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ABSTRACT

Ship Resistance is the main cause for energy consumption of cargo vessels. The present paper summarizes
low resistance research at HSVA during the past years which provides the basis for further developments in the
EU funded TARGETS (Targeted Advanced Research for Global Efficiency of Transportation Shipping —
www.targets-project.eu) project. In general, ship resistance has two main contributors: i) pressure-related
components which can be influenced through form optimisation and ii) viscosity-related components which can
be influenced through advanced surface treatments, e.g. coatings or air lubrication. Optimizing hull forms can
lead to significant resistance reductions and hence fuel savings, resulting in cost savings and a reduced
environmental impact. The “classic” optimisation methods use coupled CAD-CFD processes, typically panel
codes which allow to quickly evaluate a large number of design alternatives and to find promising trends in
hullform design. A more advanced optimisation method is based on an adjoint formulation of the RANS solver
FreSCo". Advanced surface treatments influence viscous resistance. Recent investigations in HSVA'’s cavitation
tunnel, HYKAT, performed tests with different types of coatings. Propulsion Improvement Devices (PIDs) have
gained in popularity and acceptance as viable improvement measures. These devices, especially as retrofit, can
provide an immediate improvement to propulsion efficiency, leading to lower fuel costs and lower emissions.
These research topics also address the need to investigate different operational conditions to optimise a vessel
for her life-cycle. A thorough analysis includes, but is not limited to, variations in load conditions and speeds, as
well as added resistance due to hull surface condition, wind and sea states, shallow water and manoeuvring.
The present paper describes the influence of different resistance aspects and compares different approaches to
drag optimisation, an example assessment of the results obtained from different methods will be provided and
the effect on performance improvements and environmental impact will be highlighted.
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NOMENCLATURE
FreSCo" RANS solver developed by HSVA N sy
and TU-HH
PID Propulsion Improvement Device
Po Delivered power S Hull resistance)
Pe Effective power i
R+ Total resistance -
V Ship speed -
b Propulsive efficiency (Pg/Pp) - . Propelier » 31%

1. ENERGY CONSUMPTION BREAKDOWN
Figure 1: Energy consumption breakdown, cargo

A 2009 UN Daily News report stated that “around
80 per cent of global trade is transported by sea”
(UN Daily, 2009). Although maritime transportation
by ship is far better in terms of transport efficiency
(eg. E = WV / P where W can be either
displacement or payload) than other means of
transport, it is the sheer volume of seaborne
transportation that calls for both, improved energy
efficiency as well as lower emission levels.

This offers vast potential for improvements; the
effect from any improvements of energy efficiency
will be large scale. A breakdown of energy
consumption aboard a typical cargo vessel shows
that more than half of the practically available
energy is applied to overcoming hull resistance.

vessel

2. SHIFTING PRIORITIES CREATE NEW
CHALLENGES

Historically, ship designs focused on achieving an
optimum power requirement for a given design
speed. The objective was usually to determine the
necessary propulsion configuration. The criteria are
most often cost-driven and are set by the operators-
to achieve low fuel consumption for the design
speed.

Recently, regulatory bodies began placing
increasing emphasis on environmental issues, such
as exhaust emissions while in parallel overall
energy efficiency considerations lead to IMO criteria
such as the Energy Efficiency Design Index, EEDI.
The new challenge to designers is to reduce
emissions, while maintaining a competitive



performance profile within the limits of other design
requirements.

Fortunately, low fuel consumption and low
emissions are complementary. However,
improvement measures are complex and
interdependent, sometimes even contradictory.
Also, the interdependency of these measures
means that individual improvements may not be
superimposed. In order to achieve a global
optimum, a holistic view is required regarding the
primary reasons for energy consumption and which
measures reduce both fuel consumption and
emissions while meeting operator performance
requirements.

Despite the complex interactions of improvement
measures, the nature of each may be examined
more closely, to determine the influence over the
various ship characteristics, as well as to the extent
of interaction with other improvement measures.
More than 80% of the useful energy consumption
directly relate to  hydrodynamic  causes.
Hydrodynamic analysis and optimisation affect most
design variables, globally and locally. CFD analyses
provide detailed hydrodynamic ship performance
information, and display great potential for improved
efficiency predictions.

3. DIFFERENT SHIP TYPES AND OPERATING
CONDITIONS

For one ship speed may be a necessity, whereas
stability and manoeuvrability may be essential for
another ship. Each of these requirements can be
linked to one or more general categories of ship
performance characteristics

Resistance;
Propulsion;
Manoeuvring and sea-keeping.

How a specific ship design meets these
performance criteria is varied. Examining the
causes of these losses individually provides
information for developing targeted improvement
measures.

3.1 RESISTANCE

Regardless of the ship type or operating condition,
lower propulsive power consumption is nearly
always included in the set of performance criteria.
The effective power (Pg) necessary to overcome
the total hull resistance (Ry) at a given speed (V) is
given by the simple Pg = Rt * V.

The forces acting on a floating body consist of
hydrodynamic forces, the weight of the body and
external forces such as towing forces, propeller
forces etc. The hydrodynamic forces are obtained

by integrating the pressure and shear forces on the
body surface. From a hydrodynamic point of view,
lowering the total resistance lowers power
consumption.

This total resistance is made up of different
components, caused by a variety of factors, all
interacting with each other in a very complex
manner. For the purpose of hydrodynamic analysis,
a ship resistance is generally decomposed into the
following categories:

Pressure resistance
Friction resistance
Added resistance

3.1 (a) Pressure resistance

The pressure resistance is the net force due to the
pressure forces acting on the local normal to the
ship surface. This generally includes the wave-
making. The pressure resistance component is very
dependent on the ship form, hence an element that
can be influenced by design, while the viscous part
of the resistance mainly depends on physical
properties of the fluid and the hull surface, both
offering only limited latitude to influence. Form
optimisations have been carried out traditionally by
model basins using scale models. Today the role of
the physical model in the tank is taken over more
and more by CFD methods applied to analyse the
quality of the hull. The current stat-of-the-art is
characterised by tailored form optimisation tools or
process chains comprising a parametric CAD or
geometry model, a CFD code for free surface
predictions — typically a panel code based on
potential flow theory — and an optimisation tool.
These panel codes essentially neglect or
sometimes approximate the frictional resistance
component through empirical formulae. The
versatility of such optimisations has long been
proven, e.g. in the EU project FANTASTIC and
applications today cover a broad range of ship
types. Due to the efficiency of the panel methods a
large number of form modifications can be analysed
in automated processes, however accuracy of the
potential flow codes applied remains an issue. A
final model test to determine tangible data for ship
resistance is still required when using such
optimisations.

The following figure indicates parametrical
geometry changes to the bulbous bow of a small
passenger vessel and the resulting pressure
distribution on the fore body which yields an
improved wave resistance for the second variant.



Figure 3: Pressure distribution on fore body for 2
bulb variants

Besides more detailed investigations such as the
analysis and optimisation of the shape of a bulbous
bow, these tools also allow to perform global form
optimisations, e.g. the determination of main
particulars at a very early design stage. In the
following example the overall length of the forebody
of a container vessel has been investigated. The
objective function for this case was total Resistance
relating to Pg. Assuming that the hull influence on
propeller efficiency will not be altered by the
elongation of the fore body this will be an
appropriate measure for the energy consumption.
The following figure shows the stem contours and
buttock lines for several hull length variations.
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Figure 4: Hull profile for different forebody lengths

Results obtained from this exercise are shown in
the following figure, indicating a strong drop in wave
making resistance due to the longer forebody.
Checking the effective power reveals a — rather
shallow — optimum for an elongation of about 10 m.
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Figure 5: Resistance change over ship length
change

When adding further cost figures to the optimisation
it can be found that due to the gentle slope of the
objective function already a smaller increase in
overall length of about 3.5 m will yield a complete
return on (additional) investment over a period of
abt. 5 years.

As described in the introductory remarks already,
optimising for different operational conditions
becomes a more vital issue in recent years. Not
only tankers and bulk carriers but also container
ships do operate in more variable conditions today
due to flexible reactions to transport volume and
energy costs. This calls for more complex multi
objective / multi criteria optimisations to obtain
appropriate designs which perform best over a
range of conditions which they will meet during their
lifecycle. The following figure indicates results
obtained from the analysis of a post Panmax
container vessel operating on two different drafts,
fully laden and a partially laden condition at 0.7
Toesign and two speeds reflecting possible slow
steaming conditions.
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Figre 6: Comparison of for variant at different
draft and speeds

Adding more operational conditions to the overall
optimisation scheme and weighing the additional
“off design” conditions accordingly, often will yield a
different result and hullform as would be the case
for the design condition only. An aspect that has to
be kept in mind in such exercises is however the
accuracy of the predictions as stated above. For
many of the “off design” conditions unfavourable
flow conditions will arise, e.g. the draft will be
smaller and the bulbous bow may pierce the water
surface, creating a very complex local wave pattern
including also breaking waves. To capture these



phenomena is a big challenge for today’'s panel
codes and special care is required to predict
sensible data which allow for a proper ranking of
design alternatives. Recent experience shows that
relying on panel code based optimisations alone
often does not lead to the right result.

More recent research, in the VIRTUE and FORM-

PRO projects, has begun to use RANS predictions
for complete ship flow investigations including free
surface effects and multi-criteria optimisations for
the whole ship including propeller effects. These
investigations are more time-consuming, but
provide a much richer analysis of the ship
performance. The TARGETS project expands on
this investigation to include off-design conditions
and long-term analyses of life-cycle performance.

An example for RANS predictions using the
FreSCo" code to compute the flow about a bulk
carrier hull (cg = 0.8) at two different drafts is shown
in the figures below. The comparison with
experimental data is given in the model test
photographs shown below each computational
result. This as well as the comparison with model
test data for resistance (DR; < 1.5%) indicate that
the quality obtained from the numerical prediction is
clearly competitive and despite the present
performance  disadvantage of the RANS
predictions, compared to panel code, these will
form the basis for future accurate form
optimisations.

Figure 7: Bow wave at design draft

Figure 8: Bow wave at ballast draft

A propulsion optimisation using FreSCo" is
illustrated in the figure below showing the outcome
of a multi-criteria optimisation performed in the
VIRTUE project. The optimisation improved the
total resistance, as well as a numerical analysis of
the inflow to the propeller.

Figure 9: Optimised wake (left), original wake (right)

Another great advantage of CFD modelling is that it
allows to quickly analyse the qualities of also
unconventional hullforms.  Arbitrary  multi-hull
designs can be computed using the same
techniques as for standard ships and especially in
those areas where little design expertise is
available, the methods help to find the right choice
of main parameters for the design. The following
example shows a complex free surface prediction
for a SWATH design performed in a development
project.

Figure 10: CFD free surface computation of
SWATH



Figure 11: Streamlines, propeller wake distribution
of SWATH

3.1 (b) Friction resistance

Frictional resistance often is even more prominent
than the wave part, e.g. for slow ships like tankers,
bulk carriers. At low speeds, the waves generated
by a ship are relatively small; the total resistance is
strongly influenced by the frictional resistance. The
friction resistance acts tangentially to the ship
surface, a direct response to the viscous fluid
forces.

Historically, much of the knowledge regarding
friction resistance is based on flat plate theory and
experiments. Correlations between flat plates and
ship forms have been established. These
correlations are generally applicable, especially for
full-scale extrapolation of model test results.

While form does have a small role, generally the
surface quality is the key factor. Any additional
surface  roughness increases the frictional
resistance significantly over that of a smooth
surface. Organic growth on the hull is a prime factor
in this additional surface roughness. Other sources
of surface roughness are due to construction
details, such as weld seams. The figure below
illustrates the effects of surface roughness on the
speed-power curve, as well as loss in speed for the
same delivered power.
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Figure 12: Effects of surface roughness on power
required

Improvements of surface friction contributions to the
overall resistance are a major issue today. Time,
money and research effort have been invested in
developing new techniques. Those under
consideration include:

Surface coatings (novel bio-foulings, silicone, etc.)
Surface patterning (Riblets, Dimples)

Air lubrication

Boundary layer controls

Some of these concepts can be analyzed using
today’s CFD tools, e.g. air lubrication / multi phase
flows. The effort is however prohibitive to be used in
an optimisation.

Further and new CFD concepts are under
development to address these issues, e.g.
roughness, in the near future. Many of these are
intended to reduce fouling by inhibiting organic
growth. More recent research in the HYDROFERT
project investigated the effects of construction
details, to quantify the additional resistance of weld
seams and inappropriately places zinc anodes
more accurately. Historically, these construction
details were lumped together in a generalized
margin.

Another improvement measure, air lubrication, has
received renewed interest. This approach, pumping
air into one or more shallow cavities under the ship,
seems to offer large potential. The claims of
different technology providers are high. HSVA
performs experimental investigations, but final proof
in full scale applications is still missing.



3.1 (c) Added resistance

Figure 13: CFD computation of a ship in oncoming
waves

Added resistance is important for overall
performance and life-cycle assessment. Typically
only simple design criteria, often empirical data, are
used to estimate the effect. In some cases, the
added resistance may be predicted using potential
flow models with strip theory or the more modern
panel code. The TARGETS project will develop
more advanced RANS based techniques coupled
with far-field solutions.

Incorporating the interaction between viscous flow
and wave making is one of the essential progresses
in numerical ship hydrodynamics in the last years.
When applying the RANS method and the interface-
capturing method to predict the viscous free surface
flow, the ship is usually considered as fixed. To
make the computation even closer to the reality, the
dynamic trim and sinkage should be considered.
The procedure used by HSVA in the FreSCo" code
is based on a coupled iterative solution of the
viscous free surface flow, and the equation of
motion of a rigid body. The interaction between the
fluid flow and the rigid body motion is accounted for
by including the equations of the rigid body motion
into the RANS solver via user coding interface,
where the numerical grid is moved to ensure that
the grid remains adapted to the varying geometry
due to body movements.

3.2 PROPULSIVE EFFICIENCY

So far elaborations have focused on resistance
components, i.e. the environmental reaction to a
self propelled ship, with no consideration to the
propulsion itself. The figure below illustrates the
region where the propeller-hull interaction is
strongest for a single-screw vessel.

Figure 14: Area of greatest propeller-hull interaction

The hull blocks some of the inflow to the propeller.
In turn, the acceleration of the fluid by the propeller
creates a stronger pressure drop on the hull.

The resistance is the force to overcome and most
ships use propellers to do so. Propellers generate
thrust, but they also come with losses. To fully
assess energy efficiency, the complete system of
ship and propeller needs to be investigated, and
optimised.

As seen in the energy breakdown, 31% of the
useful energy consumption is attributed to propeller
losses. These are nearly equally divided between
frictional-, rotational-, and axial losses.

Figure 15: Propeller tip vortices and cavitation

Just as with the hull resistance, the propeller offers
another significant potential for improvements.
These improvements may concentrate on the
propeller design directly, on the hull-propeller
interaction through position changes, or on the
effects of a PID. Individual improvements may not
be completely superposed; these measures may be
combined to complement each other to provide an
overall improvement.

Optimising the ship hullform while taking the effect
of the rotating propeller into account is one of
today’s big challenges in hydrodynamics. The CFD
answer to this is to use an adjoint formulation in the
RANS equations which accounts for a set of object
functions which can be specified to increase
propulsive efficiency. Based on the FreSCo" code
such an adjoint solver — adFreSCo — has been
developed and is further extended in the context of
research projects such as TARGETS and Form-
Pro. The following figure shows the results from a
prediction for a medium sized bulk carrier, colours
denoting the sensitivities to form variations based
on a complex objective functions which accounts for
(total) resistance and propulsive efficiency, both
determined in a compound model which includes
the propeller effects through an embedded potential
flow code. Red colours denote an improved



geometry through an inward deformation while blue
colours indicate the opposite direction. The lower
figure shows results obtained for a manually
modified hullform which indicates improvements
especially at the bottom of the stern bulb.

Figure 16: Stern bulb optimisation based on
adFreSCo sensitivities

Although the successive application of this method
already offers a large potential for improvements
and manually generated designs on the basis of the
information generated can reach the desired
performance in a few steps only, the adjoint method
will be linked with a parametric hull design and
deformation module in the next step to allow also
for automated processes.

3.3 PROPULSION IMPROVEMENT DEVICE

The hull and propeller on a ship are interdependent.
The most effective measure to reducing the energy
consumption during ship operation is to combine
the optimal hull form design with respect to
resistance and wake distribution with the best
propulsion system with respect to the power
demand. In this context, several PIDs have been
experimentally investigated at HSVA in recent
years.

The advance of modern RANS codes and the far
increasing computer technology have delivered
advantageous theoretical means to understand and
improve such flow configurations. The CFD studies
include resistance and wake predictions and
numerical propulsion tests. Main outputs of a
propulsion test are the turning rate N, the thrust T
and the torque Q of the propeller and the resulting
propulsion efficiency which is defined as

D— PE/PD

An indicator for the efficiency gain is the relation
between the propulsion efficiency of the bare hull
and the bare hull with PID.

Figure 17: Bare hull (left), Pre-swirl stators (right)

We know from the propulsion theory that even for
optimal hull forms there are propulsion losses. For
right-hand single-screw ships the propeller rotates
in the same direction on the port side as the
tangential component of the inflow; the so-called
propeller slip loss leads to lower thrust and
efficiency on the port side. As pointed out above,
the tangential velocity component on the port side
was reduced through the installations of fins and
duct for the present tanker. Thus a positive effect of
these PIDs could be expected.

Another propulsion loss is the slipstream loss
behind the propeller, in terms of the kinetic energy
losses.

Numerical simulations of the effect of propulsion
improving devices with the RANS code FreSCo*
show a good agreement with experimental data
with respect to the prediction of the wake
distribution, the resistance and the propulsive
quantities. The gain in propulsion efficiency through
PIDs can be explained by comparing the inflow field
and the propulsion losses in the propeller
slipstream. The figure below shows the effects of a
pre-swirl stator on the in-plane vorticity, using
FreSCo" coupled with a panel code to model the
propeller.

Figure 18: Computed effects on in-plane vorticity

4. IMPROVED SERVICES THROUGH RESEARCH
PROJECTS

Hydrodynamic research has a long history, more
than 140 years passed since Froude started the
first systematic investigations using scale models.
Over time, issues and questions have evolved and
new solutions had to be sought to give the right
answers to challenging problems associated with
the size development of modern ships, new speed
ranges and safety and comfort levels. On the other
hand new concepts and technologies have
spawned a lot of research in the hydrodynamic



field, development and application of advanced
CFD methods being a prominent example. Past and
ongoing R&D projects have helped to establish a
comprehensive range of hydrodynamic services
today. HSVA followed a strategy of running and
participating in a string of joint EU and national
research projects complementing and building on
top of each other to achieve today’'s level of
competence.

Starting in the European Union’s 5" Framework
programme, a number of projects dealt with basic
optimisation  techniques (FANTASTIC) and
methodical analysis for important flow aspects
(EFFORTS, Leading Edge, EROCAYV) which lead to
a much improved comprehension of necessary
investigations. This was followed by the VIRTUE
project in the 6" Framework programme. Here the
primary focus was on improving CFD tool
performance and accuracy. With the results from
VIRTUE in hand, the present 7" Framework
programme again sees a range of application
oriented projects using advanced CFD simulation
techniques to improve propeller designs, e.g. in the
STREAMLINE project and as part of the TARGETS
project, or to assess overall ship hydrodynamic
performance as is one of the prime elements in the
TARGETS project.

This line of developments is further fostered
through a line of national projects funded by the
German Ministry of Trade and Industry. These
focus e.g. on form optimisation aspects (Form-Pro,
HEIS-Optimisation) and accuracy (ABSS).

These research projects have produced a range of
individual tools largely improved in terms of
accuracy, flexibility and reliability of CFD
predictions.

Based on these results HSVA have established a
comprehensive range of hydrodynamic services
and dedicated processes to investigate
hydrodynamic performance and to optimise ship
design with respect to its hydrodynamic properties.
Today, based on almost 100 years of experience in
hydrodynamic design and optimisation, we can offer
a compete range of numerical and experimental
investigations and give answers to all practically
relevant questions related to the hydrodynamic
contributions and influences on ship energy
efficiency. Experience on one hand and the
availability of a huge database of experimental
results prove extremely valuable for the
development of in-house CFD tools in that they
provide a reality check for the numerical results.
The strong combination of both, CFD and
experiments puts HSVA in the front line of
hydrodynamic service providers.

Customers benefiting from such services come
from all over the world and HSVA has been
involved in the development of leading ship design

projects such as almost all ultra large container ship
designs and a large range of bulk carrier and tanker
designs over the past years, thus helping to save
energy and natural resources and rendering ship
operations greener.

5. CONCLUSIONS

Hydrodynamics play a key role in the overall quest
for improved energy efficiency of seaborne
transportation. Ship resistance and propulsion on
average account for almost 85% consumption of all
useable energy of a merchant vessel. Improving
both, the resistance characteristics and the
propulsive efficiency of a ship can yield significant
improvements in energy consumption for this
vessel. As much as can be gained on a single ship,
the full potential of such hydrodynamic
optimisations becomes clear once the overall scale
of seaborne transportation is envisaged.

Methods and tools for hydrodynamic analysis have
evolved over time: where once a long range of
scale model tests has been conducted, numerical
methods have taken over in recent years. CFD
based form optimisations using panel methods
have been established in the past two decades and
today RANS based optimisation techniques provide
cutting edge technology in practical applications.
Major research and development effort over the
past years has led to high quality, validated
methods and tools with good performance which
are ready to use.

Experience shows that applying CFD analyses at
the design stage of a new vessel can yield up to
15% reductions in Pp through optimisation of both
form  (pressure) resistance and propulsive
efficiency. Hullform optimisations relating to
pressure or wave resistance alone still can obtain
remarkable reductions in simpler, panel code
based, optimisation processes. Later modifications
of an existing ship — retrofits — generally have little
influence on the pressure resistance, as this would
entail a form modification of the ship hull which is
often beyond scope.



Retrofits will benefit most from influencing the
viscous drag, e.g. through advanced coatings and
possibly retrofitted air lubrication systems, or from
adding propulsion improvement devices. PIDs are
the most promising technologies as they can be
retrofitted on an existing ship and examples
investigated so far indicate that between 2% and
5% of the delivered energy at the propeller can be
saved. This savings translates directly into lower
fuel consumption and, hence, lower costs and
emissions.

HSVA offers a large range of both, numerical and
experimental services which help to render today’s
and tomorrow’s ship operation greener.
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