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SUMMARY

The increased availability of computational resources has transformed the prediction of
engineering quantities of interest at the design stage. For ship hydrodynamics, this means
analysts are now able to predict the power requirements of a vessel at model-scale with good
accuracy, routinely. As ever more intricate analysis methods and tools are developed, it has
become apparent that modelling all physical phenomena at full-scale remains unattainable both
presently, and in the near future. The difficulty in accounting for the full-scale performance
frequently limits analysis to model-scale, causing scale effects. Scale effects arise due to the
discrepancy in force ratios a model and the prototype will experience. One main consequence
of the presence of scale effects is the difficulty in demonstrating the efficacy of new
technologies, such as novel energy saving devices. The naval architecture community is
therefore not ready to shed many of the historic assumptions made in the design of vessels. A
prime example of this is the hydrodynamic modelling of a ship’s full-scale power requirements.
Performing solely numerical simulations to obtain such data is considered risky, and is
typically accompanied by model-scale experimentation and/or simulations. This work will
focus on scale effects encountered when modelling the towed resistance of a ship at model and
full-scale. The reasons scale effects are in many cases tolerated, and the problems they may
cause are also reviewed. The only remedy to circumventing the presence of scale effects is to
work in full-scale at the design stage, but there are a number of problems in doing so. These
issues are also explored in this work, with special emphasis on the bottlenecks in adopting full-
scale Computational Fluid Dynamics (CFD) numerical simulations as the only prediction tool
used in the design process.

1. INTRODUCTION

Historically, the field of naval architecture has relied on a combination of model testing and
scaling laws, known as extrapolation procedures, to predict full-scale power requirements.
These model-scale experiments aim to represent real-world prototypes and can be used to hone
in on a final design while bypassing possible modelling assumptions and simplifications such
as the neglect of non-linear phenomena or viscous effects in calculations.

Economic pressures, or the availability of facilities, space, and time frequently result in
intentionally small models, which may attract non-negligible differences with respect to the
full-scale prototype. These differences can be split into three categories [1]:
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1. Model effects: a result of incorrect reproduction of geometrical features, flow
properties such as turbulence, or wave characteristics.

2. Measurement effects: a consequence of dissimilar techniques of data collection
between model and prototype. For example, De Rouck et al. [2] report on the influence
of measurement location and related uncertainties on wave overtopping predictions.

3. Scale effects: a result of disparities in force ratios acting on model and full-scale
structures.

In ship hydrodynamics, model and measurement effects are typically considered negligible.
Large scale factors cause large scale effects, meaning that a model may not represent a
prototype well. Scale effects are therefore a source of considerable uncertainty, negatively
impacting the development of technology and innovations that may improve operational
performance, such as energy saving devices.

2. RESISTANCE EXTRAPOLATION AND SCALE EFFECTS IN SHIP
HYDRODYNAMICS

Scale effects arise due to dissimilarities in force ratios between model and full-scale ships.
Assuming one is able to reproduce geometrical and dynamical features correctly, similarity
between only two dimensionless groups is necessary: the Foude number and the Reynolds
number, shown in Eq. (1) and Eq. (2), respectively:

F,=V/JgL 1)
Re =VL/v (2)

where V is the ship speed, g is the acceleration due to gravity, L is the ship length, and v is the
kinematic viscosity. The Froude number represents the ratio of inertial and gravitational forces
and is associated with wave making. On the other hand, the Reynolds number indicates the
ratio of inertial and viscous forces. Moreover, it serves as an indicator to whether flow is
laminar, transitional or turbulent. If a hull is scaled for the purpose of an experiment, the
dissimilarity between either E, or Re is unavoidable for a model and prototype, leading to scale
effects.

2.1 EXTRAPOLATION PROCEDURES

There are two widely used approaches to extrapolate resistance from model to full-scale. These
are Froude’s approach, which splits the resistance into a frictional and residual component, and
Hughes’ [3] method which splits the total into a form resistance, frictional resistance, and wave
resistance. Both approaches rely on knowledge of the total resistance of a model and a friction
line, expressing the frictional resistance coefficient as a function of the Reynolds number.
When this component is subtracted from the total, according to Froude’s approach, the residual
component remains constant across all scales for a given F,, while Hughes retains a constant
wave resistance coefficient for a given F, and form factor (which is F,, and Re independent).
The two approaches are shown in Eq. (1) in dimensionless (coefficient) form. In other words,
changes in the total resistance coefficient of a ship and its model sailing at the same F,, can be
attributed solely to changes in the frictional resistance component.

Froude's method: Cr = Cr + Cy

Extrapolation methods { Hughes method: Cp = (1 + K)Cp + Cyy (1)

2.1.1 SCALE EFFECTS ON SHIP RESISTANCE COMPONENTS
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Until recently, extrapolation procedures are the only tool a naval architect can use to obtain an
estimate the full-scale resistance and therefore power requirements of a vessel. It is therefore
difficult to overstate their utility in the absence of alternative methods. However, as soon as
extrapolation procedures were devised, conceptual and practical problems emerged. For
example, it is known that no component of ship resistance remains constant for varying
Reynolds numbers. In deep waters, the form factor increases with Re at a monotonically
decreasing rate [4]. Thus, a ‘terminal form factor’ exists, which ceases changing with
increasing Reynolds numbers. Each submerged shape has a unique form factor, which is
estimated by via a Prohaska test, where the hull is towed slowly to eliminate Cy, from Eq. (1).
When combined with a friction line and the measured total resistance, one can obtain the form
factor (1 + k).

However, the Prohaska test is plagued by uncertainties [5], making the derivation of this
parameter non-trivial. There are also other problems, such as the procedure’s inapplicability
for hulls with submerged transom. Another difficulty lies in predicting the form factor’s rate
of change with Reynolds number (the scale effect) and the Reynolds number at which the so-
called terminal form factor has been reached since. Both of these are thought to also be unique
for each hull. Finally, there are outstanding questions with regards to turbulence stimulation in
experiments, and Froude number effects on the form factor [6], [7].

The wave resistance coefficient suffers from similarly many problems. Waves are known to
interact and modify the boundary layer of a ship meaning that wave resistance depends on the
Froude and Reynolds number [8], [9]. This is in direct contravention to Froude’s hypothesis
and affects both extrapolation procedures, since Cr contains Cy, in Eqg. (1). Moreover, Cg
contains the viscous pressure resistance component, which has not only eluded analytical
description [10], but also suffers from scale effects itself [6]. Further problems arise when one
considers that the International Towing Tank (ITTC) correlation line already contains a form
factor in its derivation. Both extrapolation procedure require a ‘flat plate’ friction line to be
used in the prediction of Cg, but correlation allowances are not calibrated for a flat plate line —
they are calibrated for the ITTC line, which is by definition, not a flat plate line.

In summary, extrapolation methods are highly useful because they are the only engineering
laws one can use to estimate the performance of a hull at full-scale. However, there are a
plethora of problems associated with their application, meaning that correlation allowances are
necessary to absorb the indeterminate magnitude of scale effects introducing considerable
uncertainty in the final prediction. This has profound consequences for the meeting of IMO
criteria to reduce greenhouse gas emissions from shipping because uncertainty constrains
innovation and may lead to sub-optimal choices at the design stage.

3. COMPUTATIONAL FLUID DYNAMICS

The past few decades have seen explosive growth in the use of CFD methods based on Navier-
Stokes equations. This has allowed the honing of techniques and procedures to predict ship
resistance at model-scale [11]-[13]. In large part, these efforts were helped by the existence of
benchmark geometries and high-quality validation data. A prime example is the KCS hull,
which has been subject to numerous experiments [14]-[17]. This has allowed the research
community to determine the best practice approaches for modelling ship hydrodynamics at
model scale, although it could be argued that further improvements in robustness are necessary.

While model-scale predictions are largely routine, the identification of full-scale procedures
and practices has not yet advanced sufficiently. If and when naval architects are able to provide
robust and reliable results from full-scale numerical simulations, innovative designs and
devices will emerge, improving overall performance. There are two main bottlenecks in the
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routine application of full-scale ship CFD, but as will become apparent subsequently, these can
be reduced to a single problem — the availability of computational power.

3.1 TURBULENCE MODELLING AND GRID NUMBERS

Ships typically operate at high Reynolds numbers where turbulence plays an important role in
determining local and global properties of the flow. At present, eddy-viscosity models (also
referred to as closures) are widely used in estimating ship resistance at model and full-scale.
However, to enable design that makes use of the flow properties, one must understand how
structures (the hull, or energy saving devices) interact with the turbulent wake. Since energy
saving devices operate in the viscously-dominated area of the flow, they suffer from
considerable scale effects. Thus, full-scale numerical simulations where at least part of the
turbulent kinetic energy spectrum is resolved are necessary. One popular approach is Detached
Eddy Simulation (DES), which enforces a Reynolds Averaged solution provided by an eddy-
viscosity model near walls, and switches to Large Eddy Simulation (LES) in the free-stream.
Such simulations are highly useful, because they can resolve energetic eddies without resorting
to the cell numbers required for LES, estimated at 10°~102 for full-scale applications [18]. The
proportion of the turbulent kinetic energy spectrum resolved by DES increases with grid
refinement, but taken to its limit at a cell size of Ax — 0, DES will not converge to Direct
Numerical Simulation (DNS) where all eddies are resolved. This is because DES requires an
eddy-viscosity boundary layer.

On the other hand, approaches such as Partially Averaged Navier-Stokes (PANS), or Scale
Resolved Hybrid (SRH) simulations can be truly adaptive and converge to DNS, but these have
not yet been widely used in the field. This introduces some uncertainty, because the optimum
set-up and choice among the available options is yet unknown. Increased automatic
adaptability, be it for turbulence modelling, time stepping, or grid refinement, is likely to
rapidly improve confidence and robustness of predictions. This will also enable a greater
number of users to obtain accurate numerical predictions, improving access, tapping into a
greater pool of talent, and accelerating innovation.

Provided one has decided on a suitable turbulence modelling strategy, the near wall grid is one
of the key outstanding choices. There are two approaches in this respect: resolving the viscous
sublayer (corresponding to y* < 5) and using wall functions (corresponding to y* > 30). It is
usually desirable to resolve the viscous sublayer, since the use of wall functions carries
additional assumptions. Grid resolution below y* = 5 is usually recommended for scale
resolved simulations [19]. However, examples of full-scale ship hydrodynamics with
corresponding y* values are rare. This is because of the scaling of grid requirements with
Reynolds number. If the same number of near-wall layers were used for a model and full-scale
simulation, the resulting y* would vary by a factor A3, with A being the scale factor [20].
Assuming a A of 50 and y* of 1 at model-scale gives y*~ 200 if one simply scales the grid with
L. Reducing the wall-normal direction only is not always advisable, since high cell aspect ratios
may cause divergence.

In full-scale, current evidence suggests that allowing y* to exceed 1,000 is not as problematic
as it is in model scale. In fact, such grids have been shown to provide essentially identical
results as grid with much lower y* [21]. To some extent, this alleviates the problem of
computational power availability, but it does not remove it altogether.

3.2 PRESENT STATE AND ACHIEVEMENTS OF FULL-SCALE SHIP CFD
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Full-scale ship CFD has been practiced for more than two decades. Yet the accuracy of such
predictions are not considered robust. Since all energy saving devices either operate within the
boundary layer or wake of a vessel, scale effects can have a profound impact on performance.
Moreover, potential savings from such devices are typically in the same order of magnitude as
scale effects. The work of the ITTC (International Towing Tank) Specialist Committee on CFD
and EFD Combined Methods [22] in popularising scale effects and the underlying problems
has stimulated research in this area resulting in a substantial body of literature on the topic [5],
[8], [23], [24]. Similarly, workshops on full-scale ship hydrodynamics are key to determining
the best practices in modelling to improve predictions.

3.21 THE 2016 LLOYD’S REGISTER FULL-SCALE SHIP HYDRODYNAMICS
WORKSHOP

Representatives 15 countries came together in November 2016 with the aim of building
confidence in full-scale ship CFD during a workshop organised by Lloyd’s Register [25]. This
international effort was the first numerical modelling workshop to focus exclusively on full-
scale ship hydrodynamics. More importantly, it provided data for validation, which is
extremely rare and usually proprietary. This has historically meant that full-scale research is
not able to provide validation. For example, recent studies in full-scale ship hydrodynamics
use geometries or data that are not accessible to other researchers [26], [27]. In this sense, the
Lloyd’s Register data is a potential game changer and the plan of further full-scale trials are
particularly welcome.

The Lloyd’s Register report reveals a large spread of results and adopted approaches. For
example, some participants did not model the free surface and opted for a double body method,
while others modelled the superstructure and its corresponding wind resistance. Similarly,
some modelled sinkage and trim, while others did not. This likely contributes to the relatively
large spread in predictions. The results of this report are in a sense similar to the early ship
hydrodynamics workshops where model-scale results were examined. However, the
achievements of some participants, who attained comparison errors within 3% should not be
minimised.

One of the participants who achieved high accuracy summarised their work in a white paper
on full-scale ship hydrodynamics [20], where it was highlighted that experienced users can
provide robust results. Reliance on experience and presently available numerical modelling
techniques may be adequate for highly experienced users, but it will not enable a sufficiently
rapid transition to routine high-quality full-scale ship CFD. For this reason, increasingly
adaptive solvers are necessary. For example, adaptive meshing, time marching and turbulence
modelling.

4. CONCLUSIONS

It is difficult to overstate the value of robust full-scale ship resistance predictions. Achieving
routine, high-quality numerical simulation at large Reynolds numbers will enable advances in
energy efficiency and help ship owners or operators meet increasingly strict local and
international standards. A prerequisite to this is the sufficient reduction of uncertainties to
demonstrate the efficacy of energy saving devices in validated, full-scale operational
conditions.

Additionally, once full-scale ship CFD becomes more established, the field of ship
hydrodynamics will move on from tolerating and correcting for scale effects. Some of the key
conditions necessary to enable this transition include the increased availability of
computational power and the implementation of increasingly adaptive numerical set-ups to
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unlock CFD for a greater number of users. However, the most critical condition is the
availability of openly available high-quality datasets for validation purposes. This is the main
bottleneck at present, and if not resolved, it will continue to restrict confidence in full-scale
simulation with knock-on effects on innovation and energy efficiency achievements.
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