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INTRODUCTION

1.1. PROBLEM DEFINITION AND OBJECTIVES

The goal of this thesis is the development of a procedure to directly derive performance
information for sailing yachts from Reynolds-Averaged-Navier-Stokes-Equations (RANSE)
free surface simulations. To achieve this, the flow field around the yacht as well as the
orientation of the yacht itself in the flow field have to be updated according to input
from a velocity performance prediction program (VPP). Therefore a VPP code has to be
embedded in the global iteration of the RANSE code using direct two-way coupling.

The motivation to develop such a method is a shortcoming of the current procedure
where discrete points of a test matrix of approximately 120 runs have to be tested, re-
spectively simulated. Afterward, the hydrodynamic coefficients of a yacht are derived
using linear wing theory with empirical corrections for non-linearities. Since these ef-
fects should be mainly of second order, this procedure is quite sufficient for normal opti-
misation tasks. However, for high-level optimisation as conducted for Volvo Ocean Race
or Americas Cup campaigns these effects should be included. This thesis investigates
if this could be achieved by exchanging the hydrodynamic module of the VPP with the
direct input from the flow simulation were all non-linear effects are inherently included.

Furthermore, it will be investigated if such a new method is able to reduce total in-
vestigation time. The rational behind this idea is that a polar plot can now be determined
by a much smaller series of runs which depend on the number of true wind speeds and
true wind angle to be tested.

1.2. OVERVIEW OF THIS THESIS

In order to be able to formulate research objectives and requirements, recent and current
developments in the investigation of aerodynamics and hydrodynamics of sailing yachts
and the consecutive VPP analysis are reviewed in Chapter 2. The current state of the art
as well as possible development directions are discussed.

1



2 1. INTRODUCTION

Chapter 3 reviews hydrodynamic free surface modeling as well as aerodynamic sail
force modeling concepts. With these theoretical reviews the necessary background is es-
tablished to make the decisions regarding the backbone of the new VPP. After assessing
the requirements on a flow solver to be useable in the new VPP approach, it was decided
to choose the commercial RANSE solver STAR-CCM+ from CD-adapco. Chapter 4 then
describes a conventional approach to VPP modeling. With this pre-knowledge a con-
ceptual design and a mathematical model of the new RANSE-VPP is developed in the
second part of that chapter. Afterward, Chapter 5 outlines the theory behind the viscous
flow solver and rigid body motion solver necessary for Fluid-Body-Interaction. Chapter 6
shows the implications of the RANSE-VPPs requirements on the numerical grid. Various
grid motion techniques will be presented, investigated and discussed.

A formal verification & validation against experimental data is presented for the hy-
drodynamic model in Chapter 7. In the following, a conventional VPP procedure is con-
ducted based on high-quality towing tank data and numerical data gained by resem-
bling towing tank procedures. Chapter 8 shows the generation of the data necessary for
the conventional VPP analysis as well as the following VPP calculation. Hydrodynamic
as well as VPP results of experimental and numerical investigations are compared and
discussed.

In Chapter 9, the new RANSE-VPP system is applied to the same geometry as used
in the previous chapter. Velocity and performance information is generated and com-
pared with the data gained by the conventional VPP with experimental and numerical
database. Finally, Chapter 10 concludes the findings of this work and gives recommen-
dations for further research on this topic.



BACKGROUND OF VELOCITY
PREDICTION FOR SAILING YACHTS

2.1. PREFACE

A sailing yacht may be considered as a physical system which is located in the interface
of two fluids and solely relies on fluid forces for its propulsion. In this connection, the
sails, which are located in the incident air flow, may be considered as set of aerodynamic
foils, which by means of the forces acting on them, ultimately produce propulsion. The
sailing boat also does carry hydrodynamic foils which are located under the boat and
submerged in the water. The most prominent of such submerged foils are the keel and
the rudder. These foils counteract the aerodynamic forces, producing on the one hand
resistance but on the other hand act against the leeway induced by the sail forces and
as such operate as control surfaces. The hull, which is directly located in the interface
between air and water, produces resistance and provides the necessary buoyancy as well
as the structural platform for rig and appendages. In conjunction with the keel it also
counteracts the heeling moment resulting from the aerodynamic forces. As one can see,
a sailing boat is a complex physical system which is characterized by a strong two-way
coupling of hydro- and aerodynamic fluid forces. Due to the unsteady nature of the
wind, an wave forces acting on the system yacht means that the boat movement is also
unsteady. This significantly increases the complexity of the performance prediction and
therefore has been neglected as far as possible to date. Instead, for the prediction of boat
velocity one usually limits oneself to steady state or, more precisely, laboratory condi-
tions. From a general point of view the prediction of sailing boat performance has three
major components:

1. A model for the hydrodynamic characteristics of the boat
2. Amodel describing the aerodynamic characteristics of the rig

3. Formulations to balance these characteristics with respect to optimum speed

3



4 2. BACKGROUND OF VELOCITY PREDICTION FOR SAILING YACHTS

To judge the benefits and drawbacks of different ways for predicting sail boat perfor-
mance correctly, one should not only look at the velocity prediction procedure itself, but
also on the way it acquires the data necessary for its aero- and hydrodynamic model.
Therefore at first a brief sketch of the history of velocity prediction programs (VPPs) and
the developments in aerodynamic and hydrodynamics of sailing yachts will be given.
With this pre-knowledge one will be enabled to judge the different methods of sailing
boat performance prediction which currently exist and therefore allow us to derive a hy-
pothesis in which direction further development is meaningful.

2.2. HISTORY OF VPP

Predicting the performance of sailing vessels has been a topic for naval architects and
fluid scientists for a long time, but the interest on a substantive prediction has been
strongly fired by the emergence of yacht sport and an according regatta scene around
1900. Due to the complex nature of sailing yacht propulsion the development and re-
finement of the prediction methods has been a constant topic of research ever since.
Research in this area has been traditionally dictated by the hypothesis, that the aerody-
namic and the hydrodynamic forces may be investigated separately, see Figure 2.1. On
the hydrodynamic part of the investigations, the first obstacle was to find a procedure
which mimics the conditions a yacht experiences in reality within the possibilities of ex-
perimental facilities, namely towing tanks. Since this procedure differs significantly in
terms of complexity and effort from testing of conventional vessels, it was not until the
1930’s that the problem was first solved by Ken Davidson at the Stevens Institute of Tech-
nology. In his report he described a method to use a combination of full scale and model
scale tests to evaluate sailing performance [1]. The method was based on measurements
of boat velocity and heel angle at full scale. Afterwards the corresponding values were
simulated on a towing tank model, making it possible to measure resistance and side
force. These values were scaled to full scale which made it possible to determine the sail
forces.
In the early 1970s researchers from Massachusetts Institute of Technology (MIT) while
working on the H. IRVING PRATT Ocean Race Handicapping Project developed a method
to predict the sailing performance of yachts for different sail states and wind conditions.
This method, which was presented by Kerwin in 1978 [2, 3, 4], contained a model with
hydrodynamic forces based on towing tank tests, while the aerodynamic model relied on
coefficients which were a function of the apparent wind angle. Furthermore, the method
contained an optimization routine to calculate the maximum boat velocity for force
equilibrium as a combination of apparent wind speed and angle which are a function of
two sail trim factors, flat and reef. Therefore this method, which is known as the KERWIN
MODEL, is the first real velocity prediction program (VPP) for sailing yachts. Since then,
the individual components of the method have been subsequently improved. Nonethe-
less the fundamental principles, which form the nucleus of the method, are still used
today.’

1A more elaborated insight into the principles underlying VPPs will be given in section 2.5.
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Figure 2.1: Equilibrium of Aero- and Hydrodynamic Forces

2.3. INVESTIGATION METHODS FOR AERODYNAMICS OF SAILS

Quantifying the sail forces has proven to be a difficult task for along time. Among the first
attempts to determine rig forces was the already mentioned work conducted by David-
son [1]. From this work the so called GIMCRACK-coefficients, christened after the yacht
from which they were obtained, were derived. The method incorporates an inverse de-
termination of sail forces by correlating full-scale measurement of boat speed as func-
tion of wind speed, wind angle, heel and rudder angle with towing tank data. From to-
day’s point of view the method can be considered as very basic. The first breakthrough
in the field of sail aerodynamics was achieved by investigating the dedicated influence
of the aerodynamic forces acting on a sail by experimental means in wind tunnels. Here
the work conducted by Marchaj [5] in the 1970s in the wind tunnel of the University of
Southampton has to be mentioned. A further refinement of this investigation method
was achieved by the construction of so called Twisted-Flow Wind Tunnels. These kind
of wind tunnels are especially designed to enable change in wind speed over height due
to wind-gradient as well as the change in apparent wind speed and incident angle over
height due to the movement of the yacht. This procedure therefore resembles the aero-
dynamic flow a yacht experiences in reality. The first of these tunnels has been erected at
the University of Auckland in order to conduct investigations for the challenge of Team
New Zealand for the 29th America’s Cup in 1995. Since then similar facilities have been
erected at the Politecnico di Milano [6] and the University of Applied Sciences Kiel [7].
Ilustrations of the twisted flow wind tunnel of the Yacht Research Unit Kiel are given in
Figure 2.2.

Besides wind tunnel testing, significant research effort has been put into full-scale
testing. Therefore, so called sailing dynamometers have been developed. These appa-
ratus mainly consist of sailing yachts equipped with extensive measurement devices to
determine the sail forces under real sailing conditions. The first dynamometer was con-
structed at MIT in the late 1980s. The yacht used was 35ft scale down of a 83ft Maxi Sloop,
for which towing tank data exist. Inside the yacht a frame was suspended in the hull by
means of flexure rods connected to load cells to prevent cross-talk during measurement.
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(b) Overview of the wind tunnel features

Figure 2.2: Twisted Flow Wind Tunnel of the Yacht Research Unit Kiel
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Figure 2.3: The Berlin Sail-Force Dynamometer DYNA while acquiring full-scale data under sails

With this arrangement it was possible to measure the forces acting on shrouds, stays and
others as well as sail shapes. The measured sail shapes were used for inviscid flow cal-
culations to derive sail forces for a VPP. A comparison of measured and computed boat
velocities showed good agreement with differences of about 2%. The results of the mea-
surements and computations which were summarised by Milgram (1993) [8, 9]. Further
sail-force dynamometers were built by Masuyama et al. (1997) [10] and by Hochkirch
(2000) [11, 12]. The latter one was the so called DYNA, see Figure 2.3, built into a Dehler
33 Cruiser/Racer. It had a slightly different focus than the other dynamometers, which
focused more on the hydrodynamics of the keel and the rudder. Recently, a new sail-
ing dynamometer based on the COMET 35 hull lines has been build at the Politecnico
di Milano Lecco within the Innovation Hub Sailing Yacht Lab project. The construction
and launching of the vessel have been reported by Fossati et al. [13]. However, full-scale
measurements have not been published by the time of this publication.

Besides the use of sailing dynamometers, other kinds of full-scale testing have re-
cently seen an increased interest. Viola and Flay [14] presented measurements of pres-
sure distributions on upwind and downwind sails and compared them with both CFD
and wind tunnel results. A good agreement was reported for upwind sails, modeled with
a Vortex Lattice code, as well as downwind sails, modeled using RANSE CFD. For the
latter, lift and drag differed by smaller 0.5% from full-scale investigations. Agreement
with wind tunnel results was similar. A comparison between full scale upwind sail shape
measurements and CFD results was published by Augier et al. [15]. The comparison
shows that the sail and shroud forces are well predicted in steady state and are in the
right range for unsteady cases. Predicted and measured flying shape fit very well for all
cases. Mausolf et al. [16] presented a comparison of full-scale and wind tunnel flying
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Figure 2.4: inviscid flow around sails using vortex-lattice methods

shapes of downwind sail captured by means of photogrammetry. They showed that it
is possible to achieve the same relative error in flying shape resolution (about 3% leech
length) for model as well as full scale testing. With the steadily growing availability of
computational resources, the last years have seen an increase of CFD research and ap-
plication for sails. For sails where mainly attached flow is to be expected, as is the case
for close-hauled upwind sails, potential flow methods are widely used today. Since sail
investigation is a aero-elastic problem, the flow code has to be coupled to an adequate
structural solver to produce meaningful results. The structural solvers most common
for sails today are based on membrane theory. For upwind sails these solvers are of-
ten coupled with vortex-lattice methods (Figure 2.4), as for example in Caponnetto et al.
[17]. When separated flow is to be expected over large portions of the sails, viscous flow
simulation has to be used to achieve meaningful results. This is the case for downwind
sails which turn out to yield some challenging problems. Firstly, viscous flow codes are
much more demanding in terms of computational resources compared to the inviscid
ones. Secondly, the large displacements as well as the many degrees of freedom incor-
porated by a downwind sail, led to the need to deform the computational grid around
the sail to a degree which tends to render the calculation unstable. Therefore, one can
say that the simulation of downwind sail is currently a topic of intensive research activity.
Important contributions include the work of Richter et al. (2003) [18] and Renzsch and
Graf [19, 20, 21]. An example of an RANSE-FSI simulation is shown in Figure 2.5. One
major field of research is the correct structural modeling of the sails (Renzsch and Graf
[21], Trichmarchi et al. [23], Durand et al. [24]). However, one of the main obstacles is
to find the optimal trim within CFD simulations. Downwind sails like spinnakers have
various trim possibilities which allow for many different shapes, making optimized trim-
ming especially difficult. Recently, Durand et al. [25] presented an interesting approach.
This approach is based on an automatic trim procedure which tries to trim the gennaker
such that the pressure at the leading edge is only slightly above zero. At this point, the
gennaker is on the verge to collapse at the leech. Sailing and measurement experience
dictates that this most often is the point of optimum downwind sail trim.
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Figure 2.5: Viscous Flow around Gennaker (Source: Graf et al. [22])

These CFD-based developments are very interesting and allow new insights into the
flow around sails. However, due to turnaround time and ease of use, to date twisted
flow wind tunnels are still the tool to use for sail optimization. As for the wind tunnel, it
seems that due to the advancements in CFD methods, there is an increasing interest in
verification and validations of experimental results. For example, see Campbell [26].

2.4. INVESTIGATION METHODS FOR HYDRODYNAMICS OF YACHT
HULL AND APPENDAGES

The first complete description of the mechanism underlying the development of waves
by a hull moving through the water originates from William Froude and dates back to
1868. He was the first to describe the two main wave systems which are caused by a body
moving at the water surface. This ship wave pattern consists of two so called Kelvin wave
systems. One system is located at the bow and the other one at the stern, and in combi-
nation they are responsible for the so called wave-making resistance of a boat. Froude’s
investigations made it possible to conduct towing tank tests, which are comparable to
full-scale by taking into account similarity of gravity forces.

Initially, these tests were not utilised for yachts but for merchant vessels and war-
ships. The first documented experiments in a towing tank to improve the performance
of racing yachts dates back to 1901. Back then George L. Watson tested eleven models
for the America’s Cup Challenge of Sir Thomas Lipton, though without great success.
Nonetheless, it then already became clear that the America’s Cup is a technology driver
for sailing sport. To date, this statement has lost nothing of its validity, as can be seen
from the current, 34th, edition of the America’s Cup which features hydrofoiling, wing-
sail equipped 72 foot catamarans. The first successful tank tests for yachts date back to
1936. It was then, that K. Davidson [1] managed to approximately determine the resis-
tance of a yacht rudimentarily correct by taking into account the influence of the sail
forces on dynamic trim and sinkage. Davidson’s work forms the basis for modern tow-
ing tank tests on yachts and has subsequently been further developed and refined since
then.
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In 1974 researchers at TU Delft started to systematically investigate the influence
of hull form parameters on wave-making resistance. To this end new hulls were devel-
oped on the basis of a parent hull form by changing only certain parameters. These hulls
were then investigated in upright position by towing tank tests. From the results of these
tests, the influence of the form parameters on upright resistance was derived. This fi-
nally led to a regression formula allowing to empirically estimate the wave resistance of
a yacht as a function of its form parameters. This so-called Delft Systematic Yacht Hull
Series (DSYHS) is still being extended to date and has passed several iterations since its
beginnings, e.g. to include the influence of modern yacht lines. The method is well doc-
umented and subject of numerous publications namely by Keuning and Gerritsma, see
[27, 28, 29, 30, 31]. The whole data of the DSYHS has been recently made publicy avail-
able and can be accessed through the website http://dsyhs.tudelft.nl.

Besides formulations for the determination of a hull’s upright resistance, other for-
mula exist for added resistance due to heel as well as methods to approximate the influ-
ence of the appendages (Delft Systematic Keel Series, DSKS)[32, 33, 34, 35]. The DSYHS is
one of the most significant contributions in the field of yacht hydrodynamics and since
its creation it is widely applied because of its reliability, flexibility and ease of use, es-
pecially in the pre-design and early design phase. However, it has to be mentioned that
inherent to the underlying system, the formula can only function properly in its investi-
gated parameter range. Especially, local design features are often not captured properly
and therefore need to be investigated in detail by means of numerical or experimental
investigations.

At the beginning of systematic yacht research, one relied on towing tank tests for the
investigation of hydrodynamic properties of yachts, eventually supported by wind tun-
nel tests for the keel. It was not until the early 1980 that Computational Fluid Dynamics
(CFD) began to gain importance in yacht investigations.

The upside-down keel equipped with winglets by Australia II in its successful chal-
lenge for the 1983 America’s Cup, see Figure 2.6, is reckoned to be one of the first keels to
whose development CFD methods have significantly contributed.

Figure 2.6: Australia II's Upside-Down Keel with winglets as seen in the WA Maritime Museum


http://dsyhs.tudelft.nl

2.4. INVESTIGATION METHODS FOR HYDRODYNAMICS OF YACHT HULL AND APPENDAGE3Y

The CFD methods used were potential flow solvers treating the fluid as inviscid, in-
compressible and non-rotational. The reason for these assumptions is that the problem
can be formulated as a panel method, where only the boundary of the physical domain
needs to be discretized. These models are linear, in contrast to the full governing flow
equations, which are non-linear. This leads to an enormous reduction of computational
costs, making CFD applicable in large scale at that time. Potential flow solvers were first
applied mainly to develop appendages like keel and rudder, later the methods were ex-
tended to also include hulls. The calculation of flat water resistance with these methods
proves to be difficult. Especially the prediction of flow separation, which occurs at the
stern of yachts at higher Froude numbers, is only rudimentary possible by employing
special boundary layer models which are notoriously error-prone. However, due to their
low computational costs potential flow solvers still form the backbone of many flow in-
vestigations.

An example for the growing influence of CFD is the American challenge for the Amer-
ica’s Cup 1987. Here CFD methods, most of them based on (linear) potential flow were
applied in the design of the 12-metre yacht 'Stars & Stripes ‘87, see Boppe et al. [36]. The
application of CFD for yachts steadily increased as can be seen in Caponnetto [37], Rosen
et al. [38] and Tinoco[39]. The flow investigations in the fore front of the 31th America’s
Cup (2003) marks the upcoming of the use of computational techniques to model vis-
cous flow. The effort needed to employ those methods is by powers higher than for pro-
grams based on potential flow. This is because contrary to potential flow methods, one
has to discretize the flow field around the body with a volume grid. In the context of vis-
cous flow methods, to date only Reynolds-Averaged-Navier-Stokes-Equations (RANSE)
based methods are employed in an industrial environment since they constitute a com-
promise between accuracy and feasibility. For the already mentioned 31th America’s
Cup hydrodynamic investigations using RANSE codes have mainly been carried out for
appendages. Examples include Graf [40] (2001) and Cowles et al. [41] (2003).

In the early 21st century, the successful calculation of hull resistance was still in its
infancy and could only be fully realized some years later. The main problem for RANSE
methods is the enormous complexity of the problem. It requires the use of multi-phase
flow as well as grid movements due to dynamic trim and sinkage of the hull as a result
of the sail forces. This makes the flow problem unsteady and thus introduces a time de-
pendency of the result. In this context the work of Azecueta [42] (2001) had a significant
influence, since it was the first to present a functional solution to these problems. The
32nd America’s Cup (2007) now was marked by the massive use of viscous CFD meth-
ods. Besides the previously mentioned appendage studies, hull studies were also con-
ducted to a great extent by means of RANSE methods. Here the CFD investigations only
resembled the test methods known from tank tests. To date, correct capturing of wave
resistance is still one of the challenging problems in viscous CFD. Although viscous CFD
is gaining in maturity, formal verification and validation for sailing yacht applications is
rarely seen. One of the first, if not the first, attempt to do so has been performed in the
course of this work (see chapter 7) and published by Bbhm and Graf [43].
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2.5. CURRENT CONTRIBUTIONS TO VPP

Over the years, VPPs have become an important, reliable and versatile tool for yacht
designers, flow analysts and researchers alike. Being the only means to predict the per-
formance of sailing yachts, VPPs have been a constant topic of research to increase ac-
curacy and reliablity of the prediction. When looking at the various methods available
today, one has to distinguish between conventional and dynamic VPPs. Conventional
VPPs, which form the overwhelming majority of the VPPs currently available, differ from
dynamic VPPs by only seeking a valid solution for the steady state case.

2.5.1. APPROACH USING CONVENTIONAL VPPs

Conventional VPPs usually rely on a pre-calculated database of aerodynamic and hydro-
dynamic characteristics of a yacht. Using input values of true wind speed V7 and true
wind angle Br, the force components are then balanced by setting up and solving the
resulting non-linear system of equations. In order to maximize the velocity of the yacht,
an optimizer is used to simulate the trimming of the sails.

The aerodynamic database usually consists of coefficients of drag and lift, cp and
cr, as functions of the apparent wind angle 4. These coefficients are stored for various
single sails or sail sets and are generated by means of wind tunnel testing or numerical
investigation.

The hydrodynamic part of the database can be generated in two ways. The first ap-
proach uses empirical regressions derived from results of towing tank tests on systemat-
ically varied hull forms (e.g. Delft Systematic Yacht Hull Series). This approach is rather
often used for custom build yachts with a limited budget, but due to its generic approach
it obviously lacks the accuracy of dedicated investigations of the individual hull form.
The second approach is to investigate the individual hull by means of towing tank test,
be it numerical or physical. Here the different components that make up total resistance
and total lift of a sailing yacht have to be considered. The total resistance may be con-
sidered as the sum of upright resistance at non-lifting condition, added resistance due
to heel, induced resistance due to production of lift, parasitic profile drag of blade and
rudder profile and added resistance due to sea state. The last contribution is often ne-
glected since its unsteady nature makes it hard to generalize. Total lift Fy generated by
the sailing yacht may be decomposed in lift generated due to leeway; lift due to rudder
angle and lift generated by a trim tab, if applicable.

To capture the influence of differing sailing states, the yacht is tested at permuta-
tions of speed, heel angle, leeway angle and rudder angle. This leads to a large num-
ber of test runs, normally ranging between 80 to 200 runs. To a certain degree, the
matrix can be curtailed by making it dense at special points of interest and sparse at
points which are a at the extremes of the design conditions. After performing the in-
vestigations, hydrodynamic coefficients are derived from the resulting forces and mo-
ments. These coefficients allow quantification of the characteristics of a sailing yacht
at every possible state by means of interpolation. The database of hydrodynamic co-
efficients is fed into the VPP program. In conjunction with the aerodynamic coeffi-
cients, the VPP calculates polar plots of optimal boat speed as function of f7 and V7.

While much effort has been put into improving the gathering of hydrodynamic and
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aerodynamic data necessary for VPP prediction, most performance prediction methods
used today can still trace their lineage back to the first modern VPP which evolved in 1978
from the Pratt Project conducted by Kerwin et al. [2, 3, 4]. Over the years, the method
has undergone subsequent improvements by many contributors in various parts of the
method. One of its the most important successors is the IMS VPP, It is based on the
International Measurement System (IMS) of the Offshore Racing Congress (ORC).

In 1993 Schlageter and Teeters [44] presented a VPP especially tailored for IACC boats
including improvements in the upwind sail force model and a model for added resis-
tance in waves.

A key paper on developments of the IMS VPP was published in 1999 by Claughton
[45] from the Wolfson Unit of the University of Southampton. One of the major con-
tributions of the paper is, that while much research had been performed in the field of
sail aerodynamics, the relevant VPP formulations had not really changed for 20 years.
In 2001, Jackson of the Yacht Research Unit of the University of Auckland, introduced a
change in the aerodynamic model to model the effect of rwist [46]. The twist of a sail
may be described as means to lower the vertical center of efficiency of a sail and there-
fore its heeling moment. In contrast to the reef parameter, sail area is not reduced, but
cp is increased due to an increase in induced resistance originating from a non-optimal
lift distribution. Changes in the aerodynamic coefficients of the IMS VPP regarding the
efficiency of spinnaker and mainsail were presented by Teeters et al. in 2003 [47]. In
2005 Graf and Bohm [48] introduced a VPP with special focus on post-processing of tow-
ing tank data. The method allowed to derive the necessary coefficients from a limited
number of towing tank tests by employing a so called estimated state guess. In 2008 the
IMS handicap rule was replaced by the new ORC rule which also had an effect on the un-
derlying VPP. The new ORC VPP tries to overcome some drawbacks of the old IMS VPP
but still relies on the fundamentals of this formulation. The main differences of the new
ORC VPP with respect to the IMS VPP, as reported by Claugthon et al. [49], are changes
in the sail force model by replacing the reef model with a more realistic formulation,
changes in stability assessment due to a new fwist function and new aerodynamic co-
efficients gained by experimental investigations at the Twisted Flow Wind Tunnel of the
Politecnico di Milano.

2.5.2. APPROACH USING DYNAMIC VPP

In the last few years a trend can be recognized to evaluate sailing yacht performance not
only in steady state conditions but also dynamically by solving the yachts equation of
motion in a time series. This kind of VPP is either called PPP (Performance Prediction
Programs) or DVPP (Dynamic VPP). Dynamic VPP may be divided into two main classes:

1. Classical, coefficient based VPP extended to maneuvering by employing measured
data.

2. Approaches which directly calculate all time dependent hydrodynamic and / or
aerodynamic data.

The goal behind the first approach is to simulate velocity losses due to tacking and
gybing, leading to optimization of these maneuvers. This problem has been approached
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by various contributors from different point of views. Selected contributions include the
tacking model developed by Keuning et al. [50] which was presented in 2005. This model
relies on pre-calculated, mainly empirical coefficients for prediction of maneuvering be-
havior. An different approach to predict maneuvering was taken by Masayuama et al.
who presented a model based on data measured during sailing combined with a Arti-
ficial Neural Network in 1995 [51]. An extension of this method are complete pre-start
simulation procedures as presented for example by Nielsen in 2006 [52] or Binns et al. in
2008 [53].

The second approach serves a different goal. By directly calculating the actual fluid
dynamic properties of the yacht in a time-series, one attempts to enhance the accuracy
of the performance prediction. Nonetheless, these kind of predictions are still evaluated
by means of a velocity polar plot or a chart of the time difference to cover a nautical mile
in varying conditions, so-called time allowance deltas. An advantage of this method is
that it allows to rather easily implement unsteady effects, like e.g. seakeeping, into the
prediction.

In 2002 Roux et al. [54] presented a numerical VPP. The implementation was aimed
towards a 3-DOF VPP with the boat free to free to surge, sway and roll. It included aero-
and hydrodynamics based on potential flow. The influence of fluid-structure-interaction
(FSI) on sail aerodynamics was not taken into account. The method was extended by
Jaquin et al. in 2005 [55] to employ a viscous flow method for the hull. In a further step,
which was presented in 2008 (Roux et al. [56]) the method was extended to 5-DOF (free
to move and rotate with exception of yaw motion) with the hydrodynamic forces calcu-
lated by a RANSE solver taking into account the free surface deformation by means of
a Volume-of-Fluid (VOF) model. The aerodynamic solution also takes into account the
effect of fluid structure interaction of the sails, but is still based on a potential flow code.
This makes this approach only valid for cases for which flow separation cannot occur.
Therefore this method is only applicable for conditions were the sailing yacht is sailing
upwind if one is willing to neglect the influence of the separation bubble occurring on
the mast and possible trailing edge separations on the sail. The method is not suitable
for downwind or reaching conditions. Additionally, the cost to couple the aerodynamic
and hydrodynamic solver is high. At every time-step of the hydrodynamic calculation,
an aerodynamic solution has to be obtained. Keeping in mind the drawbacks of ap-
plying potential flow models to the fluid dynamics of sails, this approach seems to be
unfavourable since it is rather costly in terms of computational resources and does not
promise stable and accurate solutions.

A method to predict sailing yacht performance entirely based on RANSE investiga-
tion was proposed by Korpus in 2007 [57]. It included the massive use of auto-gridding in
combination with overset grid techniques to automate generation of results. The calcu-
lation is performed without employing rigid body motion, instead the optimum is brack-
eted by calculating results for different states of the appended hull and of the sails on
different meshes. The optimum itself is then found by interpolating results to a constant
side force or speed.

An approach which depends entirely on the use of inviscid flow methods was pre-

sented by Maskew in 2009 [58]. The method incorporated an aero-elastic model for sails
with the structural part based on membrane theory. Aero- and hydrodynamic flow is
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solved simultaneously using a Boundary Element Method. Whilst showing interesting
first results, the approach lacked a 6-DOF motion solver at that time, thus disallowing to
generate VPP results.

An interesting experimental approach was implemented by Hansen (2006) [59] by
coupling sail force measurements in a Twisted Flow Wind Tunnel with VPP calculations
to achieve a so called Real-Time VPP. During sail testing a VPP with coefficient based
hydrodynamic data was coupled with the measured aerodynamic forces. This allows
one to calculate the heel angle resulting from the aerodynamic forces acting on the boat
directly whilst trimming the sails. The wind tunnel model is then dynamically heeled to
the correct angle during testing, allowing to take into account the effects of heel on sail
efficiency and sailing performance.

2.6. OBJECTIVE OF THE RESEARCH

This thesis aims to enhance the accuracy in performance prediction of sailing yachts,
with a special emphasis on the hydrodynamics. Additionally, a way to reduce turnaround
times compared with conventional testing procedures is investigated.

As explained in the previous sections, a conventional velocity prediction program
for sailing yachts relies on a set of aero- as well as hydrodynamic coefficients, describ-
ing the respective conditions of the yacht for a given set of state variables, in particular
velocity ug, heeling angle ¢, leeway angle  and rudder angle 6. These coefficients are
usually provided as tabulated values. The generation of hydrodynamic coefficients, even
if obtained from a CFD code, resembles procedures from towing tank testing: Within a
predefined test matrix, flow forces for a range of boat speeds, heel, leeway and rudder
angles are analyzed. This usually causes a large number of computational runs to be car-
ried out, including many off-equilibrium states, necessary for interpolations purposes,
however rarely encountered by the sailing yacht. This results in large computational
overhead.

A remedy to the drawbacks of the method described above is to include the aero-
dynamic forces directly into the evaluation of the hydrodynamic forces, thus creating a
performance prediction. To judge which methods seems to be the most suitable to use
for such an approach, the various methods to investigate aero- and hydrodynamics have
to be assessed with respect to accuracy, turnaround times and the possibility to couple
aero- and hydrodynamic forces. Table 2.1 shows the author’s assessment of possible hy-
drodynamic methods taking into account Experimental Fluid Dyanmics (EFD), inviscid
and viscid CFD. Table 2.2 does the same for aerodynamics. The symbols show how good
the particular method is suited for the respective task.

® =method is well suited for the task

© =itis possible to fulfill the task with this method
© =method is not suited for the task

— =method cannot be used for this task

For the hydrodynamics, one can see that in terms of accuracy viscous CFD meth-
ods and towing tank methods are on a even level, whilst potential flow method certainly
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cannot reach the same quality here. However, potential methods excel the two other
approaches in terms of turnaround times. The most important factor to consider is
whether a method is capable of being coupled with some kind of aerodynamic input,
be it direct or coefficient based. Here one must certainly say that conventional towing
tank has to be neglected since such a coupling is impossible. The use of inviscid flow
methods, also being attractive due to the fast turnaround times, is also being neglected
since one of the goals of this thesis is to develop a method which improves the accu-
racy of the VPP solution compared to conventional approaches. This leaves the viscous
flow method as the most appropriate choice. In particular a RANSE method is chosen
for the calculation of the hydrodynamics of the yacht, since in the field of viscous flow
these kind of methods resemble the current state of the art. The computational cost
would be to high for methods which allow for better resolution of viscous flow phe-
nomena, like Detached-Eddy-Simulation (DES), Large-Eddy-Simulation (LES) or even
Direct-Numerical-Simulation (DNS) is so high, that they cannot be applied to this prob-
lem.

Table 2.1: Assessment of methods for Hydrodynamics of Appended Hull

Fluid dynamics technique EFD. Inviscid CFD Viscous CFD
Froude similitude ® ® ®
Reynolds similitude - o} ®
Viscosity ® o] ®
Detect Separation ® ] ®
Turbulence Scale ® e o]
Sail Trimming Moment ® o o)
Sinkage Force & o} o}
Turnaround time e & e
Coupling hydro = aero possible e ® ®

To solve for the sailing equilibrium within the hydrodynamic RANSE solution one
has to find a way to implement the actual sail forces. Since by today a direct calcula-
tion of both hydrodynamics and aerodynamics is out of reach in terms of computational
power available, the most appropriate way seems to implement the sum of all aerody-
namic forces acting on the yacht as a resultant sail force vector. This sail force vector is
implemented to act on the rigid body yacht during the calculation of the hydrodynamics.

To calculate the necessary sail force vector, two approaches are feasible. Either, one
can calculate the sail forces with a CFD model and employ a direct coupling between
aero- and hydrodynamics. Since sails are flexible under wind loads, the determination
of the correct flying shape is a very important factor in sail force analysis. This in turn
requires the investigation technique to correctly predict effects like the separation bub-
ble on the mast and trailing or leading edge separation on the sails. As tabulated in table
2.2, this is hard to achieve with a inviscid flow code. A viscous flow solver, however, does
not have the necessary turnaround times. This drawback is made even more severe by
the large number of possible states a sail can achieve, making sail trimming for optimum
boat speed a highly non-linear optimization problem.
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Table 2.2: Assessment of methods for Aerodynamics of Sails

Fluid dynamics technique EFD Inviscid CFD Viscous CFD

Reynolds similitude o o] ®
Viscosity ® o] ®
Detect Separation ® o} ®
Turbulence Scale ® e ®
structural properties & & &
Flying Shape @ ® ®
wrinkling @ ® ®
Panel Layout o ® ®
Sail Trim ® e e
Turnaround time & ® e

On the other hand, it is possible to create the sail force vector by employing a sail
coefficient based method. This approach has the advantage, that the coefficients may
come from any source, be it numerical or experimental. Additionally, optimum sail trim
is already existent for these coefficients. Since this approach fulfills all requirements in
terms of accuracy, turnaround times and optimal sail trim, it is chosen for this thesis.






BASIC DECISIONS ON THE
FORMULATION OF THE
RANSE-VPP

In this chapter available methods for modeling aero- and hydrodynamics are reviewed.
Critical areas are investigated and suitable solutions are assessed. Based on the findings
of this chapter, decisions regarding the basic underlying modeling techniques of the new
VPP are made. The goal is to find a combination of models which allows coupling aero-
and hydrodynamics in a reliable and accurate manner within reasonable turnaround
time.

3.1. OVERVIEW OF PRESENT METHODS IN HYDRODYNAMICS

In ship hydrodynamics, the free surface describes the phase interface between air and
water. A ship moving through undisturbed water generates a wave pattern which dis-
turbs the formerly flat interface. The energy necessary for the deformation of this in-
terface is in direct relation with the so called wave resistance, an important component
of the ship resistance. It is therefore mandatory for a numerical simulation of ship re-
sistance to get a high resolution of the free surface pattern generated by the ship. In nu-
merical simulation the position of the phase interface is only known at the initial point of
the simulation. Later on it has to be computed as part of the solution. The interface and
the deformation of the interface has to be modeled. Since this is not a trivial task, devel-
opment and improvement of free surface modeling techniques has become an branch
of its own in the development of CFD techniques. The following sections will give an
overview of various techniques to model free surface flows. It starts with a description
of the problem and continues with a classification of the different modeling techniques.
Then the theory behind these techniques is described and details of selected methods
are highlighted. This sections ends with an overview of existing codes and a discussion
of the advantages and disadvantages of the various methods.

19
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3.1.1. YACHT FLOW PROBLEMS

Before dealing with the different theoretical approaches to handle free surface flows, this
section first gives an overview of the physical phenomena which have to be accounted
for when computing flows around yachts. Flows with free surfaces can be encountered in
many industrial applications. For yachts flow conditions normally consist of an air and
an water phase with the water surface as the interface between the two phases. Conse-
quently, free surface and water surface will be used as synonyms throughout this text.

A yacht traveling in seaways is subject to hydrodynamic forces acting on its hull and
appendages. These forces may be decomposed into different physical aspects, which
allows separate investigation and different models to be used to assess the performance
of the yacht in question. In conventional shipbuilding a common decomposition is to
distinguish:

* Resistance: the drag force acting on a ship moving without drift straight forward at
constant speed through calm water;

* Propulsion: The required thrust force produced by the propeller, including neces-
sary engine power, propeller dimensions and cavitation;

* Seakeeping: the movement of a ship due to incoming waves;

* Maneuvering: the ability of the ship to keep its course and to perform turns.

Sailing yachts incorporate a special method of propulsion, which shows a strong link
between resistance and propulsion. Therefore, the above decomposition is of limited use
when assessing the performance of sailing yachts. Sailing boats, as the name implies, are
propulsed by the wind acting on sails, which may be described as lifting surfaces subject
to unsteady aerodynamic forces. This implies that their propulsion force not only consists
of a thrust force parallel to the yachts longitudinal axis, but also a perpendicular acting
heeling force. Consequently, a sailing boat needs to counteract the aerodynamic forces
acting on the sails with hydrodynamic counterparts.The heeling moment has to be bal-
anced by a righting moment, consisting of ballast weight and form stability from the
yacht hull. The heeling force has to be countered by an equal hydrodynamic force, which
is mainly delivered by the appendages of the yacht, keel and rudder. Assuming symmet-
ric foils on the yachts, these will have to be subject to an angle of incidence greater than
zero to generate lift, implying that the yacht will drift to leeway. It is therefore mandatory
that the investigation is not restricted to resistance test (non-lifting conditions) only, but
also takes into account the interaction of hydrodynamic lift and drag. An ample decom-
position of investigation method for sailing yachts might therefore be:

* Resistance in upright condition with dynamic trim and sinkage;
e Lifting conditions, as a permutation of

— Boat speed,
- leeway,

— heeling and
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- rudder angle;
* Seakeeping;
* Maneuvering;

Performance prediction of sailing yachts is normally evaluated by looking at calm
water conditions only. While motion of the yacht due to seastate has an important im-
pact on the overall performance of the yacht, the problem is simply to complex to be
investigated with sufficient accuracy using reasonable resources. The same holds true
for maneuvering. Experimental evaluation of main performance parameters is based on
model tests. For this purpose models of the boats are built and subsequently tested in
towing basins. The length of the model varies from 1.5 to 8.5 m corresponding to model
scales of 3 - 25. Due to the fact that models are smaller than full scale, the testing is
subject to scale effects. In particular the Reynolds number is several orders of magni-
tude too small, effecting all flow properties associated with viscosity. In order to correct
results of model testing to full scale values, it is a common to separate flow phenom-
ena associated with pressure and viscosity and to neglect their interaction. The pressure
component is associated with the pressure variations originating from the wave pattern
generated by the yacht moving through the water. The viscous component originates
from boundary layer effects on the hull surface and from the wake. These components
are associated with different flow parameters and different length scales. Viscosity re-
lated errors in model testing are traditionally corrected by applying semi-empirical cor-
rections. This practice has also been used for a long time in CFD by using inviscid flow
methods and approximating the viscous components via wetted surfaces and friction
lines or via boundary layer equations which are a simplified form of the Navier-Stokes
equations.

It has to be noted, that these approaches neglect interaction between viscosity and
pressure related flow aspects, while in reality this interaction exists. Viscous simulation
of yachts at full scale has the potential to overcome the drawbacks stated above. Al-
though viscous CFD has reached a high degree of maturity over the last decade, full scale
multiphase flows are still one of the most demanding tasks. For ship hydrodynamics
these demands include the correct resolution of the viscosity related flow parameters
at high Reynolds numbers and for thick boundary layers. For prediction of wave resis-
tance correct resolution of waves generated by the motion of the ship are essential. This
includes the ability of the flow code to account for breaking waves. Breaking waves oc-
cur as spilling breakers or as plunging breakers, see Sarpkaya and Isaacson [60]. In the
context of ship waves, Wilson et al. [61] and Wackers et al. [62] describe that spilling
breakers are associated with the transverse transom wave system and can also be ob-
served at very full bows with a small intersection angle to the water surface. Plunging
breakers are normally observed at the bow wave system. Normally, it is easier to account
for spilling breakers in a flow code, since these are smoother and therefore more easy to
handle. Having a flow code which is able to account for plunging breakers is especially
important for sailing yachts, since they operate at significantly higher relative speeds
then most conventional vessels. Froude numbers of 0.4 are the norm, while boats act-
ing at Froude numbers of 1 or slightly above are by no means uncommon. Higher boat
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speeds lead to a more violent breaking of waves, so a stable method to account for the
free surface shape of the plunging breakers is mandatory for sailing yachts. At these high
speeds, spray also starts to become an issue. It might not be necessary to have a flow
method which allows to account for formations of spray, but it would be desirable. An
essential feature of a flow code, which is not directly related to free surface modeling
techniques is the ability to account for motion of the floating body. While this might not
be necessary for ship hydrodynamics, for yachts it is. This is because sailing yachts are
subject to significant dynamic trim and sinkage forces due to aerodynamic forces from
the sails. It is therefore essential to account for this force components whilst simulating
flow around sailing yachts.

3.1.2. CLASSIFICATION OF FREE SURFACE MODELS

For simulation of viscous free surface flow, several different theoretical models exist.
Since large differences in the treatment of the water surface exist, a classification of these
models is necessary to give a overview of the pro and cons of the individual methods. The
classification of these models as found in literature is not only inconsistent, but to a cer-
tain degree also ambiguous. A popular classification for viscous free surface modeling
methods is given in [63] and [64]:

* Surface Methods also called Interface-Tracking Methods, where a sharp air-water
interface is defined by initial and boundary conditions on the surface. The devel-
opment of the interface is then tracked and the grid is deformed accordingly.

* Volume Methods or Interface-Capturing Methods. These methods do no track a
sharp boundary. Instead the fraction of partly filled cells near the interface is trans-
ported through the fluid domain. The free surface shape is computed from these
fractions

This classification is not unambiguous, since several methods exist which have fea-
tures of both definitions. To overcome this ambiguity, [65] and [62] give a classification
which divides the models into the following three categories:

e Fitting Methods, for which the grid is deformed to fit the water surface. The in-
terface forms a boundary surface on which free surface boundary conditions are
applied.

* Capturing Methods with Reconstruction. Within these methods, the grid is not de-
formed, but the water surface is still explicitly defined. Values defining the surface
as a cut through the mesh are convected through the fluid domain. These values
can either be marker particles or convected continuous functions like in the Level-
Set-Method.

e Capturing Methods without Reconstruction. These methods employ a fixed mesh.
Two fluids are treated as a multifluid with varying physical properties. The degree
of mixture within a cell of these fluids is convected through the flow field as volume
fractions. The water surface is only implicitly known as a numerical discontinuity
and no attempt is made to reconstruct it.
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In the author’s opinion it is that this classification is the most descriptive and logical.
It is therefore used throughout this work.

3.1.3. FREE SURFACE MODELING METHODS

FITTING METHODS

Fitting methods which are sometimes also called Moving Mesh or Lagrangian Methods
represent the free surface as a sharp boundary of the flow domain. To form the wave
pattern, free surface boundary conditions (FSBC) have to be applied onto this boundary
and it has to deform under the influence of flow. Therefore the method requires means
to either remesh or deform the volume grid. For grid deformation a variety of methods
exist, for instance being based on torsional spring analogies or Lagrange interpolation
of free surface changes. A overview of the principle behind surface fitting is illustrated in
Figure 3.1.

a7

[ ] calculated volume flux through free surface
V  Control point before adjustment
V¥ Control point after adjustment
O  Grid point at free surface before adjustment
°

Grid point at free surface after adjustment

Figure 3.1: Methodology for free surface fitting (Source: Ferziger and Peric [63])

The influence of the aerodynamics on ship hull resistance is neglected in this method,
allowing for single phase simulation. From the point of computational resources, this
is advantageous since it limits the number of control volumes necessary and removes
time-step restrictions implied by most multiphase methods. From a numerical point of
view it is also advantageous that the need to discretize over a density jump of 800 is omit-
ted. Free surface fitting methods are well known in ship hydrodynamics, being among
of the first implementations to capture wave resistance in viscous flow codes. They were
the preferred choice around 1995 when viscous free surface calculations for ship hydro-
dynamics became popular. An early implementation of this method may be found in
Coleman and Haussling [66]. A larger number of examples from different sources may
be found in literature [67, 68, 69, 70] and a number of known flow codes use this ap-
proach, for instance ICARE [71, 72, 73], Neptune [74], U2NCLE [75, 76], PARNASSOS
[77,78,79, 80, 81].

Governing Equations To give a valid representation of the free surface interface around
the ship, the morphing boundary has to fulfill the following free surface boundary con-
ditions:
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* A Kinematic Boundary Condition which states that the free surface is a sharp in-
terface without flux. This implies that the velocity component of the fluid normal
to the free surface is equal to the velocity with which the free surface moves in this
direction.

* A Dynamic Boundary Condition which demands that momentum at the free sur-
face is conserved. Therefore forces acting on the fluid at the phase interface have
to balance. This implies that normal forces at the free surface are of same mag-
nitude but opposite sign (Ap = 0), whilst tangential forces are of equal magni-
tude and sign (no shear stress is exerted at the water surface, surface tension is
neglected).

The kinematic condition may be written as:

(e+ulx+vly—w=0 at z=¢ (3.1)

where ( is the wave height, u, v and w are the velocity components in cartesian co-
ordinate x, y and z. The wave height { is unknown, which implies that the FSBC is non-
linear. To obtain {, one can integrate 3.1 in time, resulting in an unsteady calculation. If
a solution for a steady wave system is searched for, e. g. resistance at constant speed, an
unsteady approach is not favorable since it takes substantial time to establish a steady
wave system. This is due to the fact, that in deep water wave energy travels with half the
wave velocity. It would therefore be advantageous in terms of computational efficiency
to reformulate the FSBC to an steady formulation. In this context, the free surface fitting
method implemented in the code PARNASSOS [62] from MARIN is interesting. In this
approach the FSBC are reformulated into a time-independent form to allow for steady
simulations.

By applying the normal dynamic condition, pressure p = 0 at z = {, on the non-
dimensional hydrostatic pressure p

_ P tpgz

U (3.2)

where p* is the atmospheric pressure (p*=0), p the water density and U the ship speed,
the normal component of the dynamic condition becomes

Fn’p-{=0 (3.3)

where Froude number Fn = U/4/gL is calculated using ship speed U and a reference
length L.

Equations (3.3) and (3.1) have to be combined to introduce wave dynamics. The
combined form of kinematic and dynamic normal free surface boundary condition then
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evolves from substituting wave elevation from the dynamic into the kinematic condition.
This yields:

Fn?(upy+vpy+wpz)-w=0 at z={ (3.4)
Together with the tangential dynamic boundary condition

t-7-n=0, (3.5)

one obtains the combined, time-independent formulation of the FSBC. The follow-
ing iterative solution procedure is then carried out to calculate the wave field around the
ship:

1. The RANS equation is solved according to the combined condition (3.4) and the
tangential dynamic condition (3.5) imposed at the free surface.

2. Wave surface and computational grid are updated using normal dynamic condi-
tion. Since pressure p is known from the previous RANSE step, { is an explicit
expression.

Summary The use of free surface fitting methods for ship hydrodynamics comes with
several amenities: The free surface interface forms a boundary of the flow domain and
is therefore well defined and sharp. Vertical refinement in the vicinity of the free surface
is unnecessary, allowing for a relatively coarse computational grid. There is no need to
discretize over a large density jump at the water surface, improving stability of the solu-
tion. The method is single phase which saves computational grid cells, removes severe
time-step size restrictions and improves accuracy. Unlike an unsteady formulation, it
does not resolve the temporal sequence of interface development, this way saving the
otherwise necessary iterations per time step. This makes the steady state formulation at
least 2 to 4 times faster than an unsteady one.

However, the method also has several disadvantages: It has problems with large
topology changes which reduce grid quality. This especially holds true for breaking waves,
plunging breakers and formation of spray which are impossible to simulate with this
method. The method is also vulnerable to extreme wave shapes which can occur near to
the hull, especially for fast ships with drift. Dynamic trim and sinkage may be included,
but produce additional challenges to the computational grid, which has to be deformed
to remain grid topology.

Although free surface fitting methods have some very interesting properties, espe-
cially for evaluation of resistance of ships at low Froude number, the limitations of the
method are serious. This holds especially true for hydrodynamics of sailing yachts, which
operate at high Froude numbers and are subject to large body motions.

CAPTURING METHODS WITH RECONSTRUCTION
Unlike Fitting methods, Capturing Methods with Reconstruction have no need to de-
form the computational grid. Instead the shape of the free surface is transported through
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the grid by appropriate means. The interface surface between air and water is given as a
cut through the fixed computational grid. An advantage that these kind of methods share
with surface-fitting methods is that the approach implies that the interface is sharp.

One example for this kind of methods is the Marker-and-Cell scheme (MAC) as in-
troduced by Harlow and Welch [82]. This method uses massless marker-particles at the
free surface. The motion of these particles through the fluid domain is tracked and al-
lows to reconstruct the surface of the air-water interface. This solution to the free surface
flow problem is elegant, since it features a sharp interface whilst allowing to treat com-
plex flow phenomena like breaking waves. However, it is rarely used since it requires a
large number of marker particles, which in complex three-dimensional flows leads to an
enormous computational effort.

Level-Set Method One of the latest developments in these kind of methods is the ap-
plication of the Level-Set Method (LSM) to ship flow problems. Within this method, the
water surface is implicitly given a the root of a signed distant function ¢. Since the inter-
face is captured between grid points, the method has the advantage that it can deal with
large deformations of the free surface, e.g. overturning or breaking waves. In contrast
to surface fitting methods, there is no need to remesh the grid, but this computational
advantage is lost due to the need to have a refined volume in the vicinity were the inter-
face is located. Due to its capturing nature, the method has no grid points at the exact
interface to satisfy free surface boundary conditions, which implicitly reduces numer-
ical accuracy. The Level-Set function is linearly varying making it easy to handle the
convection of its properties through the domain. Difficulties arise with the conserva-
tion properties of the method since its formulation implies that it cannot guarantee that
fluid volumes are preserved near the interface. This can lead to an overflow or leak of
volume within a cell. Since this behavior has to be avoided, a special treatment is neces-
sary to fulfill conservation of mass. Generally there are two main categories of Level-Set
Methods for ship flow problems.

The first is a two-phase fluid approach in which both air and water phases are ac-
counted for by a multiphase flow solver. This is the original level-set method formulation
developed by Sussman et al. [83]. The formulation has been implemented into various
flow codes and a large number of applications exists. Vogt and Larsson [84] used this
approach to simulate a 2D submerged hydrofoil. An implementation in code version
6 of CFDSHIP-IOWA exists [85]. Cura Hochbaum and Schumann [86] presented an ap-
plication on Series 60 Hull computed with Neptun, a multi-block structured grid based
RANSE solver. Another implementation using the unique interface capturing method
(CLSVOF) was presented by Dommermuth [87]. The hybrid method couples VOF and
LSM methods to simulate flow around ships.

The second category employs a single-phase approach and calculates only the flow
properties of the water phase. To get a physical correct interface, flow variables at the gas
phase side of the interface are extrapolated by employing free surface boundary condi-
tions. Neglecting the influence of air reduces the computational effort to a certain degree
and gives the advantages that the solution is single-phase. This should lead to more sta-
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bility and a better convergence of the solution compared to multiphase flows since the
large density jump between air and water phase is avoided. Because of this advantages,
the method has become rather popular over the last years. Known applications include
the latest Version of CEFDSHIP-IOWA from the Applied Fluid Dynamics Group at the Uni-
versity of Iowa [88, 89, 90, 91] and the Navier-Stokes solver SURF from NMRI [92]. The
method is also implemented in yship from INSEAN [93].

Governing Equations As already stated above, within the Level Set Method the water
surface is usually given as the root of a signed distance function ¢

¢ (x,y,21)=0. (3.6)

To simplify the numerical tracking of the root, the signed distance function fulfills the
condition

Gas
<0

Interface
/ =0

Figure 3.2: Within the Level-Set method, the isosurface defining the free surface is given at an explicit value
of the distant function. Values varying from this explicit value indicate pure gas or water phase. Therefore,
simulations using the Level-Set method always have a sharp free surface interface.

Vol =1. 3.7)

With the signed distance reading as:

>0 in water,
¢ =4 =0 attheinterface, (3.8)
<0 inair.

So by convecting the level set function ¢ through the fluid domain, the water surface
is transported by:

0
E +V (V(,b) =0, (3.9

where ¢ is time and v is flow velocity. During iterations the level set function deforms
due to numerical dissipation whilst convecting the distant function. The distant func-
tion therefore is not valid anymore and leaks mass. This makes it crucial to regularly
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reinitialize the distant function. In principle, the reinitialization has nothing to do with
the flow itself. It is simplify the replacement of the ¢ distribution by another distribu-
tion ¢ which is not leaking mass. This is allowed, since the distance to the interface is
zero in all points while doing so. Therefore, the interface itself does not change. A com-
mon approach to conduct the reinitialization is to determine ¢ as the steady steady state
solution of the following equation:

A~

0 .
20+ 5(po) (9] -1) =0, 810

with the artificial pseudo time step T and the initial condition (f)(x, 0)=¢x1). Sisa
smoothed sign function

. o
§(¢o) = :
" \/ 3 +€?

with ¢by (x) = ¢ (x,0) and typical grid spacing e. When steady state is achieved, the term
d¢/07 in (3.10) vanishes. Therefore |[V| = 1, which is the constraint which has to be
fulfilled by ¢ (%, 7) to become a distant function. Since it has the same zero level as ¢ (x, 1),
one can let ¢ take the values of ¢. Thus the level set function is reinitialized.

(3.11)

Summary An advantage of the LSM is that the free surface is given by a smooth func-
tion which is linearly varying. This makes it easy to handle the convection of its prop-
erties through the domain allowing a well defined representation of the interface. Ad-
ditionally, the method allows for large deformations of the water surface, even for over-
turning waves.

A disadvantage is that conservation of mass is critical. The LSM leaks mass, which
makes it necessary to reinitialize the function from time-to-time to restore mass conser-
vation. Compared to fitting methods, the method has a larger computational cost since
proper transport of the distance function implies that a refined volume grid is necessary
in the vicinity of the interface. Finally, theoretically the method also allows for overturn-
ing waves, but the appearance of these kind of waves without formations of spray is an
unphysical representation of the phenomena involved.

CAPTURING METHODS WITHOUT RECONSTRUCTION

Interface Capturing Methods without reconstruction do not treat the free surface as a
sharp boundary. Instead the calculation is performed one a fixed grid, and free surface
interface orientation and shape is calculated as function of the volume part of the re-
spective fluid within a control volume (CV). The most popular of these methods is the
Volume-of-Fluid method which was introduced by Hirts and Nicols (1981) [94].

Volume-of-Fluid method The Volume-of-Fluid method (VOF) employs the concept of
an equivalent fluid. This approach assumes that the (two) fluid phases share the same
velocity and pressure fields thereby allowing them to be solved with the same set of gov-
erning equations describing momentum and mass transport as in a single phase flow.
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The volume fraction a; of the i-th phase describes to which level the cell is filled with the
respective fluid.
_Vvi

a; = V' (3-12)

The free surface is then defined as the isosurface at which the volume fractions take the
value of 0.5, see Figure 3.3. It is important to note, that this location is not at the control
volume center but rather interpolated to the geometrical value. To simulate wave dy-
namics, one has solve an equation for the filled fraction of each Control Volume (CV) in
addition to the equations for conservation of mass and momentum. Assuming incom-
pressible flow, the transport equation of volume fractions «; is described by the following
conservation equation:

Owater = 0.5 (Free Surface)

[®] @] @] O O @] O

O O O O O
'Water| — %

o

Figure 3.3: The VOF model uses the concept of volume fractions. Every control volume is always completely
filled. It may be completely filled with water (volume fraction of water a;ygrer = 1) or air (@water =0) or a
fraction of both phases (for example: ayygrer = 0.7 and @ yarer = 0.3). Mass conservation dictates that the
volume fractions «; always sum up to 1.

0
—f a,-dV+fal-(v—vb)'ndS=O (3.13)
otJv S

The physical properties of the equivalent fluid within a control volume are then calcu-
lated as functions of the physical properties of the phases and their volume fractions.

p=) pidi, (3.14)
i

L= Hidi, (3.15)
i

1=) aj. (3.16)
i

Strict conservation of mass is crucial, but this is easily obtained within this method
as long as it is guaranteed that equation (3.16) is fulfilled. The critical issue for this kind
of methods is the discretization of the convective term. Low-order terms like for instance
1% order upwind are known to smear the interface and introduce artificial mixing of the
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two fluids. Therefore higher order schemes are preferred. The goal is to derive schemes
which are able to keep the interface sharp and produce a monotone profile over the in-
terface. Development of differencing schemes for hyperbolic convection equations has
been the pinnacle of research in the fields VOF methods for many years. Consequently a
large number of schemes is available and have been successfully used in different codes.
The vast majority of these schemes is based on the Normalized Variable Diagram (NVD)
and the Convection Boundedness Criterion (CBC) introduced by Leonard in 1979 [95].

Normalized Variable Diagram The NVD provides a framework for the development of
convective schemes which in combination with the CBC guarantees boundedness of the
solution. Boundedness is the restriction of a mathematical function to a certain range.
In context of the NVD, boundedness allows to create convection schemes which are both
stable and accurate. The elementary schemes all have certain advantages and disadvan-
tages. Pure upwind schemes are stable but diffusive. The central differencing scheme is
more accurate but introduces propagating dispersion why may lead to unphysical oscil-
lations in large regions of the solution. Therefore, practical schemes are often designed
as a blending of upwind, downwind and central differencing schemes to obtain the de-
sired properties. The advantage of the NVD is its simplicity. New schemes designs can be
easily controlled regarding stability and boundedness. It also allows conclusion regard-
ing accuracy of the scheme, this will be addressed later. The NVD takes the following
form: For a 1D case, it allows to plot the locally normalized convected control-volume
face variable ¢  with respect to the normalized adjacent upstream node variable Py, see
Figure 3.4. The position of the nodal value relatives to each other is defined as:

¢p = Downwind
¢¢ = Central
¢y = Upwind
The normalized variable ¢ for each cell face is defined as:

$—du
¢$p—du
It has to be noted that this results in ¢y = 0 and ¢p = 1. With this definition any differ-

encing scheme using only nodal values at point U, C and D to evaluate ¢ may be written
as

$= (3.17)

s =F (). (3.18)

To avoid that the solution oscillates unphysical, ¢¢ has to be locally bounded between
(PU and (PD. _ _ _

0:¢US(PCS(PD=1. (3.19)

If this criterion is satisfied for every point in the solution domain, then no unphysical
oscillations will occur. According to the Convection Boundedness Criterion (CBC), a nu-
merical approximation of ¢ ¢ is bounded, if: ¢ is bounded below in the range 0 < ¢¢ <1
by the function ¢ = ¢¢, bounded above by 1 and passes through (0,0) and (1,1). This
corresponds to the shaded area in 3.5.
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Figure 3.4: Node variables adjacent to the cell face of interest. Original variables are shown on the left while
the right side displays values normalized using Equation (3.17)

Figure 3.6 gives an overview of a several of popular linear schemes. The point Q =
(0.5/0.75) is of special importance when judging accuracy of a convection scheme. Leonard
[95] showed by making a Taylor series expansion around the CV face, that for any scheme

* passing through Q is necessary and sufficient for second-order accuracy.

e passing through Q with a slope of 0.75 is is necessary and sufficient for second-
order accuracy.

However, this only holds true for a uniform grid. One can see that apart from the UD,
which passes well below Q, all schemes are passing through Q. It also has to be noted
that with exception of UD none of these schemes fulfill the boundedness criterion. So
it can the concluded that the linear schemes either lack stability or accuracy. The need
for boundedness, stability and accuracy consequently led to the desire to combine the
advantages of the different linear schemes. This led to the development of nonlinear
schemes.

Some of these schemes have been developed in the last decade and further devel-
opment is still the topic of ongoing research. Some popular and successful schemes are
shown in Figure 3.7. In particular we have the CICSAM scheme (Compressive Interface
Capturing Scheme for Arbitrary Meshes) developed by Ubbink [64], the IGDS (Interface
Gamma Discretization Scheme) from Jasak et al [96], BRICS (Blended Reconstructed In-
terface Capturing Scheme) from Wackers [65] and the HRIC (High Resolution Interface
Capturing Scheme) of Muzaferija and Peric [97]. The CICSAM scheme starts with a lin-
ear blend between upwind and downwind differencing on slope of 3.08 until ¢¢ = 0.285.
Afterwards the blend continues with a slope of 0.175 until ¢¢ = 1.0 is reached. Pure
downwind differencing is never reached, but the scheme has a sufficiently compressive
character allowing it to maintain a sharp interface. The IGDS (Figure 3.7c)) is an ex-
tension of the Gamma Differencing Scheme (GDS) with an emphasis on compressive
scheme character to build a sharp interface. The scheme establish a smooth blending
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Figure 3.5: This the basic form of the Normalized Variable Diagram (NVD). The shaded area shows the zone for
which the CBC is valid. It is bounded by the upwind differencing scheme (UD) and the downwind differencing
scheme (DD). Blended schemes which are bounded by this area are stable and the solution is free of unphysical
oscillations.

between upwind and downwind differencing. It finally switches to downwind differenc-
ing at ¢ = 0.5. The main disadvantage of the IGDS is its limitation to a Courant number
< 0.3. The Courant number CFL is a measure of through how many cells a flow particle
is transported per time step and is defined as:

Vfodt
CFL= , (3.20)
Vr

where S¢ is the surface vector of the cell face with the volume V7, dt is the time step size
and vy is the flow velocity through the cell face.

The BRICS scheme tries to avoid the Courant number limitation of the IGDS. It starts
with a blending between the GDS an the IGDS scheme. Therefore, the blending to down-
wind differencing is not as pronounced as for the IGDS, but it is more robust. In contrast
to the IGDS, the HRIC scheme blends linear between upwind and downwind differenc-
ing. The point were pure downwind differencing is used is also at ¢¢c = 0.5. In con-
trast to the IGDS, the HRIC should be less compressive but more robust in the range
0 < ¢¢ =< 0.5. These kind of overviews are very common to compare different schemes,
but they are not complete. They only show the base configuration of the schemes which
is valid only for a Courant number lower or equal 0.3 and a flow direction with an an-
gle of 90° (straight through the face f). For other Courant numbers and/or angles these
schemes are blended towards upwind differencing to enhance stability of the solution. In
the following this blending strategy is exemplified by a detailed description of the HRIC
scheme.

HRIC Scheme The HRIC scheme is one of the most popular advection schemes and
widely used in many CFD codes. It has been developed by Muzaferija and Peric [98, 99,
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Figure 3.6: First-order upwinding, second-order upwinding, third-order upwinding (QUICK), Lax-Wendroff
and Fromm schemes plotted in the Normalized Variable Diagram
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Figure 3.7: Overview of Interface Capturing Schemes

97]. Like most others schemes, it is based on an blending of bounded Upwind and Down-
wind schemes. The aim is to combine the compressive properties off the Downwind
differencing scheme with the stability of the Upwind scheme. The bounded downwind
scheme is formulated as:

dc ifpc<0

_ 2¢c if0<pc=<05

br= ¢c M0=¢c 3.21)
1 if0.5<¢c=1
dc ifl<¢c

Since the amount of one fluid convected through a cell face shall be less or equal than
amount available in the donor cell, the calculated value of (,5 ¢ is corrected with respect to
the local Courant number. The correction takes the form of (3.22) and effectively controls
the blending between HRIC and UD scheme with two limiting Courant numbers CFL},
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and CFLy which normally takes values of 0.5 and 1.0 respective 0.3 and 0.7.

by if CFL< CFLy,
F5 =3 e+ (Pr-dc) GHEL if CFLL<CFL<CFLy. (3.22)
b if CFLy < CFL

Effectively, this correction implies that the HRIC scheme is used for a CFL smaller than
the lower CFL limiter and UD scheme for CFL equal or greater than the upper CFL lim-
iter. Between those values a blending of both schemes is used. This correction is applied
to improve robustness and stability when large time variation of the free surface shape
is present and the time step is too big to resolve it. After this correction (Z)} experiences a
final modification based on the interface angle, which is the angle 8 between the normal
of the free surface interface n and the cell surface vector S, see Figure 3.8. This final
modification reads:

Figure 3.8: interface angle between two fluids

(Z);;* = J); (€0s0)“ + P (1—cosh) . (3.23)

Here Cy represents an angle factor. Its default value according to [97] is 0.05. The ra-
tio behind (3.23) is that for different interface angles different differencing schemes are
favorable. In case that the interface is perpendicular to cell face, the front sharpening ef-
fect of the downwind differencing scheme is needed. If the interface is parallel to the cell
face, the downwind differencing scheme tends to wrinkle the interface. Therefore the
upwind differencing is used in this case. For interface angles between these two extrema,
the HRIC scheme is blended according to (3.23). The final cell face value is calculated as:

¢MC =3 (¢p—¢u) + ¢u- (3.24)

As a consequence of these modifications due to interface angle and local Courant num-
ber, the NVD can take different forms. For the three different blending states depending
onlocal CFL, Figure 3.9 illustrates the possible forms of the HRIC scheme with respect to
the interface angle 6. The areas shaded in red represent the possible forms the scheme
can take depending on the angle factor for the respective local Courant number. This
kind of blending strategy is more or less the same for all interface capturing schemes, so
care has to be taken when modeling free surface flows to avoid unwanted switching to a
lower resolution which is often accompanied with interface smearing.

Summary Free surface modeling based on VOF methods clearly holds some advan-
tages. The approach is very general and allows for complex shapes of the free surface. It
is currently the only reasonably applicable method which can take into account violent
wave breaking and even formation of spray. This is possible because instead of the exact
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Figure 3.9: Depending on Courant number CFL and interface angle 6, the NVD of the High Resolution Cap-
turing Scheme (HRIC) takes different forms. The left plot shows the scheme for CFL below the lower limiter
CFLj and for interface angles of 0° and 90°. The middle plot shows the scheme for CFL values between upper
and lower limiter and again interface angles of 0° and 90°. The right plot visualizes the situation for CFL above
the upper limiter. Here the HRIC scheme is reduced to a pure upwind differencing scheme, regardless of the
interface angle.

shape of the wave a fraction of the volume in a cell is transported. The computational
grid remains fixed, thus avoiding problems inherent to mesh deformation algorithms,
for instance the possibility to produce negative Jacobians of the control volume which
would be fatal for the simulation. Important topics for yacht hydrodynamics, as for in-
stance motion of the boat and strong motions in seaways, can be implemented with rea-
sonable effort. The conservative formulation of the method inherently guarantees mass
conservation.

The biggest advantage of the method, the possibility to simulate complex and also
non-sharp interfaces also holds some disadvantages. Since the shape of the surface is
not sharply defined and transported, the interface is usually smeared out over 1 - 3 cells.
This implies that the free surface shape cannot be absolutely exact and that the grid
should be locally refined in the expected area of the free surface. Another problem is
interface smearing. As shown above several approaches have been developed to over-
come this problem. Also interface smearing should normally not occur when the neces-
sary care has been taken during model set-up, it is intrinsic to the method that a sharp
interface can never be completely guaranteed.

3.1.4. OVERVIEW OF EXISTING CODES

This section will give an overview of the development of free surface modeling tech-
niques used in viscous flow codes, both commercially and academic, over the last decade.
An practical method to do so is to review the participants at relevant conferences. Here
the so called CFD Workshop on Ship Hydrodynamics is especially interesting. It focuses
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on benchmarking of a variety of codes and validation and verification of simulation re-
sults against experimental data. The ship hulls used are three modern ship forms, the
KRISO Tanker (KVLCC2), the KRISO Containership and the US Navy Combatant DTMB
5415. For all hulls Experimental Fluid Data (EFD) and geometries are publicly available.
Since 1990 this workshop is held roughly every five years, alternating between Gothen-
burg and Tokyo as conference places. The Gothenburg 2000 workshop [100] was the
second which saw a large number of codes which tried to derive the free surface wave
pattern around the ship hull. A total of 17 codes were used for the simulations, with only
one being of potential flow type. Several different methods were used to account for the
free surface. The largest group used free surface fitting methods (7 codes, 41%). The sec-
ond largest group (5, 29%) had no means to capture a dynamic free surface at all. The
remaining participants used free surface modeling methods of Level-Set or Volume-of-
Fluid type (2 each, 12%). So it can be easily concluded that at this time free-surface fitting
methods were the most popular choice to model free surface interfaces. By the time of

Gothenburg 2000 ——> Gothenburg 2010
= VOF

® None
2 3x ~  Surface
H None Fitting
B Level-Se 5x 3x
2x
B Potential B Level-Set
Flow 9X
1x
© Surfaci
Fitting = VOF
7x 22x

Figure 3.10: Development of Free Surface Modeling techniques used at the Workshops on CFD in Ship Hydro-
dynamics

the Gothenburg 2010 workshop [101, 102], this had changed dramatically. A comparison
between those two workshops is illustrated in Figure 3.10. By now, the use of poten-
tial flow based free surface methods completely disappeared. Only 3 of 33 participants
still used free-surface fitting methods (9%). Level-Set became slightly more popular and
formed the second largest group (5 codes, 15%). The Volume-of-Fluid method became
by far most popular choice. It was used by 22 participants thus representing the largest
group (67%).

Table 3.1 gives an overview of the codes used in the workshop. In the author’s opinion
this list is also representative for the codes used in maritime CFD. It can be clearly seen
that all major CFD codes use the VOF method. This is probably due to its general ap-
proach, easy implementation and robustness. Some smaller, specialized codes, often of
non-industrial type, still use other methods, which can be sensible for special problems.
In any case it can be concluded that the Volume-of-Fluid is currently the most popular
surface modeling technique for ship hydrodynamics.

Although popularity and quality of a method are not the same, this is still an interest-
ing result. Since the participants of the workshops represent some of the worlds’s leading
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Table 3.1: Overview of RANSE/FS codes

Organization Code Free Surface
IHI/Univ. Tokyo WISDAM-UTokyo Density function
MARIN PARNASSOS Free-surface fitting
ITHR CFDShip-Iowa Level set
MOERI WAVIS Level set
NMRI SURF Level set
ECN/HOE ICARE Nonlin. track
VIT FINFLO Nonlin. track
Kyushu University RIAM-CMEN THINC
ANSYS FLUENTI12.1 VOF
ANSYS ANSYS CFX12.1 VOF
CD-Adapco STAR-CCM+ VOF
CD-Adapco COMET VOF
ECN/CNRS ISIS CFD VOF
FLOWTECH SHIPFLOW-VOF-4.3 VOF
HSVA FreSCo+ VOF
NavyFOAM (NSWC/P S ARL) NavyFOAM VOF

SGI OpenFOAM VOF
NUMECA FineMarine VOF
MARIN ReFreSCo VOF

testing facilities, research institutes and CFD software developers one can assume that
their choice of the VOF method has some authority. Nonetheless, it is not unlikely that
the VOF method will also disappear in a few years, being replaced by a better methods.

3.1.5. CONCLUSIONS
In this section the theoretical aspects of the three most popular viscous free surface tech-
niques have been reviewed. In the context of the successful application of this tech-

niques to resolve yacht flow problems (see also Section 3.1.1), several criteria need to be
fulfilled:

Generally, the technique must allow for correct resolution of waves resulting from
the movement of the yacht through calm water. This includes allowance for modeling
of breaking waves. In terms of marine hydrodynamics sailing yachts can be considered
as high speed vessels since they are operating at Froude numbers between 0.4 to 1.0 and
above. It is therefore necessary for free surface modeling techniques used in yacht hy-
drodynamics to account for plunging breaker (overturning waves) which occurs at these
high speeds. It would also be advantageous to have the ability to account for formations
of spray, which also occur at these high speeds. However, the latter does not seem to
be mandatory. A further requirement is that the free surface modeling techniques does
not form an insurmountable obstacle for the implementation of the motion of the yacht.
Due to the propulsion by sail power, yacht hydrodynamics is highly dynamic, making it
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necessary to account for dynamic trim and sinkage thus altering the position of the yacht
in water surface fixed coordinate system.

At first glance free surface fitting methods seem to form an elegant solution to the
problem of free surface simulation for yacht flows. The method has several big advan-
tages, which include a sharp free surface interface, no vertical refinement in the expected
area of the free surface, relatively coarse grids, the possibility to treat the problem as sin-
gle phase flow, no time step size restrictions and the possibility to formulate the problem
as steady state, making the method very fast. A deeper investigation of the pro and cons
of free surface fitting methods reveals severe disadvantages. Intrinsic to its implemen-
tation is an inability of the method to deal with overturning waves (plunging breakers)
and large topology changes which can occur near hull due to drift. It is also impossible
to account for formation of spray. It is possible but challenging to include dynamic trim
and sinkage. It is unknown to the author if the same holds true for larger changes like
for instance heeling. The method is generally not recommended for large motions of the
ship [62].

It is therefore clear, that although the advantages of free surface fitting methods are
appealing, the disadvantages are too serious to consider them for the evaluation of yacht
hydrodynamics.

Capturing methods with reconstruction, with their most prominent representative,
the Level-Set-Method give a well defined representation of the free surface. In contrast
to the free surface fitting method a refinement of the grid in the expected vicinity of the
water surface is necessary, thus coming with a greater computational cost. It is possible
to formulate these kind of methods as single phase flow, thus increasing stability of the
solution. Contrary to free surface fitting methods, Level-Set-Methods allow for large de-
formations of the free surface, although overturning waves might be critical. A numerical
disadvantage of the method is the need to reinitialize the function from time-to-time to
retrieve mass conservation. On the other hand, the convection of the free surface as the
iso-surface of a linearly varying function is easy to handle. Little can be found in litera-
ture about the implementation of ship motion, but even large motions should theoreti-
cally be possible although there might be some challenges related to mass conservation
issues. The only topic of the criteria for yacht flow problems as stated above which the
method cannot fulfill is the simulation of formations of spray. In the authors opinion
this leads to an unphysical representation of overturning waves since these are normally
accompanied by spray. However, this error might be of acceptable magnitude.

The third category, capturing methods without reconstruction is also represented by

its most popular representative, the Volume-of-Fluid method. The Volume-of-Fluid method

excels with its very general approach, easily allowing for large topology changes, over-
turning waves and, intrinsically, even for formations of spray. Motion of the yacht, be
they small or large, are easily implemented and the conservative formulation of the
method inherently guarantees mass conservation.

The general approach of the method also holds some disadvantages. The exact shape
of the interface is not sharply defined and usually smeared over 1 - 3 cells. Therefore the
grid has to be refined in the expected area of the free surface. This results in greater grid
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sizes and smaller cells which lead to smaller time steps. Both effects raise the compu-
tational cost of the simulation. Convection of the volume fraction scalar defining the
free surface interface is much harder to handle then for the Level-Set Method and if not
correctly applied tends to smear the interface. However, although care has to be taken
during modeling, the VOF method is the only one which fulfills all requirements to re-
solve the yacht flow problem.

In this section, three different techniques have been reviewed regarding their ability
to resolve the free surface around yacht hulls. Of these three, free surface fitting methods
have to be disregarded as unfit for this task. The remaining two methods, Volume-of-
Fluid and Level-Set-Method, both seem to be adequate. However the Volume-of-Fluid
Method gives the additional possibility to resolve formations of spray. Taking into ac-
count the findings of Section 3.1.4 which clearly showed that the VOF method can be
considered as the currently most popular, the VOF method is chosen as the free surface
modeling technique used in the remainder of this thesis.

3.2. OVERVIEW OF PRESENT METHODS IN AERODYNAMICS

The purpose of this section is to give an overview of the aerodynamics of sails and its
impact on sail force modeling for a VPP. The first section will describe the peculiarities of
sail aerodynamics in contrast to airplane aerodynamics while in Section 3.2.2 the non-
uniform onset flow, which a sail experiences, will be described. Afterward Section 3.2.3
discusses different methods to determine sail force. The chapter ends with an review of
sail force modeling for VPP and an overview of existing sail force models.

3.2.1. AERODYNAMICS OF SAILS

The flow around sails poses an interesting aerodynamic problem which is a subject of
ongoing research. However, the general principles have been described in numerous
publications including for example the works of Marchaj [5], Fossati [103, 104, 6] and
Hansen [59]. In principle, the aerodynamics of flow around sails can be described by the
thin airfoil theory as published by Abbott and Doenhoff [105] or Hoerner [106, 107]. Sails
can thus be described as lifting bodies which create lift from fluid flow. A typical pressure
distribution around an airfoil is shown in Figure 3.11. Any fluid force acting on 2D airfoil
or awing, which is a airfoil with finite length, can be expressed as non-dimensional force

coefficient as follows: .

Cp=——,
P 050V2 4,05

(3.25)
with the relations between the constant 0.5, density p and flow speed V often expressed
in terms of the dynamic pressure g yielding

q=05pV2. (3.26)

The reference area A,y can be chosen at will as long as it is used consistently. In aero-
dynamics it has become kind of a standard to use wing planform area at least for lift and
induced drag. The wing planform is defined as A,.r = c- L, with chord length ¢ and wing
span L. For frictional and viscous pressure drag it is would be appropriate to use the
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Figure 3.11: Pressure Distribution around airfoil. At the bottom surface of the airfoil, the pressure is higher
than the freestream static pressure. For the top surface, the opposite holds true. Here the pressure is below the
static freestream pressure. The pressure difference causes a force component perpendicular to the incident
flow which is called lift

surface area as A,.r, however using planform area is also quite usual.
Moment coefficients Cys are obtained from any moment M in a way similar to force co-
efficients, but with additionally considering the chord length c.

M

Cy=—.
qArefC

(3.27)
Commonly forces acting on an airfoil are decomposed into lift and drag. There respec-
tive coefficients are mainly functions of the angle of the incident flow a. Here drag is
acting in direction of the incident flow while lift is perpendicular to it. Measuring a for
sails is difficult. Usually there are several sails on a boat which all have their individual a.
Another problem is the deformation of the sails under load, especially the sail luff. Stay
tension and variable mast bending also influences the measurement. Additionally, a will
change over sail height due to twist of the sail. Therefore, instead of a, the apparent wind
angle of a boat is commonly used. For details on apparent wind angle see Section 3.2.2.

Drag can be decomposed into several drag components. Skin friction and viscous
pressure drag are usually combined into the drag at zero lift Cpy, commonly referred to
as parasitic profile drag.

Added drag due to lift may be divided into induced drag Di and flow separation drag
Ds. The separation drag coefficient Cp; is defined as a function of Cf and the ¢, separa-
tion drag constant.

Cps = ¢;C7. (3.28)

Literature [3] gives values of 0.016 - 0.019 for separation drag constant c;. However, since
it is hard to separate D; and D; both drag components are often combined in the in-
duced drag. Induced dragis caused by pressure difference between suction and pressure
side of a lifting three-dimensional wing. Due to this pressure difference, there has to be
a flow around the wingtip from high pressure side to the low pressure side. This span-
wise flow affects the flow all along the trailing edge as the flow leaves the high pressure
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Figure 3.12: Comparison of airflow and pressure distribution at different angles of attack (Source: Bethwaite
[108]). The left side shows a modern airfoil, while the right side shows sail profile attached to a mast section.
Due to the thinness of the sail profile, the difference in curvature of these profiles, especially at the high pres-
sure side, is large. While modern aircraft mainly operate at operational angles where separation does not occur,
this is not true for the sails. Here occurrence of separation cannot be avoided. Standard operational angles for
sails are larger, normally around 12°.

side moving outward and the low pressure side moving inward. When these opposing
flows reach the trailing edge, they result in a swirling motion which concentrates itself
into a tip vortex. For a wing with two wing tips (two free edges), like on a airplane, two
counter-rotating tip vortices can be observed. Obviously, the creation of tip vortices re-
quires energy, which has to be transferred from the wing to the air. This energy transfer
is called induced drag.

CZ
Cp; = —Z% (3.29)

" enAR’
with efficiency coefficient e and wing aspect ratio AR. AR is defined as the squared mast
span divided by planform area Agg;j;.

§2
AR = . (3.30)
Asails
Combing the drag components yields the total drag coefficient Cp
Cp =Cpo+Cps+Cpi 3.31)

Compared to the pressure distribution illustrated in Figure 3.11 there are several specific
features to sail aerodynamics which significantly differ it from common airfoil aerody-
namics. This includes the onset flow in which a sail operates, as well as the the properties
of the sail itself which is almost infinite thin and so flexible that it is deformed by the sur-
rounding flow. According to Bethwaite [108], sails are low speed wing sections like in
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early planes and thus do not behave like modern airplane wings. The main differences
are greater operational angles of attack and a larger curvature which combined with al-
most zero thickness lead to separated regions and stepped or reversed flow which would
be unusual for an modern airfoil in operational state. Figure 3.12 illustrates the differ-
ent airflows around a wing section and a sail profile which is attached to a mast section.
It is noticeable that the flow around the wing section keeps completely attached up to
angle of incidence of 20° (Figure 3.12(a)). Here first separation tendencies can be ob-
served which start to move forward from the trailing edge. This is typical for high speed
adverse pressure gradient separation on air- or hydrofoils. For an angle of attack a of 25°
the wing profile is completely subject to adverse pressure gradient speration, commonly
called stall. In contrast to that, the profile section in Figure (3.12(b)) is already showing
aleading edge separation bubble at both pressure and suction side for a = 3°. What one
can see here is the occurrence of a long separation bubble separation which is classical
associated with low-speed profiles and of totally different nature as the adverse pressure
gradient separation observed in Figure 3.12(a). The presence of the (round) mast section
in contrary to that the long separation bubble Figure 3.12(b) severely promotes the oc-
currence of the separation bubble which causes a redistribution of pressure outside the
bubble. Due to this redistribution the sail profile has no forwardly directed suction. The
miss of this suction is the reason why the maximum lift from the sail profile is smaller
than for the airfoil on the left side. Apart from the separation at the suction side there
is also separation occurring at the pressure side. Again, the presence of the mast is a
major contributor to this separation bubble which reduces pressure. A third separation
may occur at the free shear layer of the trailing edge. With increasing a the influence of
the pressure side is more and more reduced, whilst the separation bubble on the suction
side increases. For high a values the pressure side separation bubble finally vanishes
whilst the suction side is completely separated and thus stalled. A detailed sketch of the
flow properties around a conventional sail-mast combination is given in Figure 3.13.
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Figure 3.13: Flow and pressure distribution around conventional sail-mast combination (Source: Bethwaite
[108]). The figure illustrates the separation zones typical occurring on a standard main sail and their influence
on pressure. It shows that the mast section has a big influence on the occurrence of two separation bub-
bles, which significantly decrease the effectiveness of the sail. To a certain degree, these separations could be
avoided by the use of a rotating wing mast.
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3.2.2. STRUCTURE OF THE APPARENT WIND

In this section the structure of the apparent wind a boat experiences while sailing will
be discussed. For a sailing boat, several physical phenomena influence the onset flow
which it experiences. For wings, we assume that the air is at rest and incoming velocity
is due to the speed of the aircraft. For sails, this is different. There must be wind and we
have the movement and rotation of the boat.

ATMOSPHERIC BOUNDARY LAYER

The flow a sail encounters in a natural environment is not uniform. Instead it is subject
to a vertical speed gradient which is called the Atmospheric Boundary Layer (ABL) as
illustrated in Figure 3.14. The ABL arises from the friction between the water and the air
blowing over it. In principle, it is a classical boundary layer with zero wind speed at the
water surface and a increase in wind speed until it reaches the undisturbed speed at the
height of the free atmosphere. For yacht sails only the lowest portion of the boundary
layer is of interest and effects like Coriolis Force and centrifugal forces can be neglected,
the latter ones only being of interest for meteorological purposes or very large structures.
According to Bethwaite [108], the ABL at low wind speeds is of laminar type with heights
varying from 10 m to maximum of 100 m, while for turbulent breezes the height ranges
from 500 m up to 300 m in strong winds. For comparison, the boundary layer on a sail
varies from approximately 5 mm at the leading edge to 25 mm at the trailing edge.

A Free Atmosphere
N Y
Gradient Wind
VT(2)
Atmospheric
Boundary
Layer Height &

Roughness Height zg

Figure 3.14: Atmospheric Boundary Layer (APL), where z is the roughness height, z denotes the height above
water and V (z) is true wind speed as a function of z. The roughness height z is a constant which describes
the roughness of the surface over which the wind blows, see Table 3.15.

In order to determine the vertical gradient of the true wind for yacht sails, it is suffi-
cient to use empirical velocity profiles, for example the logarithmic wind law as shown
in (3.32). Here V7 denotes the true wind speed which is normally known at a reference
height z,.f as an input parameter for the purpose of determining variation of Vy with

height for yacht sails.
In(z/zp)

S EE—— (3.32)
In(zrer! z0)

Vr(z)="Vr (Zref)

According to (3.32), Vr (2) not only depends on the reference heigth z,.¢, but also on the
so called Equivalent Grain Roughness zp. The coefficient zy accounts for the roughness
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of the surface over which the wind blows. Common values for z, are given in Table 3.15
which shows that the roughness parameters varies by several orders of magnitude be-
tween urban areas and water. The effect of these different parameters on the vertical
speed gradient of the ABL is shown in Figure 3.16. V7 (z) has been calculated exemplary
for all roughness coefficient in table 3.15 for a wind speed of 5 m/s at a reference height
of 10 m. This reference height is the one commonly used for weather reports. It can be
seen from Figure 3.16 that due to the higher surface roughness, friction is much larger
on urban areas thus causing a slower increase in speed and larger boundary layer height.
Over a water surface, however, the speed increase with height is much faster resulting in
a smaller overall boundary layer height and smaller vertical speed differences after the
first few meters. Nonetheless, the speed gradient is still of such an order that it has to be
taken into account whilst looking at airflow around sails.

Water

Surface Area zo [m] ——City & Wood
Land 5.0x1072
Cities & Urban Areas 5.5x 107!
Wood 5.5x 1071
Water 1.0x 1074

Figure 3.15: Characteristic surface rough-
ness parameters for typical land and sea
surfaces.

VT [m/s]

Figure 3.16: Vertical speed gradient for wind blowing over
surfaces with different levels of roughness. Due to the rela-
tive smoothness of the water, the vertical speed distribution
for wind flowing over it converges fastest towards the undis-
turbed wind speed.

APPARENT WIND TRIANGLE

A second important influence on the onset flow a sail experiences is the speed of the
boat itself. As the boat moves trough the water it experiences an additional vector com-
ponent of the wind with magnitude of its velocity. Figure 3.17(a) illustrates how the vec-
tors true wind speed V7 and boat velocity Vs add up to form the so called apparent wind
speed V4. Angles Br and 54 represent true and apparent wind angles with respect to
the movement direction of the boat whilst y; and a show the leeway angle of the yacht
and the angle of incidence of the sail chord. Figure 3.17(a) yields that a yacht beating
to windward experiences an apparent wind which is of larger magnitude than the true
wind speed and of smaller wind angle. For a boat on a broad reach or running downwind
the opposite holds true. Figure 3.17(b) shows that with decreasing mast height the true
wind speed also decrease due to the ABL thus increasing the impact of boat speed on
apparent wind speed. This leads to an decrease of apparent wind speed magnitude and
a smaller apparent wind angle 7 which becomes more afore. This overall variation of
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the onset flow a yacht experiences due to the presence of ABL and boat speed is called
twist or twisted flow. The effects illustrated in Figure 3.17(a) and (b) combined with sim-
ple trigonometry lead to equations (3.33) and (3.34) for apparent wind speed V4 (z) and
apparent wind angle 4 (z).

(a) The Apparant Wind Triangle, (b) Twisted onset flow on Sailing Yacht. The boat speed Vg, in
where Vp and V4 denote true and combination with the height depended true wind speed V7 (2),
apparent wind speed and Br and causes a twist in the apparent wind speed V4 (z) and wind angle
B their respective angles. The boat B a (z) the boat experiences, which is therefore also a function of
speed is given by Vg, whilst its leeway height z

angle is ys. Angle of incidence of the
sail chord is denoted a.

Figure 3.17: Effects of ABL and Boat Speed on Apparent Wind

V(@) =\ (Vi (2)cos By + Vs)? + (Vr (2)sin 72, (3.33)

VT (2) sin ,BT

Vr(2)cosfr+ Vs~ (3.34)

B4 (z) = arctan

It has to be mentioned that these equations include the simplification that leeway angles
are very small and their influence on apparent wind can be neglected. A further simplifi-
cation is that at the current stage these equations only describe an upright boat without
heel. Effects of heel will be discussed in Section 3.2.2.

The differences in apparent wind speed and twist profiles are illustrated in Figure
3.18 for characteristic upwind and downwind fBr of 40° respective 160°. Vertical speed
and twist profile have both been normalized with mast height. It can be seen that the
differences for the various boat types are quite pronounced. Generally, speed and twist
variations are more pronounced on slower boats like the ACCV5 than on faster ones (e.g.
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Figure 3.18: Figure a) and b) show the comparison of speed gradient and twist of onset flow for various boat
types in upwind and downwind conditions. The compared boat types are two monohulls, a standard cruiser,
a America’s Cup Class V5 boat, and a mulithull of America’s Cup 72 class.

AC72) and occurs stronger in downwind than in upwind conditions. Furthermore, the
effects are greater on boats with smaller masts like the common cruiser than they are on
boats with taller ones.

EFFECTIVE ANGLE THEORY

Section 3.2.2 and 3.2.2 showed the influence of ABL and boat speed on the structure of
the apparent wind for an upright sailing boat without heel and pitch. However, it is fact
that sail boats, especially monohulls, heel significantly while using sails as propulsion
methods. The effect of heel on onset flow thus has to be considered to get the effective
apparent wind a yacht experiences. Effects of pitch are also present, but are of much
smaller scale and therefore can be neglected if simplification is sought. However, Fos-
sati [109, 110, 111] and Gerhardt [112, 113] showed that the effect of pitch becomes im-
portant when using unsteady sail force models, e.g. for dynamic velocity predictions
including seakeeping. Regarding the effect of heel, Kerwin [3] stated the Effective Angle
Theory assuming that the sails can be considered insensitive to the component of the in-
cident flow direct up the mast and thus only the flow component perpendicular to span
contributes to lift and drag forces. Kerwins theory has been derived from aircraft wing
theory and as will be explicated later in this section, there is strong evidence that it also
holds true for flexible sails. Since the effective angle theory implies that only the portion
on the incident flow in the plane perpendicular to mast span is of interest, one is able
to derive an effective apparent wind speed v4r and and effective apparent wind angle
Bag (Figure 3.19). This has the advantage that sail lift and drag coefficient are now not
functions of heel.

In the following, the transformation from upright apparent wind v4 to effective ap-
parent wind v4g is written in vector form. The apparent wind vector v4 in the world
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Figure 3.19: Effect of heel on a apparent wind V according to the Effective Angle Theory

coordinate system is given as:

—cosfa
VA=VAa SinﬁA . (3.35)
0

The rotational transformation matrix T for the transformation from upright (world) to
heeled (yacht) coordinate system (CSYS) yields

1 0 0
T=]0 cos¢ -—sing]|, (3.36)
0 sin¢g cos¢

with ¢ being the heel angle of the yacht. The effective apparent wind vector v4g is then
given by:
vap =T 'va. (3.37)

Effective apparent wind speed v4r and angle g are then easily derived from (3.37) as:

VAE = ,/viEx+ viEy, (3.38)

VAE
Bar = arctan r. (3.39)
—UVAEx

Expanding vagx and vagy with the components from rotational matrix as well as
true wind angle f7 and height depended true wind speed vr (z) yields (3.40) for effective
apparent wind speed and (3.41) for effective apparent wind angle.

vag (2) = \/[UT (z)cos Br + v5)2 +(vr (2)sin Br cos<p)2, (3.40)
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Vr (2)sin Brcos¢
Vr(z)cosfBr+ Vs

Bk (z) = arctan (3.41)

Kerwins effective angle theory, which states that in terms of lift and drag sails are
only sensitive to incident flow in the plane perpendicular to mast span, has been topic
of scientific research. Marchaj [114] conducted tests on a Dragon rig. The tests were
conducted at fixed trim and several angles of heel. Results were processed into lift co-
efficients and divided by the cosine of the heel. Marchajs results are shown in Figure
3.20. The wind tunnel tests conducted by Marchaj and subsequent analysis by Jackson
[115, 46] showed that the assumption of the effective angle theory are sufficiently ac-
curate to resemble effects of heel on onset flow of the sails and thus aerodynamic lift
and drag. Further analysis by Hansen [59] revealed some secondary effects not captured
by the effective angle theory, however these were of magnitudes such that they reduced
boat speed V; by less than 1% and thus are generally neglected.

It is a general convention that the terms apparent wind speed V4 and angle 4 are
used to describe the effective apparent wind speed and angle. This convention is fol-
lowed in this thesis and the subscript E is omitted from here on.
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Figure 3.20: Variation of Lift with effective angle at fixed trim and several heel angles (Marchaj [114]).

3.2.3. AERODYNAMIC FORCE MODELS

The purpose of an aerodynamic force model is to create the possibility to link the aero-
dynamic forces and moments originating from the individual sail characteristics to the
hydrodynamic model of a VPP. Therefore, any suitable sail force models must account
for sail forces with respect to boat speed, heel angle and environmental wind conditions
as well sail characteristics like sail area, sail planform, sail shape and also interaction of
sails. The principles of fluid dynamics require every force coefficient to take the follow-
ing form:

Force

Crorce = A = Crorce (Ba» ¢, sailplan, shape) (3.42)
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Equation (3.42) yields that every sail force coefficient has to be described not only by
several variables regarding the incident flow (dynamic pressure g, Apparent wind angle
B4 and heel angle ¢) but also by several parameters describing the shape of the sail itself.
These shape parameters are:

e sailplan, which is a set of ratios which is fixed for a given set of sails, e.g. sail area,
girth dimensions, etc.

e shape, an additional set to represent changes of the flying shape due to the action
of the trimmers.

Jackson [46] pointed out that several additional parameters exist, e.g. sail tissue weight,
sail stretch and viscosity. Since these are commonly regarded as 2"¢ order effects, they
are usually neglected. In general there a two possibilities to model aerodynamic force
models for VPPs. The first is to find force coefficients for explicit sail shapes. This means
that a test matrix covering all possible shapes of the sails need to be examined and the
VPP then finds the optimal shape for the actual combination of environmental wind and
boat state. This approach has the advantage that force coefficients of individual sails
can be precisely described and effects like depowering due to trim can be included. This
approach implies that the sails are kept rigid and a loop is performed over all possible
shapes one thinks the sail could have. This brings an enormous simplification for the
CFD simulation but gives the problem that sail shapes cannot be related to trim settings.
Even more problematic is that since pressure distribution for a given shape has to be in
equilibrium with membrane stress distribution one has no guarantee that the tested sail
shapes can be reproduced in reality by a sail cut. Generally speaking, the main problem
for a sail force model using explicit sail shape description is the sheer number of possi-
ble shape permutations necessary to find force coefficients for relative positions of sails
and vertical distribution of chord, draft and camber of the individual sails. Therefore the
use of explicit sail shapes to define a sail force model is usually restricted to the better
funded yacht programs like America’s Cup and Volvo Ocean Race campaigns or big maxi
racers. Examples of this method can be found in Day [116], Euerle and Greeley [117] and
Korpus [57]. Given the problems outlined above, ways are sought to describe sail shapes
with fewer variables. Therefore description is changed from sail shape to sail trim. One
is now able to directly describe explicit sail shapes by including common trim param-
eters known from yacht racing like sheet length, traveler angle, etc. These parameters
could well be used to describe a sail trim in a wind tunnel. Unfortunately the same does
not hold true for CFD simulations since the trim parameters do not give the necessary
input to describe the shape of the sail which would be needed as geometry for the cal-
culation. To overcome this problem, one can account for the flexibility of real sails by
performing an FSI simulation. Besides the challenging structural part, the CFD method
must be able to cope with deformations of the computational grid due to displacement
of the sail. Depending on the CFD method used, trim states acquired almost instanta-
neous in the wind tunnel will take from several minutes up to hours of computational
time. However, this sail force model described by explicit sail trims still needs a large
number of variables to cover the full range of aerodynamic states a sail could take. To re-
duce the number of variables involved, one can change to an implicit description of sail
trims. This means, only one optimal sail trim has to be found and sail trim actions which
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derive from this sail trim, like twisting (depowering), are accounted for by a penalty. This
way the number of investigations are greatly reduced, making this approach more fit for
engineering practice. The fundamental difference of this approach is that no attempt is
made to link the aerodynamics of sails to their actual shape. This way of modeling aero-
dynamic forces has first been developed by Kerwin [3, 4] during the Pratt Project. Most
of the modern quasi-steady sail force model can trace their origin back to the Kerwin
model, so the model and its derivatives are still widely used today.

Regardless which of the approaches described above is chosen, a suitable aerody-
namic force model should:

* give aerodynamic lift, drag and resulting heel moment for any combination of ap-
parent wind and trim;

* be based on a sound aerodynamic theory;
* use the least possible number of parameters to describe effects of sail trim;

* use only parameters which are applicable in full scale, wind tunnel testing and
CFD;

* permit to derive the best sail from performance optimization.

In the author’s view currently the only feasible approach to associate parameters de-
scribing sail shapes with their actual aerodynamic performance is to use implicit mea-
sures of sail trim, for example extensions of the Kerwin model. In the following, this
model is described in detail.

3.2.4. KERWIN / HAZEN / IMS MODEL

The first modern aerodynamic sail force model which could be used in a VPP has been
derived by Kerwin. It incorporates two parameters, flat and reef, to account for devia-
tions from optimal trim in order to reduce the heeling moment. The model has been
widely used and extended to include improvements of the description of the underlying
physics. A major contributions has been made by Hazen [118] whose model forms the
base of the International Measurement System model (IMS). Descriptions of the model
may be found in Poor and Sironi [119] and van Oossanen [120]. Changes in the IMS-VPP
until 1999 are summarized by Claughton [45]. Rule changes regarding Spinnaker rating
are found in Teeters [47] while more recent progress is reported in Claughton [49] and
the ORC VPP documentation [121].

In 1980, Hazen [118] reanalyzed the Bay Bea sail measurement data, named after the
yacht from which they were obtained, and managed to isolate coefficients for five sails
including main, jib, mizzen and mizzen stay sail as functions of apparent wind angle 4.
These coefficients could now be used to integrate sails of varying sizes and geometry
into a velocity prediction program making it a semi-empirical model. The underlying
assumption to this approach is that the sails interact in a way that an increase in force
on one sail is counterbalanced by a decrease on another. As Hazen points out, this is not
exactly what happens in reality, but the simplification gained is worth the small incor-
rectness in physics.
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By applying aerodynamic theory of finite wings Hazen separated the total drag into
three components, namely viscous profile drag Cp, induced drag Cp; and windage Cpo.

Cp=Cpp+Cp;i+Cpo (3.43)

The general form of the governing equations of the sail force model is shown below.

Cr=flat reef2 Crmax (ﬁA) ) (3.44)
Cp = Cpp(Ba) reef>+CE flat* C2, .. (Ba) reef?, (3.45)
1
CE=KPP+ ———, (3.46)
7 AR, rf
Cy=reef ZCECs. (3.47)

with moment coefficient Cy; as function of vertical center of effort ZCE of the sail forces
times side force coefficient Cs which is derived from lift and drag coefficients C; and
Cp, respectively. The induced drag is assumed to be proportional to lift squared and
inversely proportional to the rig aspect ratio. Trim parameters flat and reef may take
values between 0 and 1. Their impact on the overall results will be discussed later in this
section.

In order to take into account the contribution of the individual sails to the total sail
force, one has to calculate a set of aggregate sail coefficients. The reference sail area A, ¢
for this aggregate sail coefficients is calculated as the sum of the individual sail areas A;.

Ares =Y A;. (3.48)
i=1

The aggregate sail coefficients can than be calculated with the contributions of the indi-
vidual sails as follows:

CriBiA;

Cr=)_ , (3.49)
izl Aref
CpyiBiA;
Cpp=Y —Zl —, (3.50)
i=1 ref

where B; is a blanketing factor which is usually assumed to be B; =1 for all i. For the
vertical center of effort of the sail set this yields

ZCE;\/C? +C% BiA;
ZCE=Y —
i=1 A,ef,/C§+Cép

with ZCE; as the vertical distance of the geometrical center of area of the individual sail
from the waterline of the boat.

(3.51)

The quadratic parasite drag coefficient KPP for the compound sail set is calculated

as follows )
KPP - Z KPPiCLiBiAi

, (3.52)
i=1 ARefo
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to complete the equations for lift and drag coefficients one has to calculate the efficiency
coefficient CE according to equation (3.46). To calculate this function one needs to know
the effective rig aspect ratio AR,y which is calculated as follows

)2
(lAlAI‘fo) lfﬁA <90°
ARgff = (3.53)
2
(HAQJ else where
ref

with a constant of 1.1 accounting for mirroring span while sailing close hauled. The
effective height H, ¢y in (3.53) is merely an effective geometric height from the waterline
to the suspension point of the (highest) sail. The sail force model is now able to describe
lift and drag and thus heeling moment with respect to apparent wind. Lift and drag
can be transformed into force components acting in the yacht fixed coordinate system
yielding

Cp
CL

—cosfasinfa

sinf4cosfa ’ (3.54)

Fg=0.5pApef ”,24

for the sail force vector Fs. Optimization to maximize yacht performance within the
VPP is driven by the trim parameters flat and reef which theoretically may adopt val-
ues between 0 - 1. A reduction of flat yields an linear reduction of lift and a quadratic
reduction of drag. The reduction of lift is responsible for the reduction of heeling mo-
ment whilst the quadratic reduction of drag contains the drag penalty for deviation from
optimum span-wise loading of the sail set. As Figure 3.21 illustrates, flat allows force
coefficient variations only along the Cp, vs. Cf curve. Effects of trimming to move the sail
center of effort are not considered, which is not necessarily the same as in reality. reef,
however can be considered more as an geometric than an aerodynamic factor. The main
criticism on its formulation is that it changes all sail dimensions by scaling them equally
whilst in reality one would expect discrete steps here, e.g. a smaller Jib with the same
main. In contrast to flat, reef lowers ZCE thus reducing heeling moment by reduc-
ing ZCE and side force Cs simultaneously. As Figure 3.22 demonstrates, reef equally
reduces Cp and Cy without adding a drag penalty for derivation from optimum sail trim
which is also not correctly modeled. Despite this criticism, the model is still successfully
used today. Reports about attempts to improve the model can be constantly found in lit-
erature, for example, the addition of a twist function to add variation of ZCE within the
flat parameter in the 2012 Edition of the IMS VPP. Some derivatives of the model which
imply larger changes are described in the Appendix A.

Despite its deficiencies, the Kerwin model has shown its capability of modeling sail
forces to be used for performance prediction of sailing boats. The main objective of
this thesis is to develop a VPP with a hydrodynamic model directly coupled to a flow
solver. Therefore, the absolute accuracy of the aerodynamic force model is of minor
importance, as long as it allows comparison of the RANSE-VPP with conventional VPPs.
With this in mind, a Kerwin based sail force model is chosen for the modeling of the
RANSE-VPP.
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Figure 3.21: Influence of flat parameter on drag and lift coefficient.
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Figure 3.22: Effects of flat and reef parameters on Cy, and Cp



MATHEMATICAL MODEL

4.1. STANDARD MATHEMATICAL MODELS FOR CONVENTIONAL
VPPs

Velocity Prediction Programs calculate the equilibrium of aero- and hydrodynamic forces
for certain wind conditions and then optimize for boat speed. Conventional monohull
VPPs allow from 2-Degree-of-Freedom (DOF) to 4-DOE Here VPPs of 2-DOF type usually
only take into account resistance force F, and heeling moment M,, whilst 4-DOF types
additionally account for side force F, and yawing moment M. Vertical sail force F, and
resulting pitching moment M), are usually accounted for during evaluation of hydrody-
namic data and can thus be neglected in the VPP. Various theoretical models exist. The
theory described here shows a approach based on the example of AVPP (Graf and B6hm
[48]), an in-house development of the Yacht Research Unit Kiel.

4.1.1. COORDINATE SYSTEM

The coordinate system for this VPP approach is shown in Figure 4.1. Two right-hand
coordinate systems are used to describe a yacht.

One is a yacht attached, geometric reference system (GRS) defined by x,y,z. Its x-axis
corresponds to the yacht centreline, pointing astern, y-axis is pointing to starboard and

z-axis upward in direction the mast. All modeling is done in this reference system.

The second system is a state reference system (SRS), defined by X,Y,Z, which corre-
sponds to flow direction and hydrostatic forces. Its X-axis points into the direction of the

55
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Figure 4.1: Coordinate system used for the VPP approach. State reference system (SRS) XYZ is described by the
green lines, while the Geometric reference system (GRS) xyz is shown as red lines. U denotes the hydrodynamic
flow with the leeway angle f to the yacht. Rudder and tab angle are denote by  and 7, respective.

hydrodynamic flow and its Y-axis is parallel to the undisturbed water surface. Z-axis is
pointing upwards.

As an additional coordinate, H is perpendicular to X and the span of mast and hull
appendages, thus pointing in the direction of lift.

4.1.2. HYDRODYNAMIC MODEL

The hydrodynamic model describes the method to calculate forces and moments for the
given degrees of freedom for any combination of values of the state variables, including
off-equilibrium states of the yacht. This is necessary to allow proper interpolation within
the solution algorithm. The hydrodynamic model is based on dimensionless hydrody-
namic coefficients, which can be derived from towing tank tests or any other suitable
source. To reduce the effort of generating hydrodynamic data without compromising
accuracy, it is desirable to have a test matrix which is more dense in the region of to sail-
able states and less dense for off-equilibrium ones. Within the VPP procedure described
here, this is addressed by using an equilibrium state guess around which all towing tank-
tests are centered. The equilibrium state guess (ESG) defines rudder angle dy and tab
angle 79 depending on heeling angle:

o =[(¢),70=f(9). (4.1)

ESG is defined as a table and approximated with a spline function during calculations.
The total hydrodynamic force in X-direction is the resistance: Fx = Rr,;. It is calculated
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using:

Rror =Ry +Ru+Ri+)_ Rpp. (4.2)
Here Ry,; is total resistance, Ry upright resistance at non-lifting condition, Ry added
resistance due to heel, R; induced resistance due to production oflift and }_ Rpp parasitic
profile drag of blade and rudder profile.

Ry is defined as a table Ry = f (U) derived from towing tank results. Ry is defined
as a table ry = Ry/Ry = f(U, (/)) as a fraction of Ry. Induced resistance R; is calcu-
lated from base induced resistance Ryg at rudder angle § = §¢ and tab angle 7 = 7o and
additional induced resistance components for deviations of rudder and tab angle from
ESG-values:

R1=R1ﬁ+R15+R1T. (4.3)

Simple superposition is sufficient here since Rjs and Ry; can be assumed to be small
for proper ESG. Rjy is calculated using effective draft Tgg of yacht's canoe body and ap-
pendages arranged under the canoe body:

Rip= T2 0.50U%n’ @4
where Fp is the heeling force acting in H-direction (lift perpendicular on flow direction
and span). p is fluid density and Tgg is the effective draft. The base effective draft Tgg is
derived from towing tank test results as approximation of 0F,/ OFIZLI, see Figure 4.3. It is
defined as functions tgg = Tgp/ T = f (U,¢), where T is the geometric draft of the yacht.
Heeling force Fgyg is calculated from:

Fpp = (fHO+Lﬁﬁ)05 U*vas, (4.5)

where V¢p is canoe body’s buoyancy and fy is the heeling force coefficient. fp is
the heeling force coefficient at zero leeway, aj;ﬁ its gradient with respect to 8, both at
base rudder and tab angle §( and 7. A table generated from towing tank data supplies
fro (U, ¢) and 6f 5 (U, ¢). For small deviations of rudder and tab angle from ESG-values
some heeling force corrections are calculated as follows:

Fys = ﬁ (6—90p) and Fy; = i (T—70). (4.6)

Derivatives 6’:‘;1 and are derived from towing tank test results as function of heeling

angle ¢ only. Total heehng force Fyy is calculated from:

6fH

Fi = Fp+ Fus + Fur. “.7)

For deviations of rudder and tab angles from ESG-values additional induced resistance

is calculated as follows: )
F
Rig=——20 4.8)
72 050020
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2
FHT

e S (4.9)
T2 0.50U%n

RIT

tgs = Tgs (¢) / T and tgr = Tgr (¢) /T are given tabulated data, derived from towing tank
data or, alternately, calculated using empirical formulations. The decomposition of in-
duced resistance as applied here neglects some non-linearity. In addition, a situation
where total side force Fp is lower than base side force Fyg induced resistance of rudder
and tab are modeled incorrectly. However this can be avoided with proper ESG-values.
Moments are calculated around x- and Z-axis as follows:

M_ = (FygLCEp + Fy5 LCEs + Frr LCE;) cos . (4.10)

LCEg! Lpey and respective values for § and 7 are tabulated functions of ¢ to be de-
rived from towing tank test data.

My = F,VCE = FyVCEI cos p. 4.11)

Here the transformation F), = Fy/ cos 8 assumes small leeway angles and resistance
to be smaller than side forces. It is also assumed that a wing only generates resistance in
flow direction and lift perpendicular to flow force direction and span (no flow forces are
generated in the direction of span). The vertical centre of efficiency VCE is assumed to
depend on ¢ only, being independent of distribution of side forces on keel, rudder and
tab. It is given as a tabulated function. For total moment around X-axis, the hydrostatic
moment Myg;gnting has to be added:

Myr==(h(|¢|)Ver gp
+ Merew § Merew cos () min(l, %) (4.12)

+Mgpyn) sgn(¢)

Here ¢ is the heeling angle in degree, k is hydrostatic righting arm, m;,e,, and b, are
crew mass and crew arm respectively. It is assumed that crew righting moment applies
fractionally only for heeling angles less than 6°.

4.1.3. DERIVATION OF HYDRODYNAMIC COEFFICIENTS FROM TOWING TANK
TEST RESULTS

The set of hydrodynamic coefficients is summarized in the following list:
e Ry=f() Upright Resistance

e ru=f(U,9) Heeled Resistance Coeff.
 Igp tes, ter = f(U,¢) Effective Draft Coefficients
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e fro=f(U,¢) Side Force Coefficient at zero leeway
. % =f(U,9) Side Force Gradients
. %, % =) Side Force Gradients

o LCEgs/LR=f (#) Centre of Efficiency Coefficients
« VCE=f(¢) Vertical Centre of Efficiency Coefficient

The coefficient listed above are generally independent of each other and may thus be
derived from any suitable source, be it towing tank testing, CFD, regression methods or a
combination of those. In the following the procedure will be shown for towing tank tests.
However, the method is also applicable to any other data source. To derive a complete set
of hydrodynamic coefficients care has to be taken to develop a test matrix which allows
to detect any non-linearity. A suitable test matrix might consist of:

* non-lifting resistance tests in upright conditions
— 7 -20boat speeds
* leeway angle tests tested at ESG-values for rudder angle

— 3 -4heel angles
- 4 - 6 leeway angles

— 2-5boat speeds
* rudder angle tests

— 2-3heel angles
— 3 -5rudder angles
— 2 -3 Dboat speeds

The numbers given above do not reflect any strict dependencies. However, the test
matrix must be chosen such, that it allows to derive coefficients which allow to reflect the
boat characteristics by means of interpolation. The importance of the various parame-
ters on boat performance should be reflected in the test matrix. Therefore, one might
want to put more emphasis on leeway tests then on rudder angle tests.

The test matrix as listed above consists of 43 to 185 runs. In case yawing balance is
not of interest the matrix can be curtailed to 31 to 140 runs. The procedures of a towing
tank test itself will not be described here. A description of common procedures and
implications may be found in Claughton et al. [122].




60 4. MATHEMATICAL MODEL

H

B

Figure 4.2: Example of results from leeway tests plotted as Fyy over . The results are used to approximate the
change of heeling force Fpy due to leeway f as the slope 0F /9. Side force at zero leeway, Fpjg, is the ordinate
of Fy over f.

Model test results are transformed to full scale by applying a slightly modified ver-
sion of the ITTC’78 Performance Prediction Method [123]. For the method presented
here only upright resistance tests have to be transferred to full scale. All other data is
transformed into dimensionless hydrodynamic coefficients.

In the following diagrams of the hydrodynamic flow forces or moments will be plot-
ted. Hydrodynamic coefficients are then derived by approximating these values by linear
functions. This is done for any combination of boat velocity and heeling angle. Plotting
heeling force Fy = Fy/cos¢ over leeway angle f allows us to derive 0 Fy /0 and Fry,
see Figure 4.2. With canoe body buoyancy V¢p, density of fluid p and velocity U the
following coefficients can be calculated:

dFy/0p
ofuldf=———=, (4.13)
THI0P = s pvavar
Fro
= — (4.14)
fi0= 5 spuvas

To derive effective draft ratio tgp = T/ T and added resistance due to heel, the re-
sults from the leeway tests at base rudder and tab angle, longitudinal flow forces Fx are
plotted over Fp; squared. The sum of upright resistance and added resistance due to heel
Ry + Ry can be derived from an extrapolation of a linear approximation of Fx = f (Flzq),
while effective draft can be derived from slope of linear approximation, see Figure 4.3.

_Ru _ Fx (¢, Fg =0) - Fx (¢ =0,Fy =0)
Ry Fx(¢p=0,Fy=0)

rH (4.15)
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Figure 4.3: Plotting test results as Fy over F%I visualizes the derivation of effective draft and added resistance

due to heel. Effective draft Tg s is based on a linear approximation of 0Fx /0 (FIZ_I) Added resistance due to

heel Ry is the ordinate of 0Fx /0 (Fé) slope minus the upright resistance Ry;.

~ 1
T\/9Fx/3(F2)0.5p U2

(4.16)

IEp

Plotting yawing moment M7 and side force Fy over leeway angle § allows deriving
side force and yawing moment slope, see Figure 4.4. Longitudinal centre of efficiency
can then be calculated by:

LCEp= — v, 4.17)

LCEg has to be corrected by the distance of longitudinal position of measurement dy-
namometer from origin. Equation (4.17) assumes that Mz = 0 at Fyg = 0. This is only
correct for upright conditions (¢ = 0). Since the error introduced is assumed to be small,
a more detailed approach is neglected to avoid complication of data acquisition.

For vertical center of efficiency, it is assumed that it does not vary with velocity. For
VCEg, Mx — Mxps is plotted over leeway angle §§ (Figure 4.5). Assuming Fy = Fy/ cos f,
VCE will be derived from:

_ 0(Mx — Mxps) /0P

VCE
0Fy 10

(4.18)

Here Mxpys is the hydrostatic righting moment of model, which can be derived from
an additional heeling test at U = 0. It has to be subtracted to separate the hydrodynamic
from the hydrostatic heeling moment. VCE is calculated for ESG-values of rudder and
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Figure 4.4: Derivation of yawing moment slope dM /0 visualized by plotting results for Mz over 8. In con-
junction with 0Fy /6, the slope 0M /0 is used to calculate the longitudinal center of efficiency, LCEg
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Figure 4.5: Heeling moment My minus hydrostatic heeling moment My pgs plotted over leeway angle f.
The hydrodynamic heeling moment slope (0Mx — Mx ys) /8 is used to compute vertical center of efficiency
VCE, B
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tab angles. It is assumed that VCE does not change if side forces change due to non-
ESG-values of rudder and tab angles. VCE has to be corrected by the distance of the dy-
namometer centre of heeling rotation to origin. Rudder and tab side force coefficients,
effective span and longitudinal centre of efficiency are derived similarly. To derive rud-
der and tab side force coefficients, plots of side forces Fy5 respective F; against rudder
angle 4 (tab angle 1) at leeway angle § = f are used:

0Fy /06
0.5pU~Viy
O0Fy/0
dfyldT = % (4.20)
0.5pU~Vg

For effective span, heeling force Fys (Fyr) squared are plotted against Fy. Effective
span coefficients for rudder and tab can then be calculated using:

1
tes = : 4.21)
T\/OFx/0F%;0.50U%n
1
tge = : 4.22)
T\/OFx/0F2,0.50Um

For longitudinal centre of efficiency of rudder and tab the following equations are used:

OM/0p
LCEs= —2—-C 4.23
7 9Fys/0pB (4.23)
oM, /10p
ICE, = —2—L. 4.24
' OFy./10p “.24)

All coefficients derived so far are dimensionless and can be transferred to full scale with-
out further corrections, as long as geometric values of reference length Lg,r and draft T
are used corresponding to model scale. Additionally a table of righting arms h = f(¢)
has to be supplied by the user in order to define righting moments as in equation (4.12).

4.1.4. AERODYNAMIC MODEL

The aerodynamic model is responsible for the calculation of aerodynamic forces. As de-
scribed in Section 2.5, the most common method is the IMS sail force model. It is based
on individual sail force coefficients for mainsails, jibs and spinnakers, derived from wind
tunnel coefficients. A detailed description of the aerodynamic model used in the present
VPP is given in Section 3.2.4
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A full description of all forces and moments acting on a sail yacht has to include
the wind resistance of so called windage elements. The term describes any part of the
yacht generating aerodynamic resistance that is not taken into account by the sail forces
model. In the present VPP model this done by adding a table of drag areas of windage
elements.

4.1.5. SOLUTION ALGORITHM

The general solution algorithm calculates equilibrium of aerodynamic and hydrody-
namic forces by applying root-finding based on Newton-Raphson method. For esti-
mated values of the velocity U, heeling angle ¢, leeway angle ﬁ and rudder angle 5 the
aerodynamic and hydrodynamic forces and moments are calculated. A correction of es-
timated state variables is then calculated solving:

0Fy/0U O0Fy/0B OFyldo¢p OFy/00 ApB
OMx/0U O0Mx/0f OMx/dp OMx/dd| | Adp

OM7I0U 0MzI0f OMyIdp OMyid5) \ AS

0Fx/0U O0Fx/dB OFx/0¢p OFx/06 AU)
(4.25)
+
+
+
+

F¢(0,¢,8,8)+ F{ (U, $,B,0)
_| Fr(0.4,5,0)+Fy (U, $,5,0)
M (U,,,0) + My (U, 6, ,0)
My (U,$,B,6)+ My (U,$,p,0)

Derivatives 0Fx/0U... can be developed from wing theory or calculated as finite dif-
ferences. Boat speed is optimised by applying a multi-step minimization search method
to the trim parameters flat and reef. The minimization is performed using Brent’s
Method as described by Press et al. [124].

4.2, MATHEMATICAL MODEL FOR RANSE COUPLED VPP

The general idea behind the RANSE-VPP is to directly implement the calculation of sail-
ing equilibrium into a RANSE Solver. Sail forces for a given true wind condition have to
be calculated and coupled to the hydrodynamic forces from the RANSE simulation. A
rigid body motion solver is used to couple the two systems. Figure 4.6 shows the prin-
ciple interaction between these three modules. In principle, evaluation of aerodynamic
forces could be directly integrated in the flow solver. As explained in Chapter 2, this
would require an additional trim optimization loop for the sails at every time step. To-
gether with additional problems like the necessity to account for the flexibility of the
sails, this would lead to an enormous increase of complexity and computational effort
of the RANSE-VPP. Therefore, a decoupled approach is chosen were the sail forces are
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Figure 4.6: General overview of the approach used for the dynamic VPP. Aerodynamic and hydrodynamic forces
are coupled via a rigid body motion solver. Forces acting on the rigid body are updated every time step (aero-
dynamic forces) or iteration (hydrodynamic forces).

calculated from external data and act as external forces on the rigid body. This changes
the state of the rigid body, which in turn has an influence on hydrodynamic flow con-
ditions. The RANSE solver will calculate hydrodynamic flow forces at these conditions,
thus updating forces acting on the rigid body, which in turn has influence on aerody-
namic forces. This loop continues until equilibrium between aerodynamic and hydro-
dynamic forces is reached.

In contrast to a conventional VPP, this approach does not only give final values of
boat speed, heel angle and so on, but also current values. Given correct frame condi-
tions like a suitable sail force model and a appropriate time resolution, one is able to get
correct solutions during the complete simulation time. These solutions would of course
include accelerations. This offers future possibilities regarding maneuvering and sea-
keeping.

The coupling procedure illustrated in Figure 4.6 shows that coupling of forces with
the rigid body motion solver differs between aerodynamics and hydrodynamics. Aerody-
namic forces on the rigid body are updated at every time step when the unsteady RANSE
solution advances in time. Interaction of hydrodynamic forces and rigid body motion are
implicitly coupled and thus updated at every outer iteration loop of the RANSE solver.

In order to create a system as described above, one has to solve the RANS equations
and the fully integrated equations of motion of the sailing yacht, which is considered to
be a rigid body. Theoretical aspects of RANSE procedure and approaches to solve rigid
body motion with focus on fluid body interaction is given in Chapter 5.
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4.2.1. COUPLING OF RANSE SIMULATION AND VPP

The general course of the RANSE-VPP is illustrated in the flow chart in Figure 4.7. In
principle, the RANSE-VPP is written as a management routine which, besides calculat-
ing the current value of the aerodynamic forces, steers the procedure calls of the RANSE
simulation and the rigid body motion solver. The management routine is coded in JAVA
and employs STAR-CCM-+ to solve viscous flow and rigid body interaction. A typical sim-
ulation is conducted as follows:

1. The VPP starts with a set of true wind conditions as input data.
2. First, the management routine is called before the time step.

(a) Retrieve current boat state (forces, moments, orientation, velocity,..) from
simulation.

(b) Calculate apparent wind and sail forces using current boat state as input.

(c) Check convergence. If simulation has not converged move to 3. Else con-
tinue.

(d) Run Optimizer. If optimum is reached save results and continue with new Vy
and Bt at 6. Else set new flat value and continue at 2(b).

3. Write Sail forces as external Forces on Rigid Body:.

4. Solve RANS Equation and Rigid Body motion until stop criterion of outer iterations
is reached.

5. Advance in time and loop to 2.

6. Proceed to 1. and select next combination of V1 and fr.

Besides the main functions as listed above, the JAVA routine includes numerous aux-
iliary functions. One example of these functions is the adaptive time step which keeps
the Courant number between certain limits. Another example is a limiter for allowed
heeling moment. Based on the righting moment of the boat, this limiter decreases the
heeling moment by changing flat such that a maximum heel angle is not exceeded.
These auxiliary functions will not be treated here in detail. Instead the main functions of
the program will be described in the following sections.

4.2.2. FORMULATION OF AERODYNAMIC FORCES

To account for the aerodynamic forces imposed by the sails, an additional, external force
is modeled which is acting on the sailing yacht which is treated as a rigid body. Since this
external sailing force vector Faero is of unsteady nature, modeling of this vector implicitly
requires that its calculation routine is directly coupled with the rigid body motion solver.
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Along with gravity force and hydrodynamic forces acting on the yacht, this sailing force
vector is used to solve the equations of motion.

The sailing force vector itself is calculated using a semi-empirical sail force model as
explained in Section 3.2.4. This approach willfully keeps up the paradigm of separation
of aerodynamic and hydrodynamic investigation for several reasons: It allows taking into
account sailing force data from virtually any source and in conjunction with depower-
ing algorithms, resembling the trimming of the sail carried out by sailors. It simplifies
the analysis of cause and effect of changes in aerodynamic or hydrodynamic parts of a
yacht. Finally it allows to take into account advanced techniques for the prediction of
aerodynamic forces, e.g. fluid structure interaction methods. As an initial input before
the beginning of the calculation procedure, the user has to provide tables with permuta-
tions of true wind angle 7 and true wind speed V7 as well as data about the sail plan of
the yacht and aerodynamic data of the individual sails in form of lift C; and drag coeffi-
cients Cp as functions of the apparent wind angle £ 4.

During the simulation, the flow code is called by the sail force calculation routine
at the beginning of every time-step and receives the yachts current linear and angular
velocity components as well as its orientation in space as input data. From these the sail
force vector Faero is calculated in the following manner:

First, the apparent wind vector vy is calculated as a function of true wind conditions,
boat speed and heel angle.

VreosBr+ux+ Urorx
va= | Vrsinfircos¢+uy + trory | . (4.26)
0

The standard procedure is modified to take into account additional force components
originating from unsteady motion and orientation of the boat, allowing calculating their
influence on boat movement as a time series. Here, the vector u,o¢ has been added in the
equation to account for changes in v due to rotating motions of the boat, namely pitch
and roll. Thus, uye is defined as the angular velocity of the boat wg times the vertical
center of effort of the sails, zce ser0, Se€ 4.27.

Uyot = ZC€Aero X WB, (4.27)

Using vy as calculated above, one can easily derive 4 4.28 and V4 4.29 by applying basic
vector calculus.

Va,
B4 = arctan y_y’ (4.28)
Ax

Va=\[v4, +V5 (4.29)
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The RANSE-VPP uses a modification of the sail force calculation method that has been
implemented in the IMS velocity prediction program, for details see Section 3.2.4. Whilst
the individual sail force data for RVPP may come from any source, the procedure has
been adapted because of its versatile usable approach.

From the individual sail coefficients aggregate lift and drag coefficients Cz,,,,, and
Cp,,, for asail set are calculated from:

Cp,,,,; = Cp reef?+CE C? flat® reef?, (4.30)
Clyya = flat reef? Cy. (4.31)

Here Cp and Cj, are weighted sums of the drag and lift coefficient of all sails in the
sail set while CE is an efficiency coefficient, taking into account the quadratic parasite
profile drag and the effective span of the sail set. reef and fl/at are trimming parameters
for the sail to obtain maximum boat velocity via depowering the sail or reducing sail area.
flat is a linear reduction of lift and a squared reduction of induced and parasitic drag
at constant span, corresponding to a sail chord or traveller angle trimming action of the
sailors. reef is a factor taking into account a reduction of sail luff length as the name
implies, with corresponding impact on lift, drag and effective span. Whilst theoretically
available, the factor reef is omitted in the current version of RANSE-VPP. This mainly
due to the fact that the development of RANSE-VPP aims towards racing yacht for which
reefing most often is not an option. For details of the IMS method see Claughton [125]
or the IMS documentation from the Offshore Racing Council [121].

By using the aggregate sail coefficients as calculated in (4.30) and (4.31) one can cal-
culate the sail force Fg as shown in (4.32):

1 ) CLtotal Sil’lﬁA - CDtotal C(.)S ﬁA
Fs = EPAirASailsVA CL,9a1€098B4—Cp,pp0y SINPA| . (4.32)
0

Experience gained from seakeeping investigations showed that the added air mass of
sails contributes significantly to the moment of inertia of a sailing yacht, especially around
the longitudinal axis. For details see Graf et al. [126]. Therefore an additional added mass
force Fgp due to the movement of the sails in the surrounding air is taken into account:

T .
Fsa = —Cum 7 Pair€ Asails @B ZCeero, (4.33)

with added mass coefficient Cy;, density of air p 4;r, mean sail chord ¢ and combined
sail area Ag,i;s accounting for the added mass of the sails. The acceleration of the boat is
given by its angular acceleration wg acting at the vertical center of effort of the sail forces
zceaero- This leads to the final definition of the sail force vector as shown below.

Faero = Fs + Fsa (4.34)

After transformation from the coordinate system planar to the water surface to a boat-
fixed coordinate system, the sail force vector Faero is applied to the boat at the position
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Figure 4.8: Brent’s Method: Inverse parabolic search to converge towards a minimum (Source: Pratt et al.[124])

of aerodynamic longitudinal and vertical center of efficiency. The center of efficiency
CE sero is approximated to be at the geometrical center of the sails.

4.2.3. OPTIMIZATION OF BOAT SPEED

To reflect the efforts of the sailors to trim the sails for optimum boat speed u an optimizer
has to be applied on the trim parameter flat.

ou
oflat

(4.35)

Evaluation of different flat states is time consuming, since it requires the RANSE-VPP
to converge toward an equilibirium with sail forces for the new flat value. It is there-
fore crucial to find an optimizer which only evaluates flat as few times as reasonably
possible.

The optimizer applied here is a custom modification of Brent’s Method described by
Press et al. [124], combining a bracket search with a parabolic search algorithm. The
principle is illustrated in Figure 4.8 with the formula yielding

ey L= [fB - [ @] == [ () - [ (@]
2 b-a)|fb)-f©]-B-0[fb) -f(@]

(4.36)

with abscissa x as the minimum of a parabola through the three point f (a),f (b) and

fo.

Optimizing boat speed is based on the principle of “depowering” the sail; flat re-
duces total lift coefficient and total drag coefficient, (4.30) and (4.31). Linear reduction of
lift generates quadratic reduction of drag. This implies a derivation from optimum trim
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settings accompanied with an increase of induced drag. However, the heeling moment
and consequently the heel angle is reduced which might result in a favorable reduction
of hydrodynamic resistance.

4.2.4. INTEGRATION OF RUDDER FORCES

The main task of the rudder in context of a VPP is to counter M, and thus provide yaw
balance. Therefore, the sum of M, shall be zero (4.37).

ZMz = Mz Boat + Mz Sails + Mz Rudder = 0. (4.37)

To achieve this, rudder forces have to be altered during simulation. To do this with an
moving rudder is not an easy task since it would require a method to move a part of the
computational grid relative to the moving main grid without comprising grid integrity.
Furthermore, an adaptive rudder controller, for example a PID (proportional-integral-
derivative) controller would have to be implemented. Since the gain does not seem to
justify the increased computational effort, a simpler method has been used.

The rudder itself is integrated as a non-movable part of the geometry. This way para-
sitic drag at zero lift is implicitly taken into account and changes of lift are only accompa-
nied by induced drag. The change in sideforce A Fgy, at the current time step 7 necessary
to achieve yaw equilibrium may be derived as sum of yawing moments (4.37) from the
last timestep n—1 divided by the longitudinal center of effort of the rudder, LCEy rygder-

M, -
APy = —=Man1 (4.38)
LCEx,Rudder
This yields
Fryn = Fryn-1+AFRryn, (4.39)

for the current added lift Fr),, generated by the rudder. To determine the drag compo-
nent in ship x-axis resulting from such a sideforce, one has to calculate the generated lift
Lg p.

F Ry,n

Lp,= 4.40
R,n COS,B ( )

The induced drag Dg;,, can than be calculated from

12
Dpin = ﬁ (4.41)
TEffO.SpuBn
yielding
FRx,n = —DRincosf (4.42)

for the drag component in ship x-axis, Fry,,. The rudder model as described above in-
cludes some simplifications and linearisation. It assumes that it is permissible to take
rudder forces into account by applying wing theory. It can be only accurate for rudder
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angles up to approximately 12° since it does not take into account effects of flow sepa-
ration. Since the model assumes that a fixed, non-moving rudder is present in the CFD
model, drag is accounted for by changing the induced resistance only. As the yacht is not
allowed to truly rotate around the z-axis, the RANSE-VPP is virtually of 5+1 DOF type.

4.2.5. CONVERGENCE CRITERION

The definition of convergence for unsteady RANS simulations is often problematic. Resid-
uals as the standard measure for convergence only have a limited value here. Therefore,
a convergence criterion has been defined which focuses on force equilibrium. The three
vector components of the hydrodynamic forces Fpoat are compared with the respective
vector components of combined hydro- and aerodynamic forces Fyq¢q) as per equation
(4.43).

Zn FBoat <
Zn Frotal
If the differences of all three vector components are all smaller than a chosen precision

p, the simulation is assumed to have converged. To assure that this not a random occur-
rence but a steady equilibrium, forces are summed up over a interval of n time steps.

(4.43)

4.2.6. SUMMARY

In contrast to the conventional VPP approach, the procedure described above has no
need for a database of hydrodynamic coefficients. The hydrodynamic data of the yacht is
directly calculated via the RANSE solver. This has a direct impact on the number of runs
necessary to predict boat velocity. As mentioned before, the method is used for hydro-
dynamic assessment of yacht performance. Therefore, interpolation errors of the em-
pirical aerodynamic force prediction are accepted, as long as the method is used for the
comparison of different yacht hulls with identical sails. If the focus of the investigation
changes to aerodynamics, the method can be inverted. Aerodynamic forces would then
be calculated accurately without any interpolation from the RANSE simulation, while
hydrodynamic properties would be predicted using empirical methods.

Results of a VPP analysis are usually displayed in a polar plot depicting boat speed
for a given true wind speed over true wind angle. On average such a plot will show 3-5
polar lines for upwind and for downwind courses.

e 3 -5 true wind speeds
* 30°-120° Br Upwind

* 90° - 180° B Downwind
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This gives about 60 to 100 simulation runs, which is far fewer than the numbers
needed for a conventional VPP if high accuracy is demanded. Additionally, it is possi-
ble to investigate only the areas most interesting for a specific boat type, for example
maximum VMG (velocity made good) upwind and downwind, which further reduces
the number of necessary runs dramatically to about 24 to 40. Since any interpolation is
avoided, full accuracy of the prediction of hydrodynamic properties is inherently main-
tained. This includes the righting moment, which takes the real deformed water surface
into account.

The current implementation of RANSE-VPP aims towards a steady state solution.
The reason for this is that the RANSE-VPP, as a new developed method, needs validation.
This is done against conventional VPP results, which are of steady nature. However, hy-
drodynamics and rigid body motion are already solved in the time domain. Therefore,
RANSE-VPP is ready for further development towards a tool to evaluate unsteady prob-
lems like maneuvering. Evaluation of unsteady problems would require development,
validation and verification of an unsteady sail force model which is beyond the scope
of this thesis. The sail force model as detailed in Section 4.2.2 is in principle steady, but
contains some unsteady features. These features are not intended to make the model
suitable for unsteady simulations like maneuvering. Instead they are used to accelerate
the search for a steady solution by introducing sail damping effects sails.

This section detailed the modeling of the RANSE-VPP. Details on the viscous flow
solver and rigid body motion and the coupling of both methods are given in Chapter 5.
A comparison of RANSE-VPP and conventional VPP will be given in Chapter 9.







NUMERICAL METHOD

In this chapter theoretical aspects of viscous fluid flow simulation with Fluid-Body In-
teraction will be treated. Viscous flow simulations using RANSE methods have risen to
a certain maturity over the last decade. Descriptions of the RANSE based methods are
readily available and widely spread. Therefore, this part will only be briefly outlined
here. For a more detailed description see for example Ferziger and Peric [63] for a good
and detailed overview of the whole topic. After the outline of the flow solver, aspects of
the rigid body motion solver and the coupling with the flow simulation will be treated in
more detail.

5.1. OUTLINE OF THE RANSE SOLVER

5.1.1. GOVERNING EQUATIONS

The numerical method used to solve the viscous flow problem is of Finite-Volume type.
It is assumed that the flow is governed by Reynolds-Average-Navier-Stokes-Equations
which evolve from time averaging mass and momentum conservation for a continuous
flow. The conservation equations in integral form yield

d
—f pdV+fp(v—vB)ndS:0, (5.1)
dr Jv
for mass conservation and
d
—f pvdV+fpv(v—vB)ndS=f (T—pI)ndS+f pbdV, (5.2)
dtJv S s v

75
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for momentum conservation. Here V denotes a Control Volume (CV) bounded by a
closed surface S with unit vector n pointing outwards. Body forces per unit mass are de-
noted by b and fluid density is p, v is the fluid velocity vector and v is the velocity with
which the control volume surface moves. T represents the viscous stress tensor express-
ing the viscous and Reynolds stresses in terms of velocity gradients and eddy viscosity. I
is the unit tensor and p represents pressure.

T=pepr [VV+ (VW] (5.3)

The effective dynamic viscosity of the fluid pfy is calculated as sum of the dynamic
viscosity ¢ and the turbulent viscosity pur

Heff =M+ T (5.4)

The Reynolds stresses evolving from time averaging are modeled using the eddy viscos-
ity hypothesis and two-equation turbulence models. In this case Menters Shear Stress
Transport (SST) turbulence model is used. It calculates the turbulent viscosity 1 from
the turbulent kinetic energy k and the specific turbulent dissipation w:

alk

= (5.5)
max (aw,QF,)

KT

with the closure coefficient a;, the invariant measure of strain rate Q and the function
for the blending from k — w to k —e formulation F,. The scalar quantities k and w of the
model have to be transported. The transport equation for generic scalar quantities reads

if p(pdV+fp(p(v—vB)ndS:fFV(pndS+f pbypdV, (5.6)
dt Jv S S v

with ¢ as the scalar variable (k or w), I being the diffusivity coefficient and b, represent-
ing sources or sinks of ¢.

In case of a arbitrarily moving CV the space conservation-law has to be satisfied to
guarantee the conservation of mass and other conserved quantities. It describes the
conservation of volume when CVs change shape or position with time due to moving

walls.
d
—f dV—vandS=0, (5.7)
dt Jv S

with vg being the velocity with which the CV moves. It guarantees that the sum of all
volume fluxes is equal to the rate of volume change.

In order to account for the free surface between two fluid phases in a multiphase
simulation one has to solve an additional transport equation to transport the quantity
defining the free surface through the computational domain. For example, the quan-
tity in question for the Volume-of-Fluid method is its volume fraction a. Free Surface
methods were treated in more detail in Chapter 3.1.
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5.1.2. DISCRETIZATION

So far, three equations for continuity, one for mass, two for turbulence and one for free
surface properties have to be solved. To make these equation system solvable by means
of computer systems, the conservation equation in integral form with initial and bound-
ary condition are transformed into an algebraic equation system. These can then be
solved by means of discrete approximations. To do so, the spatial domain is first divided
into a finite number of control volumes. These CVs may be polyhedral of any shape.
However, if the general flow direction is known it is sometimes more economic and ac-
curate to use hexahedral shapes.

The conservation equations are discretized by means of a Finite-Volume-Method
(FVM) on each CV. For every CV, one algebraic equation is then obtained. Each of these
equations includes unknowns from their CV center as well as from all CVs with which
they shares faces.

The equations are non-linear and thus have to be linearized. To obtain the algebraic
equations, all integrals (surface, volume, time) are approximated by midpoint rule. The
value of the function to be integrated is first evaluated at the the center of the integra-
tion domain. For surface integrand this is the CV face center, for volume integrands CV
center and for time integrands the time level. It is then multiplied by the respective inte-
gration range (face area, cell volume or time step size). Since all values are calculated at
the CV center, values at CV face centers have to be interpolated. This is mainly done by
linear interpolation, but sometimes blended with linear upwind differencing for stability
reasons. Gradients are needed to compute diffusive fluxes at cell faces and some turbu-
lence quantities require gradients at the CV center. In general, all the approximations
mentioned above are of 2"d order regardless integration domain (polyhedral, hexahe-
dral, and so on).

5.1.3. SOLUTION PROCEDURE

The resulting approximations are solved in a coupled but segregated iterative method
(e.g. SIMPLE-algorithm). Here SIMPLE stands for Semi-implicit Method for Pressure
Linked Equations. The principle steps of solving the discrete equations by using the
SIMPLE-algorithm are listed below. Details are widely available in literature (e.g. Ferziger
and Peric [63])

1. Setinitial values of pressure and mass fluxes trough cell faces at every cell.

2. Solve linearized momentum component equations by using current pressure and
mass fluxes through cell faces (inner iterations).

3. Determine a pressure-correction (pressure-correction equation derived from con-
tinuity equation). Correct pressure and mass flux components.
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4. Solve equations for volume fraction and turbulence.

5. Go to 2) and repeat sequence until all non-linear and coupled equations are within
a prescribed stop criterion (outer iterations).

6. Proceed to next time level.

There are several other, newer algorithms which allow to solve such equations systems.
However, the SIMPLE algorithm is still widely used due to its robustness. However, this
robustness is achieved by raising computational cost. The major drawback of the SIM-
PLE algorithm is that the intermediate velocities u* are neglected when correcting pres-
sure. Therefore, the pressure corrections often become too large, causing divergence of
the solution. This problem is solved by under-relaxing. Under-relaxation in this context
is a method to build a weighted average of the result of a current iteration step with the
previous. This leads to increased stability but also slows the solution procedure signifi-
cantly. It is therefore desirable to avoid under-relaxation, for example by using SIMPLEC
(SIMPLE Corrected) or PISO (Pressure Implicit with Splitting Operator), or to keep the
under-relaxation close to 1.

Computation of this large and non-linear equation system requires a lot of computa-
tional power and memory, especially if the simulation is of unsteady nature. It is there-
fore crucial to decompose the problem in space and time and solve it by using parallel
computing. The most popular message passing libraries which enable parallel comput-
ing are PVM (parallel virtual machine) and MPI (Message Passing Interface).

5.2. RIGID BoDY DYNAMICS

In order to correctly determine fluid dynamics of floating bodies, one has to introduce
rigid body dynamics in 6-degree-of-freedom (DOF) into the flow simulation to identify
the correct running attitude of the body. Depending on the size of the investigated body,
resulting variations in orientation and translation of the body can be relatively large. The
effect is more pronounced for smaller boats like sailing yachts, than for large merchant
vessels. Nonetheless, it should be included in both cases to increase accuracy of results.
Several approaches to resolve the resulting motion in the flow domain exist. These will
be dealt with in Chapter 6. The equations for rigid body dynamics presented in this
section are valid for all these approaches. The section starts with the used frames of
reference in which rigid body dynamics are defined. Afterwards, governing equations of
the rigid body dynamics and their discretization into an algebraic equation system are
introduced. Finally, the coupling of fluid flow and rigid body motion will be treated.

5.2.1. FRAMES OF REFERENCE

The following two reference systems (Figure 5.1) are used to describe rigid motion:
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Figure 5.1: Definition of the reference systems used. The global coordinate system (orange) is a space fixed,
non-moving coordinate system. Its X-axis is aligned with the principle flow direction, X- and Y-axis are parallel
to the undisturbed free surface and and Z-axis is pointing upward. The body reference system is a moving
reference system which is fixed to the boat. It is located at the center of mass of the boat, with x-axis point
forward, y-axis to port and z-axis upward.

* a global, space-fixed, non-moving, non-accelerating Newtonian coordinate sys-
tem (GS). It is defined with XY-plane parallel to the undisturbed free surface. For
convenience, X-axis points in principle flow direction and Z-axis points upwards.
The global coordinate system is used to describe the RANSE equations and posi-
tion and orientation of the rigid body at any point in space and time.

* abody-fixed coordinate system (BS) which has its origin at the center of mass. The
xy-plane is parallel to the design water plane and x-axis is pointing forward in the
boats longitudinal axis. y-Axis and z-Axis are pointing to port respective upward.
The BS system maintains the orientation of the boat and is helpful to identify rigid
body orientation and to realize its motion.

5.2.2. EQUATIONS OF MOTION OF THE RIGID BODY

Since the equation describing the fluid flow are expressed in the GS reference system, the
variables velocity and pressure are also expressed in this system. Therefore fluid forces
(shear and pressure forces) acting on the rigid body are calculated in the GS. Translation
and rotation of the rigid body in 6 Degree-of-Freedom (DOF) is determined by integrat-
ing the equation of linear and angular momentum. The equation of variation of linear
momentum with respect to the center of gravity reads:

d(mvg) 3

T F. (5.8)
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Here m stands for the mass of the investigated body;, v is the linear velocity of the center
of mass and F is the resultant force acting on the body at the center of mass. Assuming
the mass to be constant, equation (5.8) may be written as:

mvg =F, (5.9)

with Vg as the total linear acceleration of center of gravity G in GS reference frame. The
equation of the angular momentum with respect to center of gravity (BS) yields

d(Igwg) _

M 5.10
az G (5.10)

with wg representing the angular velocity of the rigid body and Mg the resultant mo-
ment acting on the body, all with respect to G. Ig is the tensor of the moment of inertia
of the investigated body with respect to the body fixed coordinate system.

Ixxc _IxyG —Ixz6
Ic=|-Lix¢c Iyyc Iyzc . (5.11)
—Izxc _IzyG —Izz6

For example principal moments of inertia of the body along the diagonal, the roll mo-
ment of inertia around its x-axis yields

LixG = / (¥* +2%)dm. (5.12)

the remaining principal moments of inertia for pitch, Iy, and yaw, I, are calculated
in the same manner. Off-diagonal moments of inertia Iy, Ix.c and I,.¢ are calculated
as

Iy = fxydm, (5.13)
Since the tensor Ig is symmetric, IxyG = IyxG, IxzG = Izxc and Iy.¢ = IzyG.

Assuming again that the mass m of the rigid body is constant and that its moments
of inertia I stay constant with respect to BS, equation (5.10) may be rewritten as

dwg .
IG? =Igwg + wg x Igwg = Mg. (5.14)
When expressing the tensor of the moments of inertia with respect to center of mass
expressed in the GS reference system, it changes with every rotation motion of the body.
Therefore, IS has to be updated at every time step. Transforming equations for linear
and angular momentum ((5.9) and (5.14)) from BS to GS then yields

mvgS = FYS, (5.15)
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TrlgTy! we® + w6 x TrlgTr wg® = Mg©s, (5.16)

with Tt as the transformation matrix from BS to GS reference system. It implies that the
tensor moment of inertia of the body with respect to the GS, Ig®5, is not constant. It
changes with motion of the body and therefore has to be updated every time the body
changes position. The columns of the matrix Tt are the unit vectors x, y, z, expressed in
the GS system, attached to the BS system.

5.2.3. EULER ANGLE

The orientation of any reference frame relative to another can be given by three angles.
These Euler angles are consecutive rotations about the xyz-axis in a way that ensures that
the rotated frame is carried into coincidence with another. Care has to be taken with the
order of rotation because the rotation does not commute. Therefore the sequence of ro-
tations needs to be fixed. This sequence is, in principal, arbitrary, a common convention
is to use x-y-z-rotations. The cycle of such a rotation sequence, often also denoted as
w-0-¢- rotation, is shown in Figure 5.2:

1. The starting coordinate system is Oxsyszs. Rotation y about Ozs carries the axis
to the intermediate position Ox;y,z. ¥ is called the azimuth or yaw angle.

2. From Ox, )z, rotation 8 about Oy, further carries the axis to Ox3y3zz. 0 is the
elevation or pitch angle.

3. Finally, from Ox3ys3z3, rotation ¢ about Oxs carries the axis to the final position
Oxyz. ¢ is the bank or heel angle.

In vector form, the rotations about the intermediate axis of Figure 5.2 may be defined
as follows:

X—(X:Zg)-Z
Xp = ——————, (5.17)
Ix— (x-25) - 2|
Y2 = Zg X X2. (5.18)
From these relations Eulerian angles v, 8 and ¢ are obtained by
W =arcsin [(Xs X X2) - Zs] ,
6 =arcsin [ (x2 xX) - y2], (5.19)

¢ =arcsin [(y2 x y) -x] .

This rotation sequence can be combined in the transformation matrix Tt from BS to
GS as series of subsequent principle rotation matrices as follows:

cosy —siny 0 cosf@ 0 sinf 1 0 0
Tr=|siny cosy O] 0 1 0 |-|0 cos¢p —sing (5.20)
0 0 1) \-sinf 0 cosf) \0 sin¢g cos¢
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Figure 5.2: Sequence of rotations using Euler Angles. By rotation around the Ozg-axis, the body is rotated from
the starting Coordinate system Oxgyszs into Oxpy2z2. From there the body is rotated by a rotation around
the Oy»-axis into Ox3y3z3. Arotation around 0x3 brings the body in its final orientation Oxyz. For details see
Section 5.2.3

Note that to express Tt in terms of the Euler angles, the sequence of rotation has to be
reversed. Since the product of any number of rotation matrices is itself a rotation matrix,
this yields

cosfcosy singsinfcosy —cospsiny  cos¢gsind cosy +sin¢psiny
Tr=|cosOsiny singsinfsiny +cos¢cosy cos¢dsinfsiny —singcosy
—sin6 sin¢cosf cos¢pcosf
(5.21)

The Euler angles as described above can be ambiguous, a problem which is called
gimbal lock. To avoid this behavior the ranges for a y-0-¢- rotation sequence are limited
to:

——=<0<-—-, (5.22)

One way to solve this ambiguity would be to use quaternions, which do not suffer from
gimbal locks. Quaternions are a construct which spans a 4-dimensional vector space
and shows similarities to complex numbers. Since this approach is not implemented in
the flow solver used it will not be described here.

5.2.4. COMPUTATION OF IMPRESSED FORCES

The contributions of external and internal forces to the resulting force F may be summed
as follows:
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F = Faydro + Mg+ Fext (5.23)

where g denotes the gravity vector which is pointing in downward direction of the GS and
Fgxt may be any kind of external force applied. Typical examples for this application are
the sail force and the additional rudder force vector. The flow force Fyydro is the resultant
force of the flow field acting on the body. It is determined from the RANS equations by
integrating viscous wall shear stresses and pressure field over the body’s boundary faces.

Friydro = fs (T- pI)nds. (5.24)

Here p is the pressure acting on the face of a control volume whilst n is the normal vector
of the individual control volume face. T is the viscous stress tensor given by (5.3) and I is
the unit tensor whilst S is the surface of the control volume face.

The resultant moment Mg acting on the center of gravity G of the rigid body is the
sum of external and hydrodynamic moments

Mg = Mgxt + Mpydro- (5.25)

Here Mgy represent the trimming moment due to external forces which may be ex-
pressed as:

MExt = (Xce —XG) * Fext, (5.26)

with xcg representing the vector to the center of effort of the external force and xg the
vector to the center of mass. The dynamic contribution of the flow force to the fluid
flow moment Myyqro, may be expressed as stated below. Here x denotes the vector to the
control volume face center.

Mpyydro = fs (x—xg) % (T— pI)ndS. (5.27)

5.2.5. INTEGRATION OF RIGID BODY EQUATIONS

The motions of arigid body are described by a set ordinary differential equations (ODE).
In order to obtain translational and rotational motion from fluid forces, they have to be
integrated. Here several possible methods exist. One could use a 1°* order Euler method
as one of the simplest approaches. However, this has the disadvantage that this method
is explicit and has the tendency to become unstable if the time step is not sufficiently
small. This would introduce unwanted time dependencies into the simulation process.
It is therefore more appropriate to use an implicit method an therefore to implement the
determination of body motion into the iteration of the flow solver. Furthermore, fluid
forces acting on the body influence its orientation and translation which in turn influ-
ence the fluid flow. This also suggests that fluid flow and rigid body motion should be
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solved in a coupled iterative manner. In the following a second-order predictor-corrector
method is described which can be used for prediction rigid body motion. The descrip-
tion follows the one given by [127] and resembles the method used within Star-CCM+.

In order to calculate translational motion of the center of gravity G one has to inte-
grate the equation of variation of linear motion in time. Therefore (5.8) has to be approx-
imated to acceleration yielding

dVG _ F

e _ ¥ 2
dt  m (5:28)

First, velocity of the body at the new time step n + 1 is predicted using forces and
velocities from the previous time step n. This predictor step is of explicit Euler type. Next,
this predictor is corrected for later iterations i. The corrector steps employs trapezoidal
rule to compute the derivative.

. F, +Fitl
i+1 _ n n+1
VGe1 =VGn + ————AL

88 F Fi*l _F (5.29)
=vg,+—LAr+ 2 Ay
m 2m

~ v
-~ -~

predictor corrector

With the new estimated velocities known, the new position of the center of gravity
xc,i;fl can then be determined in a similar manner as the velocities, again employing a
predictor corrector scheme.

i+1
i+1 Vn YV

n 1
XG a1 :x(;n+—2 ntlag
vitl _y (5.30)
=X, +VaAt+ T Ag,
—_— 2

—_——

predictor
corrector

The necessary incremental displacements to move the rigid body from its position at
previous iteration 7 to new iteration 7 + 1 are computed as the delta between these values

i+1 _ i+l i
Axn+1 =Xp+1 ~ Xpr1e (5.31)

In principal, the procedure for rotational motion of the body follows the one of the
translational motion above. To find the new orientation of the rigid body at time step
n + 1 one first has to compute the angular velocities wg. Therefore, equation (5.14) is
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discretized as follows

i i
16,4196 ,11
i+1) AL
= IanGn + (MGn +MGn+1) 7
i i i At
- (wGﬂ xIgnWGn + WG 1 X IGn+1an+1) o
(5.32)
=Ignwe, + (MGn —WGp X IanGn) At
pred‘gctor
Mol —M At I i I At
T M6p41 Gn D) WGp+1 X 161+1WGH+1 —WGn X 1GnWGn 5

N J

~~
corrector

The new tensor of the mass moment of inertia Ic,ﬁl +1 in the GS reference frame is calcu-
lated using the transformation matrix Tt} _, yielding

. . . -1
IG;1+1 :TT:1+1IG (TT;HI) . (5.33)

Instead of further integrating wG; +1» the orientation of the body can be determined
by integrating the unit vector x, y and z of the body-fixed BS which are attached to the
transformation matrix Tt. Here only two of the unit vectors need to be integrated. The
discretized equation for x; +1 vields

. At .
Xln+1 :xn+?(an+wGln+1) X Xp, (5.34)

for the second unit vector y the procedure to obtain yil 1 is the same. The third unit
vectory, ., can than be calculated as the cross product of the two others

Zhi1 =Vl ¥ Xy (5.35)

: i Y., andz!,, known, the new Euler angles !, 6’
and ¢!, are calculated using (5.19).

with the new unit vectors x’

5.2.6. CoOuPLING OF FLUID FLoOw AND RIGID BODY DYNAMICS

In order to remove unwanted time-dependencies, fluid flow and rigid body motion solvers
are coupled in an implicit manner. Figure 5.3 shows the schematic procedure of the iter-
ative, coupled simulation of flow and flow-induced motion of floating bodies. The rigid
body motion is implicitly coupled to the flow solver by updates within outer iteration
loops using the following procedure:

1. Advance intime 41 = t, + At
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| Update fluid velocities
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solver
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Figure 5.3: Integration of Rigid Body Motion into Flow Solver (Source: Peric and Schreck [128])

(a) Advance outer iterationi=1i+1;

(b) solve for fluid velocities and pressure using inner iterations until convergence
of linear solver is achieved;

(c) solve body motions using linear equations solver;

i. integrate pressure and shear forces on the rigid body;
ii. solve the discretized equation for rigid body linear velocity V(;i;ll and
angular linear velocity a)(;ﬁ;:rll;
iii. compute changes in orientation TT£1++11 and position xGﬁ;;ll of the rigid
body.
iv. repeat (c) until stop criterion is reached;

(d) goto (a) and repeat steps until stop criterion for outer iterations is reached

2. goto 1. and repeat all steps until maximum simulation time is reached.

The procedure allows to take into account changes in fluid body interaction within
the outer iterations of the flow solver instead of only within a time step. It usually takes
5-20 outer iterations per time steps for a solution to converge, depending on the required
accuracy in terms of waves and orientation and motion of the ship.
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Since the approach is based on a Finite-Volume-Method, the volume of the fluid domain
has to be discretized using a finite number of control volumes which constitute the com-
putational grid. In general, two major approaches to form a computational volume grid
can be distinguished. These two approaches are one based on a structured grid or the
use of an unstructured one. Structured grids have the advantage that the locations of
neighboring cells are known a priori, which allows to solve the equation system more
efficiently. If aligned with the flow, they are also more accurate then unstructured grids,
due to a decrease in numerical diffusion. However, if misaligned, the contrary holds true.
In this case some unstructured grids, in particular polyhedral ones, have the advantage
that they always introduce approximately the same diffusion error for every flow direc-
tion. The disadvantage of structured grids is, that they are often more difficult to gen-
erate and therefore often require much manual work. This makes the grid generation
more time consuming. Therefore, nowadays mainly unstructured grids are used. These
lend themselves more easily to automation but have to store information about their
neighboring cells, which increases computational effort.

After the main choice between structured and unstructured grids, many different

grid types exist which handle the distinctive shape of the used control volumes. The
following types of grids are commonly used:

¢ Hexahedral Grid (unstructured and structured):
® Less numerical diffusion if aligned with flow, if structured, less computa-
tional costs since neighboring cells are known, use of higher order convec-

tion schemes possible.

87
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© Manual effort to generate mesh is very high. Often more computational cells
necessary than for all other grid types, due to propagation of cell numbers.

e Tetrahedral / Polygonal Grid with Prism Layers for Boundary Layer (BL) resolution
(unstructured only):

® Easy to generate, approximation of every shape possible. Good control over
cell density in areas of special interest. Error caused by numerical diffusion
approximately the same for all flow directions.

o Increased numerical diffusion. To balance the error introduced by numerical
diffusion, higher grid cell numbers are necessary to achieve same accuracy as
grids aligned to the flow.

* Trimmed Cartesian Grid with anisotropic refinement and Prism Layers for BL res-
olution (unstructured):

® Easy to generate, approximation of every shape possible. Very good control
over cell density in areas of special interest. Alignment with flow direction
possible.

e Can introduce large cell size steps, leading to jumps in the solution which
decease accuracy and stability. Compromise between hexahedral and tetra-
hedral approaches in terms of numerical diffusion.

6.1. GRID MOTION TECHNIQUES

During conventional steady or unsteady RANSE CFD investigations, the computational
grid is usually kept rigid and fixed. To resolve the effects of flow forces acting on a rigid
body on the body’s orientation and translation, the rigid body must be allowed to move.
There a several techniques available to resolve the movement of the body, which all have
their benefits and drawbacks. Within this work the following methods have been evalu-
ated:

* Grid Motion (6.1.1);

e Mesh Morphing (6.1.2);
e Sliding Interfaces (6.1.3);
e Overset Grids (6.1.4);

6.1.1. GRID MOTION

Within this method, the entire grid is moved according to the motions of the rigid body.
The grid itself is not altered but instead kept rigid. This approach bears several advan-
tages. Since only the flow variables have to be corrected according to the body motion,
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the method is very robust and the computational overhead is small. On the other side,
the method is only applicable for the motion of one rigid body. Simulation of the inter-
action of multiple bodies is not possible. The major drawback is the care which has to
be taken to smoothly resolve the free surface interface. Figure 6.1a shows an x-normal
plane of a grid with the free water surface included. One can see that the grid pattern
on the port side almost follows the free surface contour, while on starboard side the grid
cells are intersected in an inappropriate angle.

This leads to interpolation errors in the free surface interface and introduce the need
to produce a grid which is sufficient to resolve the free surface for heel angles of +/ —30°
around the boat’s Construction Waterline (CWL) for the moving grid strategy. This claim
is not an easy one since at first glance, it restricts the possible grid types to hexahedral
and requires an immense manual effort to produce such grid. Moreover, such a grid will
have significantly more cells than necessary for the other approaches.

6.1.2. MESH MORPHING

Mesh Deformation, also known as mesh morphing is a technique to move the body with
its surrounding grid whilst keeping the distant part of the mesh fixed. Most often this is
achieved by allowing the grid to move and deform around the body within a predefined
box (Figure 6.1b). The grid within the outer box (A) is fixed and not allowed to deform.
The advantage of the method is that only a portion of the grid has to be highly refined
while in the farfield the higher resolution is only necessary in the vicinity of the fixed free
surface interface. Nonetheless, this method has several drawbacks. For instance, the
method lacks reliability since for larger amplitudes of motion negative Jacobians of the
CVs may be produced. Additionally, the computational overhead associated with this
method is significant.

6.1.3. SLIDING INTERFACE

Another technique to incorporate rigid body motion could be to use a so called slid-
ing interface between a part of the grid which rotates with the investigated body and the
non-rotating outer part (Figure 6.1c). Linear movements are resolved by both parts of the
grid. Therefore the technique allows having fewer cells in the outer grid, since one only
needs to resolve the fixed free surface interface here. The computational effort increases
by about 20 - 50% compared to the moving grid strategy, which seems acceptable. To
allow for rotation in all 3-DOE the body to be investigated has to be integrated into a
sphere. With boats being much longer than broad, this does not allow to take advan-
tage of having fewer cells in the outer grid since the sphere has to have a diameter bigger
than maximum boat length. Therefore one has the disadvantage of higher cell numbers
necessary to resolve the free surface which is associated with the moving grid approach
plus the additional computational overhead for interpolating the solution over the slid-
ing interface. The method therefore is more computational costly than the grid motion
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approach and bears no advantage in terms of accuracy.

6.1.4. OVERSET GRID

Another strategy could be to use overset grids. Within this technique, a fixed background
grid is employed in combination with a second grid around the rigid body. This second
grid overlaps the background grid and is allowed to move freely within it (Figure 6.1d).
Overlapped regions in the background grids are set inactive and transfer cells (donor
/ acceptor cells) between background and overset grid are computed as the rigid body
moves through the domain. Flow variables from donor cells are interpolated on the ac-
ceptor control volumes using linear or distance-weighted interpolation algorithms. In
the author’s opinion, this approach has the potential to become the most flexible and
elegant.

However, the technique is relatively new and still lacks some reliability. It also comes
with some disadvantages inherent to the method. The most obvious disadvantage is a
Courant number restriction. Flow through donor cells shall not exceed CFL=0.5, respec-
tive 0.3 for a second-order time-integration scheme, in order to correctly model the flux
of transport variable between the two grids. Furthermore, one has to be cautious that
grid motions relative to each other do not cover more than half a cell per time step in
order to avoid numerical instabilities. The idea behind this is, that a cell has to be a ac-
ceptor cell for at least one time step (two for second-order time integration) in order to
hold a solution history which enables it to act as a donor cell. A further problem is that
due to the interaction of fluxes on the two grids, mass conservation is not guaranteed.
Furthermore, the necessary determination of donor and receiver cells and the interpola-
tion between them adds a significant amount of computational effort to the simulation.

Despite this restriction, simulations have been carried out using a suitable combina-
tion of background and overset grid on a yacht hull geometry. Care was taken that the
difference in volume of grids in the overset region did not exceed factor 2 in order to ful-
fill interpolation requirements. In a first attempt (Testcase 1) to emulate large motions,
the boat was rotated to a heeling angle of 27.5° degree. It was then allowed to heel, pitch,
heave and sway. After setting the body free, the boat successfully returned to its upright
position see Figure 6.2a) within a few oscillations. Details of the free surface interface are
illustrated by Figure 6.2b), showing that the interface is normally captured within three
cells.

In a second test, Testcase 2, heel and sway have been fixed and the simulation was
run for a simulation time of 20 s at a time step size of A = 0.005 s. In initial conditions,
the free surface interface was captured over approximately 3 cells. However, this slowly
changed as illustrated by Figure 6.3a). As one can see from the detail view in Figure 6.3b),
the free surface interface is not sharply captured over 1-3 cells, but instead the interface
is thick and covers almost 20 cells.
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As mentioned earlier, due to the interaction of fluxes on the two grids, mass conser-
vation is not guaranteed within the overset grid approach. It therefore seems most likely
that the encountered problem in steady conditions results from an interpolation error at
the intersection between the two grids. This seems to introduce a self-energizing error
in transport of VOF scalars which degrades the solution. It is noticeable that the prob-
lem has not been encountered within simulations in which significant motions occur.
Therefore, despite its great potential, the method was abandoned as not suitable for the
time being.
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(a) Boat in upright position after righting from 27.5° heel.

(b) Detail of free surface around boat in upright position

Figure 6.2: Testcase 1: Test of relative grid motion using overset grids by self-righting of a boat from heeled
condition.
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m (a) Free surface representation in fixed conditions, after ¢ = 20 s of simulation
time.

(b) Detail of free surface representation after ¢ =20s.

Figure 6.3: Testcase 2: Test of free surface capturing in steady conditions (no rotations and translations) using
overset grid approach.
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6.2. GRID MOTION APPROACH FOR RANSE-VPP

From the review of grid motion techniques in Section 6.1, the moving grid strategy emerged
as the most efficient and robust solution. However, the free surface interface is not
smoothly resolved when grid cells are cut in an inappropriate angle. This makes it diffi-
cult to cover large heel angle variations.

The solution used throughout this work is to allow only a limited amount of rotation
per simulation of yacht state for a given combination of true wind speed Vr and true
wind angle fr. Therefore, the approximate amount of heeling moment to be expected
has to be estimated in advance.

In order to allow for fine resolution of the free surface interface, the initial refinement
zone in this region as depicted in Figure 6.4a) is extended by introducing a vertical refine-
ment zone (Figure 6.4b). Care has to be taken regarding suitable aspect ratio of cells in
order to allow geometric reconstruction of the free surface interface. The strategy as de-
scribed above approximately doubles the total grid cell number and allows for rotation
angle of +/- 7°. Free Surface resolution with and without vertical refinement is illustrated
in Figures 6.4 c) and d). It can be seen that while the free surface in Figure 6.4c) shows
wrinkles, the same in Figure 6.4d) is smooth. While larger rotation angles would have
been desirable, the approach proved to be sufficient as will be shown in Section 9.

(a) Initial moving grid (b) Moving grid with vertical refinement zone

&

/&
S - =
> %
N
(c) Free Surface Resolution with Initial moving (d) Free Surface Resolution with vertical refine-
grid ment zone

Figure 6.4: Grid motion approach with vertical refinement zone






VERIFICATION AND VALIDATION OF
PREREQUISITES FOR RANSE-VPP

7.1. INTRODUCTION

This following chapter describes the verification and validation for the hydrodynamic
model of the RANSE-VPP. It starts with problems encountered and presents a solution
approach derived from the free surface theory review in Chapter 3.1. This solution ap-
proach is then proved by means of an academical test case. Afterward, a formal verifi-
cation and validation of the hydrodynamic model is shown, based on ITTC procedures
regarding Uncertainty Analysis in CFD [129].

7.1.1. PROBLEM OVERVIEW

In a first attempt to validate free surface simulations of an ACCV5 yacht with experimen-
tal towing tank data, significant differences in resistance values have been found. The
RANSE CFD simulations showed a lower resistance than the experimental data. Figure
7.1 shows the resistance curve for both EFD and CFD. The difference between both re-
sistance curves is approximately 8%.

Single phase RANSE simulations normally tend to over-predict drag values if grid
resolution is insufficient. This behavior is not absolutely transferable to free surface ship
flows, were an insufficient resolution of the wave pattern might also lead to a under-
prediction of drag. Nonetheless, under-prediction of drag hints to look at modeling er-
rors. Figure 7.2 illustrates the volume fraction of water values on the hull. Normally one
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Figure 7.1: Comparison of experimental and numerical resistance data

would expect that the values are zero in the air region, one in the submerged area of the
hull and between zero and one in a small region around the free surface interface. In the
vicinity of a sharp interface, this region should not significantly extend over more than
three cells. Figure 7.2 clearly shows that this not the case here. Instead volume fractions
are smeared over the complete hull, except around the appendages and in their wake.
This clearly indicates a smeared free surface interface. Due to the nature of the treat-
ment of physical properties of flow phase within the VOF model, this will lead to smaller
resistance values. For a detailed description of the VOF model see Chapter 3.1.3. It has
to be noted that the interface smearing as described above has only been encountered
for specific floating bodies. These bodies have in common that they share a rather blunt
bow which forms a small, acute entrance angle with the waterline. For conventional ves-
sel which normally have sharp bow with a right angle at the dead water line (DWL), this
problem does not occur. It is therefore kind of yacht-specific.

7.1.2. THEORETICAL TEST CASE
The convection scheme used in the context of this work to transport volume fraction

values through the domain is the HRIC scheme. The HRIC scheme is the currently most
successful advection schemes and widely used in many CFD codes. It has been devel-
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Figure 7.2: Volume Fractions under an ACCV5 yacht. The plot illustrates problems encountered with interface
smearing

oped by Muzaferija and Peric [98, 99, 97]. Like most others schemes, is based on an
blending of bounded Upwind and Downwind differencing schemes. Its aim is to com-
bine the compressive properties of the Downwind differencing scheme with the stability
of the Upwind scheme. A detailed review of the model is presented in Chapter 3.1.3.
As described in Chapter 3.1.3, the HRIC scheme is modified depending on local Courant
number. This modification blends between the HRIC scheme and a UD scheme depend-
ing on an upper and an lower Courant number. Below the lower limiting number CFLy,
the HRIC scheme is used. Between CFL}, and the upper limiting number CFLy HRIC
and UD scheme are linearly blended. Above CF Ly pure 1% order UD scheme is used.

Since various authors have found that the UD scheme smears the free surface inter-
face (for example see Ferziger and Peric [63] or Andrillion and Alessandrini[130]), this
could well be the main source for the problems reported in the previous section. From a
theoretical point of view, the sole purpose of the correction of the HRIC scheme for local
CFL is to improve robustness. If unsteady phenomena like slamming and or seakeep-
ing are of interest, local Courant Number should be inherently lower than 0.5 anyway. If
robustness is not problematic then this switch should be of no interest for calculations
which seek a steady state solution. Since simulations mimicking towing tank procedures
seek such a steady state solution, the HRIC scheme is modified such that the switch is
effectively removed.

From theory review in Chapter 3.1.3 the conclusion was drawn that it is possible to
conduct free surface simulation without smeared interface at Courant number greater
than the switch level under the assumption that the simulation only searches a final or
steady solution. Here the idea is to suppress the switching to pure Upwind Differencing
Scheme. To control the validity of this assumption a test case has been constructed. Aim
of the test case is to produce a worst case scenario which makes it possible to judge if
the modified differencing scheme can cope with this situation. From a theoretical point
of view, the case which would produce the highest amount of numerical diffusion and
thus the highest amount of interface smearing is a flow through a quadratic grid cell at
an angle of 45°. Therefore a 2D Cartesian grid has been build which consists of 128 x 128
grid cells. The grid spacing was chosen to be 1/128 of the domain edge length. Due to
this very fine grid spacing, a refinement study has been omitted. Initial volume fraction
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distribution is such that the lighter fluid (air) occupies the upper left triangle of the do-
main (blue) whilst the heavier fluid (water) is found in the lower right side (red). Inflow
conditions for volume fraction have been set such that this state should remain within
the simulation. Outlet has been set to Neumann conditions. A sketch of the setup is de-
picted in Figure 7.3. The initial distribution of the field variables at simulation start gives
a interface which is smeared over three cells. Depending on the local Courant number,
the HRIC scheme switches between:

| Outlet

Inlet
Outlet

Inlet

Figure 7.3: Sketch of test case setup

1. A pure HRIC scheme if CFL < 0.5
2. Alinear interpolation between HRIC and UD scheme if 0.5 < CFL < 1.0

3. Apure UD scheme if CFL > 1.0

The influence of these different states on the sharpness of the interface is tested by
varying flow speed and time step size such that the relevant criteria is fulfilled. First, CFL
is set to 0.2823 resulting in a pure HRIC scheme (Figure 7.4 a)). Even though the flow
direction with respect to cell faces is unfavorable, the HRIC scheme is able to resolve the
sharpest interface possible within the VOF method (1 cell). Next the CFL is increased
to 0.75, resulting in 50% blend between HRIC and UD (Figure 7.4 b). This blend is also
still sufficient to retain the sharp interface and therefore gives a valid solution. An expla-
nation for this behavior can be found in the blending strategy depending on interface
angle. As depicted in Figure 3.9, the difference between the pure HRIC and the blended
HRIC is reasonably small for a cell flow angle of 45° which explains the similar results.
Finally, flow speed and time step size of the unsteady simulation are set to values such
that the Courant Number in the entire domain is 2.823. This leads to switching to a pure
Upwind Differencing Scheme within the HRIC scheme. As a result the interface between
air and water becomes severely smeared and is forming a cone-like shape starting from
inlet towards outlet (Figure 7.4 c). Now the HRIC scheme is modified by removing the
CFL dependency. The Courant number is kept at 2.823 and the simulation repeated.
Figure 7.4 d) illustrates the result which clearly shows that this modification allows using
higher CFL numbers whilst a sharp interface is retained.
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Figure 7.4: Overview of test case
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To see if the results achieved for the 2D test case are also valid for the 3D, fully non-
linear case of a free surface calculation around a boat free to move, simulations have
been conducted with and without the described modification to the HRIC scheme. Also
the results will be discussed in more detail in Section 7.2.3, Figure 7.5 gives a first im-
pression of the impact of the modification on numerical ventilation on the boat surface.
The upper plots show volume fraction of water for the standard approach with Courant
number dependency, while the lower plots do the same for the modified approach. It
can be clearly seen that the new approach gives a much sharper interface. For example,
the bow wave is captured in more detail in Figure 7.5c) then in Figure 7.5a). However,
it also has to be noted, that the interface is still not perfectly sharp and some smearing
remains. This is especially good visible in Figure 7.5d). Also this remaing smearing is not
satisfying, one can see large improvement between Figure 7.5b) and Figure 7.5d). The
range of volume fraction for the old approach was between 0.4 and 1.0, while for the
new approach the range is between 0.85 and 1.0. The impact on wave resolution will
discussed in Section 7.2.3 and is shown in Figure 7.9. Summarizing the above, it can be
concluded that the modification of the HRIC scheme seems well suited to simulate free
surface flows at higher Courant numbers, allowing to converge faster towards a steady
state solution. The applicability of the modification will be further investigated in Sec-
tion 7.2.3.

Volume fraction of Water
Volume Fraction of Water 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000
00

0.00000 0.20000 0.400¢ 0.60000 0.80000 1.0000

(@ (b)

Volume Fraction of Water Volume fraction
0.00000 0.20000 0.40000 0.60000 0.80000 1.0000 0.00000 0.20000 0.40000 080000 1.0000

(c) (d)

Figure 7.5: Comparison of Numerical Ventilation with Courant Number dependency (old approach (a) and (b))
and without (new approach (c) and (d))

7.2. VALIDATION AND VERIFICATION OF FREE SURFACE FLOW
AROUND AN ACCV5 YACHT AGAINST TOWING TANK DATA

Verification and validation procedures are carried out against experimental data of an
America’s Cup V5 boat. Since the model scale A = 3, which is rather close to the original
compared with towing tank testing of conventional vessels, it was decided that it is possi-
ble to do the validation in full scale. Therefore, experimental data have been transformed
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to full scale by employing a modified version of the ITTC procedures. The modification
applied mainly consists of individual treatment of the various surfaces of yacht hull and
appendages with respect to friction and (1 + k) values. As stated in Section 7.1.1, the ini-
tial comparison between numerical results and experimental data showed a resistance
difference of about 8%. Besides the numerical error introduced by the smeared interface,
it was found that pitch angles differed significantly between simulation and experiment.
Since this error most probably results from different application of sail trimming mo-
ments, it was decided to remove this error source from the validation and verification
procedures. Therefore the simulation model was pre-trimmed to the pitch angle stated
in the experimental data and kept fixed. The boat is thus only allowed to heave dynami-
cally.

First a short definition of the terms verification and validation is necessary:

Verification includes the assessment of numerical uncertainty, magnitude and sign of
numerical error (if possible) and uncertainty in error estimation.

Validation is the assessment of uncertainty of the simulation model by means of ex-
perimental data plus the assessment of the modeling error itself.

The verification and validation procedure will be carried out in accordance with rec-
ommendations of the ITTC regarding Uncertainty Analysis in CFD [129]. For a detailed
description see also Stern et al. [131, 132]. The simulation error s is defined as the
difference between simulation result S and reality or truth T. It consists of the model-
ing error §sprand the numerical error dsy. Unfortunately S can never be determined
exactly since instead of T only experimental results are available which also contain a
certain level of uncertainty.

0s=S-T=0spm+0sn. (7.1)

For some cases magnitude and sign of the numerical error can be estimated, leading
to corrected numerical uncertainty Us.y. For the uncorrected case only the numerical
uncertainty Ugy is assessed. Therefore the numerical error 6 s is decomposed into con-
tributions from iteration number 6, grid size §, time step § 7 and other parameters dp.
With Up as described above this gives the following expression:

Uiy =U?+U%:+ Uz +Us. (7.2)

For validation purpose the comparison error E between the benchmark experimen-
tal data D and the simulation result S is determined in order to asses modeling uncer-
tainty Ugpy.
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E=D-S=6p—0sp+0sn). (7.3)

To determine if validation of a value has been achieved, comparison error E is com-
pared with the validation uncertainty Uy .

Uz = U+ Uzy. (7.4)

If |E| < Uy, than the combination of all errors in both simulation and experimental
data is smaller than the validation uncertainty. Then validation has been achieved for
this validation uncertainty level. In the case that Uy << |E|, the modeling error § s)s can
be used to achieve modeling improvements.

7.2.1. VERIFICATION PROCEDURE
In the course of the verification process a grid convergence study on m solutions has
to be conducted. In order to do this it is necessary to use a minimum of three grids

(m = 3) which have been uniformly refined with an increment Ax; such that constant
refinement ratio ry. exits.

Axg, Axp, Axg,,

Tk (7.5)

Axkl Axkz Akafl

ITTC Guidelines recommend refinement ratio i between v/2 and 2. Throughout this
work a ratio of 2 has been chosen. Next a convergence ratio Ry is defined to give infor-
mation about convergence respective divergence of a solution. This is done by consider-
ing the solution changes €; j; for the input parameter k between three solutions ranging
from fine Sy, to medium Sy, and coarse S,.

621k = Skg - Skl
€32, = Sky — Sky» (7.6)

Ry = €21, /€32,

According to the ITTC guidelines [129], three different cases may occur:



7.2. VALIDATION AND VERIFICATION OF FREE SURFACE FLOW AROUND AN ACCV5 YACHT
AGAINST TOWING TANK DATA 105

(i) Monotonic convergence: 0 < Ry <1
(ii) Oscillatory convergence: Ry < 0’ (7.7)

(i1i) Divergence: Ry > 1

In the case of (i) the Generalized Richardson Extrapolation (RE) is used to assess the
uncertainty Uy or the error estimate §} and the corrected uncertainty Uy,. For oscil-
latory convergence (case (ii)) the uncertainty Uy is estimated by determining the error
between minimum and maximum of the oscillation. Equation (7.7) is only valid if we
are in the asymptotic regime. This is only the case for simplified test cases but not for
complex 3-dimensional flows around ship hulls. However, Stern et al. [132, 133] demon-
strated, that it is feasible to apply the procedure to free surface simulations of ships. The
procedure is recommended by the ITTC and good practice in maritime CFD by today.
Nonetheless, one has to be careful with the results of this verification and validation
procedure. It has to be pointed out that even with a successful verification and valida-
tion one still has to look closely at the results and judge them with expert knowledge.
This is especially true for yacht hydrodynamics, for which, to the author’s knowledge,
this procedure has been used for the first time.

1
Ui = > (Sy—-S1) (7.8)

Oscillatory convergence might be erroneously recognized as case (i) or (iii). There-
fore it is often necessary to investigate more than three solutions to get a sensible assess-
ment of the error §}. In the case of divergence (iii) it is not possible to estimate errors or
uncertainties.

GENERALIZED RICHARDSON EXTRAPOLATION

As stated above, in case of monotonic convergence generalized RE is used to determine
the error & 2 with respect to refinement ratio r; and order-of-accuracy Py [129]. Here,
order-of-accuracy P denotes a quantification of the rate of convergence. Usually 6}
is estimated for the finest solution of the input parameter m = 1 only. With number of
available solutions m = 3 only the leading-order term of the error may be evaluated. This
gives the following equations for & ;C( and py:

* _ ok _ €y
ki1 — 6REk1 - rpk _ 1' (79)
k
In(esn, /€
Pr= M (7.10)

In(ry)
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In the range of monotonic convergence, py as formulated in (7.10) gives a quantifica-
tion, with respect to refinement ratio r¢, of how good the solution Si; on the fine grid is
converged towards a grid independent solution. Values of py > 1 here describe a state
near to grid independence. The error § Zl is then evaluated by using RE as formulated in
(7.9). The formulation has been generated from an analytical derivation of the simula-
tion error equation which is given in detail by Stern et al. [133]. The extrapolation implies
that small solution changes from medium to fine grid in combination with a high rate of
convergence give a small error 5} . Unless the solution is in the asymptotic range, (7.10)
only gives a poor estimation of the rate of convergence. Therefore a correction factor
Cr is used to include the effect of higher-order terms neglected earlier. Cy is defined as
follows:

L |

Cp=—X

P (7.11)
Pkes
Iy -1

with py, ., as an estimation of the theoretical rate of convergence. The correction factor
C mainly divides the denominator of (7.9) by py,,,, thus replacing rP* with rPkes:. The
corrected error § Zl is defined by combining equations (7.9) and (7.11)

521 = Ck6;?Ek1 =Cy

%) : (7.12)
re -1
The correction Cy makes (7.12) a single term estimate which roughly accounts for higher
order terms. Depending how close the corrected error 6’,; is to the asymptotic range
(how close Cy is to 1) the expression to assess the uncertainties takes different forms. If
Cy is sufficiently greater than one and there are reasons to doubt simulation results, for
example due to local oscillations, only Uy is estimated by the following formula:

Ui =|Cidhp, | +]0 - Coohs, | (7.13)

The above assumes, that the uncertainty Uy = 6§Ek in the range of 0 < Cy < 1. For Cy
1

being sufficiently smaller than one the ITTC recommends to use expression (7.14) to
assess Ug.

U=

Sk, | +2|0-Co5H, | (7.18)

This results in a larger uncertainty for Cy < 1 which slowly converges towards the original
formulation in (7.13) for C. = 1. The reason for this modification is that Wilson and Stern
[134] showed that the estimate for uncertainty Uy, of (7.13) was not conservative enough.
If Cy is sufficiently close to 1, the error 6 2 can be estimated. This allows to determine a
corrected solution S¢ and a thus a corrected uncertainty Uy,

ke =|(1=C) O, (7.15)
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7.2.2. VALIDATION PROCEDURE

As stated in Section 7.2, validation is defined as a process to model the uncertainty Usys
and, if possible, sign and magnitude of the modeling error sy, itself. This is done by
using experimental data to compare the simulation results with. Therefore, the error
in the experimental data has to be considered. This implies, that if the experimental is
error is large, a validation of simulations is easier achieved than for small experimental
errors, but obviously the quality of such a validation suffers. It must thus be stressed that
the quality and the level of validation is strongly depended on the quality of the com-
parison data. To judge the quality of a validation, one should always take into account
the quality of the data which were used as reference. The validation procedure is based
on the relation between validation uncertainty Uy, predefined programmatic validation
requirement U,.44 and comparison error |E|. These three variables may form the fol-
lowing six combinations:

|E| < Uy < Ureqd
|El < Urega < Uv
Ureqa < El < Uy
Uy <|El < Ureqa
Uy < Uyeqa <|E|
Ureqa < Uy <|E|

(7.16)

In cases 1 - 3 of (7.16) the results are validated. Validation is achieved at the level of
validation uncertainty Uy. This means that the comparison error is below the noise level
resulting in an impossibility to estimate error due to modeling assumption dsps4. In the
case of 1, the validation level is also below U,.4;4 which makes the validation successful
from a programmatic point of view. For case 4 - 6 the comparison error is above the
noise level. Sign and magnitude of E can be used to estimate dsp4. In the fourth case
the validation is achieved at | E| level with respect to the used software.

7.2.3. GRID CONVERGENCE STUDIES ON ACCV5 BOAT FOR NON-LIFTING
CASES

Verification and validation is performed on the geometry of Americas Cup Class Version
5 (ACCV5) boat for which experimental towing tank data is available. These boats have
a rather complex geometry which besides hull, keel fin and rudder also includes a trim
tab for the keel and a ballast bulb with wings (Figure 7.6). Principal dimensions of the
yachts and the fluid properties used are illustrated in Table 7.1. The conditions of the
calculations are a Froude number Fn of 0.403 and normalized Reynolds number Re of
4.75 x 105, The boat is allowed to sink dynamically, but not to pitch. The pitch angle
is prescribed at ¢ = 0.46° bow down trim. The commercial flow solver STAR-CCM is
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used to solve the Reynolds-Average-Navier-Stokes equations for the flow field around
the yacht. The simulation is conducted at fully turbulent conditions and the k —w based
Shear Stress Transport (SST) model has been used to model turbulence.

Figure 7.6: ACCV5 geometry

Table 7.1: Geometry and flow dimensions

Principle Dimensions

LOA: (m] 25.250
BMAX: [m] 3.217
Draft: [m] 4.178
LWL: (m] 20.015
Sailing Displ: [t] 26.405
LCG: [m] -0.942
TCG: [m] 0.000
VCG: [m] -2.361

Fluid Properties
Density p:  [kgm™] 1025.00
Dynamic Viscosity p: [Pas] 1.22x1073
Froude Number Fn: [-] 0.403
norm. Reynolds Nr. Rn: -] 4,75 % 108
¥t [=] 50

Datum Point is intersection of DWL, Centreplane and Hull Station 5.
X is positive forward, Y is positive to Port, Z is positive up.

COMPUTATIONAL GRIDS

Grid Convergence studies have been conducted using 3 different combinations of re-
finement parameters to study their impact on grid densities and computational results.
The computational grid has been modeled such that it depends on one base number.
The base number is a absolute dimension which is considered typical for the resolution
of the flow field. All other grid parameters, like surface minimum and maximum sizes,
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free surface refinement and so on, are given as percentage of the base number. This way
it can be ensured that a constant grid refinement ratio ry is used. Two exceptions from
this modeling paradigm exist. First the prism layer used to resolve the boundary layer
around hull and appendages is excluded from refinement because this would lead to
large changes in Y* values. In turn, this most likely would lead to changes in near-wall
treatment like using a low-Reynolds approach for one simulations and wall functions for
the other. This would render the simulations incomparable. Therefore the total thick-
ness of the prism layer, the thickness of the wall nearest node and the number of prism
layers are kept constant throughout this verification and validation. The second excep-
tion concerns the resolution of the free surface. Since free surface resolution is very im-
portant for correct resolution of ship drag, it has been given its own base number. This
way it is possible to evaluate the influence of different refinement ways on grid sizes and
simulation results. The refinement ways investigated within this work are:

1. Global refinement; were only the global grid base number is refined.

2. Free Surface refinement; were only free surface parameters are refined by their base
number. Free surface refinements consists of a vertical refinement in the whole
domain at the expected level of the wave pattern and a second refinement in both
longitudinal and traversal direction in the vicinity of the Kelvin pattern.

3. Overall refinement; were both global and free surface base number are modified
as a function of the refinement ratio ry.

For all three cases four grids with constant refinement ratio rx = 2 have been con-
structed. The three cases along with the changes in free surface parameters and resul-
tant grid size are illustrated in Table 7.2. It is interesting to note that the influence on total
grid size is very different for the particular parameters. This happens because the grids
are not uniformly refined. Instead the grids are refined by changing the relevant base
number(s). The refinement is therefore based on changes to cell numbers on surface
and in control volumes defined as refinement zones. These refinements are aimed at
areas where large flow gradients occur. There are several reasons behind this approach:

1. The grid approach is of trimmed cartesian type. In contrast to a hexahedral grid,
this approach does not lend itself naturally to uniform refinement.

2. If a uniform refinement would have been chosen, the cell numbers necessary to
achieve high accuracy would have led to very high computational costs. This would
not have been manageable by the available computational resources.

3. The chosen approach allows new insights regarding necessary refinement areas
and volumes which can be used for future simulations of yacht drag.

Figure 7.7 shows that free surface refinement has the biggest influence on grid size,
whilst the influence of the global base size is minor. It has to be kept in mind that re-
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finement in the volume grid, like in the case of free surface refinement, is also projected
on adjacent surfaces thus creating a fine surface grid within the refinement area.

Table 7.2: Overview of Grid Parameter Variations

General Free Surface

Base Size  Refinement Factor Interfacedz Interface Spacing Grid Size
[m] ) [mm] [m] (-]
Global refinement
1 1 30 0.25 10.39x 108
2 1 30 0.25 8.94x10°
4 1 30 0.25 8.18x10°
8 1 30 025 7.80x108
Free Surface refinement
1 1 30 0.25 10.39x 10°
1 2 60 0.5 4.38x10°
1 4 120 1 3.47x10°
1 8 240 2 3.30x10°
Overall refinement
1 1 30 0.25 10.39x 108
2 2 60 0.5 2.97x10°
4 4 120 1 1.36x10°
8 8 240 2 0.81x108

VERIFICATION AND VALIDATION OF RESISTANCE

The verification of resistance has been performed with respect to grid convergence. Iter-
ative convergence has been taken into account, but since it was in the order of 0.05% Cr
it was considered negligible. Grid convergence studies have been performed for three
different meshing approaches at 4 grids each. The results of these studies have been
summarized in Tables 7.3 and 7.4. Table 7.3 illustrates the Cr values for the different
grids as well as the solution change ¢ from a coarser to a finer solution between adjacent
grids. Here € is defined as:

(Si—Si+1)

(7.17)
Si+1

The solution change € gives a clue about the influence of further grid refinements and
the convergence of the solution towards grid independence. The results show that the
changes of Ct between the different solutions are largest in the case were free surface pa-
rameters variations are involved. Keeping in mind that the free surface grid parameters
also created large differences in grid size (see Figure 7.7) this is not surprising. Verifica-
tion results are illustrated in Table 7.4. Here convergence ratio R indicates monotonic
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Figure 7.7: Number of grid points plotted over refinement factor r; for the three refinement strategies used.
One can see, that the global refinement strategy has a relative minor influence on grid cell numbers, while
the influence of the free surface refinement is more distinctive. This is due to the fact, that free surface re-
finement create refined volumes while the global refinement is more biased towards the resolution of yacht
hull and appendages. Combining both strategies (Overall Refinement) obviously has the biggest impact on cell
numbers.

grid convergence of solutions for grids 1-3 for all three case (Rg < 1). For the coarser
grid sequence (grids 2-4) only case 1 (Global refinement) shows monotonic convergence.
This confirms the observation gained from the review of grid size (Figure 7.7) and grid
convergence (Table 7.3), that the impact of global refinement parameters is not as large
as the influence of free surface parameters. For the coarser grid sequence of the free
surface refinement study (case 2) R indicates divergence while for the same grid se-
quence of the global refinement study (case 3) the solution appears to be of oscillatory
nature. However, this last indicator seems to be misleading, so results for case 3.b are
also treated as divergent. Section 7.2.1 showed that it is necessary to have at least oscil-
latory convergence to estimate the uncertainty and monotonic convergence is required
to estimate the error. Therefore, it is not possible to estimate error or uncertainty for
case 2.b and 3.b. Where appropriate Generalized Richardson Extrapolation is used to
estimate the grid error. Order of accuracy pg and the correction factor Cg are calculated
according to equation (7.10) respective (7.11). Cg is deemed to be sufficiently close to
1 for all cases, thus allowing to estimate sign and magnitude of the error §7 and a cor-
rected uncertainty Ug, as well as a corrected solution S¢ (equations (7.9) - (7.15)). The
thus gained corrected solution can be compared to the solution Sg. This gives an esti-
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Table 7.3: Grid convergence study for total resistance C (x10~3) for ACCVS5.

Case Var Grid4 Grid3 Grid2 Gridl EFData

1) Cr 6.46 6.33 6.29 6.28 6.32
€ -20% -0.6% -0.2%

2) Cr 5.87 6.02 6.19 6.28 6.32
€ 2.6% 2.7% 1.5%

3) Cr 6.06 6.05 6.24 6.28 6.32
€ -0.1% 3.1% 0.6%

%SG

Table 7.4: Verification of total resistance Cg (x1073) for ACCV5. The table lists convergence ratio Rg, order
of lacFuragy pG, correction factor Cg, grid uncertainty Ug, error 6 ’é, corrected uncertainty Ug,. and corrected
solution S¢.

Case Rg PG Co Ug 0 6 Ug, Sc

1) (grids 1-3) 034 154 0.64 0.11% 0.07% 0.04% 6.28
(grids 2-4) 030 1.75 0.79 0.26% 0.20% 0.05% 6.28

2) (grids 1-3) 058 0.79 024 2.06% -0.50% 156% 6.31
(grids 2-4) 1.08 - - - - - .

3) (grids 1-3) 0.20 232 133 0.25% -0.20% 0.05% 6.29
(grids 2-4)  -40.39 - - - - - -

%SG

mate of the level of uncertainty of the simulation. Cases 1.a and 1.b result in corrected
solutions of —0.07%S; respective 0.01%S; whilst Case 2.a yields 0.50%Sg. The differ-
ence of the corrected solution to the fine grid solution for Case 3.a is 0.20%Sg. In all
cases where an estimate of the numerical uncertainties was possible, the corrected so-
lution does not differ much from the originally calculated. It can thus be concluded that
in all those cases the level of verification is rather good and the results can be considered
verified.

Validation of the simulation results is performed with respect to the results of the
towing tank tests. Therefore the error is calculated according to equation (7.3) taking
into account the simulation result S and the experimental data D. In order to conduct
the validation as defined in (7.16), the validation uncertainty Uy has to be calculated
(7.4). If applicable, a programmatic validation requirement U4, may be defined. Since
this is not mandatory it was waived in this investigation. Validation is conducted for the
uncorrected solution S and the corrected solution S¢. The corrected comparison error
Ec is defined as in (7.3) but using S¢ instead of S. Table 7.5 summarizes comparison
error E, validation uncertainty Uy, experimental uncertainty Up and simulation uncer-
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Table 7.5: Validation of total resistance C7 (x1073) for ACCV5. For comparison error E and corrected compar-
ison error E¢, the table shows comparison error E% itself, validation uncertainty Uy %, experimental uncer-
tainty Up %, simulation uncertainty Ugn%, all as percentage of experimental data D.

Case E% Uy% Up% Usny%

1) (grids 1-3) E 0.6 2.0 2.0 0.11
Ec 07 3.2 2.0 0.04

(grids2-4) E 0.4 2.0 2.0 0.26
Ec: 06 3.2 2.0 0.05

2) (grids 1-3) E 0.6 2.9 2.0 2.04
Ec 0.1 4.1 2.0 1.55

(grids2-4) E 2.1 - 20 -

Ec - - 2.0 -

3) (grids1-3) E 0.6 2.0 2.0 0.25
Ec 0.4 3.2 2.0 0.05

(grids2-4) E 1.2 - 2.0 -

Ec - - 2.0 -

%D

tainty Ugsy as percentage of D for both corrected and uncorrected approaches. It has
to be noted that data uncertainty Up has not been specified in the experimental towing
tank data. Details regarding experimental uncertainties of large towing tank facilities are
rarely found in literature. Longo and Stern [135] give values between 0.6% - 1.5% for a in-
vestigation of the surface combatant DTMB 5415 model while Yan et al. [136] give values
of 2.8% for the same ship. Similar data for yacht investigation are not available. The only
source for uncertainties of yacht investigation has been found in a presentation given by
DeBord at Stevens Institute [137]. The data given in this presentation show the long term
repeatability of towing tank tests to be approximately 3%. Also this overview of towing
tank uncertainties is by no means complete, it can be concluded that the data uncer-
tainty normally should not exceed 3%. However, a lower uncertainty level increases the
quality of a validation. Under the assumption that the quality of the used measurement
datais high, it was therefore decided that it is feasible to take into account a experimen-
tal uncertainty Up of 2% for validation purpose. By comparing E% and Uy % in Table 7.5
one can easily see that for all cases in which the comparison error could be calculated,
E < Uy is true. Therefore results have been validated for all cases except case b (grids
2- 4) in case both free surface and overall refinement are applied. This coincides with
the findings of the verification study and allows the conclusion that both verification
and validation have been achieved for all refinement studies except the two cases stated
above.

The formal validation and verification procedure as conducted above only allows to
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draw conclusion regarding the finest grids in the study, in this case grid 1 and grid 2 re-
spectively. While not giving the same level of certainty, a plot of resistance coefficient
ACrt versus grid cells, as illustrated in Figure 7.8, is a feasible approach to judge the sen-
sitivity of the solution to grid changes. It is interesting to note that with ongoing refine-
ment, cases including free surface grid parameters show an increasing drag while for the
general refinement case the opposite holds true. The latter one coincides with the com-
monly observed, that with ongoing refinement a RANSE solution gives smaller forces
until grid invariance of results is reached. These investigations suggest that while this
certainly holds for single phase investigation of deeply submerged bodies, it is not ap-
plicable to free surface flows around floating bodies. The reason for this behavior is that
probably a too coarse resolution of free surface leads to increased wave damping thus
altering the pressure fluctuations on the hull such that a lower wave resistance is pre-
dicted. However, to be sure this hypothesis would have to be proofed. The distribution
of results also illustrates the high impact of free surface refinement parameters on over-
all grid density and resulting accuracy. It can be concluded that special attention has to
be paid to these parameters in order to achieve reliable results.

+4.00%
X Finest Grid
EGeneral Refinement
+2.00% A ©Free Surface Refinement
Overall Refinement

+0.00% T I T T \E_NI

-2.00% -

dCT [%D]

-4.00% -

-6.00% -

-8.00%
0 2 4 6 8 10 12
Grid Points [/ 1076]

Figure 7.8: ACT over Grip Points w.r.t to Experimental Data

Since the correct determination of wave resistance is crucial for reliable results on
total resistance of ships, a refinement study for free surface flows has to take into ac-
count also its influence on generated wave patterns. Therefore wave patterns resulting
from the simulations will be reviewed. Figure 7.9 compares wave resolution from ini-
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tial studies (top) with results obtained with the modified HRIC scheme. The top picture
shows that the computational domain is too short and the wave patterns diffuse and is
damped. Especially this damping suggests an insufficient resolution of the free surface.
The bottom of Figure 7.9 shows the finest grid in the investigation with 10.4 x 105 grid
cells. Obviously there are large differences between the two simulations. The wave pat-
tern obtained on the fine grid shows a sharp resolution of primary and secondary wave
trains. Here wave damping is significantly reduced.

Position(Z) (mm)

-300.00 -115.00 70.000 255.00 440.00 6256.00

Figure 7.9: wave contours from initial studies (top) and from Grid Convergence studies (grid 1 - finest grid)

In the following the impact of the various grid refinement strategies on wave resolu-
tion will be discussed. The results of the general refinement show almost no differences
in wave patterns. Keeping in mind that this part of the study did not explicitly alter free
surface grid parameters, this is not very surprising. This observation also agrees with the
findings from Figure 7.8 that increasing refinements lead to smaller forces holds true.

The situation for free surface refinement and overall refinement study is quite dif-
ferent. Since both studies show the same trend, only the wave contours of the overall
refinement study are depicted in Figure 7.10.

First differences in wave field resolution can already be observed at the fine grid (grid
2) although it is still very close to the finest grid (grid 1, Figure 7.9, bottom). The medium
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grid (grid 3) still shows the overall characteristics of the wave pattern but misses the
sharpness of the finer grids. This indicates a damping of the ship waves caused by the
coarser resolution of the free surface volume. This impact of the free surface resolution
is further continued for the coarsest grid, grid 4. Here resolution is so low, that the char-
acteristics of the wave pattern are completely damped away. Transverse and divergent
wave trains are smeared together and cannot be distinguished resulting in an underesti-
mation of wave resistance.

To analyze if numerical errors are present, wave heights resulting from the simula-
tions on the various grids are compared. Figure 7.11 shows the wave height behind the
yacht for all grids. The display plane is the symmetry plane of the hull. All values are
normalized by the water line of the yacht, LIW L. One can see, that the first wave crest be-
hind the hull (x = 0) is captured similarly by all grids. The first amplitude at x/LW L =11is
also captured similarly. However, first differences become visible. One can see that the
finer the grid, the faster the wave, indicating a small dispersion error. Furthermore, wave
height gained from coarser grids is higher than from finer grids. Physically, one has to ex-
pect a decrease in wave height with increasing distance from wave source. However, this
not true here, indicating a problem with boundary conditions blocking energy exit at the
outflow. This problem is more emphasized for coarser than for finer grids. To estimate if
the decrease in wave height is captured correctly at least for fine and very fine grid, the
wake angle has been measured. It was found that within measuring accuracy the angle
is a constant of 19.47° for all grids. This wake angle corresponds with theory. Assuming
wave energy to be constant, the decrease in wave height has been approximated for all
grids. The decrease is plotted in Figure 7.11 as envelope of the wave amplitudes. One can
see, that the decrease in wave height matches reasonably well at the very fine grid for the
first 3-4 amplitudes. The fine mesh only represents amplitudes 1 and 2 well and for all
the other grids only the first amplitude is captured correctly. For further work, the error
on the outlet should therefore be investigated and solved. A possible solution might be a
larger coarsening area at the outlet or a damping function. Comparison with procedures
from towing tank testing and CFD simulations performed by Pegel [138] suggest that an
area of 2 ship length behind the ship are normally enough to correctly determine wave
resistance. Since wave height in this area is captured reasonably well for fine and very
fine grids, the error seems to be negligible and is therefore accepted for the current work.

It has to be noted that also the resolution of grid 4 is way below that of the other grids,
it is still better than the result of the initial study (Figure 7.9 a) and b)). This is especially
notable since the initial study had a finer grid resolution on the yacht surface as well as
at the free surface. The grid size of the initial study was 3.5 x 108 cells while grid 4 only
incorporates 0.8 x 10° cells. Therefore the finer free surface resolution of grid 4 must be
related to the modification in the HRIC scheme which successfully reduces numerical
smearing of the interface.

This further confirms the findings from the review of the total resistance C7 that it is
more important to pay attention to the resolution of the water surface than to excessive
refinements on the yacht surface in order to obtain the correct total resistance.
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Figure 7.10: Grids and wave contours from Overall Refinement studies: (a) & (b) grid 2 - fine grid, (c) & (d) grid

3, (e) & (f) grid 4 - coarsest grid
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Figure 7.11: Wave height behind yacht for all grids, displayed at the symmetry plane of the hull. Wave height
and length x are normalized by the length of the waterline. The envelope of the amplitudes is approximated
assuming wave energy to be constant.

One of the goals of this investigation was to reduce numerical ventilation caused
by the smearing of the free surface interface. Figure 7.12 shows the volume fractions
of water at the yacht surface for the old approach with Courant number dependency
(Figure 7.12 a) and b)) and for the new approach without (Figure 7.12 ¢) and d)). Com-
paring the two cases one can clearly see from the profile view (left column) that the new
approach gives a much sharper interface between air (blue) and water (red). The dif-
ferences are most pronounced at the bow wave which takes an entirely different shape.
The bow wave of the old approach 7.12a) has a large region over which the interface is
smeared and this smearing is transported significantly downstream. For the new ap-
proach 7.12 c) the bow wave is much more distinctive and the free surface interface is
usually captured over 3-4 cells. This clearly shows an advantage of the modified ap-
proach over the old. However, plan view (right column) reveals that the volume fraction
achieved with the new approach still is not perfect. While the improvements between
old approach Figure 7.12 b) and new approach 7.12 d) are obvious, sub-figure 7.12 d)
still reveals some remaining interface smearing. The improvement, however, is large
since the volume fraction for the old approach ranges between 0.4 and 1.0, while in the
new approach the range is between 0.85 and 1.0. It seems that within the VOF method
achieving perfect results without smeared interfaces for this rather blunt bows is still
very hard if not impossible. Nonetheless, from an engineering point of view the simula-
tion is absolutely applicable since with respect to the verification and validation results
the error in total resistance is small.
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Figure 7.12: Comparison of Numerical Ventilation with Courant Number dependency (old approach (a) and
(b)) and without (new approach (c) and (d))

7.2.4. GRID CONVERGENCE STUDIES INCLUDING LIFT

After the successful verification and validation for the variable Cr for the sailing yacht in
upright conditions reported in Section 7.2.3, a further study has been conducted in order
to demonstrate the feasibility of the approach for heeled conditions of the yacht. Heeled
conditions include the generation of hydrodynamic lift by the yacht and its appendages.
Therefore a validation and verification for these conditions cannot be restricted to the
evaluation of total resistance Cr. Instead, it has to include the lifting component to con-
sider the complete state of the yacht. Lifting surfaces are commonly described in terms
of their lift and drag properties. Since this is more meaningful then expressing force
values in a yacht geometry fixed coordinate system this approach is also used for this
convergence study. Therefore the two point values total drag coefficient Cp and total lift
coefficient Cy, are evaluated together. The correct evaluation of these forces within tow-
ing tank experiments or CFD simulations requires the modeling of aerodynamic forces
which a sailing yacht encounters. Decomposition of forces shows that aerodynamic
thrust and hydrodynamic drag are collinear vectors of equal length and different sign.
In order to correctly simulate the influence of the aerodynamic force generated by the
sails, one has to introduce an additional dynamic sail trimming moment around the
y-axis of the yacht which is equal to hydrodynamic drag D times the vertical center of ef-
forts of the sails VCE,.,,. The aerodynamic center of effort may be approximated from
the geometrical center of the sails [103] or derived from wind tunnel data. For towing
tank testing a rough approximation of the VCE.,, being 0.44 times mast height above
the deck is usually sufficient.

My, =D-VCEgaero (7.18)

Additionally, the generation of lift by the yacht hull and appendages introduces a vertical
force pointing up. Similar to the trimming moment explained above, this force has to be
counter balanced by a collinear aerodynamic vector of equal length and different sign.
This sail force has to be modeled during testing as a additional dynamic sink force Fz, .
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It is modeled as heeling force Fy; times the sine of the heeling angle ¢.
FZdyn :FHsinc/) (7.19)
The relationship between these forces is illustrated in Figure 7.13.

|
z

Fz =t
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Figure 7.13: Sail forces introduce a heeling force Fyy which heels the yacht to an angle ¢. At ¢, the righting
moment of the boat, boat weight W times righting arm GZ to the center of buoyancy B, is such that it counter
balances the heeling moment introduced by heeling force times heeling lever Fy; - h. The heeling force Fyy has
to be counter balanced by hydrodynamic sideforce SF = Fpycos¢ and vertical force F; = Fyysin¢.

INFLUENCE OF INPUT PARAMETERS ON SOLUTION

Contrary to the upright resistance tests, the heeled tests have been conducted on model
scale. This approach not only allows easier comparison between results but also makes
the dependence on the various additional input parameters easier. The scale of the
model is 1/3 which is a rather small difference between model and full-scale. The ge-
ometric values of the model and the fluid properties have been applied according to the
towing tank test configuration sheet and are given in Table 7.6. The dimension of the
towing tank itself is given in Table 7.7. Whether correction parameters have been ap-
plied to the tank data and if yes, to which extend, is unfortunately unknown. Empirical
tank correction coefficient for this tank are unknown, however, available tank geome-
try data allow calculation of corrections for tank blockage and for additional drag due
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Table 7.6: Geometry and flow dimensions

Principle Dimensions

Length over all LOA: [m] 8.417
Max. breadth BMAX: [m] 1.072
Draft T: [m] 1.390
Length of waterline LWL: [m] 6.672
Sailing Displacement A: [kg] 953.19
Longitudinal center of gravity LCG: [m] -0.314
Transverse center of gravity TCG: [m] 0.000
Vertical center of gravity VCG: [m] -0.787
Vertical center of effort sail forces VCE pero: [m] 5.955
Fluid Properties

Density p:  |[kgm™3] 999.0
Dynamic Viscosity e [Pas] 1.14 x 1073
Dimensionless wall-scale y*: -] 50

Datum Point is intersection of dead water line, Centreplane and Hull Station 5.
X is positive forward, Y is positive to Port, Z is positive up.

to turbulence generators. While for the non-lifting test cases validated in Section 7.2.3
trim was kept fixed and only sinkage was dynamically calculated, the present case leaves
both state variables free. This is a major change since it makes it necessary to account
for similar trim and sinkage forces in order to compare simulation and experiment. For
the towing tank experiment prescribed trim moments and vertical forces are applied as
input values. These values have been used as input data for the CFD simulation instead
of dynamic calculation of these values, which would also have been possible. Since a
certain uncertainty about these input data exists, test calculations have been conducted
to settle this issue. A test case at heel of 27.5°, yaw angle of 0° and a full-scale boat speed
of 10kts corresponding to a Froude number of 0.37 was selected. The first calculations
showed that drag was underestimated by about -7% while lift was overpredicted by 11%.
Furthermore, the trim angle showed a bow up rather than a bow down pitch. Review of
input data and comparison with theoretical values derived by means of equations (7.18)
and (7.18) showed that while the input value for sail sinkage force was of the expected
order of magnitude, sail trim moments were only about 1/4 of expected size. Since this
difference is most probably related to different reference points for application of the
trim moment, it was decided to use a precalculated value according to equation (7.18)
with reference drag from EFD. Since the preliminary calculations suggested that the EFD
results at hand are raw data with only minimal smoothing and correction, two correc-
tions were applied to the experimental data. First, a blockage coefficient is calculated
from the tank dimensions and used to correct the model speed. For this model, the cor-
rection is in the order of 1% uy;. The second correction is for additional drag due to
turbulence generators. This correction varies with speed and reduces EFD drag by an
amount of 0.6% at lowest tested speeds to 0.3% at highest Froude numbers. With these
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Table 7.7: Towing Tank related Dimensions

Towing Tank of the Institute of Ocean Technology, St. John's/ CAN

Length of Channel L¢ [m] 200
Beam of Channel Bc [m] 12
Height of Channel Hc  [m] 7
Blockage Coefficient K [-] 0.583
Speed Coefficient w [-] 1
Parameters Turbulence Generators

Chain Dimension TG: Irg [m] 0.6
Height of TG: hrg [m] 0.001
Drag Coefficient TG: Crg [-] 0.4
Mid Ship Section Area: Ay [m?] 0.740

corrections applied, the simulation was redone. Results showed a difference of -3.9% in
drag and 2.1% in lift while trim angle displayed the correct order of magnitude. These
results show the importance of the various input values, especially for sailing yacht test-
ing. The level of accuracy gained is deemed sufficient to act as starting point for the grid
invariance study which will be described below.

COMPUTATIONAL GRIDS

The variations of trim moments and sinkage forces reported above have been conducted
to gain a higher level of confidence regarding the input parameters for the towing tank
experiment. With this confidence a grid convergence study has been conducted. The
grid convergence study has also been conducted according to ITTC standards as dis-
cussed in Section 7.2.3. For details on the method see the beginning of this section or
[129]. The design of the grids is similar to the one used in Section 7.2.3. It includes refine-
ment of the free surface in vertical direction and additionally in horizontal dimensions
in the vicinity of the Kelvin angle around the boat. The results of the non-lifting verifica-
tion and validation study clearly showed that the major factor towards a grid indepen-
dent solution is the refinement of the free surface. Figure 7.8 illustrated that surface grid
refinement is already sufficient. Therefore only free surface refinement has been applied
for the present grid convergence study. Grid parameters have been systematically var-
ied according to Table 7.8. In contrast to the grid convergence study for the non-lifting
case in Section 7.2.3, the constant grid refinement factor has been decreased from 2 to
1.5. This has been done to get a more uniform refinement in terms of cell sizes which
makes it easier to compare the different results. The differences of lift and drag coef-
ficient to the experimental data derived from the grid convergence study are shown in
Figure 7.14. This figure illustrates that the drag coefficient Cp is always underestimated,
while the lift coefficient Cy is always overpredicted. However, differences to EFD are
rather small for both coefficients. Generally, both coefficients converge quite satisfac-
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Table 7.8: Grid Parameter for Grid Invariance Study

Free Surface Interface Spacing

Refinement Factor dz dx&dy  Grid Size
[-] [mm] (m] -]
1.0 10.0 0.0625  1.25x107
1.5 15.0 0.0938  7.07 x 10°
3.0 225 0.1406  3.57 x 10°

torily, giving a first indication of a high quality solution. Table 7.9 gives the numerical
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Figure 7.14: AC; over Grid Points

values of the convergence of drag, lift and lift/drag-ratio. The solution changes from a
coarser to a finer solution €, as defined in (7.17), decreases continuously. The results
of the verification procedure, Table 7.10, show that the convergence ratio Rg < 1 holds
for all cases, allowing the conclusion that the decrease is monotonic for all values. The
biggest uncertainty of the computational grid Ug is 0.52% for the lift-to-drag ratio C1/Cp
which is already very low. Since the convergence is monotonic, it is possible to use Gen-
eralized Richardson Extrapolation in order to apply a correction for numerical error. In
particular, it is possible to calculate a correct grid uncertainty Ug,. and a corrected so-
lution S¢. With a maximum deviation of 0.14%, these corrected values are even closer
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Table 7.9: Grid Convergence of drag and lift for ACCV5

Grid3 Grid2 Grid1l EF Data

Cp 8.94 9.00 9.01 9.05
€ - 0.7% 0.1%

Cr 1.89 1.88 1.87 1.86
€ - -0.7% -0.4%

Cr./Cp 2.12 2.09 2.08 2.05
€ - -14% -0.5%

%SG

to the experimental values. It can be generally said that from a numerical point of view
the results of the grid convergence study show a smooth behavior and steadily converge
towards the experimental values with grid refinement. This allows the conclusion that
the simulation is verified. Table 7.11 gives an overview of the values necessary for the

Table 7.10: Verification of drag and lift for ACCV5

Variable Rg PG Cg Ug 52 Ug. Sc
Cp 0.21 391 310 0.19% -0.12% 0.08% 9.02
Ct 054 150 0.67 044% 030% 0.14% 1.87

CL/Cp 037 247 138 052% 041% 0.11% 2.07

%Sq

validation procedure. Data uncertainty Up and numerical simulation uncertainty Usy
are combined to the validation uncertainty Uy. Uyis then compared to the compari-
son error E¢ which is defined as data D minus simulation result S as per equation 7.3.
The table lists all values both for the uncorrected solution and the solution corrected by
means of Generalized Richardson Extrapolation. By definition, a simulation is validated
if the comparison error is less or equal the validation uncertainty. This clearly is the case
for all six comparison cases. The simulation can therefore be considered validated at
validation uncertainty level.

It can be summarized that verification and validation for lifting conditions was highly
successful. The results are not only considerably below validation uncertainty level but
also very close to experimental data. Although this formally does not decrease the un-
certainty of the results, it still increase the confidence in the applied methods. It also
shows that the assumptions regarding free surface interface smearing made in the pre-
vious sections are correct.
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Table 7.11: Validation of drag and lift for ACCV5

Variable E% Uy% Up% Usn%
Cp E 04% 20% 2.0% 0.19%

Ec 0.3% 2.0% 2.0% 0.08%
Cr E -09% 20% 2.0% 0.44%

Ec -06% 20% 2.0% 0.15%

CL/Cp E -13% 21% 2.0% 0.53%
Ec -09% 2.0% 2.0% 0.11%

%D

VELOCITY SWEEP

In the previous sections successful verification and validation has been performed for
non-lifting and lifting conditions of the appended yacht. These results establish a solid
platform to work from, however one has to be prudent to control these results for a wider
range of combinations of state variables to ensure their applicability for a complete test
matrix. Therefore two further investigations have been performed. The first consists of
several boat velocities at constant angle of incidence, while the second probes several
yaw angle at constant Froude number. Figure 7.15 illustrates the results of the veloc-
ity sweep. Here the blue lines represent the experimental data while the red lines are
the CFD results. It can be seen, that the general trend is very well captured. However,
small differences remain. In case of the drag coefficient, these differences increase with
decreasing boat speed, the maximum drag difference being —4.2%Cp. For the lift, the
same is true but the maximum difference from EFD is 2.07%C, which is smaller than the
drag differences. It has to be kept in mind that the grid spacing has been kept constant.
Thus with changing inflow velocity, y* values are implicitly changed. Besides this effect,
the change of wave length also has the impact, that for lower speeds the relative grid
resolution at the free surface interface is coarser than for higher speeds.

Areview of the average y* values shows that 50 < y* < 60 in the investigated velocity
range. The difference in dimensionless wallscale is therefore regarded as too small and
thus does not explain the differences in drag. A further indicator which supports this
view is that the differences in lift differences are small, indicating a constant resolution
of the boundary layer. It is therefore most likely that the drag differences arise from the
implicit coarse grid resolution caused by the smaller wave length associated with smaller
Froude numbers. However, even maximum drag differences of -4.2% can be considered
as sufficiently small. Therefore the results are considered sufficiently accurate.
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Figure 7.15: Cp over Froude Number

YAW SWEEP

As a second control of the validity of the results, two series of yaw angle sweeps at con-
stant boat velocity have been performed. The tested yaw angles range from -1° to +1°
in 0.5° steps. For the simulation, both tab and rudder angle are kept constant at 8° and
1.75° respectively. This matches the setup used during experiment with the exception
of 1° yaw angle. Here the experimental rudder angle was 4°. Since the experimental
test matrix has been divided in 1° steps for the yaw angle sweep, intermediate results
are interpolated from experimental values. Therefore the +0.5° yaw angle result is also
partially affected by the differing rudder angle at 1° leeway. The yaw sweep has been
performed for Froude numbers of 0.37 and 0.44 which resemble fulls-scale speeds of 10
and 12 knots respectively. Results are shown in Figure 7.16 as drag coefficient over lift
coefficient squared. This representation method is especially useful since it allows one
to derive effective draft and induced drag from the curve slope. Effective draft is a mea-
sure for the effectiveness of a appendage configuration under a hull and how close this
configuration resembles optimum elliptical lift distribution. It is especially descriptive
since it can be compared to the geometry draft. Effective draft Tr may be derived from
measured values as follows:
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with total drag D, heeling force F?, water density p and boat velocity v%. From effective
draft one is able to calculate the induced resistance which is proportional to Tg. Induced
drag Dj is a drag component caused by the energy losses due to the tip vortex created by
lifting foils. It is calculated as follows:
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Figure 7.16: Comparison of experimental and numerical Cp over Cf for yaw sweeps at 10 and 12 knots

Figure 7.16 illustrates that at both flow states experimental and computational re-
sults are matched quite well. However, there are distinctive difference between the two
results. For the lower speed of 10 knots, the experimental and CFD results have an con-
stant offset while the curve slope is almost identical. In contrast to this, the CFD results
for 12 knots are at first instance closer to the EFD but show a different curve slope. This
is indicated by the values of Table 7.12 which show a difference of only 3 cm or -1.9% in
effective draft for 10 knots but a difference of 16.7 cm which amounts to -11.3% for 12
knots.




128 7. VERIFICATION AND VALIDATION OF PREREQUISITES FOR RANSE-VPP

Table 7.12: Yaw Sweep EFD vs. CFD

u=12kts u=10kts

EFD CFD A [%] EFD CFD A [%]

Tg (m] 1.483 1316 -11.3 1.658 1.627  -1.9
dfu/0p[m/deg] 0.042 0.040 -39 0.041 0.040  -2.3
fro -] 0.149 0.151 1.3 0.155 0.158 1.9
D(¢,Fg=0)[N] 430.091 415520 -3.4 197.187 191.586  -2.8
D;(f=0)IN]  19.283  24.924 293 11.660  12.459 6.9

In contrast to Tg the gradient of the side force with respect to leeway angle, 0 fz;/08,
remains relatively constant for all cases. Side force coefficients at zero leeway fr are
also represented with only small differences. Drag at zero lift is comparable to both
speeds with differences of around 3% between EFD and CFD. Induced drag was calcu-
lated at zero leeway for all cases. Here differences range from 29.3% for 12 kts to 6.9%
for 10 kts. However, the proportion of induced resistance on total drag is around 5.5%
to 6% for both speeds. Since the contribution of induced resistance to the total drag is
small and thus the investigated component is also small, it is hard to judge the source
of these differences. The greatest uncertainty lies in the details of the setup of the tow-
ing tank sessions. These details are only scarcely documented but have a great impact
on overall results. It is assumed that the differences arise from these uncertainties in
the experiments. However, since the overall differences are small the quality of results is
considered adequate.

7.3. VERIFICATION AND VALIDATION SUMMARY

The motivation for this investigation was a failed first attempt to correctly determine to-
tal resistance of free surface flow around an ACCV5 hull. A review of the first simulations
led to the assumption that the problem could be traced back to the occurrence of ex-
tensive interface smearing at the yacht hull. Therefore, a thorough review of the theory
behind the interface capturing model has been conducted in Chapter 3.1. This review
showed that the problems encountered were most likely situated in the use of Courant
numbers which can exceed 0.5, thus causing the switch to a 1st order upwind differenc-
ing scheme. Reducing the overall time step size such, that it would allow the maximum
Courant number to be lower than 0.5, would lead to undesirable long simulation times.
An alternative approach was sought to allow the use of higher order schemes like e.g. the
HRIC scheme within acceptable time step size. It was concluded that it might be pos-
sible to modify the VOF model such that it does not switch to upwind differencing even
if the local Courant number would be larger than 0.5. This approach seems feasible as
long as only a steady state solution is sought. The numerical test case in Section 7.1.2
confirmed this assumption. Therefore, the modified scheme was applied to the simula-
tion of the total resistance of the ACCV5 yacht. Verification and Validation according to
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the ITTC guidelines was then conducted against experimental data.

An extensive grid study has been carried out, thus also allowing to judge the sensi-
tivity of the results to the change of various grid parameters. The results showed a much
sharper capturing of the free surface interface with the new approach. It was also shown
that the initial differences in overall resistance were mainly caused by the poor free sur-
face resolution caused by the interface smearing. This interface smearing caused a nu-
merical damping of the waves resulting in a wave resistance which was to small. The
result was, that the overall resistance obtained by the first, failed attempt to validate the
simulation was too small. Since this is unusual for RANSE based CFD simulations, it can
be quite misleading. The new grid convergence studies clearly demonstrated that the
free surface simulations for yachts are more sensible to free surface resolution and thus
to wave resistance then they are to yacht surface resolution (friction and pressure forces).
Overall it can be concluded that the use of the higher order scheme, which was made
possible by the modification of the existing implementation, led to large improvements
and a successful verification and validation. It has to be stressed that the new approach
with the modified scheme is only valid if one is interested in a steady solution. The re-
sults showed that the simulation still suffers from a small amount of interface smearing,
however the overall effect on the results may be considered small. Generally, the error in
verification and validation was satisfactorily small.

The study was than extended to include heeled cases were the investigated yacht
produces dynamic lift. Setup for these cases proved more difficult since they raised the
need for further modeling of aerodynamic forces to correctly simulate the underlying
physics. This made it necessary to account not only for dynamic sinkage but also for
trim, adding another degree of freedom into the motion model making it 2-DOE Un-
certainties in available data for towing tank test configuration turned out to be another
obstacle. However, these uncertainties were dispelled by preliminary investigation re-
garding the sensitivity of results to input data. With this improved model a second veri-
fication and validation was conducted, this time with the yacht in lifting conditions. The
study was again conducted according to ITTC guidelines. Results demonstrated that
both drag and lift could be reproduced to a very high degree of fidelity and well below
experimental validation uncertainty.







YACHT PERFORMANCE
PREDICTION USING
CONVENTIONAL VPP

8.1. EVALUATION OF EXPERIMENTAL TOWING TANK DATA

In this section, towing tank test data of an ACCV5 boat are evaluated in order to gener-
ate the coefficients necessary for subsequent velocity prediction using a conventional
VPP. The towing tank tests have been conducted with models of scale factor A = 1/3. The
models are equipped with studs as turbulence stimulators, located at a small distance
from the stem/leading edge of the canoe body, fin, rudder, wings and bulb. Unfortu-
nately, the exact location of the stimulators as well as how this location was determined
by the experimenter remains unknown. Assuming a correct placement of these turbu-
lence stimulator, the flow is considered to be fully turbulent flow on the entire wetted
surface. The model has been tested at a sailing trim configuration conforming to a full
scale total mass of approx. 26400 kg. The following test matrix has been investigated:

* Resistance tests at non-lifting condition (no heel, no leeway, zero rudder and tab
angle)

* Perturbation of heel angles of 10°, 20°, 27.5° and 35° with leeway angles of —1°, 0°,
1° and 2.5°.

* For any combination of heel and leeway angle the boat velocity has been varied
between 6 kts and 12 kts full scale.

131
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* Rudder angle has been set to predefined values being constant for any combina-
tion of heel and leeway angle. No rudder sweep at constant values for heel and
leeway has been carried out.

The entire test matrix consists of 117 test runs.

Processing of test results has been carried out as described in Section 4.1. For model
to full-scale transformation of resistance at non-lifting condition the ITTC-78 perfor-
mance prediction method has been used. Here Reynolds number correction of viscous
resistance has been done individually for the canoe body and the appendage elements
fin, rudder, bulb and wings.
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For non-zero heel and leeway conditions the hydrodynamic properties of the yacht
are described by the effective draft and added resistance due to heel. Heeling force is
calculated from side force coefficients fr and 0 fi;/9p. The coefficients resulting from
the analysis of the experimental data are depicted in Figure 8.1. The upright resistance
curve is depicted in Section 8.3, Figure 8.2.

8.2. GENERATION OF NUMERICAL TOWING TANK DATA

In the previous section, the data set necessary to derive hydrodynamic coefficients for
a subsequent VPP analysis had been created using experimental towing tank methods.
Now a similar data set is created by means of RANSE CFD simulation. Geometry and
simulation setup are identical to the one used in the verification and validation expli-
cated in Chapter 7. Simulations are conducted fully turbulent using the SST model to
describe turbulence. The free surface modification described in Section 7.1.2 is applied.
The computational grid has the same properties as the finest grid used in Section 7.2.3
for the upright case, and Section 7.2.4 for lifting cases. Grid size in both cases is about
12.5 x 10° cells.

As described in Chapter 7, upright resistance is calculated with the ACCV5 boat ge-
ometry in full scale while lifting cases are calculated in model scale. The ratio behind this
approach is that the static sail trim moments and sinkage forces used during EFD are ap-
plied. Normally, it would be more convenient to use dynamic sail forces and moments
during CFD simulation, but here this approach was chosen to enhance comparability of
results.

When compared with EFD, the CFD test matrix has been modified to a certain de-
gree. This has been done to increase the suitability of the results for generation of hydro-
dynamic data sets for VPPs as described in Section 4.1. The following states have been
tested:

* Resistance tests at non-lifting condition (no heel, no leeway, zero rudder and tab
angle)

e variation of leeway angles

- Perturbation of heel angles 0of 0°, 10°, 20° and 27.5° with leeway angles of —1°,
0°,1° and 2.5°.

- For any combination of heel and leeway angle the boat velocity has been var-
ied between 6 kts and 12 kts full scale.

— Rudder angle has been set to predefined values being constant for any com-
bination of heel and leeway angle.

e variation of rudder angles
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— Rudder Sweep at heel angles of 0°, 20° and 27.5° with rudder angles of 0°,
1.25°, 3.25° and 5.25°. Yaw has been set constant to 0°.

- the boat velocity has been varied between 6 kts and 12 kts full scale for any
combination of heel and rudder angle .

The entire test matrix consists of 149 test runs. The calculations have been performed in
parallel using 16 Cores of a Intel Xeon E5-2670 type CPU clocked at 2.6 GHz on a Linux
cluster per single test matrix point. Computational run time is approximately 6 hours
for a solution. The results of the calculation are discussed in the next section and being
compared with EFD results.

8.3. COMPARISON OF RESULTS

The two resistance curves depicted in Figure 8.2 show resistance coefficient C7 derived
from numerical and experimental towing tank tests in upright conditions. In general,
there is a good agreement between the EFD and the CFD towing tank tests. Figure 8.3
shows ACt between both resistance curves. On average, ACt equals 0.8% whilst peaks
normally do not exceed +/- 2.0%. This behavior is still in good accordance with the val-
idation uncertainty established in Chapter 7.2. However, there are two exceptions to
this good agreement of resistance coefficients. One peak is at Fn=0.37 and the other at
Fn=0.66 with both peaks giving a deviation of CFD results of -4.8% with respect to EFD.
A possible explanations for AC7 at Fn=0.37 is that this speed, which is slightly above hull
speed, describes a state where unsteady phenomena occur which both hard to mea-
sure and simulate. Furthermore, it can be observed that there is a general trend that for
higher Froude numbers the resistance calculated by CFD is lower than the EFD values.
Nonetheless, the agreement between the two data set is satisfactory.

Figure 8.4 illustrates a comparison of hydrodynamic coefficients for lifting condi-
tions. The coefficients derived from CFD calculations are shown as surfaces whilst the
values from EFD are inserted as green dots. It has to be noted that the test matrix of
the two procedures differed slightly. Whilst EFD included heel angle of 10° to 30°, CFD
ranged from 0° to 27.5°. With the exception of heeling force coefficient at zero leeway,
[0, the general trend of all coefficients is the same for both EFD and CFD. This can be
especially good observed for added resistance due to heel, rg. On average, the difference
Ary between the EFD and CFD is 2.5%. Average differences for effective draft g and
heeling force gradient 0 fi;/03 are -0.2% respective -3.0%.

The difference between EFD and CFD is largest for fzo. While the data sets reach an
agreement of -0.5% for larger heeling angles, smaller angles differ by approximately 22%.
In general, EFD values of fro show a sudden decrease at heel angle of 10°. For CFD data,
this is not the case. Instead CFD values remain more or less constant over the whole
heel angle range. By reviewing the data set, the difference was traced back to differences
in the test matrix. The CFD simulations have been conducted with constant settings
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for trim tab angle and rudder angle of 8° and 1.75° respectively. During experimental
towing tank tests, rudder angle and trim tab angle were changed. For large heel angles,
the same trim tab and rudder angles as in the CFD simulations were applied. For smaller
heel angles, trim tab and rudder angle were steadily reduced. For the smallest heeling
angle tested, ¢ = 10°, the trim tab angle was 7° and the rudder angle 0°. This explains
why the side force coefficient at zero leeway, f;,g of the experimental data is smaller for
small heel angle than the value observed for the simulation data. It can therefore be
concluded that both methods give the correct results.
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In general, comparison of EFD and CFD data brought up only small differences be-
tween the two methods. In the following section, resulting VPP polars will be discussed.

8.4. PERFORMANCE PREDICTION USING CONVENTIONAL VPP

After the generation of hydrodynamic coefficients as described in the previous section,
conventional VPP calculations have been performed to derive velocity polars from both
data sets. A semi-empirical sail force model as described in Section 4.1.4 was used to ac-
count for aerodynamic forces and a flat factor was used to vary sail forces for optimum
boat speed. For details on the VPP method, see Section 4.1. Calculations were performed
for an upwind and an downwind sail set at the following true wind conditions.

e True wind speed Vr = {5.0,7.5,10.0} [m/s]
e Upwind sail set: True wind angle S = {30,40, ..., 120} [°]

e Downwind sail set: 1 = {100,110,...,170} [°]

Table 8.1 lists the characteristics of the sails used in the sail force model. The sym-
bols used are illustrated in the sketch below the table. Main sail area is calculated using
trapezoid integration

Apain = P/4(0.5E + MGL+ MGM +0.75MGU +0.5MGT +0.25HB) 8.1)

whilst jib sail are is calculated from sail triangular

Ajip =0.5LPV I% + J? 8.2)
The sail area of the symmetric spinnaker is calculated using IMS formula

Asymspi =0.6(SLSMW —0.25SL(SMW - SF)) (8.3)

Results of the calculations are illustrated in Figure 8.5 as polar plot of boat speed up
over Br for the various wind speeds. Results based on EFD data are colored in orange to
red colors with filled symbols while CFD results are in green shades and empty symbols.
Furthermore the results are displayed as Time Allowance Deltas AT A. Time allowance in
this context describes the time in seconds necessary to travel a nautical mile at a certain

combination of V7 and B7,
1nm
TA= ———.
ug (Vr, Br)
Consequently, AT Ais measurement how many seconds at boat would be faster or slower
than an opponent under the same environmental conditions.

(8.4)

ATA = TAgoar, — TABoar,- (8.5)

Here, AT A is calculated as TAgrp — TAcrED.
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Table 8.1: Optimum Upwind / Downwind VMG

Main Jib Spinnaker
P [m] 3055 I [m] 26.07 SF [m] 2213
HD [m] 2.43 ]  [m] 10.7 SMW  [m] 22.3
MGT  [m] 453 LP [m] 8.31 SL  [m] 325
MGU  [m] 5.87 ISP [m] 27.81
MGM  [m] 7.41
MGL  [m] 8.36
E [m] 8.97
BAD  [m] 1.97
S [m? 210.26 S [m?] 146.38 S [m?] 371.38
VCE [m] 1632 VCE [m] 1145 VCE [m] 19.56
HB — —F—
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Figure 8.6: Velocity Made Good (VMG) is the component of the boat speed ug opposite to the wind direction
(VMGupwind)' as shown here, or directly in wind direction (VMG o1nwind)-

Looking at the polar plot, one can see that despite the small differences in coeffi-
cients for lifting conditions the calculated boat speeds are very similar for upwind and
downwind conditions at V1 5.0 m/s and 7.5 m/s. A look at AT A confirms that impres-
sion. Time allowance for both true wind speeds is around 2 seconds for all true wind
angles except S of 160° and 170°.

For the highest true wind speed of 10.0 m/s, the picture is somewhat different. While
up remains comparable for most S, there is a noticeable difference at high boat speeds.
Maximum Aup in upwind conditions is 0.73 m/s or 9.5%up for S 110°. Downwind, the
maximum Aug is 0.51 m/s (6.1%up) at 120°. These differences in boat speed correlate
with the differences in upright resistance from Figure 8.2.

Another important information of the velocity polar is how fast the boat is travel-
ing into the wind. This is described as the velocity made good (VMG) of the boat, see
Figure 8.6. When looking towards maximum VMG, these differences are of minor im-
portance for upwind conditions. However, they might be important for downwind con-
ditions.

Table 8.2 gives an overview of the optimum upwind and downwind VMG with its
accompanying true wind angle B for all wind speeds Vr. Differences in boat speed
range under 1%, while differences in 7 are a little bit larger with up to -4.23%. However,
this largest delta still resolves to only 1.23° S which will be hard to measure on a boat let
alone to steer. Generally, the differences in both speed and true wind angle are so small
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that it would be very hard to measure them in a sea trial. This allows the conclusion that
the agreement between both VPP results is good.

Table 8.2: Optimum Upwind / Downwind VMG

EFD CFD A %]

Vr =5.0[m/s]
VMGmax[m/s] 3.74 3.77 0.98%
Brl°] 38.24 3783 -1.07%
VMGmin[m/s] -3.99 -3.98 -0.29%
Br°] 144.19 14422  0.02%

Vr=7.5[m/s]
VMGmax[m/s] 4.22 4.23 0.15%
Brl°] 32.77 31.38 -4.23%
VMGmin[m/s] -4.83 -4.87 0.75%
Brl°l 154525 149.55 0.81%

Vr =10.0[m/s]
VMGmax[m/s] 4.43 447  0.85%
Brl°l] 32.15 33.23  3.35%
VMGmin[m/s] -5.77 -5.73  -0.80%

Brl°] 166.05 166.38  0.22%

With the exception of the highest wind speed and very deep downwind courses, it
can be concluded that differences in boat speed up between VPP results from EFD and
CFED are smaller than 1% or 0.05 knots. It is shown in Table 8.2 that this difference has no
effect on optimum VMG. It can therefore be concluded that these data set form a suitable
base which can be used as comparison data for the result from RANSE-VPP.

In the following, various values which characterize the boat state will be discussed.
Figures 8.7 and 8.8 illustrate the resultant heeling angle from EFD and CFD based VPP
calculations for the upwind and the downwind sail set. Here red lines indicate EFD based
calculations while blue lines represent CFD based results.

It can be seen, that the agreement between upwind and downwind heeling angle
curves is very good for Vr of 5 m/s and 7.5 m/s. On average, the difference is about 0.5°.
However, for V7 = 10 m/s the picture is somewhat different. Here, heeling curves differ
significantly for 60° < B < 100° in the upwind case and between 100° < 1 < 120° for
the downwind sail set. Difference of up to 6.8° occur, with the results gained from CFD
always showing the smaller heel angle. Comparison with the polar curves (Figure 8.5)
shows that these differences in heel angle occur in the vicinity of the highest boat speeds.

To investigate the source of the heel differences, the various components of the total
resistance components have been reviewed. Figure 8.9 shows total resistance R, up-
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right resistance Ry, added resistance due to heel Ry and induced resistance R; for EFD
and CFD data sets. For both data sources, resistance components are shown at the same
boat speed up = 6.95 m/s and for a heel range of 35° < ¢p < 50°. Figure 8.9 demonstrates,
that the total resistance Rt (solid curves) is already 4.67% higher for CFD (red curve)
than for EFD (blue curve) at ¢p = 35°. The impact of the various resistance components
on total resistance is as follows:

e Upright resistance Ry is almost identical in terms of absolute values. However,
its relative contribution is very different. For CFD data, Ry contributes to Rt by
74.38% Rr.pp- For EFD data the contribution is larger, being 92.89% R7y.,.

¢ Added resistance due to heel Ry is also almost identical, but slightly larger for EFD
values. Its contribution to total resistance is limited (-1.51% R, -0.03% Rr;;p,);

¢ Induced resistance R; turns out to be the source of difference in Ry between EFD
and CFD data. R; is much larger for CFD than for EFD. Its contribution to Rt is
27.13% Rr1epp, and only 5.75% Ry -

The observed differences in heel and resistance can therefore be traced back to the dif-
ferences in coefficient fj,o discussed in Section 8.3. This is the reason why for high boat
speeds, the VPP finds a optimum boat speed at a more upright position for CFD than for
EFD.

The next value of interest is the leeway angle. Predicted leeway angles for the upwind
sail set are depicted in Figure 8.10, while the graphs for the downwind sail set are found
in Figure 8.11. For most Br, leeway angles upwind differ only by values smaller than
0.25°, which is very small. However, differences are again greatest for high values of S
(>80°). Here, leeway differences steadily increase to up to 0.7° with EFD giving smaller
leeway angles. This agrees with the pattern previously observed for the heel angles and
can be traced back to the differences in resistance.

Downwind, the pattern is similar. However, differences are generally a bit larger with
up to 1°. Furthermore, these differences also occur at lower boat speeds. Therefore, the
difference in leeway angle might also be in correlation with smaller heeling angles. Here,
differences in heeling force at zero leeway f;,g and (smaller) differences in heeling force
gradient 0 fz;/0 as shown in Figure 8.4 might be the reason for leeway angle differences.

Finally, difference in flat values are investigated. For the flat, only the upwind
case is shown. This is because, as Figure 8.12 shows, the differences between EFD and
CFD based flat values is extremely small. The biggest difference does again occur at the
highest boat speeds, were CFD based values are up to -0.1 smaller than EFD.

Overall the differences between results calculated from experimental and numerical
data sets are in an order of magnitude such that it would be hard to reproduce them in
sea trials. It can therefore be concluded RANSE CFD calculations allow to derive results
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which can match the quality of experimental towing tank data and therefore lead to a
similar performance prediction. Furthermore, it can also be concluded that the data
sets presented here form a suitable base which can be used as comparison data for the
result from RANSE-VPP.



PERFORMANCE PREDICTION USING
THE RANSE-VPP

In the following, VPP calculation using the RANSE-VPP will be described. The first sec-
tion details the simulation setup used. Afterwards results from RANSE-VPP will be dis-
cussed and compared to the results of the conventional VPP calculations from Section 8.3

9.1. SIMULATION SETUP

The simulation setup in principle resembles that from the numerical towing tank de-
scribed in the previous Chapter. The computational grid has also been created using the
same meshing parameters, with exception of an additional extended vertical refinement
zone to account for boat motion as described in Chapter 6. This vertical refinement
zone extends 3.7 m above and below the calm water line. It implies an increase in grid
cell size. For the present case this gives grid sizes of 15 x 10° cells. This is an increase of
about 2.5 x 10° cells compared to the numerical towing tank.

The body motion module uses the same mass moment of inertia and center of grav-
ity as for the numerical towing tank setup. However, the boat is allowed to move freely in
5-DOF instead of 2-DOFE The only motion which is kept fixed is the yaw rotation. Here
the virtual rudder model as described in Section 4.2.4 is used to balance yawing moment
M,. Dynamic sail forces calculated by the aerodynamic model coupled to the simulation
are applied to the yacht at their center of effort. For comparison reasons, the same sail
force model was used as for the conventional VPP (see Section 8.3). However, in prin-
cipal the choice of sail force model is arbitrary, as long as the same model is used for

149
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the conventional VPP as for the RANSE-VPP calculations. Sail geometries and sail co-
efficients are identical to the conventional VPP approach. With these prerequisites, the
RANSE-VPP calculation is started after an initial phase. The boat is set free and allowed
to find its equilibrium. After force equilibrium for a certain wind condition is found, boat
speed is further optimized using the trimming parameter flat.

The test matrix is identical to the conventional VPP and consists of:

e True wind speed V7 = {5.0,7.5,10.0} [m/s]
* Upwind sail set: True wind angle fr = {30,40, ...,120} [°]

e Downwind sail set: f7 = {100,110,...,180} [°]

resulting in 10 wind directions upwind and downwind each at 3 wind speeds. In order to
improve the free surface resolution, differences in heeling angle are restricted to +/-7.5
degrees. Therefore, a number of grids at varying heeling angles (0°, 10°, 20°, 27.5°, 30°,
35°) have been created. From an estimation of the expected heeling moment these grids
are assigned to the individual wind condition. The whole investigation was then run
completely automatically including automatic boat speed optimization using the flat
parameter.

9.2. RESULTS OF THE RANSE-VPP

Overall 155 valid boat conditions have been calculated to find the 60 optimum boat
speeds for every wind condition of the test matrix. This corresponds to an average of
2.58 variations flat to find the optimum boat speed.

Computational run time of the whole simulation was about 1344 hours. The simu-
lation was run simultaneously on 4 servers reducing overall time to produce the results
to 336 hours, or 2 weeks. This is roughly comparable to the time necessary for the large
test matrix of the numerical towing tank simulations in Section 8.2. The amount of data
produced during the simulation is about 0.87 TB.

Figure 9.1 shows a typical results of the RANSE-VPP. The boat is traveling at a boat
speed of 4.99 m/s at true wind conditions of S = 40° and Vr =5 m/s. Resultant appar-
ent wind speed and angle as well as forces on the boat and orientation of it are depicted
on the lower left side. Red arrows mark the center of effort of rudder and sail force vec-
tors. Free surface resolution looks as detailed and well defined as during verification and
validation studies reported in Chapter 7.
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Figure 9.1: A typical results of RANSE-VPP: The boat is propelled and heeled by the sail forces, deforming the
free surface around it. Essential values regarding sailing state of the boat are found on the lower left side of
the plot. True wind conditions are denoted as TW'S and TW A and indicate a close-hauled sailing state. The
orientation of the boat is given in terms of leeway, heel and pitch. Boat velocity is displayed in terms of up
and velocity made good VMG. For this case, the trim optimization routine has found an optimum trim for
this case at flat=0.8. Resulting apparent wind conditions AW A and AW S as well as resistance Fx and heeling

force Fh are also shown.
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9.3. COMPARISON WITH CONVENTIONAL VPP

In the following, the optimum boat performance as calculated by RANSE-VPP will be
compared to the conventional VPP results. To enhance clarity and comparability, re-
sults are shown for only one true wind speed Vr per diagram. Every diagram shows
upwind and downwind sail set results for all three VPP variants (EFD, CFD and RANSE-
VPP based). Blue lines represent EFD based VPP results, red lines stands for CFD based
results whilst the green lines typify RANSE-VPP values.

In the first diagram, Figure 9.2, heeling angle variations for Vr = 5 m/s are shown.
In general, the diagram shows that heeling angles curves from RANSE-VPP are not as
smooth as the curves of the conventional VPP. Furthermore, the RANSE-VPP tends to
predict a larger heeling angle for the upwind case than the other two data sets. On av-
erage, the difference is about 3.5° of heel, maximum being 4.4°. This offset is notice-
able and relates to a difference of approximately 15% in heeling force. However, ACCV5
boats have some well known specific design criteria, for example see van Oossanen [139].
These should be kept in mind while judging the presented results. ACCV5 boats have a
U-shaped hull with relatively small width and are therefore known to rely on weight sta-
bility. This boat type is designed to heel early in order to create a longer and narrower
waterline. To this end, these boat have a relatively large design heels of about 27.5°. It
is possible that the RANSE-VPP captures this effect better. However, since no full-scale
comparison data is available, this remains an open question. For the downwind sail set,
the difference in heeling angle is smaller and the three data sets compare much better.

Heeling angles for V7 = 7.5 m/s show a similar trend. The RANSE-VPP again gives
larger heeling angles than the conventional VPPs. The offset is almost constant at an
average of 3.6°, which is slightly larger than for V7 = 5 m/s. With 10.2° the difference is
largest at B = 100°, where the RANSE-VPP curve shows a peak. Downwind, the differ-
ence is also slightly larger than for the lower wind speed, the average difference in heel
being 2.0°.

For the largest wind speed of 10 m/s, the differences in heel angle get smaller be-
tween EFD and RANSE-VPP. Differences between RANSE-VPP and EFD on the one side
and CFD on the other side increase. The difference between RANSE-VPP and EFD based
VPP is almost constant with a mean difference of 2.1° upwind and 0.40° downwind. Dif-
ferences for results from CFD based VPP are obviously larger in upwind case since these
also deviate from EFD. It was demonstrated in Section 8.3 that the differences in heel
between EFD and CFD at V7 = 10 m/s are related to differences in induced resistance,
see Figure 8.9. It is interesting to note that the results of the RANSE-VPP here seem to
confirm the VPP results gained from EFD and not the ones from CFD. Comparison of
leeway angles is shown here exemplary for Vr = 5 m/s (Figure 9.5) since the patterns
are identical for the other two wind speeds. Generally, leeway angle upwind is larger
for RANSE-VPP than for EFD and CFD results. The curve slope of RANSE-VPP follows
the CFD based VPP results at an average difference of 0.74° and with an almost constant
offset. For the downwind sail set, the picture is somewhat different. At first, the lee-
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Figure 9.5: Comparison of leeway angle for V7 =5m/s
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Figure 9.6: Influence of true wind angle 7 on apparent wind speed V4 and angle 8 4 for downwind courses.
Up denotes boat speed. For constant true wind speed V7 the apparent wind speed V4 and angle 4 change
significantly with increasing .

way angle curve also resembles the slope of the CFD results. When reaching r = 150°,
the RANSE-VPP leeway angles suddenly drops to almost zero, while the other two VPP
results still show an increase in leeway. The increase in leeway predicted by the conven-
tional VPPs is rather surprising, since with increasing true wind angle, wind enters more
astern. The influence on apparent wind is illustrated in Figure 9.6. At B = 150°, ap-
parent wind angle 84 < 90°, resulting in close reach to beam reach conditions. Since lift
is acting perpendicular to apparent wind, this conditions can induce a significant side
force, which in turn implies leeway. From S = 160° on, apparent wind begins to enter
from astern. Apparent wind is wandering from broad reach over beam reach to running
conditions at Br = 170°. Additionally, apparent wind speed V4 decreases. These com-
bined effects reduce sideforce and result in a decreasing leeway. Therefore, the trend
predicted by the RANSE-VPP is more realistic.

The next parameter to be investigated is the flat factor, which is a measure of how
much the sail has to be depowered by the sailors. Similar to leeway angle, comparison of
flat values will also only be shown for the smallest wind speed. Again, this is because
the overall pattern stays the same for the whole investigated wind range.

Figure 9.7 shows the slope of the flat curves for the three methods. One can easily
see that all curves are similar, enhancing confidence that the optimization algorithms
as implemented in the RANSE-VPP works well. Differences are very small and mainly
exist for B of 170° and 180°. Since the apparent wind angle for these cases is such that
heeling forces are almost non-existent, the reduction of flat factor, as seen in EFD and
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Figure 9.7: Flat factor for V7 =5m/s

CFD, should not be necessary. Here, RANSE-VPP seems to give more realistic values.

Naturally, the most important result of a VPP is the predicted boat velocity. There-
fore, the velocity polars obtained with the different methods will be discussed. Again, the
results will be presented for both upwind and downwind sail set, all methods used and
one true wind speed per time. Figure 9.8 illustrates velocity polars and time allowance
deltas for Vr = 5 m/s. EFD based VPP results are colored red, CFD based VPP results
are represented by blue lines and the green lines show the RANSE-VPP results. Time al-
lowance deltas, as a measure of time necessary to sail one nautical mile, are with respect
to the RANSE-VPP. The velocity polar show that differences between RANSE-VPP and the
conventional VPP data is very small for most of the true wind angle range. However, the
biggest difference occurs in the interesting areas of maximum upwind and downwind
VMG. Upwind the maximum difference is roughly 0.1 m/s (2% up) while downwind max-
imum differences vary from 0.45 m/s (EFD) to 0.67 m/s (CFD) (12 — 20%up). Especially
the later difference is quite remarkable but coincides with the findings of the heel angle
in Figure 9.2 and the leeway angle (Figure 9.5). Here the heel angle from RANSE-VPP
was found to be a bit larger than the others, indicating more power on the boat. Leeway
angle, on the other hand was found to be significantly smaller at this point of sailing for
the RANSE-VPP. This should be accompanied by a reduced resistance compared with the
conventional VPPs and could be a possible explanation for velocity polars in Figure 9.8.
Time allowance deltas confirm that the difference in boat speed is generally very small.
For most Br the difference to sail one nautical mile is around 2 seconds. Again, the
difference grows larger for the high upwind and low downwind courses with the most
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significant difference being around 95 seconds on a downwind run.
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For V7 = 7.5 m/s the relative difference between the results stays approximately the
same. However, the region in which the maximum differences occur changes. Whilst
for V7 = 5m/s these differences occurred at close-hauled and running points of sailing,
these now occur at beam and broad reaching courses. Maximum Aug is 0.4 m/s upwind
(6%Up at B = 90°) respective 0.2 m/s downwind (3%Up at B = 150°). Time allowance
delta plot shows that average AT A has slightly increased to about 12 seconds upwind
and 5 seconds downwind. However, maximum AT A has decreased to smaller than 19.3
s. As a general trend, RANSE-VPP gives slightly larger boat speeds. Since Vr = 7.5m/s
is already a considerable wind speed, this might be due to the use of dynamic righting
moments from fluid body interaction instead of a righting moment curve as used in the
conventional VPPs.
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The last investigated true wind speed is 10 m/s. Here the trend that RANSE-VPP
predicts slightly higher boat speeds as previously seen for the lower wind speeds is not
valid anymore. Instead, the predicted velocity matches very good with the data from
conventional VPPs and EFD. The average difference in boat speed up is 0.038 m/s for the
upwind and 0.009 m/s for the downwind case. Maximum deviation is 0.46 m/s upwind
and 0.27 m/s downwind corresponding to 7%up respective 3%up. However, the velocity
polar of RANSE-VPP for V7 = 10 m/s fits smoothly between the differences of EFD and
CFD based velocity information. Especially the peaks at 100° for the EFD and 110° for
the CFD found in the upwind data are not depicted that sharply in the RANSE-VPP data.
Time allowance deltas are similar to Vr = 7.5 m/s in terms of average and maximum
differences.
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A major design information is the maximum achievable velocity made good on up-
wind and downwind courses. Optimum upwind and downwind VMG are listed for all
three VPP approaches in Table 9.1. The relative deviation listed in the table are all with re-
spect to RANSE-VPP. In general, upwind VMG shows only small differences in boat speed
with these normally being smaller than 0.05 m/s. The maximum difference is 0.12m/s
at Vr = 10 m/s. Differences in optimum true wind angle S are a bit larger. Here the
differences rank from around 0.4° to 0.8° (Vr =5 m/s) over 2.77° to 1.83° (Vy =7.5m/s)
to 3.23° to 2.15° (Vr = 10 m/s). These differences are noticeable. However, considering
that sailing boat instruments are able to resolve apparent wind angle to +2° and boat
speed to the first digit, the differences are still on the verge what is measurable on a boat.
Furthermore, the deltas are of only slightly higher magnitude than the those between the
EFD and CFD data set using the conventional VPP approach.

Table 9.1: Optimum Upwind / Downwind VMG

EFD CFD RVPP AEFD[%] ACFD %]

Vr =5.0[m/s]
VMGmax[m/s] 3.74 3.77 3.82 2.27% 1.28%
Brl°] 38.24 37.83 38.66 1.09% 2.18%
VMGmin[m/s] -3.99 -3.98 -4.29 7.47% 7.78%
Brl°l 144.19 144.22 151.02 4.74% 4.72%
Vr=7.5[m/s]
VMGmax[m/s] 4.22 4.23 4.19 -0.67% -0.81%
Br(°] 32.77 31.38 30.00 -8.45% -4.40%
VMGmin[m/s] -4.83 -4.87 -5.00 3.47% 2.7%
Br(°] 153.25 154.50 151.81 -0.94% -1.74%
Vr=10.0[m/s]
VMGmax[m/s] 4.43 4.47 4.54 2.44% 1.58%
Brl°] 32.15 33.23 30.00 -6.68% -9.71%
VMGmin[m/s] -5.77 -5.73 -5.91 2.44% 3.26%
Brl°l 166.05 166.42 166.38 0.2% -0.03%

Downwind differences are found to be slightly larger. VMG differs around 0.3 m/s
and 7° for Vr = 5m/s. Thisis in accordance with the assumption that leeway and heeling
angle calculated by RANSE-VPP have an favorable influence on boat speed as explained
above for the respective velocity polar. For Vr = 7.5 m/s the achieved VMG is about
0.2 m/s larger and the optimum St is between the values of conventional VPP, varying
from -1.86° (CFD) to +1.44° (EFD). At the highest wind speed of 10 m/s, VMG is around
0.25 m/s larger, whilst optimum downwind St is almost identical for all 3 VPP results.
It is noticeable that optimum downwind Br experiences a significant shift of roughly
14° from Vy = 7.5 m/s to Vr = 10 m/s. This makes the optimum downwind course for
such a high wind speed a running course instead of the broad reach which is normally
preferred at lower wind speeds. The ratio behind this is that the stability of the yacht
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is not sufficient to remain on a broad reach. Therefore the optimum course here is one
with more abaft winds. Again, this well known phenomenon is captured accurately by
the RANSE-VPP.

9.4. SUMMARY

This section showed performance prediction with the RANSE-VPP. The achieved results
have been compared with those from conventional VPP. In general, the RANSE-VPP tends
to predict slightly larger heel and leeway angles. This might be due to differences be-
tween the treatment of rudder forces and yaw balancing in conventional VPP and RANSE-
VPP, It should be noted that for deep downwind courses, the leeway angles produced are
in good agreement with boat behavior experienced on the water, while the same does
not hold for the conventional VPP’s output. This puts a good light on the virtual rudder
model used for the RANSE-VPP.

Results for boat speeds correlate rather well with conventional VPP data. On aver-
age, the deviation from conventional VPP results is smaller than 3% Up. However, there
are always some areas in which deviations are higher. In most cases, these differences
occur for highly loaded sailing states in which the righting moment plays an important
role. Here RANSE-VPP has the advantage that it determines all effects contributing to
the righting moment by taking into account influence of heel, pitch and waves through
the rigid body motion module.

In general, the RANSE-VPP has been shown to work well. Problems like influence
of heeling angle variations on grid resolution have been mastered and the VPP could
be run highly automated. The implemented boat speed optimization algorithm gave
similar results for reasonable flat values compared with the other VPPs.

The work presented here gives a working solution for the task of creating a VPP with a
hydrodynamic model based on a integrated and fully coupled RANSE simulation. How-
ever, this is can only be a first step and opens possibilities for further research work.
Since no measured full scale data was available, the question whether the RANSE-VPP
gives more accurate results than the conventional VPPs has to remain open. Therefore,
further research should be pointed towards validation of the VPP, In the author’s opinion,
this could only be done versus full-scale measurements. Such a validation of VPP results
is challenging, since the acquisition of accurate of real time boat data is problematic. For
example, these data obviously takes into account effects due to sea state. VPP results, on
the other hand, are calculated for calm water conditions and are therefore somewhat
idealized. Research in the RANSE-VPP model itself could be directed towards reduction
of the grid induced limitations on heel angle changes. Here, improvement of overset grid
techniques might present an advancement. Finally, implementation of an unsteady sail
force model would allow for maneuvering and seakeeping simulations.



10

CONCLUSIONS AND
RECOMMENDATIONS

10.1. CONCLUSIONS

The present work has been initiated to improve the accuracy of traditional velocity pre-
diction of sailing yachts. To this end, it was decided to link the hydrodynamic model
directly to a flow simulation. By taking into account aerodynamic forces from a sail force
model, one is able to directly evaluate the hydrodynamic forces at the actual boat state
of the yacht for a given wind condition. It was assumed that this way interpolation errors
in the hydrodynamic model could be avoided and secondary effects due to actual boat
orientation taken into account. Furthermore, it seemed possible to save time and effort
by reducing the necessary number of investigations.

Literature gives several methods to evaluate hydro- and aerodynamic forces acting
on a sail boat. In this thesis a viscous flow solver based on RANSE was chosen to evaluate
the hydrodynamic forces within the VPP because the model is able to handle the yacht
traveling in displacement, semi-displacement or planing mode without additional ef-
fort which is not the case for all inviscid methods. Coupling of aero- and hydrodynamic
forces is possible by treating the forces coming from the sails as external force vectors.
This coupling is hard to achieve within towing tank tests. Finally, the RANSE flow solver
is promising in terms of accuracy. However, there are also some disadvantages. The
computational effort for viscous flow simulations is many times higher than that for in-
viscid CFD. Towing tank testing is also quicker but one has to take into account the time
for model building and the increased effort which an aerodynamic force coupling would
imply. This coupling could practically only be achieved in a circulation tank, which are
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often restricted in size and therefore accuracy. Therefore, the RANSE simulation was
chosen as the best compromise between all available methods.

For the aerodynamic force model of the VPP the situation is somewhat different. Also
itis in principal possible to evaluate sail forces using CFD, the variety of possible trim pa-
rameters possible to find an optimum sail trim is very challenging. Since this force eval-
uation has to be done frequently whilst the VPP searches for hydrodynamic and aero-
dynamic force equilibrium, this is extremely time consuming. The alternative is to use
a sail force model. Literature gives several different models, with the implicit sail force
model being the best compromise between effort and accuracy. In this thesis an implicit
sail force model of Hazen type was chosen. Although also it is in principal possible to
use any available implicit sail force model within the RANSE-VPP, the Hazen type model
was chosen to allow better comparison with the available conventional VPP which use
the same model.

After first attempts to evaluate yacht hydrodynamics using RANSE simulations, se-
vere problems with free surface resolution occurred. These problems, which are some-
times referred to as numerical ventilation, are a known problem for RANSE free surface
simulations using the VOF method. They are most often encountered when the investi-
gated body features a blunt bow and a small acute angel with the calm water line. To ad-
dress this problem, several different free surface modeling techniques for RANSE solvers
have been reviewed regarding their theoretic background. From this investigation, VOF
method still evolved as the most promising method. Furthermore, the problem could
be traced back to an interface smearing due to the use of low order advection schemes
and a possible solution was developed. This solution approach has been tested in Sec-
tion 7.1.2 and has been found to produce sharp free surface resolution for cases which
seek a steady state solution as it is the case for the RANSE-VPP.

The RANSE-VPP uses a sail force vector to find equilibrium of aero- and hydrody-
namic forces. The sail force vector is updated every time step depending on true wind
speed Vr and angle B as well as current boat state. The sail force model used is of quasi-
steady type with some extensions for sail induced heel and pitch damping. Within this
model, sail trim to optimize speed is mimicked by variations of the global trim parame-
ters. Evaluation of these trim parameters has been identified as one of the main drivers of
computational effort, since it implies the search for a new aero- and hydrodynamic force
equilibrium every time a new trim parameter is applied to the simulation. Therefore,
a optimizing algorithm based on bracket and parabolic search has been implemented
which evaluates trim parameters as few times as possible.

A further obstacle for the RANSE-VPP has been resolution of fluid-body interaction
within the computational grid. While this topic is well researched for small, random
motions or rotational motion inside a turbomachine, large motions still pose a problem.
This problem is magnified by the grid density needed for a sharp resolution of the free
surface interface. Here especially large differences in heeling angles proved to be prob-
lematic. Different techniques to resolve yacht motion have been investigated in Chap-
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ter 6. The insights gained from this investigation led to an approach based on complete
grid motion with vertical refinements in the area of the free surface to resolve heel mo-
tion. Nonetheless, heeling motion had to be restricted to +/- 7° making it necessary to
approximate the expected heeling moment before using the RANSE-VPP. Although this
solution is not ideal, it proved to be the only realistic option currently available.

With the modeling of the RANSE-VPP and the selection of the different components
finished, a formal verification and validation of the hydrodynamic part of the model has
been conducted. This proved to be very insightful regarding grid density and the in-
fluence of free surface resolution. It was shown that insufficient resolution of the free
surface can lead to a significant underestimation of the resistance due to smaller wave
resistance. The results of the EFD were reproduced with CFD to an accuracy of about
1% which is inside the resolution of towing tanks. Further simulations over the complete
Froude range as well as yaw sweeps showed deviations from EFD to be a bit larger, up
to 3 - 4%. Nonetheless, the verification and validation study allows the conclusion that
modern viscous CFD methods can match the accuracy of towing tank tests if conducted
with the necessary care.

After the successful testing of the hydrodynamic model, simulations using RANSE
CFD have been performed to reproduce the test matrix of the towing tank data. Both
EFD and CFD data sets have been processed to gain input for a conventional VPP. The
velocity polars as well as the respective boat states have been compared. Differences
have been found to be largest for high wind speeds which correlates to differences in
resistance curve and side force coefficients fxy.

Finally, the RANSE-VPP has been used to create results at the same true wind con-
ditions as the conventional VPP. Comparison of velocity polars in general showed that
maximum difference between RANSE-VPP and results from EFD and CFD based VPP
occurred for low wind speeds on downwind course. Here maximum difference in boat
speed Up is up to 20% for Vr =5m/s and S = 170°. For higher wind speeds maximum
difference reduces to 3 - 4%Up. Average difference on downwind courses is between
4% and 0.1% of Up. In contrast to downwind course, maximum differences on upwind
courses occurred for high wind speeds and ranged up to 7%Ujp in reaching conditions
(100 < B = 120). The average differences for upwind course are the same as for down-
wind, ranging again from 4% to 0.1%Up.

Differences in VMG did not exceed 2.5% in upwind conditions. Differences in down-
wind conditions are a larger with 7.8% VMG in lightwind conditions. However, the latter
can be correlated with differences in leeway which have been depicted more realistic by
the RANSE-VPP A thorough validation of the results proved difficult, especially since full-
scale results have not been available. Use of such data would also be difficult because of
the influence of sea state and could be a point for further research work. Since in most
cases, differences between RANSE-VPP and conventional VPP results are of an order of
magnitude which is on the verge what is measurable on a boat, this will be challenging.
At this stage, this work presents a first implementations of a RANSE-VPP. Also first results
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look promising, it cannot be finally judged if reducing linearisation and interpolation by
using the RANSE-VPP increases accuracy of results.

When reviewing the whole work done throughout this thesis, it can be concluded
that one of the major improvements drawn from this work is the increased resolution of
the free surface. This led to an increased accuracy of the free surface RANSE simulation
with respect to towing tank results. The RANSE-VPP showed good results but revealed
some problems inherent to the system. The biggest problem for the RANSE-VPP, be-
sides resolution of heel angle and optimizing for boat speed, is that it is valid only for
one specific sail set. In contrast to hydrodynamic coefficients gained from numerical
or experimental towing tank procedures which can be applied to various sail sets, the
whole testing using RANSE-VPP has to be redone if performance information for other
sail combinations are wanted. Another problem is the resolution of heeling motion with
amoving grid. Due to grid size restrictions this approach is only feasible for a small heel
angle range, making it necessary to have a good approximation of heeling moment to
be expected. While giving good results, the approach certainly is too cumbersome for
engineering practice. However, with increase in computational power and further de-
velopments in overset grid techniques this might change in the future.

Besides the problems stated above, RANSE-VPP can be an interesting choice for spe-
cial cases. For example, if only a few sailing points, like maximum upwind and down-
wind VMG, are of interest, RANSE-VPP can be used to decrease computational effort.
Another application which could be of interest is the evaluation of multihull perfor-
mance. Since these boats travel at a fixed righting moment and therefore heel angle,
resolution of heel angles is not mandatory. This significantly reduces computational ef-
fort and therefore makes RANSE-VPP a choice which can be considered.

10.2. RECOMMENDATIONS

From the problems encountered and insights gained during this thesis, the following
recommendations are made for further research on an integrated VPP and its associated
topics:

» To improve the confidence in prediction of hydrodynamic forces on a yacht, fur-
ther formal verification and validation studies should be performed against ex-
perimental towing tank data. To enhance confidence, these studies should be
conducted as double blind trials. A possible candidate for these studies could be
the experimental data of the DSYHS, which are now publicly available at http:
//dsyhs.tudelft.nl.

* The overall operability of a RANSE-VPP could be enhanced by removing the heel
angle range constraint. This could be achieved by using overset grid techniques
which would allow for arbitrary motion on a background grid. Also the computa-
tional effort for overset grid technique is currently too high, it seems to be a very
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good option for the future. Therefore, further grid motion developments should
be targeted into that direction. This would also be advantageous if one would like
to include maneuvering and seakeeping into the simulation.

» To prepare for maneuvering and seakeeping, an unsteady sail force model should
be developed or implemented to remove the quasi-steady approach used during
this work. Some effort has been made recently by various researchers in the field
of yacht fluid dynamics to develop such a model. However, given the complexity
of the topic, developing and validating an unsteady sail force model is a still field
for future research.







SAIL FORCE MODELS

Since the main focus of this thesis is to directly couple the hydrodynamic model of a VPP
to a flow solver, it is most important to have a sail force model which can be compared
to a conventional VPP. The absolute accuracy of this sail force model is of minor impor-
tance, because as long as one knows that hydrodynamic model and coupling is correct,
the sail force model can be exchanged at will. Therefore, the Kerwin sail force model
was used during this thesis. The model, which has been described in Section 3.2.4 is
the starting point of almost all quasi-static semi-empirical sail force models. However it
shows some deficiencies regarding modeling of induced drag. In this section two alter-
native ways to evaluate aerodynamic forces, the Jackson model and the Fossati model,
are described. Both approaches are aimed at a more realistic modeling of sail twist and
resulting increase induced drag and lowering of center of effort.

A.1.JACKSON MODEL

In order to address the deficiencies of the depowering model of the Hazen sail force
model, Jackson [115, 46] introduced a new parameter called twist. The goal of the new
model, which is developed for upwind sails, was to explicitly model the relationship be-
tween induced drag Cp;, lift C; and vertical center of effort ZCE. Its basic equations
are
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Cr= Crmax (Ba) reef? flat, A1)
CDi=CECI?:mux[ﬁA) flat? reef2[1+ct2), (A.2)
Cps=csC?. . (Ba)reef? flat?, (A3)
CDZCDp (ﬁA) reef2+CDs+CD,-, (A.4)
CE=KPP+———, (A.5)
nHeff
ZCE
tr=1-—, (A.6)
ZCEop:

with ¢ as the trim parameter twist and c as the twist weight function. The parameter
tis 0 for ZCE = ZCE,p:. Any deviation from this optimum spanwise loading results
in a drag penalty which is give by #? in the induced drag formulations. The twist weight
function ¢ has to be derived from experiments. Jackson [46] explains that in experiments
conducted by Jones [140] values of ¢ = 8 and ZCE,,; = 0.42 were found, which is in
good agreement with aerodynamic theory. It has to be noted that these experiments
have not been conducted for sails. Compared to the Hazen-model, the Jackson-Model
splits up the drag into an additional component Cps which accounts for separation drag.
Separation drag is assumed to arise due to flow separation from the surface of a lifting
surface. The scalar cgs is the separation constant. Since it is difficult to separate parasitic
profile drag and separation drag, they are commonly expressed together as the viscous
drag. According to Kerwin [3], common cg values are 0.016 for a upwind sail set (mainsail
+ jib) and 0.019 for a downwind sails (main sail + spinnaker). In [115] Jackson reports
that wind tunnel experiments showed twist weight function ¢ and ZCE,; for sails to be
smaller than the values derived by by Jones [140]. Nonetheless, he was able to achieve
good agreement with wind tunnel tests and therefore concluded that the sail force model
was well capable of capturing additional induced drag due to twisted trim. Fossati [141]
however, reported differences in fitting wind tunnel data to the models expressions due
to the onset of separation. Here the model showed a somewhat ambiguous behavior
therefore Fossati suggested a new model which will be described below.

The Jackson model shows an interesting approach towards a more realistic modeling
of depowering. It is currently in use but has not become a world wide standard. The
reasons are most probably the additional effort to derive the twist weight function and
a missing (published) verification and validation of the formulations which would in-
crease the confidence in the model.

A.2. FOSSATI MODEL

As described above, current sail force modeling suffers from a number of deficiencies.
The parameter flat is used to model the effect of twist on induced drag. However, the
modeling is no correct since it neglects the influence of twist on the vertical center of
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Figure A.1: Surface of Drag Coefficent over Apparent Wind Angle and trim parameter power (Source: Fosati et
al. [141])

effort ZCE. The parameter reef has an impact on ZCE but is more a geometrical than
an aerodynamic factor. The main criticism on reef is that it changes geometry by scaling
all sails equally instead of replacing a foresail whilst keeping the main. Sometimes reef
is used to emulate twist. Doing so is simply wrong since reef adds no drag penalty but
equally reduces Cp and Cy. Using the parameter twist as introduced by Jackson [46] is
an interesting approach. However, it is currently not often seen in practice.

With the deficiencies of the current sail force models in mind, Jackson et al. [142]
proposed a model which is completely based on wind tunnel results. In particular the
empiric approaches of the various semi-empirical models to emulate depowering and
its effect on induced drag are abandoned. Instead drag and lift coefficients as well as the
vertical center of effort are modeled as surfaces. Besides the mentioned variables, these
surfaces also depend on apparent wind angle 84 and on a new parameter called power.

Fossati et al. [141] published a further development of the model. The surfaces are
now modeled as parametric Bezier Surfaces, allowing to evaluate the position vectors of
the surface control points as functions of apparent wind angle 4 and power. Further-
more, they propose to include the sailplan characteristics which have the main influence
on sail aerodynamics, for example jib overlap or mainsail roach.

Figure A.1 illustrates the method on the example of the drag coefficient.

Cr;Cp; ZCE = f(Ba, power). (A7)

The basic idea behind the power parameter is that the main reason for depower-
ing and thus deviating from an optimum trim is the need to reduce heeling moment.
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Therefore power is defined as

Cumix (Ba)

ower=———.
P CMx,Max (,BA)

(A.8)

With Cpsx (B4) as the current and Cpx,pmax (4) the maximum heeling moment coeffi-
cient. The VPP can than use the power parameter as trim variable to optimize boat
speed. A problem of this approach is that it has to take into account non-optimum
trims. This possibly leads to an increased effort for wind tunnel testing. However, normal
wind tunnel testing procedures are based on an iterative approach to find the optimum.
Therefore, non-optimum trims should be available anyway, but perhaps not covering the
needed data space. This will have to be investigated in the future. In the current stage,
the model seems to be in a preliminary state. However, it introduces a very interesting
approach which shows potential for future VPP implementations.
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SUMMARY

One of the most important tools in today’s sailing yacht design is the Velocity Predic-
tion Program (VPP). VPPs calculate boat speed from the equilibrium of aero- and hy-
drodynamic flow forces. Consequently their accuracy is linked to the accuracy of the
aero- and hydrodynamic data used to represent a yacht. These data are usually derived
from Experimental Fluid Dynamics (EFD) or Computational Fluid Dynamics (CFD) re-
sults and processed by means of linearisation and interpolation to represent the actual
sailing state of the yacht. This interpolation is a potential source of inaccuracy. Further-
more, viscosity related effects are often estimated by simplified theoretical or empirical
models potentially neglecting complex physical phenomena.

This thesis has been initiated to investigate a method to improve the accuracy of ve-
locity prediction programs for sailing yachts. After theory review it was decided to link
the hydrodynamic model directly to a RANSE flow simulation in order to avoid lineari-
sation and interpolation errors associated with traditional VPPs. By taking into account
aerodynamic forces from a sail force model, one is able to directly evaluate the hydrody-
namic forces at the actual boat state of the yacht for a given wind condition. It was as-
sumed that this way, interpolation errors in the hydrodynamic model could be avoided
and secondary effects due to actual boat orientation taken into account. The aerody-
namic forces are coupled to the hydrodynamic model via a rigid body motion solver.
They are modeled as external forces on the rigid body yacht and updated according to
changes of boat state. The force are modeled with a implicit sail force model as the best
compromise between effort and accuracy.

Adapting the hydrodynamic model to the needs of direct VPP calculation proved
challenging. First, free surface modeling around yacht hulls is examined. It was found,
that resolution of free surface suffers from extensive smearing of the interface, leading
to an underprediction of wave resistance. The problem was traced back to the use of low
order advection schemes and a possible solution was developed. This solution approach
has been tested and was found to produce sharp free surface resolution for cases which
seek a steady state solution as it is the case for the RANSE-VPP.

A further obstacle for the RANSE-VPP is the resolution of fluid-body interaction within
the computational grid. Especially large heeling motions together with the necessary
grid density for a sharp free surface resolution are problematic. Review of various body
motion approaches led to complete grid motion with vertical refinements in the area of
the free surface to resolve heel motion.

187



188 SUMMARY

With the modeling of the RANSE-VPP and the selection of the different components
finished, a formal verification and validation of the hydrodynamic part of the model has
been conducted. This proved to be very insightful regarding grid density and the in-
fluence of free surface resolution. It was shown that insufficient resolution of the free
surface can lead to a significant underestimation of the resistance due to smaller wave
resistance. The experimental data were reproduced with CFD to an accuracy which is
inside the resolution of towing tanks.

After the successful testing of the hydrodynamic model, conventional velocity pre-
dictions have been performed to serve as comparison data for the RANSE-VPP. Simula-
tions using RANSE CFD have been conducted to reproduce the test matrix of the towing
tank data. Both EFD and CFD data sets have been processed to gain input for a conven-
tional VPP. The resulting velocity polars as well as the respective boat states have been
compared. Largest differences between EFD and CFD based data were found for high
wind speeds.

Finally, the RANSE-VPP has been used to create results at the same true wind condi-
tions as for the conventional VPP. Comparison of velocity polars in general showed only
modest deviations, with maximum differences between RANSE-VPP and results from
EFD and CFD based VPP occurring for low wind speeds on downwind courses. A thor-
ough validation of the results proved difficult, especially since full-scale results have not
been available. At this stage, this work presents a first implementations of a RANSE-VPP.
Also first results look promising, it cannot be finally judged if reducing linearisation and
interpolation by using the RANSE-VPP increases accuracy of results.

One of the major improvements drawn from this work is the increased resolution
of the free surface. This led to an increased accuracy of the free surface RANSE sim-
ulation with respect to towing tank results. The RANSE-VPP showed good results but
revealed some problems inherent to the system. The main problem for the RANSE-VPP,
besides resolution of heel angle and optimizing for boat speed, is that it is valid only for
one specific sail set. In contrast to hydrodynamic coefficients gained from numerical
or experimental towing tank procedures, which can be applied to various sail sets, the
whole testing using RANSE-VPP has to be redone if performance information for other
sail combinations are wanted.

Improvements of the method as well as possible points for further research could
be advancements in the body motion approach and validation with full-scale measured
performance data. A better body motion approach would have to allow for large changes
in heel angle without sacrificing free surface resolution. A problem for proper validation
of the RANSE-VPP will be the influence of sea state on data acquisition. Since in most
cases, differences between RANSE-VPP and conventional VPP results are of an order of
magnitude which is on the verge what is measurable on a boat, the whole validation will
be challenging.



SAMENVATTING

Het Velocity Prediction Program (VPP) is één van de meest gebruikte hulpmiddelen, ten
behoove van hedendaags ontwerp van zeiljachten. Vanuit het evenwicht van aéro- en
hydrodynamische krachten, wordt de scheepsnelheid berekend. Met als gevolg, dat de
accuraatheid van de berekeningen gerelateerd is, aan die van de aéro- en hydrodyna-
mische gegevens, die het jacht reprensateren. Deze gegevens worden gebruikelijkerwijs
verkregen, via Experimental Fluid Dynamics (EFD) of Computational Fluid Dynamics
(CFD), waarbij de actuele jacht en zeil data wordt berekend, via linearisaties en interpo-
laties. Deze interpolaties zijn een potentiele bron van onnauwkeurigheden. Bovendien
worden complexe fysische verschijnselen verwaarloosd, omdat visceuze effecten vaak
geschat worden, door versimpelde theoretische en empirische modellen.

Dit proefschrift is aangevangen, met als doel een methode te onderzoeken, die de
nauwkeurigheid van Velocity Prediction Programs (VPP’s) voor zeiljachten verhoogd.
Na de literatuur studie is besloten, om het hydrodynamische model direct te kopellen
aan een RANSE aéro-simulatie. Met als gevolg dat de linearistatie en interpolatie on-
nauwkeurigheden, inherent aan traditionele VPP’s, voorkomen worden. Eerst worden
de aérodynamische krachten verkregen via een zeil-krachten-simulatie. Waarna deze
voor elke wind invalshoek, direct gemodelleerd worden op de actuele staat van het schip.
Thans aangenomen in deze methode is, dat interpolatie fouten in het hydrodynamische
model nu vookomen kunnen worden en tweede orde effecten, met betrekking tot de
orientatie van het jacht meegomen worden. De koppeling van deze aérodynamische en
hydrodynamische krachten verloopt via het oplossen van bewegingsvergelijkingen voor
starre lichamen. Dus de hydrodynamische krachten worden gemodelleerd als externe
krachten op het jacht, welke is gemodelleerd als star lichaam, terwijl de hydrodynami-
sche krachten constant worden bijgewerkt naar veranderingen in de staat van het jacht.
De krachten worden impliciet berekend, aangezien dit het beste compromis gaf tussen
nauwkeurigheid en kosten.

Het bleek een ware beproeving, om het hydrodynamische model af te stemmen, aan
de behoeften van de directe VPP berekening. Als eerste werd het vrije vloeistof opper-
vlak, rond de romp van het jacht geévalueerd. Uit de bevindingen bleek, dat de resolutie
van het vrije vloeistof oppervlak behoorlijk was uitgesmeerd, over de interface, met on-
derschatting van de golfweerstand als gevolg. De aard van het probleem bleek te liggen,
in het gebruik van een advectie schema van lage orde. Hiervoor is een mogelijke oplos-
sing ontwikkeld. Na testen bleek, dat deze oplossing scherpe vrije vloeistof resoluties
gaf, voor gevallen welke moeten resulteren in een steady state oplossing, kenmerkend
voor RANSE-VPP berekeningen.
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De resolutie van de interactie, tussen vloeistof en lichaam (structuur) in het bereke-
nings rooster, ontaarde zich in een volgend obstakel voor de RANSE - VPP, In het bijzon-
der grote helende bewegingen, ontpopte zich problematisch, dit omdat rooster dicht-
heid een vereiste is, voor het verkrijgen van een scherpe vrije vloeistof oppervlak reso-
lutie. Bestudering van verschillende hellende bewegings methodieken, hebbben geleid
tot, volledige rooster bewegingen met veticalle verfijningen in het vrije vloeistof opper-
vlak gebied, om het probleem rond hellingshoeken op te lossen.

Nu het modelleren van RANSE-VPP en selecteren van verschillende componenten is
afgerondt, kan een formele verificatie en validatie van het hydrodynamische deel van het
model worden uitgevoerd. Dit proces bleek zeer veel inzicht te geven, in rooster dicht-
heid en invloed van de vrije vloeistof resolutie. Hier bleek, dat onvoldoende resolutie van
het vrije vloeistof oppervlak kan leiden, tot een kleinere golfweerstand, met significante
onderschatting van de totale weerstand als gevolg. De experimentele data werd gere-
produceerd met CFD tot een nauwkeurigheid welke binnen de resolutie van sleeptanks
valt.

Na het succesvol testen van het hydromechanische model, zijn conventionele snel-
heids voorspellingen uitgevoerd, die dienen as vergelijkings materiaal voor RANSE-VPP.
Om de test matrix met sleeptank gegevens te reproduceren, zijn RANSE CFD simulaties
uitgevoerd. Zowel EFD en CFD datasets zijn bewerkt, om te gebruiken als invoer voor
het conventionele VPP. Waarna, zowel de de verschillende polaire snelheids diagram-
men, als de bijbehorende jacht toestanden met elkaar zijn vergeleken. Voor hogere wind
snelheden zijn de grootste verschillen tussen EFD en CFD gevonden.

Uiteraard, is de RANSE-VPP gebruikt, om voor dezelfde ware wind hoeken resultaten
te generen als conventionele VPP’s. Vergelijkingen tussen polaire snelheidsdiagrammen
lieten in het algemeen alleen kleine afwijkingen zien, met maximum verschillen, tussen
RANSE-VPP en resultaten van EFD en CFD gebasseerde VPP resultaten, optredend voor
lage wind snelheden en voor de windse koersen. Een grondige validatie van de resulaten
bleek moeilijk, vooral omdat ware-grootte experimenten niet beschikkbaar waren. In dit
stadium, legt dit proefschrift, voor het eerst implementaties van een RANSE-VPP voor.
De eerste resultaten zijn veelbelovend, maar het kan nog niet worden beoordeeld of de
bewerkstelligde reducties in linearisaties en interpolaties, door gebruik te maken van
RANSE-VPP inderdaad leiden, tot een toegenomen nauwkeurigheid van de resultaten.

Een van de grootste verbeteringen die voortkomt uit dit proefschrift is de toegeno-
men resolutie van het vrije vloeistof oppervlak. Dit leidde tot een toegenomen nauw-
keurigheid van het vrije vloeistof oppervlak RANSE simulatie, in vergelijking met sleep-
tank resultaten. In het algemeen liet de RANSE-VPP goede resultaten zien, maar bracht
ook enige problemen inherent aan de methode aan het licht. Het grootte probleem for
RANSE-VPP naast de hellingshoek resolutie en jacht-snelheid optimalisatie, is dat de
geldigheid gelimiteerd is tot één specifieke set zeilen. In tegenstelling tot de via nume-
rieke en experimentele sleep tank proeven verkregen hydrodynamische coefficienten,
welke kunnen worden toegepast op verschillende sets zeilen. Met als gevolg dat de vol-
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ledige RANSE-VPP simulaties overnieuw gedaan moeten worden, als de prestaties van
een andere set zeilen worden gevraagd.

Zowel verbeteringen in de methode als aanbevelingen voor vervolg onderzoek, zijn
het aanbrengen van vorderingen in de lichaam-bewegings methode en validatie met
ware grootte gegevens. Een betere lichaam-bewegings methode zal grotere veranderin-
gen in de hellingshoek moet toelaten zonder daarbij de resolutie van het vrije vloeistof
oppervlak te benadelen. Een probleem voor validatie met ware grootte metingen is de
invloed van zeegang op de ware grootte data metingen. Dit komt, omdat in de meeste
gevallen de verschillen tussen RANSE-VPP en de conventionele VPP’s een orde grootte
hebben, die op een varend jacht, op het randje van het meetbare liggen. Dat maakt een
ware-grootte validatie een ware uitdaging.
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