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Abstract

Ship optimization based on computer simulations
has become a decisive factor in the development
of new, economically efficient and environmen-
tally friendly ship hull forms. An important task
at an early design stage is the optimization of the
wave-making characteristics of the ship hull since a
considerable resistance component stems from the
steady ship wave system. Moreover, the ship waves
cause adverse effects in the far field as the wash hits
the shore line or other vessels.

A novel hull form optimization approach is pre-
sented. It builds on a CFD (Computational Fluid
Dynamics) based evaluation of the ship wave
pattern, on straightforward realization of the cause
and effect relation of hull variations and their
impact on wave formation, which is accessed
by a perturbation approach, and on wave cut
analysis. Wave cut analysis yields an excellent
assessment of the wave-making characteristics of
a hull form in terms of its free wave spectrum and

the associated resistance. These features are highly
integrated and controlled by a fully automated,
self-governed optimization scheme used to improve
the wave-making characteristics accompanied by
a substantial reduction of the ship’s resistance and
power consumption.

Die Entwicklung 6konomisch und 6kologisch ef-
fizienter Schiffe erfordert im groBem MaBe den
Einsatz moderner, rechnergestiitzter Verfahren.
Eine ausschlaggebende Rolle hierbei spielt die
auf Computersimulationen basierende hydrodyna-
mische Optimierung des Schiffsrumpfes. Ein er-
heblicher Teil des Rumpfwiderstandes und damit
des Leistungsbedarfs wird durch Energiever-
luste infolge der Ausbildung des Schiffswellen-
systems verursacht. Zudem gefdhrden Schiffs-
wellen KiistenschutzmaBBnahmen, Uferbebauungen,
die Ufervegetation, Hafenanlagen und andere
Schiffe.

Es wird ein neuartiger Optimierungsansatz
vorgestellt, der sich auf die Wellenbildungseigen-



schaften von Schiffsriimpfen konzentriert. Das
Verfahren beruht auf der rechnergestiitzten Simula-
tion des Schiffswellenfeldes, auf der Betrachtung
des  Ursache-Wirkungs-Zusammenhanges  von
Rumpfvariationen und deren Auswirkung auf
die Wellenbildung mittels eines Perturbations-
schemas sowie auf der Wellenschnittmethodik,
die ein niitzliches Instrument fiir die Bewertung
der Wellenbildungseigenschaften von Rumpf-
geometrien liefert. Diese Bausteine wurden zu
einem voll automatischen, autonom arbeitenden
Optimierungssystem integriert, mit dem sich
die Wellenbildung und damit Widerstand und
Leistungsbedarf substantiell verringern lassen.

1 Introduction

The recent boom in the global trade calls for a new
fleet of ships being at the cutting-edge of technical
innovation and ecological standards. The increasing
size and speed of recent cargo vessels like the new
ultra-large container ships in combination with ever
higher fuel prices demand for extra effort in im-
proving the hull hydrodynamics. This extra effort
pays-off economically and ecologically in short-
term for shipowner and/or operators due to reduced
ship operating costs, preserved or even shortened
turn around times and less emissions, see Harries et
al. (2006).

From a techno-economically point of view hydro-
dynamic hull form optimization may pursuit the
following goals:

e Lower resistance and power consumption for
same payload (and/or stability) and speed,

e increased speed for constant power consumption
and payload,

e more payload for about the same power con-
sumption and speed,

e reduced draft for comparable payload,

e without impairing operational and construction
aspects.

The key aspect to meet one or more of these opti-
mization goals is the reduction of the ship’s resis-
tance. A considerable resistance component stems
from the steady ship wave system. Fast displace-
ment type ships consume 50% and above of their in-
stalled power to overcome the wave resistance. The

ship waves may also cause serious (environmental)
damages as the wash hits the shore line, other ves-
sels or harbor and offshore installations as, e.g., out-
lined by a representative study of the environmental
impact of a catamaran ferry wake wash in San Fran-
cisco Bay, see Kumar et al. (2006). For this reasons
it is mandatory to reduce wave-making as much as
possible.

Due to the availability of fast and increasingly re-
liable CFD codes, in particular free surface Rank-
ine panel codes (computation of the viscous free
surface flow for the full scale ship by a RANSE
code is extremely costly and, hence, prohibitive for
automatic optimization), advanced CASHD (Com-
puter Aided Ship Hull Design) tools for the geo-
metric hull modeling and a wide range of suitable
optimization methods, hydrodynamic ship hull op-
timization has become a rapidly developing field
of both research and practical application. Tools
range from fully automatic implementations over
semi-interactive environments to highly interactive
optimization approaches. The latter are still fa-
vored by many shipyards and model basins and
often involve EFD (Experimental Fluid Dynam-
ics). Related CFD-based hull form optimizations
with particular focus on wave resistance reduction
were reported more recently, e.g., by Birk and Har-
ries (2000), Soding (2001), Heimann and Harries
(2003), Maisonneuve et al. (2003), Valdenazzi et al.
(2003), Valorani et al. (2003), Dudson and Harries
(2005), Heimann (2005) and Harries et al. (2006)
(for a more complete list see Heimann (2005)).

This paper represents a novel optimization ap-
proach which differs from other approaches to wave
resistance minimization in the way it tackles this
objective. The potential of the method is substan-
tiated by two exemplary ship applications: an aca-
demic test case — the standard Wigley hull — and a
state of the art twin screw ferry — the FANTASTIC
FantaRoRo - typical of fast short-sea shipping fea-
turing a bulbous bow and tunneled transom stern.
A substantial reduction of the ship’s wave-making
was achieved, an impression is given in title figure.

All aspects of the proposed optimization approach
are presented. The main achievements and contri-
butions of the present work are summarized and an
outlook to present research work is given.

For a thorough description of the optimization
method the reader is referred to Heimann (2005).



2 Hydrodynamic optimization

A fully automated, self-governed hull form opti-
mization environment called MinSWASH (Mini-
mum Ship Wash) has been developed and imple-
mented by the author, see Heimann (2005). It con-
trols the optimization process flow, it comprises
a sensitivity analysis, the optimization kernel and
a wave cut analysis scheme, and it establishes
the connection to the nonlinear free surface Rank-
ine panel module of the SHIPFLOW system by
FLOWTECH Int. AB.

The key aspects of the optimization approach are:

e Different from common practise neither prereq-
uisites to the hull geometry representation and
its characteristic features nor to the hull variation
method need to be imposed since

e optimization control is attained via a flow related
quantity, being the hull panel source densities of
potential flow, so called perturbators, which serve
as

e locally operating optimization variables (N >
10%) working directly

e at the wetted hull portion of the advancing ship
in it’s dynamic floating position.

o The objective function of optimization is directly
related to the steady ship wave systems in terms
of the free wave spectra and the wave-making re-
sistance as determined by longitudinal wave cut
analysis which proved to be a robust assessment
method.

e Compared to purely scalar resistance values like
integrated hull pressure wave pattern analysis im-
proves the system identification by tracing hull
variations up to their respective fingerprints in the
wave spectral distribution and in the wave pattern
resistance.

e The boundary value problem of nonlinear poten-
tial free surface flow is accessed by linear pertur-
bation. Thus, fast and straightforward evaluation
of the sensitivities of the objective function and
the constraints is enabled, allowing a simultane-
ous treatment of numerous, locally acting opti-
mization variables which introduces a high de-
gree of freedom to the hull variation.

e The optimization process is effectively estab-
lished in terms of an iterative marching scheme
of successive sub-optimization loops which built

on top of each other, each mapping the solution
space to a simplified convex quadratic image,
i.e., the sub-optimization space in a ’trust-region’
around the current base point, which merely pos-
sesses a single minimum determined by the ac-
tive constraints.

e The entire process is self-sufficient requiring no
user interaction at all and only minor prepara-
tions.

This particular optimization concept was conceived
to pursue the following goals:

e Optimization of the wave-making characteristics,
i.e., tangible reduction of the wave pattern resis-
tance of the hull at its dynamic floating position.

e Self-adjusting hull geometry variation, driven di-
rectly and solely by the hydrodynamic optimiza-
tion.

e Concerted reduction of particular adverse wave
components and realization of optimal interfer-
ing wave trains.

e Acquisition of knowledge of the correlation be-
tween local hull shape and wave formation.

2.1 Process flow

The optimization process flow is shown in figure 1.
A full sub-optimization task is performed by pro-
cessing the flow chart once. Normally, a series of
sub-optimization tasks is conducted by progres-
sively reentering the loop (follow the upward link
at the right hand side).

Within the optimization environment five stages
are highly integrated setting up a complete sub-
optimization task:

Initial quality assessment The optimization pro-
cess commences with the initial (or an intermedi-
ate quality assessment when the process progresses)
quality assessment. At this stage the process control
parameters and the hull geometry enter the process.
Control parameters concern the global process flow,
the sensitivity analysis, the free surface flow sim-
ulation, the wave cut analysis and the set-up and
solution of the minimization problem. The hull ge-
ometry is given in terms of an initial offset or panel
input point mesh. An initial nonlinear free surface
flow computation is performed which is forced to
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Fig. 1: Optimization process flow.

firm convergence. The computed wave elevations
(longitudinal wave cut) are then passed to the lon-
gitudinal wave cut analysis which provides the free
wave spectra and the wave pattern resistance. The
free surface flow solution along with the wave spec-
tra and the wave pattern resistance serve as the base
solution for the sub-optimization task. Details are
given in section 3

Initialization The optimization variables (the
flow related perturbators) are set, the constraints
and bounds are determined. A systematic hull panel
perturbation is conducted which yields the trans-
fer matrices. Transfer matrices measure the changes
of the influence coefficients and induced velocities
w.r.t predefined small relocations of the hull panel
positions. They serve as the basic instrument for the
sensitivity analysis. Details are given in section 4.

Sensitivity analysis Once assembled the transfer
matrices are directly utilized to evaluate the impact
of perturbation of the optimization variables (the
perturbators) on the hull panel mesh in turn, on the
flow field, on the wave formation and, finally, on the
free wave spectra and the wave pattern resistance.
As the consequence of the linear perturbation ap-
proach all these impacts are determined for all op-
timization variables in parallel straightforward by
simple scalar matrix multiplications. The impacts
of perturbation are compiled in terms of sensitiv-
ity matrices for the objective function and the con-
straints (bounds). Details are given in section 4.

Hull improvement The sensitivity matrices are
passed to the hull improvement instance. Here the
objective functional is set up in terms of a convex
sum of the objective function and weighted con-
straints terms (least-squares formulation) and the
optimum — the minimum — is determined within the
perturbation scope of the sub-optimization task by
iterative solution of the governing equation system.
The iteration is applied to gradually isolate active
from passive constraints, see section 5.

Having determined the optimal variable set, an im-
proved hull form is derived again applying the sen-
sitivity matrices. The hull form is obtained in terms
of a smoothly relocated hull panel mesh which pos-
sesses the same topology as the initial mesh. Details
are given in section 5.

Improvement assessment Finally, the improved
hull geometry is sent to the hydrodynamic analysis
providing the wave spectra and the wave pattern re-
sistance which serves, along with the improved hull
form (usually the associated point grid of the hull
panel mesh), as the base point (base solution) for
the next sub-optimization loop.

Formally, a sub-optimization task is composed of
a prediction and a correction step. The predic-
tion step, essentially, comprises the initialization,
the sensitivity analysis and the hull improvement
stage. In the correction step the predicted improve-
ments are assessed by a flow and wave cut analysis.
Here, the predicted optimization results are ’cor-
rected’ or updated for nonlinearities, for the new
dynamic floating position and for deviations poten-
tially caused by the reconstruction of a coherent
hull surface from a relocated hull panel mesh.

The optimization process terminates if a stopping



criterium becomes active. Otherwise, the optimiza-
tion enters the next sub-optimization loop. Even
though the entire process is fully automated requir-
ing no user interaction, the user may manually in-
terrupt the process at certain points. This allows, for
instance, to restart from any previous solution with
a modified or adapted set of control parameters.

3 Hydrodynamic analysis

Advanced, reliable and fast CFD tools based on
inviscid potential theory are widespread and are
the first choice in practical wave resistance com-
putation and optimization for a wide range of
ship types and flow cases. Here the flow analy-
sis is conduced by the free surface Rankine panel
module XPAN of the CFD system SHIPFLOW,
FLOWTECH Int. AB., see Larsson (1997) and Jan-
son (1997)

Most of the CFD codes utilize integral resistance
values derived from hull pressure integration. In
this way, however, information is lost on where ben-
eficial and adverse effects originate. In the present
context longitudinal wave cut analysis is applied to
the computed wave pattern both in the sense of sys-
tem identification and to provide the objective func-
tion of optimization. Wave cut analysis yields the
wave pattern resistance Ryp while — by conven-
tion — hull pressure integration provides the wave
resistance Ry .

3.1 Free surface potential flow

The boundary value problem of free surface poten-
tial flow is thoroughly discussed and documented in
the literature, e.g. Janson (1997), and is addressed
here only in short.

A right-handed Cartesian system is defined, see fig-
ure 2, which is fixed to the ship having the same
speed but does not follow its dynamic trim and
sinkage. The quantities in this section are non-
dimensionalized by the onset flow |U..| and/or the
ship length between perpendiculars Lpp.

The governing equation of free surface potential
flow is the Laplace equation which is derived from
mass continuity. Assuming an inviscid (ideal) in-
compressible fluid with irrotational flow, the veloc-
ity components can be determined from the gradi-
ent of the total velocity potential ¢ which comprises

the potential of the undisturbed onset flow ¢, and
the disturbance potential ¢ due to the ship

O=0ut9. (1)

The velocity potential has to satisfy the Laplace
equation and it has to comply with the boundary
conditions.

The kinematic hull boundary condition implies that
the flow velocity must have a known component
in the hull normal direction which is directed into
the fluid since no fluid particle is supposed to pass
through the surface of a rigid body. In terms of the
disturbance potential the kinematic hull boundary
condition reads

ai:—li,-?ﬂrF, )
on

where U., = U../|U.| indicates the unit velocity
vector of the undisturbed onset flow. Usually F
vanishes, since no fluid particle is supposed to
pass through the surface of a rigid body. An ad-
ditional dynamic hull boundary condition is im-
posed, claiming equilibrium between the hydrody-
namic and hydrostatic pressure forces on the wet-
ted hull portion and the ship’s weight distribution.
This integral condition primarily determines the dy-
namic trim and sinkage.

At the free surface two more boundary conditions
are applied, both need to be fulfilled at the ini-
tially unknown wavy free surface. The kinematic
free surface condition implies that the flow must
be tangential to the free surface, i.e., no fluid par-
ticle is supposed to leave the surface { = f(x,y),
€ being the wave elevation (normalized). The sec-
ond condition, the dynamic free surface boundary
condition, states that the static pressure, expressed
through Bernoulli’s equation, must be constant (at-
mospheric) at the free surface.

The free surface problem is nonlinear since the
free surface boundary conditions are nonlinear in
the unknown velocity potential and are to be im-
posed at the initially unknown free surface. Solu-
tion methods for the fully nonlinear free surface
flow have been proposed since the 1980s. Present
methods linearize the free surface boundary condi-
tions around a known base solution and solve the
problem in an iterative manner. The majority of
Rankine panel solvers adopt the so called Dawson
or double-body flow linearization of the free surface
boundary conditions.



Additional boundary conditions are required, e.g.,
to prevent waves from propagating upstream of the
hull and to model the flow separation at the transom
edge in case of ships possessing a transom stern.

The boundary value problem is solved numerically
by distributing singularities, e.g. source singular-
ities, on the boundaries of the flow domain, es-
sentially the hull and the wavy free surface. Panel
methods discretize the hull and a reasonable por-
tion of the wavy free surface by quadrilateral (or
triangular) panels. SHIPFLOW adopts (as one op-
tion) flat quadrilateral panels with a constant sin-
gularity distribution to approximate the boundary
value problem. In their notation the flat quadrilat-
eral panels are generated from so called input points
which constitute a coherent point mesh along the
hull. Input points are topologically equivalent to
offset points which commonly are arranged along
hull sections. In the original Hess & Smith method
the flat quadrilateral panels are determined from the
input points so that the panel corner points are at
least a close approximation of the guiding input
points (small gaps are inevitable introduced at the
panel edges) and that the panel normal direction
is a good approximation of the actual surface nor-
mal. The boundary conditions are enforced for each
panel at a so called panel control point (or colloca-
tion point), usually, the panel’s centroid.

As a consequence of the discretization the boundary
value problem can be rewritten in terms of a set of
equations, which yield an explicit relation for the
unknown panel source densities o;:

Nrs

ZGinj:Bi i €[1, Ngs], (3)
=1

where A;; indicates the influence coefficient from
panel j to the velocity at panel i, B; is the inhomo-
geneous term at panel i. Ngg accounts for the total
number of panels, including the hull and free sur-
face panels. The influence coefficients A;; are deter-
mined from the induced velocities X;;, Y;; and Z;;,
which are pure geometrical quantities. They repre-
sent the induced portion from panel j to the velocity
at panel i in the x-, y- and z-direction, respectively.
At the free surface panels the velocities and velocity
derivatives due to the base solution have to be con-
sidered in the influence coefficients, too. Details are
given in Janson (1997).

The free surface domain is discretized by so called
Rankine panels. The linearized boundary condition

is satisfied in a discrete sense at the free surface
panel collocation points. Accordingly, the free sur-
face elevation at collocation point i € [Ny + 1, Nps]
(Ny denoting the total number of hull panels) is
given by virtue of the linearized dynamic free sur-
face boundary condition

1
Ci= EF,E [14+@,+ @5, + D2 — 4)

2 ((I)xi ¢xi +(I)yi ¢yi +(I)zi ¢Zi)] ’

with the partial derivatives ®, = d®/dx etc., ® be-
ing the velocity potential of the known base solution
and F, indicating the Froude number. The velocity
at the i collocation point is determined from

NFs
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Similar expressions hold for the y- and z-directions.

Since the free surface condition is to be applied at
the a priori unknown free surface an iterative so-
lution scheme is used where (3) is solved succes-
sively. In each iteration the boundary value prob-
lem is linearized with respect to the solution of the
previous iteration. Firm convergence is requested
for the maximum wave change, for the maximum
change of the source densities and, if allowed to
freely adjust, for the ship’s dynamic floating posi-
tion which is updated via a force and momentum
balance at each iteration.

The solution of the free surface boundary value
problem is thoroughly described by Janson (1997).

3.2 Wave cut analysis

The steady ship wave system, as determined by
means of a of free surface potential flow computa-
tion, is further assessed by wave cut analysis. Wave
cut analysis in the sense of system identification
has shown to be a robust and powerful tool in CFD
based optimization of the wave-making character-
istics of ships, e.g. Heimann (2000) and Heimann
and Harries (2003). In the present scheme the lon-
gitudinal wave cut method is applied by means of a
tool called SWASH (Ship Waves Analysis Light),
see Heimann (2005) for details. Alternatively its
re-implementation called FRIENDSHIP-Waves by
FRIENDSHIP SYSTEMS (2006) might be applied.
Both tools are adaptations of the wave cut method
by Sharma (1966) and Eggers et al. (1967).
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Fig. 2: Schematic sketch of the ship wave system
(only one symmetric half is considered).

In case of flows symmetric to the ship center plane,
a single (infinitely) long wave cut parallel to the
ship suffices to perform the whole analysis. The
longitudinal wave cut method was preferred to
other wave analysis methods since it is compara-
tively fast, relatively robust in application and it has
a broad application range (e.g. experimental inves-
tigations).

The ship’s fixed reference coordinate system is the
same as for the flow analysis, see figure 2. Yet, wave
cut analysis is invariant with regard to the longitudi-
nal position of the coordinate origin. Infinite water
depth is assumed (but, in general, finite water depth
has to be accounted for).

Essential assumptions of the method are ideal flow
and the existence of so called "free waves’ at a suf-
ficient distance from the ship. Formally, the wave
pattern resistance can be deduced from conserva-
tion of momentum in a control volume which con-
tains the steady ship wave system composed of a su-
perposition of plane progressive waves of all feasi-
ble wave directions 6 and varying wave amplitudes
in compliance with the steadiness condition for the
phase velocity.

The wavenumber k and the wavelength A are re-
lated by the dispersion relation

2m = ko sec*(0), (6)

with the basic wavenumber k¢ and the fundamental
wavelength Ay, respectively, given by

ko= 5, = )

Vs being the ship speed and g the gravitational field
strength.

The wave pattern resistance is computed from the
sine and cosine components, Ag(0) and Ac(6), re-
spectively, of the free wave spectrum. Ag(6) and
Ac(0) are linear functions of the Fourier transforms
which are deduced from a Fourier transformation of
the wave cut signal, for details see Heimann (2005).
Even though As(0) and A¢(0) are frequently called
wave amplitude functions they are better denoted as
wave energy equivalents which measure the wave
energy distribution along the components of the
ship wave system. The free wave spectra are pure
functions of the hull shape and the ship speed. This
is why they are extremely valuable in ship hull op-
timization. Presently the free wave spectra are di-
rectly utilized for decision making in terms of the
wave pattern resistance. The wave pattern resis-
tance is computed by integration over the compo-
nent waves 6

/2
prznf—ﬁ / [42(6) +A2(0)] cos®(6)d6. (8)
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p being the water density. From (8) the wave pat-
tern resistance coefficient follows by normalization
according to

w/2

Rwp /
Cwp=—"——5= [ Cywp(0)d6, 9
wp 050 5,0, V2 J wp(0) &)

with S,.r denoting the wetted hull surface area for
normalization. A useful and descriptive chart is ob-
tained by plotting the integrand of (9) as a function
of the component wave direction

2n

2 2 3
5o (As(8) +AC(B)’] cos’(0).010)

Cwp(0) =

Expression (10) yields a valuable resistance func-
tional which measures the wave energy distribution
along the components of the ship wave system, see
figure 8.

In practical applications due to limited computer
resources in CFD simulations or restrictions due
to tank wall reflections in model tests longitudi-
nal wave cuts need to be truncated at a finite dis-
tance downstream of the hull. In order to retain
the wave energy contained within the wave pat-
tern downstream of the truncation point SWASH



(and FRIENDSHIP-Waves) treats wave cuts of fi-
nite length with a special truncation correction. At
a sufficiently large distance aft of the stern the wave
cut is usually dominated by transverse waves fol-
lowing the ship. This gives rise to utilizing an an-
alytic truncation function composed of harmonic
waves decaying to infinity. A truncation correction
based on an analytical asymptotic extension of the
wave cut is applied here.

Sharma (1966) and Eggers et al. (1967) suggested
the following approach for an analytical asymptotic
extension of the wave cut infinitely downstream

~ __ c1cos(x) —casin(x)
§<x7y) XE+_ \/Cm

where the coefficients ¢, ¢; and c¢3 are determined
by fitting (11) to the tail end of the wave cut signal
up to the truncation point xg. The unknown coef-
ficients are determined by regression analysis. Be-
cause of the strong asymptotic decay of both the
wave elevation and the slope at x — —oo no correc-
tion is performed for the truncation of the wave cut
upstream.

x— 4oo, (11)

The contribution of the truncation correction to the
overall wave pattern resistance, finally, can be eval-
uated in closed analytical form.

The application of longitudinal wave cut analysis
mainly depends on the ship’s speed, on the lat-
eral position of the cutting plane and on the uti-
lizable length of the wave signal up to the trunca-
tion point xz. According to the author’s experience
satisfactory results are obtained for medium speed
and fast ships at lateral cut positions in the range
0.2 < y/Lpp < 0.25 provided the cut extends far
enough downstream to allow for a reasonable trun-
cation correction.

4 Sensitivity analysis

The sensitivity analysis and the hull form improve-
ment are the central units of the optimization pro-
cess as discussed in section 2. The sensitivity anal-
ysis comprises the cause and effect chain from the
variation of the optimization variables (the cause)
to the variation of the wave pattern, the free wave
spectra and the wave pattern resistance (the effects).
The sensitivity chain is simplified by linear pertur-
bation of the boundary value problem around its
actual state. By application of the perturbation ap-

Flat H&S Panels Transformations

Fig. 3: Fitting of a transom wedge (upside down);
top: stepped hull panel normal relocation, bottom:
effect of joint relocation.

proach the nonlinear relations are transferred to ex-
plicit equations depending in a linear and straight-
forward manner on the optimization variables. This
way, costly direct numerical solutions by means of
CFD for a large set of variables are avoided.

Commonly, the design variables in ship hull form
optimization are directly related to the hull ge-
ometry definition (offsets, polynomial shift func-
tions, spline vertices or even higher level geome-
try descriptors like hull form parameters). In this
way, however, the optimization and its outcome in-
evitably are constrained by the characteristic fea-
tures of a specific geometric hull definition (which
might be desired in certain applications). In the
present approach optimization control is attained
via local flow related perturbators which are di-
rectly related to the discretization of the flow prob-
lem. This permits a more self-contained hull vari-



ation which is decoupled and, hence, independent
from a geometric definition of either the shape or
its modifications.

The hull panel source densities (perturbators) of
the potential flow solution are used to establish
the natural link between hull and flow field vari-
ations. Coupling the source densities and the dis-
cretized hull surface, represented by a mesh of flat
quadrilateral panels, is attained via the linearized
kinematic boundary condition which is to be ful-
filled at all time (see below). Consequently, each
hull panel source density variation requires a cor-
responding relocation of the hull panel mesh itself
(in a desingularized method a relocation of the con-
trol point) and vice versa. In the present scheme
the panel mesh relocation is conducted by allow-
ing the hull panels to shift normally to the hull, i.e.,
in their normal directions in- or outwards to the hull
panel mesh. This was found to simulate a continu-
ous hull surface ’deformation’ in the most natural
way. A variable (user defined) influence segment
(of hull panels) around each perturbator controls the
extension of each perturbation influence, i.e., from
locally confined to spreading out across the entire
hull panel mesh. Examples of panel mesh reloca-
tions are shown in figures 3 and 4.

The perturbation relations are derived by expand-
ing both the panel source density variations and the
variations of the panel mesh itself in terms of per-
turbation expressions which are then applied to the
boundary value problem. A small parameter € is
introduced into the problem such that an already
known 0"-order solution corresponds to € = 0 and
that all higher order perturbations of this basic so-
lution are traceable by their specific power of &.
The benefit of this approach is that any nonlinear
problem can be decomposed into a sequence of lin-
ear problems with ascending order by sorting in
powers of €. The linear subproblems can then be
solved separately one after the other. Yet, a restric-
tion to the 1%'-order problem already yields a mean-
ingful approximation of the fully nonlinear prob-
lem, presuming the perturbation magnitude is kept
’small’. The approximation is known to get closer
the smaller € gets. For the hull panel source densi-
ties this yields

o, =0\ +ea) +0(e?), (12)
Ao, =eo) +0(e?) ne[l,N].

Superscript (0) indicates the 0""-order solution, i.e.,

the basic solution which corresponds to a fully con-
verged nonlinear free surface potential flow solu-
tion. Whereas (1) denotes the 1¥"-order solution, i.e.,
the perturbation expression. N is the number of hull
panel source densities (perturbators) utilized in the
optimization which usually is less than or equal to
the total number of hull panels Ny.

In a perturbation sense the perturbation magnitudes
Ao must be *small” compared, e.g., to the average
of all hull panel source densities weighted by their
respective panel areas S;

Ny 0 Nu
AGnEAG=5GZSi|Gi<>|/ZSi, (13)
i=1 i=1

with 0 < 85 < 1. Definition (13) can be equiva-
lently interpreted as an increment of the average
volume flow through all hull panels. The advan-
tage of definition (13) is that it accounts for the spe-
cific hull panelization and the flow case in question
which allows a intuitive and appropriate choice of
Ao.

The corresponding perturbation of the hull panel
mesh itself is

B =PY +eil) +0(e?), (14)
AP = Ay =enli+0(e?) ke l, Nk,

P, denotes any point on the flat quadrilateral panel
k, e.g., the control point. Nx (< Ng) is the number
of active hull panels applied in the panel normal re-
location scheme. The magnitude of the panel shift
in panel normal direction is composed of the shift

amplitude n,(cl) and the unit vector normal 7.

The magnitudes of the hull panel relocations An
may be related to a "typical’ hull panel size, e.g., the
average hull panel diagonal or the average square
roots of the hull panel areas S;

Ny
Anszn:&,Zﬁ/NH, (15)
i=1

with 0 < §; < 1. Again the advantage of such a def-
inition is that it accounts for the specific hull panel-
ization in terms of the panel mesh resolution allow-
ing a good choice of An.



4.1 Sensitivity chain

The process chain of the sensitivity analysis is as
follows:

e It commences with a firmly converged free sur-
face potential flow solution, eq. (3), as basis.

e The computed wave field (4) is assessed by lon-
gitudinal wave cut analysis, eq. (8).

o Transfer matrices are determined to initialize the
sensitivity analysis. The transfer matrices (19)
and (22) store the changes of the influence co-
efficients due to the hull panel mesh perturbation
(14).

o The effects of N hull source density perturbations
(12) are determined. Utilizing the transfer matri-
ces and in compliance with the linearized bound-
ary value problem each hull panel source density
perturbation directly modifies

e the hull geometry in terms of hull panel normal
relocations (from inverse solution of (18)) in the
neighborhood of the perturbator,

o the flow field, particularly, the wave elevations
(21), and, finally,

o the free wave spectra (23) and the wave pattern
resistance (24) which is assessed by wave cut
analysis.

Above impacts of N hull source density perturba-
tions are computed in parallel and straightforward
by scalar evaluations and are compiled in terms of
sensitivity matrices to be further used by the opti-
mization instance.

4.2 Perturbation relations

The sensitivity chain is accessed by linear perturba-
tion of the boundary value problem around its ac-
tual state.

The influence coefficients A;;, the inhomogeneous
term B; and the induced velocities X;;, ¥;; and Z;; in
the governing flow equations (3), (4) and (5) depend
in an implicit, nonlinear manner on the panel ge-
ometry and location. To make the dependencies ex-
plicit the influence coefficients and the induced ve-
locities are expanded in Taylor series in n,(cl) which,
in the sense of the linear perturbation approach, are

truncated after the linear terms. This gives for A;;
(B; accordingly)

Nk 8A(Q)
A=ay=A0 1e Y nl) =10, 16
k=1

8nk

with ,j € [1, Nps] and for the induced velocities
(only the the free surface portion is required), e.g.
the x-component X;;

d

0 ¥
X=X;=x +e ) n" O, a7
k=1

with i, j € [Ny + 1, Nrs); accordingly for Y;; and Z;;.
Introducing equation (16) together with the pertur-
bation approaches (12) and (14) to equation (3), ne-
glecting higher order contributions of 9(&?) and fi-
nally sorting in orders of ¢ yields for the 0/"-order
again the basic equation system (3) and for the 1%-
order the linear perturbation expression (in compact
matrix notation)

AO . g() — O 7). (18)
The transfer matrix T(%) is given by

0 (0)
‘ 9B Nes 0 A 1)
ik ai’lk = J 8nk ’

with i € [1, Nps] and k € [1, Ng]. Equation (18) rep-
resents the fundamental linear perturbation relation
connecting the source density variations (1) and
the panel normal relocations ﬁ(1>, see also Kraus
(1989). The coefficient matrix A© is already
known from the base flow solution. For the eval-
uation of the transfer matrix T(%) the changes of the
influence coefficients with respect to the hull panel
normal relocations have to be computed which can
be done either analytically or numerically. Since the
normal relocation of a single hull panel only af-
fects a single row and a single column in the in-
fluence coefficient and induced velocity matrices a
fast and memory conserving scheme was developed
for the successive construction of the transfer matri-
ces. Once the transfer matrices are compiled equa-
tion (18) is solved for varying right hand sides in a
straightforward manner by LU-decomposition and
back substitution. This is also known as the solu-
tion of the direct problem: finding the variation of
the source densities in response to a perturbation of
the hull panel mesh.



Principally, inversion of the transfer matrix in (18)
yields the solution of the inverse design problem
which is required in the proposed scheme to deter-
mine for each source density (perturbator) variation
its correlative hull panel mesh relocation. Inversion
of the transfer matrix requires special precautions
with regard to the dimensionality of the problem,
details are given in Heimann (2005).

Having determined the hull panel mesh relocations
from the inverse solution of (18) the associated
perturbations of the principal hydrostatics like dis-
placement volume, center of buoyancy, center of
flotation and the waterline area are predicted from
respective linearized perturbation relations in a dis-
crete sense based on the information of the distorted
hull panel mesh (under the wavy free surface of the
advancing ship). In principle, the denser the hull
panelization the more accurate is the prediction, for
an elaboration see Heimann (2005).

The perturbation impact on the flow field, particu-
larly, on the wave elevation is given as the sum of
the basic wave elevation () and its variation A{

C(xy) =0 x,y) +AL(x,y) . (20)

The perturbation portion is derived from the dy-
namic free surface boundary condition (4) which,
by virtue of equations (5), (17) and the perturbation
approaches (12) and (14), again neglecting higher
order contributions of O(&?) and sorting in orders
of &, yields for the 0""-order again the basic free
surface condition (4) and for the 1*'-order the linear
perturbation expression for the wave elevations at
the free surface collocation points

A= —F? [Ux (X<o)~8“>+’ﬂ‘x<°>-ﬁ“>) + @D
7, (Yw) .6(])+'H‘Y(O).ﬁ(l)) +

0. (Z<o> .3 4,0 .ﬁ(l))} _

—

Uy, are the velocities according to the last iteration
step previous to the converged base (©) free surface
flow solution. TX(O), ’JI‘Y(O) and TZ(O) are the trans-
fer matrices for the change of wave elevation. The
x-component reads

NEs 8X4<.0>
T =1 =) o\” 22
X X ik j; J al’lk ( )

with i € [Ny + 1, Npg] and k € [1, Ng]; Ty® and
Tz follow accordingly. The transfer matrices
comprise the changes of the induced velocities at
the free surface due to the hull panel normal relo-
cations and are evaluated simultaneously together
with equation (19) by a fast and memory conserv-
ing scheme in the initialization step.

Finally, the perturbation impact on the free wave
spectra and the wave pattern resistance is computed
straightforward by Fourier transformation (wave
cut analysis) of the superimposed wavy free surface
(20). This yields for the free wave spectra, in pertur-

bation sense, the sum of the basic wave spectra Aéo)

and A<C0 ) and their variations AAg and AAc

As(0) = AV (6) +AAs(0), (23)
Ac(8) = A (8) +AA(6),

which are deduced from Fourier transforms of the
perturbation wave cut signal. AAs and AAc are
linear functions of the perturbators a0, Now, in-
troducing the perturbation expressions (23) to the
wave pattern resistance (8) yields the objective
function of wave resistance optimization

fRWP(a(l)) = (24)

/
/T(A(SO)(Q) + AAg(9)) 0053/2(9)] 2 6+

T/
/2{(‘4?)(9) +AAc(0)) cos3/2(9)] ? de.
0

It reveals a quadratic dependency with respect to
the wave spectra perturbations and hence to the
optimization variables ) (perturbators). The ob-
jective function (24), which inherently is of least-
square type, is utilized as is directly in the optimiza-
tion functional. Obviously, a reduction of the wave
resistance can be achieved only by minimization of
the free wave spectra sine and cosine components
separately, weighted by cos>/2(8).

S Hull improvement

The optimization process is established in terms of
successive sub-optimization loops (figure 1) which
build on top of each other. In other words: each loop



utilizes the already improved hull of the predeces-
sor loop. At each sub-optimization task a simplified
convex quadratic image of the actual solution space
in a ’trust-region’ around the current base point (ei-
ther the initial solution or those of the predecessor
loop) is attained which is known to possess only one
single minimum (uni-modal) determined by the ac-
tive constraints.

The optimization functional, which is to be min-
imized, combines the objective function (24) and
Ng optimization (inequality) constraints g;(3(") in
terms of a positively weighted convex sum of least-
square terms

Ng

F(8W) =wo fryp (3 + Y w;g;61). (29
=1

wo (> 0) may be any non-zero positive scaling fac-
tor and w; (> 0) are either positive scalar weights
indicating active constraints, or are vanishing in
case of inactive constraints.

All optimization constraints are formulated in terms
of inequalities. This way, freedom is introduced to
the optimization task since boundary conditions do
not need to be met exactly but rather have been re-
laxed to a certain band. For a consistent treatment
of all constraint terms in (25) generalized inequal-
ity constraints are defined as

C;(6M) —C;())—stf,

28" = AC,
jmax

—-1<0,(26)

which are related to their respective maximum
bounds ACjuax (> 0), for all j € [1, Ng|. Thus, a
certain penalty is introduced to the objective func-
tion as soon as a constraint becomes active. The
magnitude of the penalty is controlled via its lead-
ing weight w;. C;((") is the actual constraint
value (due to perturbation), C;O) indicates the base
value (before perturbation) which is required to be
inside the bounds and Cjs a center-shift of the

7 constraint to allow for asymmetric positioning

of the boundaries with respect to C;O . Active con-
straints directly lie on their bound or are outside the
bounds, whereas, inactive constraints stay within
the permissible range.

Constraints are applied to the hull panel normal re-
locations which must not exceed their perturbation
bounds (at each sub-optimization loop), the latter

being defined according to equation (15). The same
applies to the optimization variables 6(!) them-
selves, the maximum perturbations being limited
by (13). Usually, the flat of bottom and flat of side
are kept during optimization by treating the cor-
responding hull panels as passive or frozen. Fur-
thermore, the displacement volume, the centers of
buoyancy and flotation and the waterline area which
are derived from the aggregated hull panel mesh re-
locations (the simultaneous effect of all local hull
perturbations N) are forced to stay within user de-
fined bounds. Additional constraints have been in-
troduced to keep track of adjacent relative hull
panel relocations in order to ensure smooth transi-
tions in the distorted panel mesh. Otherwise, nor-
mal relocations of adjacent hull panels in different
directions or with different magnitudes may cause
considerable gaps in the panel mesh, like in the ex-
aggerated example in figure 3 (top). In total more
than 5000 constraints need to be utilized in the op-
timization functional assuming an average scenario
of about 1000 hull panel perturbations.

The first order necessary conditions for the mini-
mum of the objective functional (25) require that
the partial derivatives of F (&) with respect to all
optimization variables vanish

—

- 1=
V,u F(6W) =0, 27)
with V denoting the Nabla-operator in vector nota-
tion. Partial differentiation yields the equation sys-
tem for the N unknown optimization variables )

M.-¢M) =8, (28)

The N x N system matrix M is symmetric, non-
sparse but diagonally dominated and non-singular.
B comprises the inhomogeneous terms.

The solution of equation system (28) primarily de-
pends on the appropriate choice of the weights w;
to distinguish active and inactive constraints. The
minimum of (25) is determined solely by the ac-
tive constraints, inactive constraints vanish. Since
the appropriate weights are not known a priori they
are iteratively adapted keeping track of the active
set of constraints. In each such ’inner’ iteration (28)
is set up and solved for a new set of weights (com-
monly unity weights at the first iteration). The iter-
ation terminates if the process has converged to the
actual (feasible) minimum of the sub-optimization
problem. The constraints weights at the *inner’ iter-
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Fig. 4: Hull panel mesh relocation (blue) in the
bulbous bow area due to optimization.

ation step i+ 1 are updated according to

with = wi4rpw) gl@eW), (29)
with 0 < 7y < 1 occasionally applied to stabilize the
iteration by under-relaxation. Constraints (weights)
meanwhile dropped from the iteration procedure
but which happen to become active in a subsequent
iteration step are compelled to reenter the process,
for details see Heimann (2005).

Even though the cost of setting-up and solving
(28) increases disproportionate with the number
of the optimization variables, in practical applica-
tion cases with 1000-2000 variables, the iteration
scheme is quite fast and memory conserving.

5.1 Hull form adaptation

Having computed the optimal set of variables, i.e.,
the variation of the hull panel source densities 3(1),
the improved hull form according to the actual pro-
cess state (sub-optimization loop) is generated. The
inverse solution of (18) yields the corresponding
superposition of all local panel relocations which
brings about a global hull variation in terms of a
relocated hull panel mesh.

The new hull panel mesh still features small gaps
between adjacent hull panels imposed by the relo-
cation approach. A generalized example is given in
figure 3 (top) by an over-pronounced panel mesh
normal relocation. Even though smooth transitions

in the distorted panel mesh are already incorporated
by the optimization further treatment of adjacent
hull panels is required to restore a unique hull sur-
face from the emerging incoherent panel cluster. A
so called joint relocation scheme was invented to
reconstruct a smooth point grid with a well defined
topology from the relocated hull panel mesh by vec-
tor averaging of the bordering panel normal shifts
(usually < 4, at symmetry planes up to eight) to
the associated input point grid. An important aspect
of the averaging procedure is to retain the charac-
teristic of the relocated hull panel mesh as well as
possible to realize a close match between the im-
provement prediction and its assessment (correc-
tion). Applications of the joint panel relocation are
shown in figure 3 (bottom) and 4. For details on the
joint relocation scheme see Heimann (2005).

The point mesh may either be used directly in
terms of an offset description for a subsequent
sub-optimization task or it may be further pro-
cessed by surface interpolation or approximation
techniques with CAx tools as, for instance, pro-
vided by FRIENDSHIP SYSTEMS (2006).

6 Applications

The potential of the optimization method is out-
lined by means of two test applications, both ships
operate around F, = 0.3. One is the well known
and widely used double-symmetric Wigley hull, the
second a state of the art twin screw ferry — the
FANTASTIC FantaRoRo — typical of fast short-
sea shipping featuring a bulbous bow and tun-
nelled transom stern. The FantaRoRo was devised
as an elaborate test case within the European R&D
project FANTASTIC, see Valdenazzi et al. (2003).

The Wigley hull was panelized (one symmetric
half) by 605 hull panels (4482 panels at the free sur-
face domain) with a slight stretching towards bow
and stern. The wave pattern resistance was deter-
mined by longitudinal wave cut analysis utilizing
SWASH. The wave pattern itself was computed by
the nonlinear free surface Rankine panel module
of the SHIPFLOW system. Thorough convergence
was imposed for the wave elevations and for trim
and sinkage.

All but the centerline hull panels were utilized for
the hull perturbation. Only slight variations of about
1% in length and breadth were allowed. Displace-
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Fig. 5: Bottom view of the initial (top) and
optimized (bottom) Wigley hull.

ment and waterplane area were relaxed to 5%
of their initial values to give freedom to the op-
timization, the example having been chosen to il-
lustrate the method. In total 11 successive sub-
optimization loops were automatically performed
by MinSWASH until the improvements in Ry p fall
below a stopping criterium.

A substantial decrease of the wave making re-
sistance by 49.4% was achieved. Both the dis-
placement and the water plane area approach their
lower bounds allowed within the optimization. The
center of buoyancy experienced a slight forward
shift of 0.23% Lpp. The hull outlines are com-
pared in figure 5. Following optimization achieve-
ments led to a substantial reduction of the bow and
stern/transverse waves (compare figure 6):

e The narrowed waterline angles at the entrance
and run considerably reduce the bow and stern
wave crests.

e The emerging shoulders (the initial hull nei-
ther features pronounced shoulders nor inflection
points because of parabolic waterlines) are lo-
cated at exactly half the fundamental wavelength
resulting in a cancelation of the aft shoulder wave
train.

e The fore shoulder wave train locates exactly one
fundamental wavelength ahead of the stern wave
system almost eliminating the latter.

Given a constraint minimization task, this is the ex-
pected result of the wave pattern resistance min-
imization for the Wigley hull. However, the aug-
mented flow deflection at the shoulders may cause
adverse viscous effects which were not studied
here.

An application case of practical relevance is the
FantaRoRo twin screw ferry which is taken to be
arepresentative contemporary design. The main di-
mensions are: Lpp = 122.74 m, B=192m, T =
5 m and Cp = 0.606. The Froude number of 0.311
corresponds to the service speed of 21 knots. The
hull surface was discretized by 1166 (longitudinal
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Fig. 6: Wave contours of the initial (top) and
optimized (bottom) Wigley hull (£, = 0.3).
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Fig. 7: Total resistance trial prediction (ITTC
based) for the FantaRoRo (service speed 21 knots).

stretching towards bow and stern), the free surface
by 4674 panels.

The optimization setup was very much the same
as for the Wigley hull, again the bounds for dis-
placement and waterplane being relaxed to +5%.
(Typical optimizations usually are more restrictive.)
All but the hull panels covering the flat of bottom
and the stem profile, which were frozen during op-
timization, were utilized for the hull perturbation
(> 1000). In total 17 successive sub-optimization
loops were conducted in automatic manner with
ample convergence of the leading measures already
within 15 loops.

The wave pattern resistance could be significantly
reduced by 39.9%. Extrapolating the results to the
trial condition (based on the ITTC method and a
form factor assessment) yields a tangible reduc-
tion of the total resistance by 15.6% and of the
resistance-displacement ratio by 11.3%, with the
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improvements extending over a broad speed range,
see figure 7. The distribution of wave energy in

Fig. 9: Ship lines of the initial and optimized
FantaRoRo.

Fig. 10: Hull renderings of the initial (top) and
optimized (bottom) FantaRoRo.

terms of Cyp along the components 0 of the wave
system reveal the substantial reductions achieved
in the transverse waves regime, particularly, in the
stern wave system, see figure 8. Whereas, the gains
and losses in the diverging waves are balanced.
Both the displacement and the water plane area ap-
proach their lower bounds. The centers of buoyancy
and floatation experienced a forward shift. Ship
lines and hull renderings are presented in figures 9
and 10. In conclusion, the optimization achieve-
ments are (compare title figure showing the wave
contours of the initial and optimized FantaRoRo
ferry):

e The narrowed waterline entrance in conjunction
with the increased down-flow at the bulb back re-
duce the bow and entrance waves.

e The bulbous bow wave crest and fore shoulder
wave trough are positioned almost one funda-
mental wavelength apart generating a beneficial
wave train interference.

e Evolving fore and aft shoulder wave troughs are



approximately half a fundamental wavelength
apart resulting in a cancelation of the aft shoulder
wave.

e The pronounced fore shoulder wave trough shifts
aft which,

e in conjunction with the leveled transom flow sep-
aration, efficiently eliminates the stern wave sys-
tem.

Within the optimization viscous flow effects were
not taken into account. Therefore it is likely that the
hull will not yield the full benefit as predicted with
potential flow theory.

7 Summary

A novel hull form optimization approach is pre-
sented. It builds on inviscid, potential flow sim-
ulations of the ship wave pattern, on straightfor-
ward realization of the cause and effect relation of
hull variations and their impact on wave formation,
which is accessed by a perturbation approach, and
on wave pattern analysis which yields the objective
function of optimization in terms of free wave spec-
tra and the wave pattern resistance. These features
are highly integrated and controlled by a fully au-
tomated, self-governed optimization environment
called MinSWASH to improve the ship’s wave-
making characteristics accompanied by a substan-
tial reduction of the resistance and power consump-
tion. Lying outside the focus of the present work,
viscous dominated properties like the propulsive ef-
ficiency of the optimized hulls needs to be further
assessed either by CFD or EFD.

In particular, the following has been shown:

e The wave-making characteristics could be con-
siderably improved with a substantial reduction
of the wave (pattern) resistance by up to 50%.

o Hull variations are driven by a flow related quan-
tity to meaningful optimum hull shapes with the
hull geometry fully self-adjusting according to
the optimization requirements.

e Optimal interferences of local wave trains are en-
forced both in amplitude and phase which results
in a beneficial cancelation of the wave trains.

e The specific fingerprints of locally confined hull
variations can be effectively traced in the wave

spectra and in the wave pattern resistance to al-
low a focused minimization of particular adverse
wave components.

e This significantly improves the system identifica-
tion since the additional information in terms of
the wave spectra and the distribution of the wave
pattern resistance over the waves range are di-
rectly utilizable as objective function.

e Linear perturbation of the boundary value prob-
lem proved to be a valuable method of access-
ing nonlinear relations. Thus, fast and straight-
forward evaluation of the sensitivities of the ob-
jective function and the constraints is enabled,
allowing a simultaneous treatment of numerous,
locally acting optimization variables which intro-
duces a high degree of freedom to the hull varia-
tion.

e The entire optimization process can be effec-
tively established in terms of an iterative march-
ing scheme of successive sub-optimization loops,
each mapping (as a consequence of linear per-
turbation) the solution space to a simplified con-
vex quadratic image, the sub-optimization space,
which merely possesses a single minimum deter-
mined by the active constraints.

The outlined approach was already successfully ap-
plied to customer optimization projects at FRIEND-
SHIP SYSTEMS GmbH. Further development and
integration is underway such as coupling the es-
tablished parametric and the novel method advan-
tageously.

It should be pointed out that highly developed hull
lines naturally do not possess the potential of 50%
reduction in wave resistance. However, the reduc-
tion of total resistance by 2-6% is regularly achiev-
able, see Harries et al. (2006).
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