential equations

wApproximating the modeled equations by
system of algebraic equationRs
Discretisation procesfAx = b)

w Solvingthis sytem of equations, usually in af
iterative process

\. J

Figure2.1 - Important steps in a regular CFD calculation setup
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2.2.1 Errors and uncertainties

No matter if the flow is laminar or turbulef@FD islwaysjust anapproximationof the realityfor the
reasons explained earlieThere are many steps where errors and umaiaties can occufl]. It is
reasonable to distinguish between those two since many wrong calculatiotisr due to lack of
knowledge of the tots (uncertainty) and not only due tmathematicalerrors e.g.in the modeled
equdions or discretization proces@viore information on this in chaptef) . The process of checking
for errors is called Verification & Validation (V&YV). Verification is an in depth comparison of
computed scientific test casewith their analytical resultsto verify the codewhile validation
compares your computed case results with experimental datg. from awind tunnel test)[11]. In a
way validation thereby checks also for uncertainties which tt@m be removed by the user until
ideally only the real CF&bdeerrorsremain Extensive grification of the openFoamcodewasdone
e.g. by H. Jasdk?], validation of the results is shown in chapterTo assss the quality of the mesh
and thereby of the resultsa grid convergence study was performed in chagtashasalready been
mentioned

2.2.2 Non turbulent flow methods

One way of removing turbuleecin the flow igo neglectthe viscositylf Equation2.7 is solved with
certain boundary conditionsts CFD application is callatie potential flow method. Its general
application in the marine industry is to Icalate the waveheight and wave resistanceof a ship
(Figure2.2). It is a very fast and simple method and used broadly in the indussyecially foa

bulbous bowoptimization

Figure2.2 - Waveheight contours of a yacht hull generated with a potential flow cod#3]

Thepotential flow methodcanalsobe used to calculate the outer edge pressure of the BL. Using the
assumption in chapte?.1.2.3the pressure in the whole BL is then knov@tDcodesbased on this
assumptionare called Boundary Layer Methods. Tisaye a lobf computational time compared to
turbulence modelingCFD methods (see chapt22.3) where the pressures and velocitibave to be
matched but workonly fine in flows without separatiof®] [11]. Viscous resistance dift and drag
calculations cannobe solved with this methodil1] which is the main reasowhy it is not further
elaboratedin this thesis Another way of calculating without turbulence is necessary in soases
whenusing turbulence models (see Chap®?2.3.]). Many solvers divergehen starting to compute

a complex flow situatiomlirectly with the turbulence switched on. You can force it to be a laminar
flow until a steady state is reached. With this developed pressure andityefteld one canthen
start a turbulent calculation that is more likefo run through. This wasecessary to do for thesater
flow aroundthe ship hull.
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2.2.3 Turbulent flow methods

Nowadays computational power is not enough to solve the full NSE directlglrfuost all flow
phenomenawhich engineerare interested in. It is possible for some academic study cases or very
simple flow situations. The method usadhen solving the full NSE called Direct Numerical Solution
(DNS).The first approximation of th®NS is called Large Eddie Simulation (M#&#3h solves only

the large scale turbulence in the flow. The smaller eddies are filtered by a modification of the NSE.
The smaller eddieaffect the resistance calculations in ship hydrodynaniss tharnlargerones and

can thereby be neglected in practical use. It is possible to calculate larger structures like ships with
LES codedut is still not feasible to do in ship yards due to the computational power and time
needed.

The most common solution and the theds also used in this thesis remove all turbulence and solve
the NSE only for the mean flow. The methods based on the ReyAskiaged NavieBtokeg RANS)
Equations(Equation2.9 - Equation2.11) are calledthe RANS methadThe equations show the
unsteady RANS. In this thesis steady RANS calculations were performed where the time depended
part equals zero.

Equation2.9
— Qovy  -— 'om de - —! B L
Equation2.10

00 R et I I ] ] I ]
Equation2.11
— QY -—— QMmN e - . L :

In the RANS equationdi¢ velocityand pressure parts are split up into a mean velocity/pressure
(U/P) and a fluctuating velocity/pressure componenit/f”) that displag vortices in the flow. The
fluctuating velocities can be found on the right hand side and seen as additional turbulent stresses on
the mean velocity. These so called Reynolds stresses can be represented by different turbulence
models shown in chapte?.2.3.1 This is a severe simplification of the NBEresults inless required
computational time and memorgompared to LES or DNS methods

Besides theneedof closing the system of mean flow equations, a turbulence model should be widely
applicable, accate and simple. Since RANS codes are used nowadays throughout most industries
their economical aspeds also very importantf these basic requirements are not met, the method
will not be used. This holds especidtlye for the ship building industry.
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2.2.3.1 Turbulence modeling

The previously mentioned Reynolds streskageto be modeledif a RANS method is used. Ttds

be done in various waysvhich hasa large effect on the later results. Most turbulence modate
basal on the eddy viscosity concepthsre the effect of the turbulence on the flow processes is
described by an increased viscosity. The Reynolds stresses aredéleribedby the so called
Boussinesq Hypothesis which rspresented byEquation2.12, where ks the turbulent kinetic
energy.

Equation2.12

T "00 ‘' — — -0 withQ -00

l'a GKS yIYS FtNBIFRe aidliasSa 1 NSHanBaEedtywiscasitylhdS Sy SN
can be writen as displayed iEquation2.13including a constant,Cthe turbulent velocity V and the

length scale for largecale turbulent motion L.

Equation2.13

t M, UCE #, 6

To solveEquation2.122y S ySSR& | 61 & td @lcuBrtE\LANSIA he Yiffereny R >
approaches to do this divide the models into algebraic, ®&peation, oneequation and twe
equation models which are all linear eddy viscosity models. Not discussed in this thesis are non
linear eddy viscosity models and the Reynattess models, which compute the Reynolds stresses
directly.

Industry standard and also the modelsedsin this thesisare the twoequation modelslt is quite
simpleto implement thesekindsof RANS equations into a CFD program. It is basically the same code
as for laminar flowbut has two differenceswhich are:

T >¢=> b >
1 Solvingof two transport equations extra

This allows effects athe transport of turbulence properties by convection and diffusion aid
production and destruction of turbulence. The two most common methods and their extra transport
equations are presented in the following two sections.

2.2.3.1.1 K-¥ model

Based on the fact that kinetic energy is dissipated into internal energy at high Re another way of
O02YLIziAy3d GKS (GdzNbdz Syd € Sy3aidK 3*RAL). dmeirgndporti KS G d
eqdzr GA2ya F2NJ 1 Eqfadon214dddEquatioR.1ZasSvEY as therelated turbulent
viscosityEquation2.16.

Equaion 2.14

— — —-366 no6 "066— ‘——0
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Equation2.15

Equation2.16

T ™ —

The turbulent model that is based on these equations is calledthe KY 2 RSt | YR besk LINR O |
knownmethod in CFD coddd]. Theconstantsare set by thedevelopers of the programand vary

from software to software. Several popular developments that build up from this model are
available, e.g. theealizable ks [14] or the RNG k¢ Y 2[F5§ fts strong nodinearity makes it

necessary to solve the transport equations gradually with an iterative method (like most CFD codes).
Underrelaxation is alspeeded for stability reasons. Wands  dza dzl f f & regationvalesS al Y S
between 0.5 (for a bad grid) and 0.8 (for a good gmdjure2.3 shows a Wigley hulvave pattern

calculated with the epsilon model

Figure2.3 - Wigley hull atFN0.32, caktulated with interFoam, kepsilon model

Close to watlkand¥ I NJErwliile\ (Bskays similar to the normal flplaut they use the same grid.

This can lead to convergence problems especially when higher order schemes are used. At high Re
the boundary layer on the wall gets so thin that it is difficult to resalweith enough grid points. In

this very common case wall functionan be appliedo the model.They are based on the existence

of an area close to the walin which the wall normal velocity profilean be described witlthe
logarithmic lawshown inEquation2.17 - the so called law of the wall

Equation2.17

u*- Dimensionless velocity
o S ) 5 y'- Dimensionless wall coordinate
B - Case specific constant

In general he k-¥ modelis limited in its applications. #uppliesonly good results for flows with small
pressure gradients. Problemikd swirling and rotating flow, strong separation, compressors or
nozzles should be avoid¢ti6].
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2.2.3.1.2 K-+ model

The k. Y2RSt TF2fft26a ol aAiAOkst f 82 RIS oadzdy SA yNI2t N9.32 Ni- &
RAAAALI GA2F0 . AYWEGSF R 2F 5 (2 NBLNERAX&ESpondngES aol
transport equations plus the equation for the turbulent viscosity can be seen iE¢tuation2.18 -
Equation2.20. It was introduced by Wilcdg7]in 1998.

Equation2.18
T ol rAcy
v T - = —
Equation2.19
|6_ HT-l - 1 -
Equation2.20
[ m

An advantage compared to thetkmodel is its applicability in the entire boundary layer without

further adjustments. A problem can occur from its high sensitivity to the inlet boundary conditions of
internal flows [18]. An advancementalso because of this disadvantage the k. Y2RS¢ gl a
introduced by Mentef19] [20] ; the so called fomega SST model. It is a hybrid using koS to

walls and k Ay (GKS (i dhdIkaineds \SST nfodéeR ésgecially used in aerodynamic
calculations and has a very good overall performance even for complex flows compared to other two

equation modelg16].
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2.2.3.2 Finite Volume Methods

There are three commonly used numerical methods to solve the conservation equatlom$-inite
Element Method, the Finite Difference Method and the Finite Volume Method (FVM). For the RANS
equation, the Euler equation and the NSE that&ilolume Method is the standard approach. It is
easy to program and thereby most frequently uséd. it is usually done in the FVM it is assurimed

the following explanationthat the velocity field and the fluid properties are known from the
boundary couitions.

When gplying theFVM the physical space, in whittte flow is calculatedis discretized ito many
control volumeshy a mesh. This mesh defineda itsgrid points the edges of the control volumes
andnot the calculation points like in a Finifeifference Method. The integral conservation equations
need to be calculated now for each volume individually and can thereby be computed for the whole
domain. A generic form of the conservation equation can be se&uation2.21.

Equation2.21

a

° z Z o . 27 5 -||.4
: < z 0 To ° 20 °

z

N

A generic CV is shown1l inFigure2.4 andin 3D inFigure2.5. The flux over the boundaries of the

CV equals the sum of the integrals. The equation variables (deriofedre calculated in the cell
center whereas the control volume surfaieinterpolated via its hode values. The resulting surface
and volume integrals can be approximated with numerical methods which are displayed in the next
section2.2.3.3 The node value in the cell center is denoted P andnisighboring nodes according

to the flow direction.

®
H N
W e @ E
w P E
Wi e
¢ ¢ o
—>
neEkE S L
L
Figure2.4 - 1D Control volume with nodal point: Figure2.5 - Control volume in 3D with fac
direction

How good a discretization works, depends to a large extend on the scheme with which the fluxes are
evaluated. Also the desigand lookof the volume is important. A single control volume shoutdals
regular in shape as possible to reduce numerical errors. Whgtilaimeans in this case is explained
further in the chapter2.2.4 Holesand overlappingor negativevolumes in the grid result in wrong
cdculationsor program failuresas well.
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2.2.3.3 Numerical schemes

Interpolation is donavhenvalues ofn are neededn other points than the CV centér calculate the
convective and diffusiveerms and to compute the unknown volume integralBepending on what
information isdiscretized different methodshaveto be used Some methods are known for their
robust and stable behavior, others are particularly accurlitethis parta fewimportant numerical
schemes are showrwhich are generally used to interpolate theconvective terms lts special
behavior makes convection a crucial part in the discretizafioocess and is the cause for many
schemes that were developed for it.is done exempglry for the east end of the CV.

2.2.3.3.1 Upwind Differencing Schemes (UDS)

The upwind interpolation approximates the cell face vaiuawith the n of the celicenter value
upstream of the CVThe dependency of the value on the flow direction is showdnation2.22. It

is unconditonally bounded andvery stable(1* order), but may cause severnumerical diffusionif

the flow direction is skewed relative to the griihena finer gridis used upwind interpolationwill

produce a much better solution

Equation2.22
n E 21 Tt
n E @] Tt

2.2.3.3.2 Central DifferencingScheme (CDS)

A simple and often used"?order scheme ishe CDS or also calletinear interpolation. It
approximates the middle point values of the CV sides by the linear approximation between the two
neighboing nodes.TheEquation2.23 holds fa the node values in the point ‘e

in

Equation2.23

n n z} n zp 1
Thelinearinterpolation factor is kre defined a3 E—

Second order schemes are more precise than first order schemaésot as stableSincethe CDSs
unbounded non-physicalbehavior can arise in areas of strong convectiorhereby sometimes
schemes are &l whch combine the best of the two, e. g. the Hybrid Differencing Schéteee the
two schemes are blended in critical areas into each other to achieve convergence.

2.2.3.3.3 High Resolution Schemes

High resolution schemes can be distinguished in linear andlinear schemes (regarding their
defining function3  Oall represented by the flux limiter formulatio(Equation2.24 [21]). A few
commonfunctionsare displayed belovior the given CV.

Equation2.24

n n ™z3 0z 0 0

30 m 1st order upwind

30 O 2nd order differencing With © ——
30 O dsTi p 3 Non-linear van Leer

30 | A@ghl ELihmi mdh Non-linear MUSQ@
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2.2.3.4 Solving the equations

Many algorithms have been develop#uat are able to solve the discretizeédSEsets produced by
the numerical scheme&Vhichsolver typeis useddependsalwayson the giverflow problemthat is
usuallysolvedin an iterative processl’he handling of nofinearity and the coupling of the pressure
and the velocity are the main aspects of a NSiesoro show the function of a solver the looptbé
famousSemilmplicit Method for Pressurtinked EquationéSIMPLE) algorithis displayed ifFigure
2.6. SIMPLE is a commonly used CFD s@idvencompressible flovdevelopedby Patankaf22] and
was deployed extensively in this thesis.

Initial guess

Update )>| / Nextstep |>
density
based on

Computing
gradients of

pressure U&p

Solve the
momentum
equation

Corr. cell
velocities

Compute
uncorrected
mass flux

Correct face
mass flux

L:)%?J?]tdeafge Solve the
pressure pressure
corrections correction
Lﬁggsalfe Produce its
P field <] cell values

Figure2.6 - The SIMPLE lo0j22]

For an iterative steady state solution it is notaaed to resolve the linear pressure velocity coupling.
The velocity field is approximated by solving the momentum equation while the pressure gradient
results from a previous pressure distribution. The velocities can be corrected after the new pressure
digribution is calculated via the pressure equations. Witedbupdated flowparametersthe new
resulting fluxes can be computéa?].

Other methods are SIMPLEC (SIMPLE Consistent), SIMPLEM (84difel), SIMPLER (SIMPLE
Revsed), PISO (Pressure Implicit with Split Operator) or PRIME (Pressure Implicit Momentum Explicit)
- just to name a fewln chapter3.2 and 3.3 openFoam® solvers and their properties are explamed

bit further.
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2.2.3.5 Volume of fluid method

The hydrodynamic calculations were performed using the industry established volume of fluid (VOF)
approach. It is an Eulerian method to locate timerface between two different phases, usually
water and air. This scalled advection scheme tracks the form and location of the-fniedace (the
fluid/fluid interface) which can be seen iBquation2.5 for a floating cube. Here the mesh needs to

be dynamidn order toadapt tothe floating geometry.

T

SRR

Figure2.7 - Floating cube example of fluid/fluid interface with VOF

The VOF method izasedon the function C. Looking at a control volunt&is defined as the volume
fraction of a cattinuous phasd, like water, in that CV. When the cell is empty of phds€ equal®
and phase 2like air, is filling the cell to 100%. The other conditions are treated accordinghe If
water/air interface cuts the celC isO < C < 1 and when itfigll of phase 1C equals 1.

The freesurface is computedeparate from the NSE. The code needs to solve the trangppration
2.25andalsocompute the fractions of the density and the viscosity.

Equation2.25
— — T
How the phass are distributed ina control volumecan be very different andlepends on the

method used, e.gPiecewiselinear Interface CalculatiorPI(I(; Hirt&Nicols [23], Youngs[24],
Compression Scheme (for openFoai2s)), etc.
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2.2.4 Grid types

As mentionedearlier the points to calculate the different properties in the finite volume or finite
element methods are defined bygtid ; a discretized version of the solution ardroducing a high
guality grid can erase margrrors before any calculation has starteuch time was spent in this
thesis tomatchthe mesh to the task andariousrecommendationsvere given to the yard howo
produce a quick and good working mesh with openFoaf®. most importangrid types and their
functionalities are explained below.

2.2.4.1 Aspects of grid quality

A large aror from the grid coms of course fromits inadequate display of realityBut also the
structure of the grid itself can introduce errors that have an effect on the solution qualitg.most
important errors are described here.

Orthogonalityis a measurement of how close the angles of neighboring CV faces or CV edges are to
the optimal valuesi.e. of 90° for quadrilateral elements or 60° for triangular eleme&song non
orthogonality will increase the sources and the amplitude of discretization errors in the solution as
well asit leadsto poorer convergence.

Expansiorrelates to the chage of size between two adjacent celBnall size gradients between the
control volumes are preferred to ensure a controlled calculation of the field variaDlibgrwise f
increases the error souramming from the discretization of transient and bodyde terms.

Aspect Ratias the degree of stretch of a control volunieis usually defined as the relationship of
the largest distance between the cell and the face center to the minimum distance between two
edge nodes of the control volumf6]. It can produce rouneff errors and leads usually to
convergence problems during the solution.

Skewnesss the disagreement between the shape of a cell in the grid and the shape of an equilateral
cell that has the same volume as tfiest one. A result of high skewness can be a decrease in
accuracy and a destabilized solution.

In openFoam® thegeroperties can be tested after the grid generation with the checkMesh utility.
There are mathematical definitions and recommended valuesézh of theséncorporated in the
program In this thesis not every mesh was perfatthe checkMesh sense.g. high skewnesgasa
problem for meshes generated with sHbut wasalways kept in reasonable limits.

Another factor here is that the occumnce of arerror does not lead per se to a problerits location

in the meshalso plays a roleFor an example imreas of large pressure gradients the solver will
possiblyproducea diverging solution whilen areas of small gradientee same grid erromight still
lead to an overall converging solutiohhis phenomenon was seen often during the thesis, ia.g.
singlehighly skewed cells close to the hull surface wharge pressures were calculated without a
physical reasof26].
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2.2.4.2 Structured grids

One way of dividing the domais the structured gridlt is composed of sets of intersecting lines, one
set for every dimension, and a mesh padinat is placed at the intersection of only one line for each
set Thiscompositionleads to quadrilateral structures in 2D and hexahedral structures iA3iint
has four neighbors in 2D and six neighbors inIBI3.very efficient from a CFD point of view in terms
of computational time, accuracy and memory requirements compared tdructsired grids[27].
One bigdisadvantage thougis that this methodtakes much time to adapt to complex geometries
andthat the grid cell sizeannot be varied much throughout the whole grikbr an example, hen
refining an areaclose toa wall the cell size of the far away structures is reduced as well.

2.2.4.3 Block structured grids

This often used approach deals with the need for different cell sizes in different areas of the domain.
A two or more part splitting of the computabnal domain is possible by defining differently
structured regions that are connected by boundary faces. It is also possible to overlap the region
borders. These grids are called chimera grids. In open®ddock structuredmeshes are produced

with the blockMeshfunction.

2.2.4.4 Unstructured grids

When dealing with more complex geometries structured gdtfer only averageausability. A widely
used technique to handle these geometries is the unstructured grid. Here no implicit structure of co
ordinate lineds inmposed by the grid. They can hantiasically aljeometiesand have no limitations
from the neighboring elements/points For 2D applications the faces are usually triangular or
rectangular, for 3D applicatierietrahedronsor hexdedrons OpenFoa®uses he snappyHexMesh
tool for this taking a block structured grid as a domain inpusnappyHexMesh grichn be seen in
Figure3.2 where a block including a more complexif spherewas meshed.

The simple and fast mbig and refiemment of local areas is an advantage compared to the
structured grids A progran designed for these grids needs no changes when a refinement is done
which enlarges the flexibility of work a l@rthogonal behavioof the cells can be forcet a certain
degree as well which creates a better solutioho keep the discretization advantages of the
structured gridst is also possible tapply unstructured grids directly on the walthd follow them by
several layers of structured cells normalhe geometry.

Since prisms, pyramids atetrahedronsare special forms of Bexahedronmeshescan have control
volumes with less than six siléThis very flexible approach is than called a hybrid mesh.
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2.2.4.5 Grid generation

Thefirst step ingenerating a gd is to create a list of the knots with their x,and z ceordinates.

Each CV is defined by e.g. 4 or 8 kn@tith this information a list of CVs with their indices and the
related knots is establisheavhere the order of the points decides the positiof the current face,

e.g. the first four points define the downward face ofiexahedron As athird step the list with the
information of the neighbors of each CV is stored as well as a list of the faces of each control volume
The sides facing boundas like walls, input, etc. are listed separately in a last stelisplayed in
Figure2.8.

wList of knots with caprdinates
1st stef

wList of control volumes
2nd stey| wincluding indices & knots

N\ \

wList with the neighbors of each CV

3rd stef )
wList with the faces of each CV
4th stef J
wList of the boundary faces of each CV
5th ste )

Figure2.8 - Grid generation process

Calculations in an unstructured grid are done inesal/ loops. First all fasethat belong to two
different control volumesand then all the boundary faces are calculated to get the surfaces values.
After this a looghrougheveryCVis done to get the volume integral values.
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3 Calculation setup

OpenFoar®is a program whickdemandsexperience to work with. Since you do not have a graphical
user interface (GUJlput command the prograrthroughtext files its spreading in the industry is not
as large as in academic u&arting from the yards own knowleddpase in openFoam® guidelines
were produced by the authoto speed up the progress of integrating the program into ffaeds
workflow. Since there is also no online support availatile best procedure is to use given tutorials
and prepare them for youneecific problem. Several of those tutorials or case models were produced
during this thesis mirrang typical flow situations that need to be investigated at the yartle two
most important modelsthe funnel investigation ah the hydrodynamic calculatiorare portrayed

and further exploredn the followingsections

The othermodels were a"hotRoont - tutorial that
allows the yard to analyze the radiation of hot
components. The Figure 3.1 shows an example
calculation for the mchanical engineering departmen
to investigate the temperature distribution around &
large cylinder like geometryThe vertical line to the
right representshe distanceto a close by component
Also a "sinkage and trim*" tutorial that supports the
analysis offloating characteristicswith dynamic mesh
handlingwas developedbut not fully tested The same )

holds for a utility to include particles into establisheFigure3.1 - Heat distribution around a hot cylinde
flow fields.

OpenFoam® itself offers also a selection of tutorials, but they are setti@ttly related to ship
design.

The best setugor the funnel investigationwas achieved by tess on "MYacht (Chapter3.2). The
investigation of MYacht was as important as producing the model cases for the yard and thereby
extensively revisited and validate&everalsetup loopswere necessary to guarantee the usability
and the validity of the case models filris andlater projects on the yardl'o test the models in a real
design situation the performance was validated a sectimé against thewind tunnel results othe
early-stage design "AYacht".

The research interest for the yard was the exhaust distribution close to h&a@ng/ventilation/air
conditioning)inlets, the magnitude of turbulence around the funnel structurettee influence obn-
deck appendages on the floir different funnel configurations (See chap®p.1).

The hydrodynamic modeiCYacht was used for the underwater investigatiof€hapter3.3). The
yard focugd on viscous resistance, the pressutistribution on the hull fothe backpressure of the
exhaust outletand the wake velocities.

Also a help bookleto explain thepreparationof the model cases for other yachts/geometries was
given to theyard.
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3.1 Meshing setup

In this chapteras a first steghe openFoam® function called snappyHexMé&dtiM) with which the
domains were produced, [esented and its peculiarities are further explained. As a secondlistep
two most important domains used faohis thesis aralescribed

3.1.1 SnappyHexMesh

During the thesis many meshes and mesh setups were produced and compared to eacthatiier

to the quick and simple usage of snappyHexM&xhthe other hand this was sometimes necessary
sincesHMis not as simple to configure as it is to use. Small changes in the settings can make the
difference between a diverging and a converging solution.

Starting with a block structured mesh that defines the extensions of the domain sHM includes
automatically any given Istile (usually used for stereo lithography). The solver then starts to split all
cells close to the .stl surface. When the refinement is finished, all cells inside the .stl are removed.
The user defineshe outside with aCartesian coordinatéeforehand.Specific refinement regions
(boxes, glinders or spheregjan be assignedt is a very good tool to emphasize specific parts of the
domain, like the wake for the hydrodynamic or the funnel for the aerodynamic calculation. This
needs to be andvas done caefully for each calculation. If a box border is located in areas of larger
pressure/velocity gradients, errors can be introduced from the change of the cell size. How detailed a
mesh (and therep the represented flow) becomedepends to a large extend ote refinement

level that was chosen for the boxes and the .stl geomg8}. A good example for a meshed .stl in a
blockMesh with refinement in vertical direction can be seeFRigure3.2.

Figure3.2 - blockMesh with meshed .stl file

A former study at theFr. Lirsseriyard regarding the parameters of sHEP] recommendeda
refinement level of (n n+1) for complex structuregere the 2 number specifies the refinement at
the wall and the 1 the level further away. During éthesis it could be shown that a level smaller
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than 5 and a denser block mesh is always preferable to a high refinement level and a coarse
backgroundmesh. A reason for the better converging solutions can be the ravealy distributed
grid sizesn the overall domain.

Apart fromthe grid refinement sHM incorporates many parameters to ensure a good quality mesh.
Using an automatic tool like sHM speagsthe meshing process to a matter of minutes rather than
hours but it also entails risks. Especially high skewness can occur for complex grids. Performed
studies pravedthat this can be massively reduced by a clike block mesh grid. Also the reduction

of the parameters "maxBoundarySkewness" and "maxInternalSkewness" have positive effect on the
guality of the mesh but the user should keep in mind that decreasing the values below 5 and 2
respectively can diminish the mesh details as well. The meshQTafityols part contains further
parameters which govern the mesh quality but skewnessgsisallythe most severe problenfior
complex geometriesOther CFD methoddike starCCM+)ffer the possibility to handle corrupt cells

in a special way, e. g. enablspecially robust schemes just in these cells. With openFoam® the
setSet function helps to manipulate cells but so far only to delete théeme might be a chance for
further development of the code

Another unsolved problem with sHM is its inability tevals produce sharp edges where they are
needed. Often an edge is displayed chamfered even though it should bearigled.The snapEdge

tool suggestedoy Niklas Nordipromised a curd30]. After testing it for several ship gmetries it

was clear that the tool could not handle this complexity and the missing sharp edges were
consideredof minor importance for the fine meshes handled in the present cases

Another important function is the layer control. BHenables the user tgpecify a layer amount and
thickness of structured grid blocks on the wall to resolve the BL in a better way. The wall functions
YySSR | KA3IK ljdzahftAdGe YSakK a2 GKIFIG GKAa FdzyOGAzy A

Thelaminar underwater flat plate boundary layerthickness ofCyachtwas roughly calculatedwith
Equation3.1.

Equation3.1

1 TMow — T8tcql

The grid generator allows now the user to define the expansion factor, theléiper thickness and
the minimum thickness. With theelationship

firstLayerHeight = Background_mesh_cellheight*finalLayerRatio/(expansionRatio)*surfaceLayers

one can calculate the cell height of the first cell directly on the wall in openFoam®. [Exseveye
applied for the hydrodynamic calculations. The aerodynamic boundary layer is usually thicker than
the hydrodynamic one so that a coarser mestuldbe utilized.

For the two following domains the snappyHexMeshDict was prepared in a way thatesglgmall
adjustments are needed to set up a similar yacht experiment with low mesh errors and the
refinement boxes already in theght areas
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3.1.2 Calculation Domains

Two main griddomains were produced during the thesis after testing many different setOpe
was asingleblock domain that cuts the shipn the free surfacdor the airflow (model A)and the
other atwo blockdomain for the hydrodynamic calculatioosit by the X, Z symmetry plane (model
B). Theshipmodels were imported from rhino3DModel Awasa very complexversion of MYacht,
and AYacht respectiveland had all details around the funnel high resolutionwhere the flow
situation was studied in particulaModel B was a simpler version @fyachtbut incorporated the
real underwater bodynd an underwater exhaust outleBothmodek had the flowing properties:

ThelO0, 0, 0] point is located at the aft perpendicular at keel level
The ship’s bow points in positivediection

Portside is in positive-glirection

All values were calculatedrféull scale models

= =4 =4 =4

Regardinghe aerodynamic calculatignhe wholepart of theshipabove the waterlinavasmodeled
becausedifferent angles of attack were under investigatiohhe model was cut at the design
waterline like it isnormal for wind tunnelmega yachimodels The chosen block dimensions were
recommendations from experience at the yard related to the shipignsions

1 Min. xvalue:-300m; max. xvalue:300m
1 Min. y-value:-73.5m; max. yvalue: 73.5m
1 Min. zvalue:~5m; max. zvalue: 73.5m

A performed grid quality stud{&e chapter4.2) resultedin meshes with roughly 4 million celidth

a blockMeshcell distribution off 70 18 18] which is close to an equal edge length in x and y direction
and an edge length ith afactor of %2 in direction (SeeFigure3.3). As earlier mentioned #cube

like orhalf cubelike celllead to lower skewness in the later hexahedral mesh with MYacht included
and produced a much better convergence behavioany CFD calculatiaeveral starting conditions
need to be set up before the calculation can start succesqfaég3.2.2Boundary Condibns). These
changefor different turbulence models or défent solvers, but alwayhavein common that the
pressure and the velocity need to be defined at certain places of the domain, called patches in
openFoam®. IRigure3.3 you can see which parts wepatchesfor the airflow calculation Exhaust
outlets require a separate patch to include a different velocity or temperagitbat place.

Figure3.3 - Boundaries of thewind tunnel domain




































































































































