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Preface

An event being organized for the fourth time at regular intervals evokes a certain level of continuity. After three success-
ful editions, it seemed worth spending some time to choose an acronym, which would make referring to the Fourth /n-
ternational Conference on Ship MAnoeuvring in SHallow and CONfined Water much easier. This allows us to welcome
you at MASHCON 2016 !

As for the first three editions, MASHCON 2016 is open for all contributions related to hydrodynamic aspects of ship
manoeuvring in navigation areas with restricted dimensions in horizontal and/or vertical direction. For both scientific re-
searchers and nautical experts, ship behaviour in shallow and confined water remains a niche domain. As a matter of
fact, seagoing ships are only being confronted with such conditions in harbours and their approach channels, unlike in-
land vessels, for which shallow and confined waters can be considered as a natural habitat. Nevertheless, each confer-
ence so far has put a spotlight on one specific topic within this scope. After ship-bank, ship-ship and ship-lock interac-
tion, this edition will be particularly dedicated to ship-bottom interaction.

While the effects due to the close vicinity of the bottom are the core of shallow water ship hydrodynamics, the selection
of this main topic has been inspired by the increasing interest in the phenomena occurring in the gap between the keel of
a ship and the bottom of a waterway. Different motivations can be identified for this interest. As a result of increasing
accuracy of methods for determining a ship’s position, also in vertical sense, bottom surveys, maintenance dredging
techniques and water level prediction tools, the margins with respect to the required under keel clearance can possibly be
reduced, which of course has a beneficial impact on maintenance dredging cost. On the other hand, smaller margins are
only appropriate when the overall risk remains within acceptable limits. It should be borne in mind that a minimum
UKC is not only required to avoid bottom contact due to squat, response to waves, passing ships. A minimum UKC is
also required to guarantee a minimum level of manoeuvrability and controllability. Another issue arising in many navi-
gation areas concerns the problematic definition of the boundary between bottom and water. On the one hand, ship in-
duced flows may cause erosion and sedimentation of the bottom, but on the other hand, a ship’s behaviour may be fun-
damentally changed due to interaction with fluid mud layers covering the solid bottom. Eventually, a considerable share
of the contributions to MASHCON 2016 appear to be related to the main topic, which confirms the interest from differ-
ent viewpoints.

The main purpose of organising a conference is, of course, to provide a meeting opportunity to discuss progress in scien-
tific research and to stimulate mutual contacts between experts in practical and theoretical aspects. The Knowledge Cen-
tre Manoeuvring in Shallow and Confined Water intends to offer an added value to participants of the conference by
making benchmark model test data available for the validation of mathematical and numerical models and tools. On the
occasion of the call for papers for MASHCON 2016, a selection was made among model test data which were obtained
at Flanders Hydraulics Research with the DTC container carrier at low under keel clearance in the framework of the Eu-
ropean SHOPERA project. The data present time series of sinkage and trim, surge and sway forces, and yaw and roll
motions, during captive harmonic sway and yaw tests. It is appreciated that the full benchmark data which were released
last year have been requested by eleven researchers. This finally led to the submission of three papers, while the other
applicants informed us they have not been able to finalise their research yet due to time constraints and/or limited re-
sources. It is also encouraging to notice that some of the benchmark data distributed on the occasion of the former con-
ferences are being used for validation purposes in the contributions to this Conference. Numerical methods are in full
development and are quite promising. They are potentially able to provide more insight into the detailed flow in the lim-
ited area between keel and bottom, but validation data are required to assess their reliability and applicability. By pub-
lishing open model test data, the Knowledge Centre wishes to make a modest contribution to this evolution.

In order to offer some continuity to the target audience we aim to address, a return period of two to three years seems to
be optimal. On the other hand, the full organisation of a conference places an important workload to the research groups
within the Knowledge Centre partners. For this reason, we try to alternate conference venues in our home cities with lo-
cations abroad, relying on partner institutions with common interest. In 2011, MARINTEK and NTNU relieved us of
hosting the second conference, and at present, we highly appreciate the efforts of our local host, the Federal Waterways
Engineering and Research Institute or Bundesanstalt fiir Wasserbau (BAW), who was found willing and enthusiastic to
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take the organisation of MASHCON 2016 on their shoulders. As a result, Hamburg is the fourth city to host our Confer-
ence, after Antwerp (2009), Trondheim (2011) and Ghent (2013).

Contacts between the Knowledge Centre partners, Flanders Hydraulics Research (FHR) and Ghent University, and the
Hamburg office of the Bundesanstalt fiir Wasserbau already go back many years. This is not surprising: FHR and BAW
are both governmental institutions, with a core task to provide consultancy to the administrations with respect to issues
relating to waterways engineering. Both institutions have been confronted with the need for broadening their activities
from purely hydraulic issues to topics related to the behaviour of a ship in confined waterways. It is not a coincidence
that both institutions are interested in common topics such as ship’s squat, effect of muddy bottoms on navigation, ship-
bank interaction, and often rely on model test techniques for acquiring more insight into the physical background of the
governing effects. The problems with which the maritime ports and inland waterways have to cope in both countries, are
actually very comparable. Antwerp and Hamburg not only meet each other as competitors for silver and bronze on the
European container ports winner’s podium, but also experience common opportunities and challenges as ports connected
to sea by a long channel dredged in a natural river with an important tidal regime. To mention another example, the
problems related to sedimentation and fluid mud in German and Flemish ports can be considered as variations on the
same theme, although solutions may in practice be quite different.

One change with respect to the former conferences needs to be mentioned: contrary to the three first editions, MASH-
CON 2016 is no longer co-organised by the Royal Institution of Naval Architects. Nevertheless, the efforts of the Insti-
tution in spreading the call for papers and the announcements for the conference is quite substantial. We are grateful to
the R.ILN.A. for their support in the starting up of this Conference series, and look forward to further co-operation in the
future.

34 contributions by authors from all over the world, an interesting excursion program, a committed local organising
staff, a city full of activity exuding a maritime atmosphere.
Welcome to MASHCON 2016, welcome to Hamburg!

Katrien Eloot Marc Vantorre Maxim Candries
Flanders Hydraulics Research Ghent University Ghent University
&

Ghent University

On behalf of the Knowledge Centre
Manoeuvring in shallow and confined water
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Invited Keynote Speech

by Wolfgang Hintzsche (Capt., BSc, Marine Director)

German Shipowners' Association (VDR)

The key note is given by Wolfgang Hintzsche, who will provide the ship-owners' perspective on harbour and waterway
management and approach channel restrictions.

Capt., Bsc., Wolfgang Hintzsche is Marine Director at VDR, the German Ship-Owners Association, and is the repre-
sentative of the German Ship-Owners at the IMO.

The German Shipowners’ Association (VDR):

The German Shipowners' Association (Verband Deutscher Reeder, VDR) is responsible for representing the common
business and social policy interests of German shipping companies at federal and state government level. The VDR was
founded in 1907 and merged with the Association of German Coastal Shipowners (Verband der Deutschen
Kiistenschiffseigner) in 1994. With approximately 220 members, the German Shipowners’ Association represents the li-
on’s share of the German merchant navy. Further particulars are available at www.reederverband.de.
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SHIP-INDUCED SEDIMENT TRANSPORT IN COASTAL WATERWAYS (SeST)

K Uliczka and B Kondziella, Federal Waterways Engineering and Research Institute, Germany

SUMMARY

The question of the extent to which the residual sediment transport in estuaries is influenced by the passage of ever
larger vessels has repeatedly been discussed during the last decade. In the context of the natural (tidal) transport of sedi-
ment and suspended matter in coastal waterways and the increased sedimentation in port basins and marinas along the
estuaries following a series of extension measures. Measurements carried out in "still" water illustrated not only the
available options but also the limitations of the various measurement techniques for recording the increased sediment
concentration which is induced in the water column by sailing vessels. The use of redundant measurement techniques
permits a scientifically confirmed evaluation and provides initial insights into the magnitude of the increased ship-

induced sediment concentration in coastal waterways depending on the passing vessels.

1 INTRODUCTION

In the context of the natural (tidal) transport of sediment
and suspended matter in coastal waterways and the in-
creased sedimentation in port basins and marinas along
the estuaries following a series of extension measures.
The question of the extent to which this residual sedi-
ment transport is influenced by the passage of ever larger
vessels has repeatedly been discussed during the last
decade.

Research in the literature showed that on the one hand,
studies of ship-induced sediment transport have been
carried out to investigate the resuspension or erosion of
shore zones due to ship-induced wave systems in inland
waterways and coastal waters (e.g. [12], [5], [11]) and
enable the ship-induced increase in suspended matter in
the cross section of the water body to be estimated by
integration in relation to naturally induced values (e.g.
[4]). However, the majority of such works have been
concerned with the passage of pusher craft, coasters,
smaller ships and recreational craft in inland waterways
and rivers (e.g. [10], [1]). Furthermore, simple analytical
approaches have been developed, mathematical models
used and compared (e.g. [6]) and existing approaches
called into question on the basis of new numerical mod-
els and field measurements, for example with respect to
the impacts of propeller wash (e.g. [15]).

As container ships continue to increase in size and new
plans are devised to adapt the fairways of coastal water-
ways for container shipping, the recognition that ship-
induced sediment transport contributes to the sediment
regime of tidal estuaries takes on growing importance.
Whether or not this increased vessel size could also have
a tangible influence on the sediment transport regime of
tidal estuaries is explained and debated in the following
with reference to preliminary basic measurements carried
out in the KIEL CANAL in the framework of the BAW's
R&D project on ship-induced sediment transport (SeST).

The interaction between the sailing ship and the coastal
waterway, and in particular with ship-induced suspended
sediments, is not considered further in this work because
the sediment concentration in the water column is rela-
tively low compared to fluid mud and therefore no signif-

icant interactions are anticipated. Additional comprehen-
sive studies of the ship dynamics of ultra large vessels in
coastal waterways of limited width and depth are being
undertaken by the BAW on behalf of the German Federal
Waterways and Shipping Administration (WSV) (cur-
rently e.g. [13]).

2 THE SeST RESEARCH PROJECT

The main overarching objectives of the BAW's ongoing
research project on coastal waterways, which was
launched in 2011, are to record basic information on
ship-induced sediment transport (SeST), to differentiate
this information spatially and according to processes, to
develop empirical-analytical approaches for estimating
SeST in coastal waterways in the near field, the far field
and the shore zone and to determine SeST as a propor-
tion of the total volume transported in a tidal estuary.

Figure 1 illustrates this spatial and process-oriented dif-
ferentiation by dividing sediment transport between the
near field (approximately two ship widths), the far field
(transition from the fairway to shallow water) and the
bank zone.

Lo
Near field: )

+ Wave systems
« Displacement current
« Propeller wash / wake
» Sediment concentration

Bank zone: Far field:

« Wave transformation « Orbital current

« Displacement current + Displacement current

> Sediment concentration > Sediment concentration
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_ﬂ ~ . DRAWDOWN

Bank zone Far field Near field

Figure 1. Diagrammatic view of ship-induced sedi-
ment loading differentiated spatially and
according to processes.



The conceptual model of transient, ship-induced flow
and turbulence development, including the influence of
the propeller, is presented as a side view in Figure 2.

Near field: )
« Long wave system / displacement current

« Turbulence development

« Propeller suction / wash / wake

> Sediment concentration

Figure 2. Schematic model showing the development
of transient, ship-induced turbulence and
flow in a ship's near field (vertical exag-
geration)

Owing to the interdependence of the tidal and ship-
induced physical processes which influence ship-induced
sediment transport (SeST) in a coastal waterway, meas-
urements carried out in the field are essential in order to
gain an insight into the relevant interactions. SeST meas-
urements in the near and far fields as well as in the bank
zone are required for a holistic view.

The methodological structure of the BAW research pro-
ject is shown in the diagram below (Figure 3), which
groups the various sub-projects on the top level (plan-
ning, recording, evaluation and implementation) together
with their respective work packages. Some of the work
packages under the recording and analysis sub-projects
are processed concurrently.

R&D-Project: SeST in Approach Channels ‘

‘ Planning ‘ ‘ Recording ‘ Evaluation ‘ ‘ Implementation ‘

a N

still water measurement Processing of results Integration in sediment
campaign management concept

Evaluation of results | Publication of results

Development of empirical- i Validation of HN methods
computational approaches analytical/appiroaches, | oTssTemAGTRsERRSSIRR

Analysis of literature

||
Development of
measurement concepts

Tidal cycle measurement
campaign

Verification of existing

Evaluation of waterway Validation of developed -
sedimentology approaches )

Figure 3. Diagram of the realisation concept for the
BAW SeST R&D project

The first measurements were required to be carried out
under controlled conditions in "still water", for instance
in the KIEL CANAL, with a minimum of "background
noise"; after verifying the measurement techniques in this
way, the next step was to embark on more measurement
campaigns under tidal conditions.

The near-field analyses of passing vessels were intended
to provide detailed insights into the physical processes
both of the water flowing around these vessels and of
ship-induced sediment transport, to enable the influence
of the displacement flow, propeller wash and the wake,

for example, to be determined. To permit a complete
description of ship-induced sediment transport in a cross
profile, it was necessary to simultaneously record SeST
in the far field as well as in the bank zone.

Various measurement techniques such as ADCP/PDT
from Aqua Vision, a cooperation partner in the Nether-
lands, backed up by sample collection and a few other
systems including an Innomar SES2000 supported by the
NIAH at HafenCity University Hamburg (HCU), a pro-
ject partner, as well as single probes (turbidity, flow,
water level) needed to be tested and their suitability es-
tablished for the task at hand.

The results of the hydrodynamics measurements and the
measurements of ship-induced sediment transport in each
zone then had to be analysed according to processes,
formulated as empirical-analytical approaches and as-
sessed with regard to their accuracy and limits of ap-
plicability.

3  MEASUREMENTS IN THE KIEL CANAL

The measurements in "still water" without any "back-
ground noise" due to flow-related turbidity were carried
out in the KIEL CANAL, which links the North Sea to
the Baltic, at approximately km 18 not far from the
Hochdonn viaduct [7]. The sediment at the bottom of this
canal section is comprised of about 75% fine to medium
sand (62 < um < 500), which could be suspended as a
result of passing vessels.

The measurement configuration in cooperation with the
Waterways and Shipping Office (WSA) Brunsbiittel and
Aqua Vision is summarised in Figure 4 and consists of
the following individual components:

| 3 x CTD + turbidity + current I )

Figure 4. Measurement configuration for recording
ship-induced sediment transport in the
"still water" of the KIEL CANAL

e Three autonomous CTD, OBS turbidity and
VECTOR flow probes installed near the bottom
of the cross profile as a stationary, continuous
measurement system.

*  Ship-based ADCP/PDT cross profile measure-
ments before and after the passage of vessels ([2]).



*  Ship-based profiles in the wake with lowered
CTD and OBS turbidity probes.

»  Ship-based SES cross profiles for analysing the
acoustic signal in the wake.

*  AIS for detecting passing vessels and determin-
ing their ship parameters.

Stationary measurements were performed during the
period from 17 to 25 September 2012 at the three points
near the bottom for 506 passing vessels (both convoys
and single vessels).

In addition, 79 passing vessels were recorded by means
of ship-based measurements during the period from 18 to
20 September 2012; 161 profiles with lowered probes
(CTD + SSC) and 175 SES cross profiles (acoustic signa-
ture) were measured on these three days while measure-
ments for a further 523 ADCP/PDT cross profiles
(SSC + v) were conducted and documented.

4 EVALUATION OF THE RESULTS

The various systems used for the measurements are pre-
sented in the following for selected events, which are
representative of the large number of passing vessels
recorded. After discussing the results and analysing their
fitness, the suitability of each system for future record-
ings of ship-induced sediment transport is assessed.

4.1  SHIP-BASED MEASUREMENTS

4.1 (a) Profile measurements in the wake with lowered
probes

Profiles were calculated in the wake of passing vessels
using a ship-based system of lowered CTD and OBS
turbidity probes, in order to measure the vertical distribu-
tion of ship-induced turbidity.

Figure 5 shows five time-dependent profile measure-
ments in the wake of a feeder ship. Turbidity concentra-
tions between 150 and 300 g/m’ were measured at a
water depth h of approximately 10 m as a function of
time.

Ty~ +3min

Vertical profiles with lowered OBS 3

(each approx. 3 min; water depht: max. 12.5 m)

T, ~+6 min

T3 ~ +15min

Ty~ +19 min

Ts = +22 min

Photo: BAW

Basic flow: -0.02m/s
Passing distance: 68.9 m

Figure 5. Vertical turbidity profiles in the wake of a
passing vessel in the KIEL CANAL as a
function of time

However, these values can only be taken as a guide to the
time-dependent vertical turbidity distribution because
even experienced shipmasters were unable to keep the
measurement vessels stationary in a particular position
owing to the strong flows and turbulences in the wake.
The original idea of an unequivocal spatial assignment of
the vertical profile to cross profile and stationary point
measurements could therefore no longer be realised,
which is why a more detailed evaluation and "blending"
with the results of the stationary measurements near the
bottom were dispensed with.

This ship-based measurement technique was considered
to be unsuitable for scientifically confirmed data analyses
— and hence also for further measurement campaigns,
especially in the tidal estuary — owing to the insufficient
positioning stability in the wake of a ship.

4.1 (b) SES cross profile measurements

As an alternative to profiles with lowered CTD/OBS
probes for recording the vertical turbidity distribution,
cross profile measurements were carried out using an
Innomar SES2000 system (sediment echo sounder or
sub-bottom profiler), to enable the ship-induced acoustic
signature in the wake to be recorded and subjected to a
qualitative analysis. Initial experience with this system
was gained on the Lower Elbe as well as in the KIEL
CANAL with assistance from the Hydrographic Labora-
tory and the NIAH at HCU Hamburg [3].

Figure 6 shows the acoustic signature in the wake imme-
diately after the passing of a vessel and at various inter-
vals as an example of SES measurements in the wake. It
is interesting to note the "rising" hydroacoustic signals as
a function of time, which is an indication of air bubbles
and eddies in the wake but says nothing about sinking,
ship-induced suspended sediment.

It is presently impossible to separate these acoustic sig-
natures according to individual influences (air ingress,
eddies and suspended sediment); complex research pro-
jects by specialists in acoustics will consequently be
necessary in future.

Selected SES cross profiles were post-processed in order
to assess the quality of the ADCP/PDT results.



Acoustic backscatter cross profile by SES (bevor ship and in the wake)

Waterway: NOK approx. km 17.5 waterdepth=11.6m
Vessel  Containership 1=163m b=26m t=9.3m Vs,c=13km/h UKCr=2.3m => Kiel

Figure 6. SES cross profile measurements for detect-
ing the acoustic signature in the wake of a
feeder ship in the KIEL CANAL as a func-
tion of time

4.1 (c) ADCP/PDT cross profile measurements

Wide-area recording of the vertical suspended sediment
concentration in the water column using a ship-based
Aqua Vision ADCP/PDT (Acoustic Doppler Current
Profiler / Plume Detection Tool) is a tried and tested
acoustic technique in tidal waters (e.g. [8], [14]). The
ship carrying out the measurements crosses the waterway
from one bank to the other at a speed as constant as pos-
sible. The acoustic backscatter signals recorded by the
ADCP/PDT allow conclusions to be drawn regarding the
sediment concentration in the individual depth cells.
Calibration with the suspended matter samples taken
from the water column during the measurement cam-
paign is necessary for this purpose. A second ADCP,
inclined 20°, was used to record the sediment concentra-
tion close to the bottom. The measurements were con-
ducted with the ADCP/PDT parametrised for depth cells
with a vertical extent of 0.5 m. Hence, sediment concen-
tration information was obtained for 22 depth cells in the
KIEL CANAL, which has a water depth of about 11 m.

The fact that the waterway was traversed several times
shows how the concentration of ship-induced suspended
sediment changes over time in the cross section of the
water body. The measurements and evaluations for the
investigations of the KIEL CANAL described here were
undertaken by the Dutch firm Aqua Vision BV on behalf
of the BAW in [2].

Cross profile measurements were carried out in the nar-
rowest possible time frame immediately after each vessel
had passed, in order to estimate the ship-induced sedi-
ment concentration in the water column as a function of
time. The graphs in Figure 7 summarise the ship-induced

acoustic backscatter signals, converted to give the sedi-
ment concentration, obtained with the ADCP/PDT cross
profile measurements in the wake of the vessel from the
first journey (T; = 0 min) up to the time Ts = +7.0 min.

Based on the experience with SES measurements in
connection with the acoustic signature comprised of air
bubbles, eddies and sediment concentration in the wake,
the cross profile measurements at the times T; = 0 min,
T, = +1.1 min and T; = +4.0 min were not evaluated
because it is impossible to separate the backscatter owing
to sediment concentration. The concentration values can
only be estimated as of T, = +5.5 min and Ts = 7.0 min,
since a vertical concentration distribution which increas-
es towards the bottom is only clearly discernible when
these intervals are reached (Figure 7). It is obvious for
this reason that acoustic measurement techniques are not
adequate on their own for recording ship-induced sedi-
ment transport in the near field of a vessel, because it is
not currently possible to record the maximum ship-
induced sediment concentration in the cross profile of a
waterway after a vessel has passed.

ADCP/PDT sediment concentration
50 g/m? 150 g/m? 300 g/m? —

>
Figure 7. Ship-induced acoustic backscatter signals
obtained with the ADCP/PDT cross profile
measurements in the wake of a feeder ship
as a result of air ingress, eddies and sedi-
ment concentration (converted to SSC ac-
cording [2])

Two individual SES and ADCP/PDT profiles are com-
pared in the following in order to evaluate the results of
the acoustic methods; they serve to illustrate why it is
problematic to employ these measurement techniques for



investigations in a ship’s near field (Figure 8). The in-
formation on passing vessels is included as a guide (top
part of the diagram with the positions of the stationary
measuring instruments; red, green and blue lines).

l\\ i ’
N | :

U I

Feeder ship: =134 mb=25mt=7.8 mvg=8.5kn

SES acoustic signatur
e

Figure 8. Comparison and evaluation of ship-
induced acoustic backscatter signals for a
passing feeder ship — interpretation of air
ingress, turbulence and sediment concen-
tration (example)

To enable the magnitude of the ship-induced sediment
concentration and the corresponding dry matter in the
measurement cross section to be estimated in spite of the
many scientific reservations, the time intervals
T4=+5.5 min and Ts = +7.0 min were evaluated in rela-
tion to the "basic turbidity" previously recorded at the
time Ty = -12 min (Figure 9).

Based on the ADCP/PDT measurements at km 18 in the
KIEL CANAL (bottom material: fine to medium sand
62 < um < 500), the total dry matter in the measured
cross profile is SeSS = +28 kg/m approximately
5 minutes after the passing of a large feeder ship or
SeSS = +20 kg/m after 7 minutes.

ADCP/PDT sediment concentration

s0gim? 150 g/m? 300 gim?*

To=-12 min

SSCyirr =49 gim3

SSCyrr = 70g/m3
SSCyrs = +21 g/m3

SeSS = +28 kg/m NOK

SSCyr = 64gim3
SSCyys = +159/m3

SeSS = +20 kg/m NOK

Sess = ship induced sediment suspension at cross profile D

Figure 9. Estimated ship-induced suspended sediment
(SeSS) as a function of time in the meas-
urement cross section based on ADCP/PDT
measurements of a passing feeder ship in
the KIEL CANAL (according [2])

42  STATIONARY MEASUREMENTS

The time series for the water level, the standard deviation
o of the individual flow components, the turbulent ener-
gy derived from this where TKE =Y, (GX2 + GY2 + 622)
and the turbidity measured near the bottom are shown
below as representative of the stationary measurements
conducted at three points in the cross section of the KIEL
CANAL (Figure 10). The values were recorded during
the passage of a feeder ship with a length I,, =155 m, a
width b = 25 m and a draught t = 7.8 m, which navigated
through the water at a speed vs=8.5 kn and a passing
distance from the bank L = 59 m (ship sailing in the
middle, north measuring point = red line).
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Figure 10. Change in the water level, flow compo-
nents, derived TKE and turbidity near the
bottom for a feeder ship passing approxi-
mately in the middle



These time series enable the change in the water level at
the three stationary points to be unequivocally assigned
along with the ship-induced standard deviation of the
flow and hence also the TKE.

It was not possible to assign characteristic turbidity pro-
files unequivocally either to selected parameters of the
passing vessels (length, width, draught, speed, course) or
the TKE during the initial evaluations because the influ-
encing parameters — even in a canal — proved to be far
more complex than was originally assumed.

The integral of the offset-corrected turbidity time series
over a period of about 3.5 minutes yielded approximately
49 kg/m’s of suspended dry matter near the bottom
(converted from nephelometric turbidity units (NTU)
with a factor of 1.6).

A preliminary detailed analysis of the ship-induced tur-
bidity near to the bottom was undertaken in order to de-
termine the dependence on the draught. The time series for
the turbidity measurements of 59 passing vessels sailing
roughly in the middle were selected for this purpose; the
median was subsequently determined, separated according
to the draught t < 6.1 m <t and plotted in Figure 11.

The separation of the median into two typical draught
classes for the KIEL CANAL (t < 6.1 m < t) clearly illus-
trates the influence of the draught both on the change in
ship-induced turbidity over time and on the maximum
turbidity value. It is conceivable that the ship-induced
suspended particle diameter of the bottom material also
has an effect on this draught-dependent turbidity charac-
teristic, and this will be the object of a further investiga-
tion to be carried out with the Research Institute for Wa-
ter and Environment (fwu), a project partner at the Uni-
versity of Siegen [9].
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Figure 11. Classification of turbidity measurements
near the bottom according to the draught
in the KIEL CANAL (59 passing vessels
sailing in the middle)

The representative measurements described here and the
first evaluations raised a whole series of broader ques-
tions concerning the way the processes are understood as

well as the interactions between passing ships and ship-
induced turbidity characteristics; these issues will be
dealt with subsequently in the framework of the SeST
research project with fwu, the BAW's university research
partner.

5  CONCLUSIONS AND NEXT STEPS

The first measurements carried out in "still" water — in
this case in the KIEL CANAL — within the BAW's SeST
R&D project illustrated not only the available options but
also the limitations of the various measurement tech-
niques for recording the increased sediment concentra-
tion which is induced in the water column by sailing
vessels. When analysing the acoustic backscatter signals
in the wake of these vessels, it is necessary to separate
the portions attributable firstly to propeller-induced tur-
bulences and air bubbles, for example, and secondly to
the increased sediment concentration and to then consid-
er their possible mutual interactions. The use of redun-
dant measurement techniques permits a scientifically
confirmed evaluation and provides initial insights into
the magnitude of the increased ship-induced sediment
concentration in coastal waterways depending on the
passing vessels.

In accordance with the realisation concept for the SeST
R&D project, further measurements were conducted in
the tidal Elbe estuary in autumn 2015. In addition to the
six stationary measuring points near the bottom shown in
Figure 12, ADCP/PDT cross profiles were undertaken at
the main measurement cross section — in spite of the
known scientific drawbacks described above — in order to
estimate the magnitude of the ship-induced sediment
concentration in relation to natural (tidal) sediment
transport.

robes, positioned at the riverbed

Figure 12. Positions of the stationary measurement
probes installed near the bottom of the tid-
al Elbe at Liihesand (seawards from Ham-
burg) for recording ship-induced sediment
transport and relating it to the natural
sediment regime



In accordance with the realisation concept, the various
approaches for estimating ship-induced sediment
transport developed together with fwu, the BAW's re-
search partner, will be validated based on the results of
the stationary measurements conducted in the tidal Elbe
as a starting point for further research work on this com-
plex topic.
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EFFECT OF LATERAL AND DEPTH RESTRICTION ON SHIP BEHAVIOR USING
COMPUTATIONAL FLUID DYNAMICS

D B Poojari and A R Kar, Indian Register of Shipping, India

SUMMARY

Ship to bank interaction is extremely important for navigational purposes. Restriction in waters is basically a solid
boundary on the sides of the hull as in canals or at the bottom of the hull or both. This lateral and vertical restriction
brings with it complications in the flow around the hull. These flow complications have a direct effect on the hydrody-
namic forces and moments acting on the hull form and thus influence the ship motion. Information of the vessel‘s navi-
gational characteristics under such conditions is essential and will prove useful. The conventional experimental methods
(model testing) is time consuming and expensive and also it does not capture the actual picture of the flow around the
hull. Computational fluid dynamics (CFD) on the other hand being a visualization tool provides a clear image of the
flow in the domain making it more vivid although we still see some limitations and accuracy problems with it. The cur-
rent work aims at predicting the behavior of a tanker ship when it moves through a location with both lateral and vertical
restrictions. Two bank shapes namely rectangular and surface piercing bank with a slope and a fixed under keel clear-
ance of h/T=1.5 were used to predict vessel behavior under such severe conditions. Squat prediction for these types of
restrictions are also carried out which is another important aspect under such blockage. The simulations are carried out
for two different starboard offset from the bank. RANS based CFD solver is used for force and moment predictions, the

modeling and meshing carried out with a combination of ICEM and SHIPFLOW®.

NOMENCLATURE

L, Length between perpendicular

Y’ Non-dimensionalised Sway Force
N’ Non-dimensionalised Yaw Moment
K’ Non-dimensionalised Roll Moment
h depth

T Draft

U Forward speed

Vp Clearance from the bank

R’ Non-dimensional Resistance

Cg Block coefficient
Cr Total Resistance coefficient

B Breadth
Y+ Y plus value
w Wake fraction

v, Inflow velocity at the propeller plane
1 INTRODUCTION

The green house gas emission control to mitigate the
global warming is on the priority list of IMO. Although
shipping contributes to the larger part of transport, the
emissions from them are relatively much lower compared
to that of other transport system. Most efficient, cost
effective and environment friendly mode of transport is
the maritime transport system. During the last few dec-
ades the shipping community has seen a phenomenal
scale enlargement and speed increase but utilization of
this shipping for transportation has not witnessed much
growth. India is one of the biggest peninsulas in the
world with a coastline spanning 7500km but the freight
movement by coastal ships is only about 7%. There is an
enormous potential to utilize, explore and enhance
coastal and inland shipping which eventually will aid
reduction in carbon emissions which is higher in other
modes of transportation.

Increase in size and speed of ships showcases an impres-
sive progress made in the field. This also imposes severe
concerns on various aspects of its behavior, one such
concern is when it operates in a restricted environment.
The probability of collision, grounding etc increases
which raises concerns about oil leakage, traffic curtail-
ment, repair costs, loss due to out of service condition to
name a few. Perceiving the ship behavior in confine-
ments can save millions and bring a sense of safety.
Transfer of ship into a shallow depth condition switches
it to a sluggish or less reactive behavior compared to
open sea. This can be credited to the restrictions that
modify flow around the hull. In addition to this if a
transverse restriction is bought in the complications will
exaggerate.

Several RANS based force and moment prediction meth-
ods for numerical captive model tests are established.
Some of them are [4], [6], [7], [8] and [9]. Investiga-
tions/Studies have been carried out in the past for analyz-
ing the ship behavior in confinements. The study carried
out by [5] and [10] brings out the effect of shallow wa-
ters and the bank effect with variable bank configuration
on the ship also the ship to ship interaction is presented
here. A numerical method to predict ship squat is pre-
sented and detailed in [2]. Simulations and experiments
conducted by [3] details about the pressure, velocity and
force moment changes observed in restricted conditions
for an LNG carrier.

The use of numerical tool to analyze the flow behavior
although not wholly reliable is a good source of infor-
mation on various aspects of flow around a ship. Compu-
tational hydrodynamics is an evolving tool and is more or
less helping designers resolve various issues in compara-
tively feasible time. The prime focus of the paper is to
bring out the use of CFD in predicting the changes ob-
served when a ship is put in a restricted region. The



changes in forces, moments and the flow visuals are
presented. The likely changes in the flow and the effects
on propeller for a given depth are also presented. The
effect of the changes in bank clearance on squat is also
explored. Viscous solver from SHIPFLOW® tool is used
for the RANS computations.

2 NUMERICAL COMPUTATION

The simulations are carried out using a naval architect
specific computational tool SHIPFLOW®. The tool is a
hybrid steady state solver with both potential and viscous
computation sources. The present study works on the
global approach using the viscous solver XCHAP

2.1  DOMAINS

The numerical simulations were carried out for different
cases. First the study was done for a vessel in shallow
depth with freedom in the lateral direction. While another
case for lateral depth restriction with two canal configu-
ration was simulated. The domains chosen for the inves-
tigations are shown in Fig 1(a) and Fig 1(b).

2.1 (a) Canall
The canal is rectangular in shape with both the canal

walls vertical. The second canal configuration is a sur-
face piercing sloped wall with slope 1:4.

@

(b)
Figure 1. a) Vertical wall canal b) Sloped wall canal

2.1 (b) Mesh

The domain is discretized with overlapping grid. H O
type structured grid automatically generated using
XGRID module around the hull is immersed in H_H type
structured grid imported from ICEM meshing. This com-
bination helps to achieve better Y+ values and thus re-
solve the viscous sub layer effectively and also the num-
ber of elements to resolve the physics is also reduced.
The mesh in XGRID extends 0.1Lpp ahead of the ship
and 0.1Lpp aft with a radial distance of 0.15Lpp and the
canal grid extends 0.75Lpp ahead and 2Lpp aft of the
ship. The total number of interpolation cells used is 0.3
million to get the simulation time in control and also to
capture better results.
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Figure 2. Overlapping structured mesh and compo-
nent mesh

2.1 (c) Boundary conditions

The boundary conditions play a very crucial role in nu-
merical computations, with the type of computations the
boundary conditions are to be assigned to achieve the
best possible reality aspects in the computations. In this
case the conventional boundary conditions suffice to
capture the details. The assigned boundary conditions are
shown in the Fig 3.

Figure 3. Boundary conditions
2.1 (d) Turbulence modeling:

The solver provides EASM, ko SST and ko BSL turbu-
lence models for resolving the closure problem. The
choice of an appropriate model confirms the accuracy of
the computation. Although EASM works well with
XCHAP, the ko SST was chosen which works better in
capturing the desired physics in the type of flows that is
dealt with here.



3 CASE STUDY

3.1  SHIP PARTICULARS

The investigation was carried out for famous benchmark
ship KVLCC2 tanker model scale. The paper studies the
lateral and vertical restriction problem for bare hull. The
principal particulars of the full scale and model scale ship
is given in the table.

Table 1. Full scale and model scale particulars

PARTICULARS | FULL SCALE | MODEL SCALE
Length (L) 320 m 497 m
Breadth (B) 58 m 0.90625 m

Draft (T) 20.8 m 0.325m

Block Coefficient 0.8098 0.8098

(Cp)
Vessel Speed (U) 7.6 m/s 0.984 m/s
3.2 SHALLOW WATER EFFECT

The study was carried out for shallow water condition
predicts the forces and moments acting on the ship when
moving through a harbor, port or canals. The simulations
were carried out for a variable depth to draft ratio. The
simulations reveals that the change in depth brings an
evident transformation in the ship behavior as presented
in [7]. The Fig 4 shows the resistance plot which clearly
depicts the inverse relation of depth and resistance.

0,1 )
_ Total Resistance
g
23
2 %0,0875
Q +~
£.2 * o
< g V'S
g & 0,075
=}
Z

0,0625

1 1,5 T 2 2,5

Figure 4. Resistance variation with h/T

3.3 BANK EFFECT

The ship bank interaction investigations were carried out
for two variants of canals. The computations did not
consider wave as the ship moved at a very low speed of
0.384m/s (6knots for full scale). The canal wall close to
the ship remained vertical and the canal wall away from
the ship was modified to a sloped wall. The effect of
change in shape of the canal wall away from the ship was
taken up to investigate possibilities of its influence on
ship behavior. The depth of the canal was fixed at h/T-
1.5. The two shapes of the canal used for investigation
are shown in Fig 1.
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34  RESULTS

The simulations were carried out for a Froude number of
0.055 and a Reynolds number of 1.926*10° The results
for a fixed water depth and two ship bank clearances are
given in this section. The sway force (Y’), yaw moment
(N”), rolls moment (K’) and resistance measured in the
numerical test are presented.

34 (a) Canall

The simulations investigate two ship bank clearances
with yy/L,, of case (1) 0.237 and case (2) 0.264. An at-
tempt to measure the forces and moments acting on the
ship was made in the paper. The results show a drop in
sway force, resistance and roll moment with increase in
the clearance whereas the yaw moment increase with the
increased clearance. This can be credited to the pressure
distribution which changes with the distance from the
canal wall. The pressure distribution on the hull shows in
Fig 6 the unsymmetrical distribution on the ship bottom
for casel whereas the distribution seems more or less
symmetrical for case 2.

Forces and moments

0,03 oY
()
55: 0,025 N’
o

0,02
.2 3 0,015 1 oK
Z €
5

o
£% 0,01 ‘ "
o *
= 0,005
o
z 0

1,1 1,2 1,3 1,4

Distance from bank

Figure 5. Force and moment variation with change
in ship bank clearance

Figure 6 are depicts the pressure distributions on the hull
when placed in canal 1with two different bank clearances
The pressure distribution around the hull projects the
suction effect caused due to the high velocity and low
pressure in the region closer to the canal wall. The side
of the hull closer to the bank wall shows drop in pressure
as compared to the side away from the bank wall. It can
also be visualized that as the bank clearance increases the
severity of low pressure subsides. The effect of lateral
blockage is seen not only on the sides but also notable on
the hull bottom.



Close to the bank

Away from bank

Bottom
Yoo 1 . 1 8

Close to the bank
- . '
Away from bank

PressureCoefficient

Figure 6. Pressure distribution on the hull

Another factor worth noting is the effect of the flow
pattern change at the propeller location. The propeller
performance is reflected by the pattern of the flow com-
ing from the hull. The amount of wake in which the pro-
peller works characterizes its performance. The flow
reversals at the propeller plane can render the propeller
producing zero thrust for half of its rotation. In order to
avoid such objectionable situation assessment of the flow
at the propeller plane is necessary. This will aid the un-
derstanding of the flow behavior and help make appro-
priate design changes so as to avoid vibrations, noise etc.
caused by flow separations. The predicted flow pattern at
the propeller plane is presented in Fig 7.

1.18

1316

VelootyX

Figure 7. Axial velocity at the propeller plane

The wake distribution is unsymmetrical about the center-
line. The flow separation is higher towards the region
closer to the bank. The suction effect observed along the
length of the hull also prominently affects the flow to the
propeller. This will hinder the propeller performance and
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also affect the rudder effectiveness and make the ship
stubborn to turn. Moving away from the canal wall re-
lieves the severity of flow separation. It can be inferred
that the closer the ship to the canal wall more probability
of collision due to pressure drop and lowered propeller
and rudder performance credited to the zero or negative
axial flow at the propeller. So an optimal distance from
the wall must be maintained to avoid any undesired out-
come.

3.4(b) Canal2

Similar tests were carried out for a ship placed in a canal
with surface piercing wall with slope 1:4. Will this
change of slope on the wall away from the ship bring
about any change in the ship behavior? To get a clarifi-
cation on this, a starboard clearance of 0.237 L,, was
investigated for h/T=1.5. The forces and moments calcu-
lated numerically for both canals are compared and pre-
sented in the table 2.

Table 2. Force and Moment comparison

Yb=1.18 Non Dimensional values

Y N K CT
Canal 1 2.17E-02 | -7.04E-04 | 8.02E-03 | 8.67E-03
Canal 2 2.09E-02 | -7.86E-04 | 7.94E-03 | 8.56E-03
Percentage
difference -3.47% 11.65% -1.06% -1.30%

It is evident from the results presented that the forces
acting on the hull are more of a function of its distance
from the wall closer to it. The table shows the yaw mo-
ment variation is about 11.6% and roll moment of about
1%, sway force variation is 3.5 % and the resistance
variation of 1.3%. So a shape change of the wall away
from the ship alters the sway force and yaw moment
predominantly which plays an important role in maneu-
verability aspect of the ship. The pressure distribution
shown in Fig 8 on the hull asserts the change observed.
The unsymmetrical distribution seen about the midship
section in canal 1 becomes more symmetrical when
placed in canal 2 modifying the moments acting on the
vessel.

The flow pattern is affected by the sloped wall. The
sloped canal wall affects the hull bottom pressure and the
axial velocity distribution at the propeller plane. The
axial flow onto the propeller is better with the sloped
canal than vertical canal wall. The intense drop in axial
flow onto the propeller is eased by the sloped wall. The
sloped canal wall although away from ship has not much
effect on the magnitude of forces and some moments
acting on the hull; it influences the overall flow charac-
teristics around the ship.




Canal 1

Canal 2

Figure 8. Pressure distribution on the hull and Axial
velocity at the propeller plane comparison
for canal 1 and canal 2 for y,-1.18

4 SQUAT

Ship passing a confined water pushes the water ahead of
her, this water flows through the sides or the bottom of
the ship. This flow pushes itself through the limited
space available squeezing the streamlines together in-
creasing the flow velocity. The water level around the
hull reduces and this drops the vessel vertically down.
This sinking is squat. Squat has existed forever but for
the past forty years the increase in vessel size and speed
has led to the reduction of under keel clearance to around
1.0 to 1.5 m alarming increased possibility of grounding
in shallow and confined conditions.

The under keel pressure distribution at the ship centerline
is compared for lateral restriction and open waters re-
spectively.

'I
T

h/T-1.5

.
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h/T-1.5 and Yb-0.264 Lpp

l—‘gl

h/T-1.5 and \"b—O.Z
#RYRERARE=gBEE=E

e - e

PressureCsethoent

Figure 9. Pressure distribution below the ship
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There is a remarkable drop in the pressure with the lat-
eral restriction. The severity increases with the ship mov-
ing closer to the canal wall. The low pressure region
confined to bow area with shallow depth spreads to 75%
of the vessel length with both vertical and lateral re-
strictions.

Sinkage predictions were carried out for the canal 1 using
the potential method for a fixed h/T=1.5 and ship bank
clearance of 0.264 L, and 0.238 L, at different speeds.
It is observed that the reduction of the bank clearance by
9.8 % has zero impact on sinkage. The speed is a decid-
ing factor on the amount of sinkage the vessel undergoes.
The higher the speed the higher is the squat shown in
Fig 10.

Squat
0.0175

0.015

0.0125 3

yb-1.18

0.0075 B Norestriction

* 4 yb-1.316
0.005 -

smkage (m)
[ 2

0.0025 B

0

1.25 1.5 2.25 2.5

1.75 2
speed (knots)
Figure 10. Squat predicted using potential method

5 SCALE EFFECT ON WAKE

The flow phenomenon is most sensible to the scale effect
at the propeller. The computations were carried out for a
scale of 1:64 which confines the output to the model
scale; the scale effect will lead to wrong predictions at
the full scale. The measurement of flow velocity ob-
served at the propeller plane is a clear indication of the
wake field observed at that plane for that scale. The wake
fraction is measured as

vo1-6)

The axial velocity plot at the propeller plane is an indica-
tion of the axial velocity into the propeller v, and the
probable wake. In order to investigate the scale effect the
simulations were carried out for three different scales
1:110, 1:64 and full scale. Observation of the axial flow
pattern indicates the variation in wake fraction with
scale. The observed flow pattern at the propeller plane is
shown in the Fig 11.



1:110

1:64

eoatyL

1:1
Figure 11. Axial velocity comparison for different
scale

The figure 11 shows the changes in the axial flow pattern
with scale change, this confirms reduction in the intensity
of negative flow with increasing scale ratio. It can there-
fore be interpreted from the simulation results that the
wake on full scale is less intense than the model and
hence lower is the risk of vibrations or noise induced.
The scale effect influences the scaled up results and must
be accounted when scaling the results to full scale.

6 CONCLUSION

The investigation for lateral and vertical restrictions in
the flow leads to the following conclusions.

1) The forces and moments shoot up with the addi-
tion of lateral restriction to the prevailing verti-
cal blockage. This complicates the flow around
the hull and renders the ship sluggish and stub-
born making it difficult to maneuver.

The slope change of the bank wall away from
the ship has a nominal effect on the forces act-
ing on the hull but affects the yaw moment also
the flow characteristics are modified.

The closer the ship to the canal wall higher the
suction and chances of collision.

The axial flow to the propeller is also affected
by the movement of the ship closer to the wall.
The closer the ship to the wall the higher is the
reversed flow observed, unsymmetrical wake at
the propeller plane deteriorates its performance
and reduces the thrust producing capacity at a
given rpm.

Squat comparison for open water and lateral re-
striction shows indisputable increase with re-
duction in the ship bank clearance. Closer the
ship to the canal wall higher is the squat.

Speed plays a vital role in measuring the sink-
age of the ship. The change of ship bank clear-
ance by 11% does not bring any effect on the
sinkage and hence the squat.

2)

3)

4)

5)

6)
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7) Flow visuals provide a very close look into the
actual pattern of the flow and guide the design-
ers to accommodate all the design changes with
utmost care and clarity.

The scale effect investigation leads to a conclu-
sion that the wake is sensitive to scale effect and

must be accounted for applying on full scale.

8)
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INTERACTION BETWEEN SHIP-INDUCED STRESS AND ASSOCIATED
CHARACTERISTICS OF TURBIDITY RECORDS

S Niehueser, M Ulm, A Arns, J Jensen and V Kelln, Research Institute for Water and Environment, University of
Siegen, Germany
K Uliczka and B Kondziella, Federal Waterways Engineering and Research Institute, Germany

SUMMARY

In a joint research project between the German Federal Waterways Engineering and Research Institute and the Research
Institute for Water and Environment of the University of Siegen the ship-induced sediment transport as a proportion of
the totally transported volume is investigated. Therefore, a field campaign in the Kiel Canal was conducted in 2012 and
ship-induced loads were recorded. This paper highlights the preliminary results from analyzing the observed variables.
First independent samples of observed passages were created and used to calculate correlations between the individual
parameters. In a next step, high frequency turbidity records were separated into a common signal and linked to a critical
sediment grain diameter. This procedure led to a classification depending on the ship-induced flow velocities because
common characteristics of the turbidity measurements could be found. For further analyses the groups could be associat-
ed with AIS-transmitted parameters.

1 INTRODUCTION restricted by the underlying boundary conditions (e.g.
ship’s hull, inlet/outlet conditions). A third method is to
Foreign trade is a vitally important factor in most econ- rely on laboratory data of ship waves recorded in physi-
omies. In Germany, inland navigation accounted for cal model experiments but these are limited to certain
approximately 230 million tons of transported goods in vessel types and waterway conditions [11]. Outcomes
2014 (www.destatis.de, German Federal Statistical Of- based on all three methods are often empirical formulas
fice) indicating the demand for a robust and reliable for describing wave parameters as e.g. the significant
transport infrastructure. However, both natural effects wave height but these formulas are usually only valid
and anthropogenic interventions can cause sediment within a pre-defined range (e.g. [12], [13]). Furthermore,
deposits in shipping channels and harbors which need to such empirical formulas are widely used for the calibra-
be dredged to maintain the infrastructures main function. tion and validation of field measurements or numerical
Over the last decades, sediment dynamics have exten- models (e.g. [11], [14], [29]).
sively been studied and a comprehensive review particu- In general, when moving along a waterway, a vessel
larly dealing with transport issues in the San Francisco usually generates a typical wave pattern which is divided
Bay Coastal System is provided in [1]. into primary and secondary components (e.g. [15], [16],
Sediment transport is generally described having ex- [11], [17]). The long-period primary wave is reflected
traordinary complex physical characteristics. The reason alongside the ship and causes a fluctuation of the water
for that is the variety of parameters which directly influ- level. These fluctuations are caused by the pressure and
ence the process [2]. Examples are the high turbulent velocity distribution along the ship’s hull showing pres-
hydrodynamical conditions as well as the sediment itself sure increases at the bow and stern and decreased pres-
with different densities, shapes, grain diameters, grain sure alongside of the ship. Consequently, rising water
size distributions, and storage conditions. Taking all levels are found at the bow and stern (bow and stern
these factors into account highlights that sediment wave) and a decreasing water level along the ships’ side
transport is governed by quickly changing conditions in (drawdown). The drawdown corresponds to a reverse
every time step. Another key challenge in this context is flow from the bow to the stern of the ship.
to quantify the amount of sediment deposit which is Replacement processes caused by the different pressure
directly induced by the ship’s passage and how the con- conditions induce the short-period secondary wave sys-
sequent sediment transport can be described as a function tem. This system is mainly characterized by divergent
of the ship-induced load. The ship-induced load can be and transverse waves (Kelvin waves) travelling away
described e.g. by waves caused by the ship’s passage, from both sides of the ship’s hull with the ridges at an
hereafter referred to as ship waves. angle of 19.47° to the vessel’s moving direction. The
Investigations on ship waves are usually based on one of predominant contribution to the entire water level fluctu-
the following three methods: A first method is to perform ation can either originate from the primary or from the
expensive field measurements including all relevant secondary wave system but depending on the waterway
processes as e.g. turbulences and other predominant conditions. The primary waves prevail in restricted wa-
conditions as e.g. tidal influences (e.g. [3], [4], [5], [6], terways while the secondary wave systems are more
[7], [29]). A second method for calculating the ship- influential in unrestricted waterways [15].
induced waves is setting up a computational fluid dy- In a joint research project the German Federal Water-
namics (CFD) model (e.g. [8]) or using Boussinesq-type ways Engineering and Research Institute (BAW) and the
equations (e.g. [9], [10]). Such models are generally Research Institute for Water and Environment (fwu) of

16



the University of Siegen aim at determining the ship-
induced sediment transport as a proportion of the total
volume transported in a tidal estuary [18]. Here, prelimi-
nary results are introduced, linking turbidity records with
ship characteristics (e.g. geometry) and ship-induced
stress (e.g. ship wave) using observational data from a
field campaign that covers a large number of ship pas-
sages. The measurements were conducted at one specific
cross-section of the Kiel Canal located in northern Ger-
many and include but are not limited to turbidity records
as well as geometries and velocities of and nearby the
ships. Due to the limitation to stationary measurements
this paper focusses on the aspect of sediment entrain-
ment. Conclusions about the suspended sediment concen-
tration in the entire water column or the sediment
transport itself cannot be drawn directly.

However, the intention of this paper is to describe the
interaction between ship and waterway with regard to the
entire system and not for individual vessels.

2 STUDY AREA

The Kiel Canal is the most frequented artificial waterway
in the world and has a total length of about 100 km con-
necting Brunsbiittel at the tidal Elbe River with Kiel at
the Baltic Sea (see Figure 1) (e.g. [19], [20]). This artifi-
cial waterway reduces the route between the German
North Sea and the Baltic Sea by nearly 450 km and the
ships can avoid travelling all around northern Denmark.

10°E 1M1°E
L L
~55° N
North Baltic
Sea Sea
nfﬁ&mel
] | *f L 54° N
Brunsbuttel
Hamburg
! -53° N
Esri, DelLorme, GEBCO, NOAA
NGDC. and other contributors

T T

Figure 1. The Kiel Canal and a picture of the select-
ed cross section during the field campaign
(Photo: BAW).

In September 2012, the BAW carried out a field cam-
paign in the Kiel Canal covering a period of approxi-
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mately one week. The selected cross section is located at
km 17.925 (near Brunsbiittel). In 2012 ~35,000 vessels
passed through the Kiel Canal, i.e. more traffic than e.g.
in the Suez Canal (http://www.wsa-kiel.wsv.de/Nord-
Ostsee-Kanal/).

The Kiel Canal provides very constant and assessable
conditions and is neither affected by tides nor strong
currents (mostly from drainage processes). This very
specific study site can thus be considered as field labora-
tory, one of the main reasons for selecting it for the field
campaign.

3 DATA

The above mentioned measuring campaign provides both
measurements at the bottom of the Kiel Canal as well as
in the total water column by means of ship-based meth-
ods. Here, the focus is on stationary measurements at the
bottom of the cross section. Figure 2 (top) shows the
positions of the probes in the cross section having dis-
tances from the south bank as follows: 43.31 m
(probe 1), 66.61 m (probe 2), and 82.85 m (probe 3).

length = 148 m
beam =23 m
draft=7.5m

blocking coefficient = 8.87 [-]
submerged main section = 169.05 m*

probe 1
10 - probe 3 probe 2

north bank south bank

water level [m|
o
P

urbidity [NTU
| L

—— x-direction

y-direction

—— z-direction
T

flow velocity (m/s]

T
0 30 60 90 120 150
time [s]

T T T
180 210 240 270 300

Figure 2. Overview of the recorded and investigated
parameter (from top to bottom: idealized
ship geometry and location of the probes,
water level fluctuation, turbidity, flow ve-
locity).

For the investigations different parameters were pro-
cessed including water level, ship-induced flow veloci-
ties at the bottom (three-dimensional, recorded as x, y, z
components) and turbidity information. Temporal resolu-
tions are different for individual parameters with 8 Hz for
the CTD probe (Conductivity, Temperature, Depth) and
the turbidity probe (type: SeaPoint, STM), and 32 Hz for
the flow probe. All datasets were recorded between Sep-
tember 17" 10:00 and September 25™ 12:30. In this peri-
od a total number of 509 vessels passed the cross section.
Observed parameters are exemplarily shown in Figure 2
considering the passage of one individual vessel. The
grey dashed line is located at time step 120 s, a relative
time with respect to the starting point of the passage.
This point was chosen as a common reference point for



all observed passages as follows: In the data prepro-
cessing, times of individual ship passages were reduced
in order to match the maximum trough to the reference
point.

Additionally, the ship provided AIS-signal (Automatic
Identification System) was also recorded containing all
relevant information of the passing ship. More specifical-
ly, AIS data sets provide length, beam, draft, speed and
course over ground together with the ship’s name and
identifier. Furthermore, soil samples were taken in the
cross section to obtain reliable information on the mass
fraction of the particle size distribution. In Table 1 the
main grain diameters are listed which represent the ma-
jority of the soil in the observed cross section. Therefore
our investigations focus on these grain diameters. For
further details of the field campaign in the Kiel Canal
refer to [18].

Table 1. Grain size distribution [21].

Class name grain diameter [um] mass fraction [%]
Very fine sand 62-125 19.0
Fine sand 125-250 38.4
Medium sand 250-500 17.6

> =175.0

According to the characteristics of the Kiel Canal, a
separation of the measurements in natural and ship-
induced effects is not needed. Therefore, the investiga-
tions can directly be performed. This distinguishes the
presented work from other analyses like e.g. in [6]. Fur-
thermore, effects of the propeller on the sediment en-
trainment have been ruled out in this study, since it is not
possible to separate the amount of the propeller in the
given measurements. A principal model of the propeller
related impact in the near field of a vessel is given in [18]
while the effect of propeller wash is investigated in [27].

4 METHODS

Aiming at robust and reliable results, different samples
were created by either applying two different criteria
(sample 1) ensuring all passages being independent and
unaffected or also a third criterion (sample 2) intended to
reduce the spatial influence of the observed parameters.
Specifically, the criteria were as follows:

» the interval between consecutive ship passages
(2 minutes before and 10 minutes after the ref-
erence point),

« the availability of the AIS-signal for the indi-
vidual recorded ship passages,

* the distance of the individual recorded ship pas-
sages from the nearest probe (£2 m).

Since sample 1 is used for a correlation analysis, sam-
ple 2 is used for smoothing the turbidity record as well as
for investigations concerning the critical grain diameter.
The reason for using two different samples is that the
absolute values of the measured parameters decrease
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with increasing distance to the probes as shown in Fig-
ure 3. The example shows how the fluctuation in the
water level develops from the middle of the cross section
to the southern canal bank. In this case, the vessel direct-
ly passed over the probe in the middle of the cross sec-
tion (distance between ship’s axis and probe 3 <5 cm)
thus it can be assumed that the surface elevation is fully
formed.

i probe 3

probe 2
. 7‘X/’\

probe 1

-

water level [m]

] 5 10 15 20 25 30 35 40 45 50 55 60
time [s]

Figure 3. Development of the fluctuation in the water
level from the middle of the cross section to
the southern bank.

For the correlation analysis the absolute values of the
parameters are less important because these analyses aim
at describing the linear relationship between two record-
ed parameters as the tendency to move in the
same/different direction. This is different when looking
at the critical grain diameter which is estimated based on
the smoothed turbidity records. Here, the absolute values
of the time series are more important to examine the
ship-induced amount of sediment in the water column. A
drawback, however, is a reduced size of sample 2 com-
pared to sample 1.

Before investigating the turbidity records in detail, some
previous analyses need to be performed. In a first step,
correlation coefficients between relevant parameters are
computed. Detecting the relevant parameters is mainly
based on the observational records. Therefore, available
vessel parameters like speed over ground, length, beam,
draft, submerged main section of the ship, and the block-
ing coefficient are taken into account. The blocking coef-
ficient combines ship and waterway parameters to ac-
count for the interaction between the vessel and the char-
acteristics of the observed cross section. The coefficient
is defined as the submerged main section of the ship
divided by the cross sectional area of the waterway at the
observed site.

Further parameters are related to the primary wave sys-
tem. The focus is on the three main values bow wave,
drawdown, and stern wave. Also the maximum resulting
flow velocity components (x, y, z direction) and the rec-
orded turbidity maximum are considered.

The correlation coefficient R between two recorded pa-
rameters is defined as



— C(xy) (1)
VC(xx)-C(y,y)

where C is the covariance which is defined for two ran-

dom variables x and y as

Covix,y) = ==X, (; — i) - (i — 1) @)
where n is the length of x and y and p is the mean of x
and y. Thus, the correlation coefficient ranges from -1 to
1, whereas correlation coefficients below zero show
negative correlation, correlation coefficients equal to
zero point out no correlation, and correlation coefficients
larger than zero reveal a positive correlation.

The significance test is based on an approximate test for
the hypothesis of no correlation. The estimation uses

n-2
1-R?

p=IR| €)

and compares p with critical values from the t-
distribution with n-2 degrees of freedom [22]. The criti-
cal values are chosen on a significance level of 5% which
means, if p < 0.05, the correlation is significant.
In the next step two smoothing methods, namely moving
average and principal component analysis (PCA), were
tested and applied to the turbidity records of sample 2.
The smoothing is required as the high frequency turbidity
records also include spikes and outliers which need to be
eliminated for further analyses. Additionally, some of the
smoothing techniques enable to extract a common signal
from likewise ship passages needed to describe the gen-
eral system behavior. The results are later on used to
derive a generalized and robust description of the high-
resolution turbidity data and to avoid misinterpretations
in the temporal location and/or in magnitude of the de-
tected maximum.
The moving average (also called running mean) is an
example for a low-pass filter technique removing higher
frequencies from time series and thus smoothing the data.
This method as well as other linear smoothing methods is
reviewed in [23]. During the procedure, every n™-value
of the original time series Y is substituted by the mean of
the n™-value, the q previous and the q subsequent values
of Y:

1 +q
Xn = gt Zi=—qY

(4)

n—j
The successive calculation of the mean for all values of
Y with a moving window of 2q+1 values that is continu-
ously pushed forward is responsible for the method’s
name. The smoothing intensity can be controlled by
changing the window size. A larger q leads to a larger
window and therefore to a stronger decrease in the vari-
ance of Y. A disadvantage in this context is the missing
availability of smoothing several data sets simultaneous-
ly. Each time series has to be smoothed individually.

In contrast, the PCA is a multivariate statistical method
to detect the common signals in multidimensional data
sets like a set of turbidity time series. The main ad-
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vantage in this context is the possibility of identifying
patterns in the data set. This allows showing up the simi-
larities as well as the differences. Furthermore, the di-
mensions of the original dataset can be reduced by dis-
carding certain information [24]. However, vessels with
identical characteristics can be classified and then subse-
quently analyzed in groups.

[25] give a short description on how to use the PCA
approach. The first step is the calculation of the eigen-
values and the eigenvectors of the covariance matrix.
This builds a decomposition of the data set into orthogo-
nal components based on the criterion of maximum vari-
ability. The eigenvectors are composed by one compo-
nent for each dimension of the data set respectively (in
this case turbidity time series for each vessel). Further-
more, the eigenvectors represent the principal compo-
nents while the corresponding eigenvalues constitute the
proportion of the total variance explained by the individ-
ual principal components. The original set of time series
can be reconstructed by taking all the principal compo-
nents into account. If the aim is to reduce the vessel’s
turbidity time series to the main common signal, not all
principal components should reasonably be used for the
analyses but these which explain most of the variance in
the turbidity records.

The smoothed time series of the turbidity records will be
used for investigating the relationship between ship-
induced stress and the turbidity. In particular, the turbu-
lent flow velocity at the bottom of the cross section is
regarded to determine the entrainment of the sediments
and the resuspension process. To get a first idea, a grain-
diameter-based Froude number is used for the analyses
[26]:

Vi
derit g

360 = (5)

where v, is the mean velocity of the flow at the bottom
of the cross section, d.; is the critical grain diameter, and
g is the gravitational acceleration. As mean flow velocity
at the bottom of the cross section, the resulting ship-
induced flow velocity at the bottom of the cross section
is used. Hence, the results may be considered as approx-
imation to describe the interaction between a passing
ship and the waterway even if there are more detailed
approaches for calculating the entrainment of the sedi-
ments.

Afterwards a threshold classification based on the critical
grain diameter was conducted yielding in a general de-
scription of the turbidity curve for each group. In the last
step, the groups are assigned to directly measurable pa-
rameters e.g. to AIS data like the length or the draft of a
ship.

5 RESULTS
5.1 DATA ASSIMILATION
The data assimilation was performed using the described

criteria for selecting unaffected ship passages. After that
257 passages remain for sample 1 (correlation analysis)



and 54 for sample 2 (turbidity record smoothing, investi-
gations concerning the critical grain diameter). In case of
sample 1, 195 of the 257 ships have been maneuvered
above probe 3 in the center of the canal, 61 over probe 2
and 1 over probe 1 located close to the southern bank.

5.2  CORRELATION ANALYSIS

The results of the correlation analysis based on 257 rec-
orded vessels are shown in Figure 4. The outcome is
provided as matrix giving a quick overview of the select-
ed parameters each of which is briefly characterized
below. Correlations between individual parameters are
shown as circles with the correlation coefficient inside. If
the calculated correlation is not significant, the circle is
drawn in white color. Otherwise, the circle is colored
ranging from -1 (light green) to 1 (red) depending on the
value of the correlation coefficient.

The correlation analysis indicates low or no significant
correlations for the speed over ground with all other
parameters since most ships passed with a speed of ap-
proximately 15 km/h, the official maximum speed in the
Kiel Canal for all vessels. In contrary to that, strong
dependencies are found between the ship’s geometry and
parameters of the primary wave system. This can be
seen, in particular, in the draft and the drawdown
(R =0.80). The same is valid for the correlation between
the maximum resulting flow velocity and the draw-
down/draft (R =0.88/R = 0.82). It is thus concluded that
the maximum resulting flow velocity can be used for the
characterization of a specific vessel. The maximum rec-
orded turbidity shows significant correlations with al-
most all parameters but coefficients are rather small
(R<0.35) in contrast to the correlation between other
parameters. Similar results for the correlations were
found by [29] and further on used to predict ship-induced
wave heights with empirical formulas. Regression anal-
yses were performed as well to predict the maximum
turbidity based on the bed shear stress.

corr.-coeff. R
1

max. turbidity

Figure 4. Correlation analysis.

A preliminary conclusion here is that the maximum tur-
bidity also cannot be directly described by the chosen
parameters. Furthermore, the maximum turbidity is prob-
ably not the ideal parameter for characterizing the turbid-
ity records because of the complex physical
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ship/waterway-interaction and the fluctuations in the
measurements due to the high frequency recording.
Therefore, another method is introduced in the next chap-
ters.
53  SMOOTHING TECHNIQUES

The correlation analysis above highlighted that the max-
imum recorded turbidity cannot be used to properly de-
scribe the entire ship-induced turbidity. A possible rea-
son is the high sampling rate of 8 Hz. Infrequent outliers
lead to a misinterpretation in temporal location and/or
absolute value of the detected maximum. Figure 5 shows
four arbitrary examples for those cases.
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Figure 5. High frequency turbidity records.

Therefore, only the first and the second principal compo-
nent were used to compress the information in the ves-
sel’s turbidity time series for the analyses. This enables
to explain approximately 75 % of the variability of the
turbidity records regardless of the sample. Each remain-
ing principal component does not exceed 10 %.

Figure 6 finally summarizes the results of the smoothing
techniques applied to two different turbidity records. The
grey line in the background shows the observed high
frequency turbidity time series. The red line is the mov-
ing average with a window size of 10 s (assumed to be
appropriate for this issue without losing too much infor-
mation but gaining a good result in smoothing at the
same time) and the black line represents the reconstruc-
tion of the turbidity records based on the first and second
principal component of sample 2 with 54 measurements
of unaffected ship passages. The explained variance
sums up to 76.4 % showing that only signals in the
measurements have been removed that show strong indi-
vidual characteristics of each vessel and of the prevailing
environmental conditions during the vessel passage.
Figure 6 essentially shows the advantages and disad-
vantages of the applied methods. While the moving aver-
age fits very well to the original data, the PCA-approach
shows a more general description. This fact is owed to
the mathematical background of the methods. The mov-
ing average shows better results with increasing window
sizes. Downside is the loss of information about the actu-



ally recorded peak. Contrary, this loss is much smaller
when using the PCA. However, the detailed description
is less good.

Since the following investigations focus on the general
characteristic and on describing the peak values, the
PCA-approach is used in the next chapter.
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Figure 6. Summarized smoothing techniques.

5.4 CRITICAL GRAIN DIAMETER

The results of the grain diameter analyses are shown in
Figure 7 for two exemplarily chosen vessels representing
two different cases. The graphs are divided in two sub-
plots. The upper plot shows the (calculated) critical grain
diameter for each time step using equation (5) based on
the flow velocity at the bottom of the cross section. The
color shaded areas are classified by the grain diameters
considering very fine sand, fine sand, and medium sand.
The lower subplot shows the recorded high frequency
turbidity in black as well as the first and second principal
component reconstruction in red taking 54 measurements
of unaffected ship passages (sample 2) into account.
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Figure 7. Recorded turbidity and calculated grain
diameter.

However, the two different turbidity records in Figure 7
still have characteristics in common. Both time series in
the lower part of the figure show a basic turbidity around
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100 NTU. Due to the passing ship the turbidity quickly
increases and reaches a maximum just after the occur-
rence of the trough (reference point at 120 s). After-
wards, the turbidity decreases until reaching the basic
concentration again. The main difference in the shown
examples is the time the turbidity remains in the water
column. The critical grain diameters, shown in the upper
subplots, allow for linking the different residence times
to the flow velocity. As figured out on the left, the turbid-
ity decreases slowly (consequently the residence time is
long) in case that the recorded flow velocity at the bot-
tom does not exceed the first threshold. The critical grain
diameter shows that the recorded velocity only has the
ability to resuspend very fine sand. In contrast to this, the
turbidity decrease is much faster (therefore the residence
time is short) in case that the flow velocity is large
enough to resuspend medium sand, as shown by the large
critical grain diameter. The physical background of the
described behavior can only be assumed since the availa-
ble measurements only provide information about the
sediments on the canal bed and not about the sediment
distribution in the water column. First, the different den-
sities of the sediment fractions may impact the residence
time. Medium sand with a higher density sinks faster
than very fine material with a lower density. Another
additional explanation for the shorter residence time in
case that medium sand was resuspended might be that
fast sinking grains affect slowly sinking particles and
increase their sinking speed. As mentioned before, a
verification of these explanations requires further but
actually not available information.

Nevertheless, the critical grain diameter was mainly used
as auxiliary parameter to classify the observed 54 vessels
for further investigations. Since the shown behavior was
found for all turbidity time series, this approach consti-
tutes an appropriate classification methodology, regard-
less of the detailed allocation of the physical processes.
Therefore, three classes were set up using the grain di-
ameters as class limits as shown in Table 2. The individ-
ual time series were classified according to the maximum
critical grain diameter.

Table 2. Classification based on the grain diameter.

Class name range [mm] number
Grain group 1 <0.125 24
Grain group 2 >0.125 <0.250 16
Grain group 3 >0.250 14

In Figure 8 three subplots of the specific grain groups are
shown. The gray marked lines in the background show
the first and second principal component of the individu-
al turbidity time series in the individual grain groups.
The black line represents the mean time series of all
ships in that group and the red shaded area highlights the
standard deviation of each time step. Noticeable is the
characteristic behavior which was already shown in Fig-
ure 7. Here the mean time series show the same behavior:
ship passages that induced a rather small flow velocity at
the canal bed were assigned to group 1 which shows a



low sink rate resulting in a long residence time. In con-
trast all ships that induced a rather high flow velocity
were assigned to group 3 which shows a characteristic
fast decrease of turbidity resulting in a shorter residence
time. Another point is that, regarding the mean time
series the maximum turbidity increases with the group
number. This is shown better recognizable in Figure 9
where the three mean time series are plotted one upon the
other.
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Figure 8. Mean turbidity of the grain groups includ-
ing the standard deviations.

Furthermore, individual time series of a group have been
tested for a systematic behavior, e.g. checking all time
series that tend to be higher than the group mean for
exceeding a certain draft. These tests did not show up
any dependencies and clarify that the ship-induced sedi-
ment resuspension is a complex physical process which
cannot be linked to single parameters. Sediment behavior
like flocculation as well as environmental effects in the
particular waterway cross section affects the results.
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Figure 9. Mean turbidity of the grain groups.

However, for the given section of the Kiel Canal the
described classification approach allows splitting the
given data set of observed ship passages based on the
critical grain diameter resulting in three groups, each
with a characteristic behavior and a significant difference
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in turbidity residence time. The three groups are shown
in Figure 9, the black time series marks the development
of grain group 3, the dark grey line of grain group 2 and
the light grey line of grain group 1.

With the flow velocity at the canal bed, the chosen classi-
fication needs a parameter which is usually not available.
Therefore the next step considers permanent available
ship parameters like the AIS-data. Furthermore, it is
necessary to quantify the uncertainties in terms of the
spread around the mean values in this case with the
standard deviation. Figure 10 shows four parameters and
their distribution over the three grain groups exemplarily.
The mean is displayed as a red line, the blue box around
the mean represents the spread in terms of the standard
deviation and the horizontal black lines below and above
the box are the minimum and maximum of each parame-
ter. The plot clearly shows a strong dependency between
the parameters and the grain groups. The larger the re-
suspended grain diameter, the larger are the mean param-
eters. Except for the flow velocity the spread decreases
with an increasing grain group. The strong dependency
between the resulting flow velocity at the bottom and the
grain groups results from calculating the critical grain
diameter on base of the flow velocity. Here, the range of
the flow velocities assigned to each grain group repre-
senting an idealized characteristic of the turbidity should
be shown. However, same results are valid for other

parameters not shown in Figure 10.
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Figure 10. Grain groups vs. ship parameters.

draft [m]

res. flow velocity [m/s]

250
0.15
200

150

blocking coefficient [-]
°
=)

100
0.05

submerged main section [m?]

6 CONCLUSIONS

In this paper, a field campaign in the Kiel Canal was
evaluated. The analyses have been performed during a
joint research project between the German Federal Wa-
terways Engineering and Research Institute and the Re-
search Institute for Water and Environment of the Uni-
versity of Siegen. Strong dependencies between the
ship’s geometry and the primary wave system parameters
or the maximum resulting flow velocity at the bottom of
the cross section were identified. However, the correla-
tion analysis also revealed that the turbidity is a highly
sensitive parameter requiring higher effort to be de-



scribed compared to e.g. afore mentioned parameters.
Therefore, the principal component analysis was used to
find out common patterns in the turbidity measurements.
The common signal in the turbidity records in terms of
the first and second principal component were used to
link a critical grain diameter and the corresponding flow
velocity at the bottom of the cross section. This approach
was used to classify the turbidity records and not to de-
scribe the underlying physical processes in detail. The
classification shows appropriate results and can addition-
ally be directly assigned with AIS-transmittable parame-
ters (e.g. length or draft of a ship). A validation of the
chosen grain diameter approach is still needed and
should include comparisons with other studies. Thresh-
olds of sediment movement are e.g. described by [28].

In a next step, further effort is on deriving a generalized
description of the classified turbidity time series since the
high resolution records still contain individual character-
istics. On this basis, the maximum but also the total
shape of the generalized turbidity curves can be taken
into account depending on the specific issue. An estima-
tion of the ship-induced sediment transport will then be
possible with the residence time from the generalized
turbidity time series (assuming a higher amount of sus-
pended sediment concentration during the residence
time). The proportion of ship-induced sediment transport
including uncertainties can then be approximated for
waterways based on AIS-transmitted parameters.
Furthermore, combined with AlS-parameters a future
sediment transport can also be estimated based on the
expected ship traffic.

However, the current results are still limited to the Kiel
Canal. To achieve a general description of the sediment
transport the developed methods have to be applied to
other (tidal) waterways, e.g. the Elbe river.
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SUMMARY

The manoeuvring behaviour of vessels is highly affected by their small under keel clearance in access channels and
harbours. If sedimentation and the formation of mud layers occur in these areas the manoeuvring behaviour becomes
even more challenged, especially because the exact location of the bottom is not unequivocally determined. In such areas
the nautical bottom definition, as stated by PIANC, is useful: The nautical bottom is the level where physical character-
istics of the bottom reach a critical limit beyond which contact with a ship’s keel causes either damage or unacceptable
effects on controllability and manoeuvrability. Over the past decades research has been focussing on both the determina-
tion of the physical characteristics of the mud and the manoeuvring behaviour in such areas. The paper tends to give an
overview of this research and of practical applications in harbours worldwide, and to provide an outlook for future re-

search.

NOMENCLATURE

A ship’s cross section area (m?)
g gravity constant (m/s?)

h depth (m)

h* hydrodynamically equivalent depth (m)
Lpp, Loa ship length (m)

m blockage (-)

U ship speed (m/s)

w channel width (m)

Zy sinkage aft perpendicular (m)
Zr sinkage fore perpendicular (m)
n dynamic viscosity (Pa.s)

p density (kg/m?)

Ty yield stress (Pa)

P fluidization parameter (-)
Subscripts

1 denotes water layer

2 denotes mud layer

1 INTRODUCTION

When studying the manoeuvring behaviour of vessels in
shallow water the bottom of a harbour or access channel
is almost always considered to be solid. In reality this is
not always the case. Due to the erosive effect of the cur-
rents in rivers, particles are transported over a certain
distance until they settle again. If those settlements are
concentrated in a certain area the formation of a mud
layer is possible, depending on the grain size. To avoid
excessive formation of mud layers maintenance dredging
works are needed so that a minimal under keel clearance
can be guaranteed.

The question arises how much of the present mud layer
has to be dredged. The mud layer consists of a material,
the characteristics of which change with the depth. In
general mud characteristics like viscosity or density in-
crease with increasing depth. Therefore the upper part of
the mud layer can rather be considered as black water. If
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the ship’s keel touches this upper part it is unlikely that
any damage can occur; on the other hand, when a ship
navigates above a mud layer an undulation of the water-
mud interface can be observed. This undulation can pos-
sibly have adverse effects on the manoeuvring behaviour
of the vessel.

For these reasons PIANC has introduced the nautical
bottom concept [1, 2]: The nautical bottom is the level
where physical characteristics of the bottom reach a
critical limit beyond which contact with a ship’s keel
causes either damage or unacceptable effects on control-
lability and manoeuvrability. The nautical bottom con-
cept can be applied to any bottom so that safety and ma-
noeuvrability for the shipping traffic can be guaranteed.

A successful application of the concept implies
knowledge on both the physical characteristics of the
nautical (in this case muddy) bottom, as well as on the
manoeuvring behaviour of the vessels in the vicinity of
the nautical bottom. Although in this paper the focus will
be more on the latter, some basic information on the
behaviour of the mud and how to measure this behaviour
will be given in the next paragraph. The remainder of the
article will summarize the performed experimental and
numerical research on the manoeuvring behaviour in
muddy areas and how this information has been used to
perform real-time simulations in different harbours all
over the world. An outlook on future research and open
research topics will be provided as well.

2  BEHAVIOUR OF MUD

2.1 MUD CHARACTERISTICS

Mud layers are formed due to the decrease of kinetic
energy that causes sediment particles to deposit on the
bottom of a channel. If an increasing amount of particles
is settling down the base sediment layer will be subjected
to increased pressure due to the weight of the upper lay-
ers. As a result water is expelled from the base layers and



the sediments are compacted. This process is called con-
solidation and depends on the variation of permeability,
which is the water flux through a unit gross sectional
area, and the effective stress, which is the total stress
minus pore water pressure [3]. On the other hand, the
disturbances in the upper water layer, caused by e.g.
currents, waves, shipping traffic, also affect the mud
layer characteristics; the fraction of water in the mud
layer can consequently increase. This phenomenon re-
sults in the opposite effect of consolidation, and is usual-
ly called liquefaction (driven by shear stress) or fluidiza-
tion (driven by fluctuating pore pressure). The combina-
tion of these phenomena with internal transports within
the mud layer results in the formation of a mud layer
with characteristics changing with the depth. One im-
portant aspect of the different conditions of the mud layer
is that its behaviour not only is location and time de-
pendent, but also varies according to its recent defor-
mation history. The latter is also known as thixotropy.
This is also of importance when the rheology of the mud
layer has to be measured. An example is shown in Fig-
ure 1, where the yield stress decreases with the number
of cycles of increasing and subsequently decreasing shear
rate.
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Figure 1. Measuring the rheology of hectorite.
Adapted from [4].
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Figure 2. Classification of fluids based on their
rheology behaviour.

Another point of interest is the initial yield stress or ri-
gidity. In order for the mud to move an initial resistance
has to be overcome. Such a behaviour can be character-
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ized by a Bingham fluid, contrary to a Newton fluid like
water, see Figure 2. For numerical purposes the Bingham
model, determined by two parameters, is still too simple.
More appropriate models could be used, such as Worrall-
Tuliani [5] or Toorman [6], involving up to five parame-
ters. A detailed explanation of such models falls outside
the scope of this article.

The actual behaviour of the mud highly depends of its
composition, e.g. organic matter and sand content play an
important role.

2.2 MEASURING TOOLS

2.2 (a) Echo-sounding

In 2012 a questionnaire was organized on the use of in
situ measurements to assess mud characteristics [7]. The
results cannot be interpreted as real market share, but in
63% of the cases echo sounding was used to determine
the nautical bottom. This high percentage can be ascribed
to the simple setup. An electromagnetic wave is emitted
that reflects at the bottom. The time between emission
and reception and the intensity of the received wave is
then a measure for the local depth. The frequency of the
wave is closely related to its sensitivity for reflection. In
case of a soft mud layer on the bottom, a high frequency
echo of 210 kHz will reflect on top of the water-mud
interface. A lower frequency (e.g. 33 kHz) will reflect at
a level somewhat deeper into the mud (Figure 3). How-
ever it is unclear whether this corresponds to the position
of the nautical bottom.

Figure 3. Example of an echo-sound result in the
harbour of Zeebrugge [8].

2.2 (b) Monitoring the mud density

The density of the mud layer can be measured with a
variety of methods. The acoustic method is based on the
relationship between the propagation of sound in a fluid
and the density of that fluid. A more accurate method is
the nuclear method, which is based on the behaviour of
gamma-radiation in mud suspension.

The measurement of the density of the mud can mostly
be automated and results are typically presented in com-
bination with echo-sounding, as shown in Figure 4. Ac-
cording to the questionnaire [7], a density based method
is used in 31% of the cases.
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depth.

2.2 (¢) Monitoring the mud rheology

Rheology measurements commonly focus on the meas-
urement of the yield stress (viscosity measurement).
These measurements are mostly more labour intensive,
because single point measurements have to be carried out
and post-processing of the measurements is needed to
take account of the thixotropic and hysteresis of the mud.
For that reason only a small percentage in [7] uses rheol-
ogy like methods.

2.2 (d) Ongoing research

At present none of the mentioned tools is capable of
capturing the actual physical limit in the fluid mud layer.
For this reason FHR (Flanders Hydraulics Research)
built a Sediment Test Tank [9] to better observe the be-
haviour of natural mud and to test the actual instruments
on the market in a controlled environment. To determine
the mud properties in an unequivocal way a measurement
protocol has been established together with KU Leuven,
dotOcean and Antea Group [10].

2.3 NAUTICAL BOTTOM CRITERION

Due to the complex structure and behaviour of the mud it
is indeed difficult to find a straightforward physical limit.
Moreover variations in time of the mud layer’s character-
istics require a rather continuous monitoring of this phys-
ical limit.

In most cases the mud density is used as a critical limit.
This does not mean that mud density is the critical pa-
rameter, but that at a certain value of this density a rheo-
logical transition in the mud behaviour occurs, which is
more easily monitored afterwards when linked to a densi-
ty value, see Figure 5 for an example in the port of Zee-
brugge. In Zeebrugge, the critical density was initially
decided to be 1.15 ton/m?, but was later increased to 1.20
ton/m®. Other examples of this approach are Rotterdam
(1.20 ton/m*®), Nantes (1.20 ton/m?), Paramaribo
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(1.23 ton/m3), Bangkok (1.20 ton/m?), Cayenne (1.27
ton/m®), and Chinese harbours (1.20 to 1.30 ton/m?®)
[11,12].
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Figure 5. Rheology profile of the mud layer in the
harbour of Zeebrugge. Comparison be-
tween the 1987 and the 1997 measurement

campaign. The single curve for the density
is illustrative.

In some harbours alternative methods are used; for in-
stance, in Emden the focus is put on the organic content
of the mud layer, which must remain large enough to
limit the yield stress to 100 Pa. In this way the harbour
remains navigable [13].

In all cases the measurement of mud layer characteristics
implies simplifying the mud layer. On top of that most
invasive measurement techniques change the characteris-
tics of the mud layers [3].

3 EXPERIMENTAL RESEARCH

3.1 OVERVIEW

Experimental research on navigation in muddy areas is
rather scarce. In this section a distinction will be made
between model scale and full scale research.

3.2 MODEL SCALE

3.2 (a) Scaling

Since William Froude’s experiments with small-scale
tests on ship hulls in the 1860s, model tests have been
playing an major role in understanding a ship’s hydrody-
namic behaviour. However, ship model tests have an
important drawback: when the speed scale is selected in
such a way that Froude’s scale law is fulfilled, dynamic
similarity will occur between the inertia forces and the
gravity and pressure induced forces. A correct scaling of
viscous forces, on the other hand, require Reynolds’
scale law to be met, which is practically impossible when
a free surface is present. In order to overcome this diffi-
culty, empirical correction methods have been developed
to deal with scale effects on e.g. resistance tests.

Accounting for the difficulties caused by the viscous
effects due to the properties of a fluid with a rather sim-



ple rheology such as water, which as a Newtonian fluid
can be characterised by its dynamic or kinematic viscosi-
ty as the only parameter, a correct scaling of the effects
caused by the presence of a fluid mud layer, for which
five parameters are required to describe the rheological
characteristics in a proper way [6], is not realistic. More-
over, the mud characteristics should even be varied with
the depth to model a realistic mud layer. Another diffi-
culty concerns the thixotropy of the mud: the use of a
thixotropic material during model tests would make it by
definition impossible to perform systematic tests under
constant bottom conditions. Most model tests for investi-
gating the effect of the presence of fluid mud layers on a
ship’s hydrodynamics were therefore conducted with a
homogeneous mud-simulating fluid with the correct
density ratio with respect to the water in the test facility.
For practical reasons, often a material with a Newtonian
rheology is selected which is immiscible with water,
which guarantees constant test conditions. Sometimes
real mud or artificially composed mud has been used as
well.

Summarized, model testing for investigating mud-ship
interaction always implies an important simplification of
the physical reality. Test results should therefore be in-
terpreted cautiously.

In the remainder of this section, a brief summary will be
given of the test programs conducted over the past 40
years with respect to the effect of mud layers on ship
behaviour.

3.2 (b) MARIN (Wageningen, NL)

Both captive and free running model tests were carried
out with a 1/82.5 scale model of a tanker sailing above or
in contact with an artificial mud layer of rather small
viscosity which was immiscible with water [14]. Two
densities and up to three mud layer thicknesses were
varied.

One important observation was the undulation pattern
that occurred in the water-mud interface when a ship is
passing. The amplitude of these undulations increases
with the thickness of the mud layer and with decreasing
mud density and affect the propeller efficiency as was
observed during the free running trials.

3.2 (c) SOGREAH (Grenoble, F)

Model scale tests were conducted in a looped wave flume
[15] with a scale model of a tanker (at different scale
factors) focussing at resistance and squat variations
above an artificially composed mud layer, with proper-
ties very close to natural mud. It is the only case where
the tested mud layer included a density gradient over the
depth; moreover, layers with different yield stresses were
applied. Also in this case undulations of the water-mud
interface had been observed which show the same behav-
iour.
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3.2 (d) Flanders Hydraulics Research (Antwerp, B)

At FHR experimental research was carried out in three
phases. In a first phase self-propelled tests were carried
out with scale models of an LNG-tanker and a hopper
dredger along a guiding rail above a mud-substituting
layer with a negligible viscosity which was immiscible
with water [16]. Mud density, mud layer thickness and
water depth variations were included in the program. The
undulations of the water mud interface could be linked to
three different speed ranges (see 5.2). The reaction of the
ship models due to these undulations was analogous to
the observations by MARIN. Additionally, a limited
number of similar model tests were conducted above an
artificially composed mud layer, as well as a series of
tests with a ship-like body towed above natural mud
layers. Although the bottom layers were both miscible
with water, similar tendencies were observed. Moreover,
the water-mud interface appeared to be relatively stable
under the ship; as mixing only occurred behind the ship,
this only had a minor effect on ship behaviour.

A second, and more comprehensive research [17], was
performed with an extensive captive test program with
three different ship models (two container carriers and
one tanker) in a variety of artificial muddy environments,
including mud thickness variation, water depth variation,
densities ranging between 1.10 ton/m* and 1.26 ton/m?
and dynamic viscosities varying between 0.03 and 0.33
Pa.s (Table 1). During this program the undulations of
the water-mud interface were also registered, and similar
observations could be made, although the larger viscosity
also plays a significant role.

Table 1. FHR: tested mud conditions on prototype

scale [17]
Mud Density [kg/m*®]  Viscosity [Pa.s]
B 1179 0.10
C 1149 0.06
D 1108 0.03
E 1257 0.29
F 1206 0.11
G 1248 0.33
H 1207 0.19

An additional, third research specifically focussed on the
effect of the muddy environments C and D on a container
carrier equipped with a bow thruster [18]. This research
was again carried out self-propelled, along a guiding rail.

3.2(e) Bundesanstalt fiir Wasserbau (BAW, Hamburg, D)
BAW conducted model tests with a 1/40 scale model of a

container vessel to study the sinkage and trim above
highly concentrated natural mud [19].



3.3  FULL SCALE

3.3(a) Rotterdam

In 1975 full scale tests were carried out with a 318 000
deadweight tanker (SS Lepton). The tests consisted of
entering the harbour and monitoring the effect of the
under keel clearance during a course change [20]. This
was done by analysing the steering capacity, i.c. the
maximal percentage of available rudder and propulsion
and the speed of the vessel during the manoeuvre. The
presence of undulations of the water-mud interface could
be confirmed during the full scale tests.

3.3 (b) Zeebrugge
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Figure 6. Full scale undulations of the water-mud
interface measured in the port of Zee-
brugge.

Full scale tests were carried out with the twin screw
suction hopper dredger Vlaanderen XVIII (Ly, = 124 m)
in 1986 and in 1988 [21]. Several test types were per-
formed at under keel clearances varying between -0.35 m
and +3 m referred to the water mud interface. It seemed
possible to navigate through top mud, with a tested under
keel clearance up till -0.35 m, without any major difficul-
ties. On the other hand during one trial the ship became
totally uncontrollable. During this trial the ship had in-
tentionally hit the rheological transition level (the nauti-
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cal bottom). Survey vessels were able to record internal
waves in the mud-water interface by their high-frequency
echo on several occasions, as illustrated by Figure 6,
where a hydraulic jump with a height of about 2 m can
be observed due to the passage of a deep-drafted OBO-
carrier.

Since 2005 full scale monitoring of deep-drafted contain-
er carriers are carried out whenever possible to check the
real-time manoeuvring models at FHR.

3.3(c) Saint-Nazaire

Full scale runs were carried out in the Loire estuary with
the tanker Alsace. A good agreement was found with the
results of the model scale tests at SOGREAH.

33(d) Delfzjl

In 2013 full scale trials were carried out with the general
cargo vessel CSL Rhine in the port of Delfzijl to validate
the conclusions from a simulator study [22]. Although
tests were conducted at under keel clearances of 14% and
larger referred to the top of the mud layer, it could be
concluded that both the manoeuvring and propulsion
behaviour was influenced by the mud layer at under keel
clearances with respect to the water-mud interface small-
er than 18%. In 2015 new full scale trials were carried
out with the hopper dredger Geopotes 15 at a range of
under keel clearances between +14% and -4% referred to
the top of the mud layer. In general the ship’s behaviour
could confirm previous simulation studies [23].

4 NUMERICAL / THEORETICAL RESEARCH

The behaviour of mud has been studied empirically and
theoretically by many authors, but mainly for hydraulic
and morphologic purposes. Numerical theories have been
used to study the ship behaviour in muddy navigation
areas [24, 25] indicating that the mud response is espe-
cially important at rather slow speeds and that mud vis-
cosity acts as an effective reduction in the total water
depth.

The water-mud undulations seem to have a significant
influence on the ship’s behaviour. In [16] an expression
for the critical speed was derived, based on an ideal fluid:

Uerc = [t (1-22) (1 = my)? M

m, is the local blockage factor of the upper fluid layer:

Aq

m; = @)

and A, is the ship’s cross section area in the upper fluid
layer.

Once the ship attains the critical speed, the jump on the
water-mud interface occurs behind the ship’s stern,



where it obstructs the inflow of propeller and rudder. The
theory was confirmed with the model experiments where
the viscosity of the mud layer was small (< 0.01 Pa.s).

Recently steps were taken to include the mud behaviour
with an appropriate rheological model into CFD. As a
first part of this project CFD computations with a cylin-
der towed through mud were compared with model tests
at FHR where the same setup was used with a natural
mud layer [26].

5 BEHAVIOUR OF A SHIP IN MUDDY AREAS

5.1 OVERVIEW

Based on experimental and numerical research an over-
view is given on the behaviour of a ship in muddy areas.
In some cases mathematical models were developed for
real-time simulation purposes, which will be discussed in
paragraph 5.4. However, based on the evolution of the
coefficients of these mathematical models, effects of the
mud layer on the ship will be explained.

5.2  UNDULATIONS OF WATER — MUD INTER-
FACE

According to [16] three speed ranges can be detected for
the behaviour of the water mud interface:

* At low speed a small sinkage near the fore body
is detected, which disappears amidships and
turns into an elevation abaft;

e At a certain speed value the sinkage at the en-
trance changes suddenly into an elevation. The
section at which the jump occurs moves abaft
with increasing speed;

* If the speed increases more, the rising of the in-
terface occurs behind the stern. The amplitude
of the elevation can exceed the mud layer thick-
ness several times.
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Figure 7. Critical speed in function of water depth
and mud density.

The latter occurs at a speed which is given by equation 1
for inviscid fluids. The evolution of this speed is shown
in Figure 7. For common manoeuvring speeds in harbour
areas, the ship always seems to be in the critical range.

However, for larger mud viscosities, equation 1 does not
seem applicable [27]. When sailing above the mud layer,
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the amplitude of the rising is only significant if the vis-
cosity drops below a certain critical value somewhere
between 0.12 and 0.18 Pa.s, see Figure 8. Disregarding
the viscosity the risings are always significant once the
ship’s keel touches the mud layer.

-1 -0.5 0 0.5 1 1.5
—mud G 0.3 m/s —mud H 0.3 m/s —mud B 0.3 m/s
—mud C 0.3 m/s mud D 0.3 m/s

Figure 8. Rising of the water mud interface when a
container carrier sails at an under keel
clearance of 10% above the top of the mud
layer.

The propagation pattern also seems to be influenced by
both the viscosity and the speed. At lower speeds, the
undulation crests are approximately perpendicular to the
ship’s heading in case of mud layers with low viscosity
(< 0.12 - 0.18 Pa.s), while at higher speeds the undula-
tions seem to behave as a Kelvin pattern (see Figure 9).
The perpendicular pattern is observed over a larger speed
range in case of mud layers with larger viscosities (>
0.12 - 0.18 Pa.s). The transition between both patterns
occurs at a higher speed in case of mud layers of higher
viscosity. A more viscous mud layer clearly requires
larger speeds to have a critical influence.

1n =0.002 Pa.s

n =0.030 Pa.s
Figure 9. Propagation pattern of undulations of the
water-mud interface.

5.3  SHIP’S SQUAT

The behaviour of the sinkage and trim of a vessel in
muddy areas is closely related to the undulations of the
water-mud interface [27].

When a ship navigates with a small under keel clearance
above the mud, contact can occur between the undulating
mud-water interface and the ship’s keel. The mud will
yield a small increase of buoyancy, which results in a
small decrease of the sinkage. Sailing in contact with the
mud will always generate an increase of buoyancy, see
Figure 10. For an equal total depth, the sinkage is thus
larger above a solid bottom than above a muddy bottom.
At somewhat higher speed, however, an increase of the



squat may be observed in case of negative under keel
clearance with respect to the mud-water interface, as was
observed during model tests at SOGREAH (Figure 11).

An interface rising will have the largest influence on the
trim when it takes place amidships. The influence will
decrease when the rising moves abaft. In all cases a larg-
er rising causes a larger asymmetry and thus a larger trim
compared to solid bottom conditions.
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Figure 10. Sinkage in function of the ship speed.
Thickness of the mud layer: 1.5 m full
scale. No propeller or rudder action. -1.1%
under keel clearance referred to the water
mud interface [27].

Q08 wigL SR
Figure 11. Sinkage in function of the ship speed for
different under keel clearances related to
low gradient mud. Thickness of the mud
layer: 1.5 m full scale. Adapted from [15].
54  MATHEMATICAL MANOEUVRING
MODELS

54 (a) MARIN

Based on the model tests performed at MARIN a mathe-
matical manoeuvring model was developed [14]. The
velocity derivatives resulted appreciably higher in muddy
conditions (larger damping), while the increase of accel-
eration derivatives was merely ascribed to the small
under keel clearance and not the effect of the mud layer.

Manoeuvres are slower in muddy areas, especially in
case of a small positive under keel clearance referred to
the water mud interface and when the rising of this inter-
face is high, thus with smaller densities. The mud layer
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slackens the steady conditions while accelerating the
dynamic ones, zigzag tests are for example carried out
faster with mud on the bottom, while turning circles are
larger in muddy conditions (Figure 12).
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Figure 12. Turning circles: effect of mud thickness
[14].

5.4 (b) FHR

For each of the muddy environments that was tested
during the second research phase coefficients of a full
four quadrant modular manoeuvring model were deter-
mined [28].

The ship’s resistance is characterized by a sharp increase
once the ship’s keel penetrates viscous mud layers. The
acceleration derivatives not only increase significantly
with decreasing water depth, but also with increasing
mud density and viscosity, even if no contact occurs



between ship and mud. In general the presence of a mud
layer tends to increase the shallow water effects.

The propeller wake increases above or in contact with
low density mud layers, while it decreases in case of high
density mud layers, which is in agreement with the be-
haviour of the undulations of the water-mud interface. A
mud layer will always increase the propeller shaft torque,
which means that the propeller efficiency decreases,
especially when penetrating the mud. The asymmetry
effect of a single propeller will also be more significant
in muddy areas.

The rudder induced lateral force on the hull is signifi-
cantly larger in muddy areas. At the same time its appli-
cation point moves towards midships, so the larger lateral
force does not yield a larger turning moment.

At slow speeds (smaller than 3 knots) the effect of a bow
thruster seems to diminish once the keel touches a mud
layer [29].

The mathematical models were intensely applied for fast-
time and real-time simulations (see also 6.1). As an ex-
ample, the results of turning circle manoeuvres is given
in Figure 13, confirming the main conclusions of
Figure 12.
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Figure 13. Turning circle tests (full to port) with a
6000 TEU container vessel: tactical diame-
ter as a function of under keel clearance
with respect to the mud-water interface for
several mud layers [30].

5.5 HYDRODYNAMICALLY EQUIVALENT

DEPTH

Based on the fact that the mud layer tends to increase the
shallow water effect, a consolidated mathematical model
was developed [27, 31, 32] which takes account of mud
layer density, viscosity, thickness and water depth based
on a hydrodynamically equivalent depth. With h, the
thickness of the mud layer and h; the height of the upper
lying water layer, the total depth can be written as:

h=h1+h2 (3)
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The bottom material can vary from water over soft mud
to consolidated mud. If the mud has large viscosity and
density values, like sand or clay, the material will hardly
move when a ship passes by and its top can be consid-
ered as the actual seabed. In this case the hydrodynami-
cally equivalent depth h* is:
B =hy (4)
On the other hand if the material is very fluid the mud
layer cannot be considered as a solid bottom. In the limit
condition of two equivalent water layers, the hydrody-
namically equivalent depth is:
h*=h1+h2=h (5)
For intermediate situations a parameter @ can be defined,
so that:
h*=h1+(phzgh (6)
Particular values for the parameter @ are 0 (hard layer of
thickness h,) and 1 (watery layer of thickness h,), @
represents consequently the degree of watery behaviour

of the bottom layer and is therefore called the fluidization
parameter.

Intuitively the fluidization parameter of the mud covering
the seabed depends on the following aspects:

»  the rheological properties (e.g. viscosity) of the
mud: a decrease of the latter means a more fluid
mud layer and will logically result in an in-
creased fluidization parameter;

* the under keel clearance referred to the mud-
water interface: the fluidization parameter in-
creases when the ship’s keel is located closer to
the mud or penetrates the mud. In these condi-
tions the mud layer is stirred and will behave
more fluidly.
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Figure 14. Real time simulations with a 6,000 TEU
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6 REAL TIME SIMULATION PROJECTS

6.1 FHR

6.1 (a) Nautical bottom criterion in Zeebrugge

Based on the developed mathematical models [28], real-
time simulations were carried out in 2004 [17] to check
the position of the nautical bottom in the harbour of Zee-
brugge. Based on this real-time simulation program the
position of the nautical bottom changed from 1.15 ton/m?
to 1.20 ton/m?. The available tug assistance is critical for
the penetration of the ship’s keel in the mud, which
should be limited to 7% of the ship’s draft, see Figure 14.

6.1 (b) Updates to the simulation models

Since 2004 the manoeuvring models were continuously
enhanced:

e In 2006 an algorithm was added to cope with
the changing characteristics of a mud layer or
with a transition from solid bottom towards
muddy bottom [33].

*  The consolidated model, based on the hydrody-
namically equivalent depth, was added to the
simulator in 2008.

* In 2010 the nautical bottom criterion was
checked against the admittance of container car-
riers up to 400 m length in the port of Zeebrug-
ge and the effect of mud on bow thrusters was
added.

6.2  OTHER INSTITUTES

To the authors’ best knowledge no other institutes have
developed manoeuvring models in muddy areas to per-
form real time simulation research. On the other hand,
the knowledge developed at FHR on ship behaviour in
muddy areas has been used to enable other institutions to
perform simulator studies to tackle local navigation prob-
lems. Some examples:

e On behalf of Alkyon (nowadays part of Ar-
cadis), FHR suggested modifications to math-
ematical models for a container vessel, a bulk
carrier and a towed barge to simulate manoeu-
vres in the approach to harbours in Brazil and
Surinam.

* A real-time simulation study to investigate the
feasibility of introducing the nautical bottom
approach in the harbour of Delfzijl (The Nether-
lands) was performed at the FHR simulators in
the frame of a study by Wiertsema & Partners
on behalf of Groningen Seaports [23].

e On behalf of USACE, FHR suggested modifica-
tions to mathematical models for a tanker to
simulate approach manoeuvres to the Calcasieu
Ship Channel (USA) at the ERDC simulator fa-
cility in the frame of a project executed by RPS
Group Plc.
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7  CONCLUSIONS AND OUTLOOK

This paper intended to give an overview of the research
that has been carried out since 1975 on the manoeuvring
behaviour of ships in muddy navigation areas.

Despite the numerous research efforts on the manoeu-
vring behaviour in muddy navigation areas the question
still remains how both parts of the nautical bottom defini-
tion by PIANC can be linked. It is still hard to tell what
the physical limit is, and how it can be measured ade-
quately in situ. Confirmation is needed whether this
physical limit is linked to critical issues with the ship’s
controllability. It is rather doubtful that this critical limit
can be summarized in a single parameter such as the mud
density, which is however the most common practice to
characterize the mud, besides the echo sounding.

Further research is still needed with regards to the meas-
uring tools. At present each tool claims to measure a
level which corresponds to the nautical bottom, but a
convergence of the different levels is not reached yet.

The manoeuvring behaviour of the vessels in muddy
navigation areas also needs further attention, however the
limits of physical scale models are reached, as it is hard
to address the influence of density and viscosity gradi-
ents and thixotropy on model scale. Therefore a start is
made to try to implement the rheological behaviour of
the mud into CFD. This is a long term project, as for now
only the behaviour of a cylinder submerged in mud with-
out water can be predicted [22].
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SUMMARY

The paper presents the results of the computational study on the flow around a Post-Panamax container ship cruising in a
restricted shallow channel in model scale. The study aimed next to numerical prediction of dynamic sinkage and trim at
the analysis of the flow regime in the gap between ship's hull and waterway's bottom.

NOMENCLATURE

L Waterline length (m)

p Density of water (kg/m”®)
B Ship beam (m)

T Ship draft (m)

h Fairway depth (m)

A Model scale (-)

U Ship speed (m/s)

Ss Squat at the bow (m)

Sy Squat at the stern (m)

yt Dimensionless wall distance (m)

1 INTRODUCTION

Through years of experimental tests in model scale to
predict ship induced wave loads on bank protection in
channels and waterways at BAW, a comprehensive col-
lection of squat measurements had grown, allowing to
draw some principal and systematic conclusions on the
squat effect in shallow and restricted waters. One was the
observation of a significant increase of the trim angle
when water depth to draft ratio is decreased to less than
h/T = 1.3. Change in the flow regime was suspected to
be responsible for this effect. In order to avoid the com-
plicated experimental investigations it was decided to
utilize computational methods to gain an insight into the
flow regime and underlying mechanisms of the described
effect. In the presented research a series of computations
covering a representative range of h/T and different
ship speeds were performed using both RANS and a
scale-resolving approach - the hybrid RANS/LES model
of Kornev et al. [1]

2 CONSIDERED PROBLEM AND
COMPUTATIONAL SETUP

2.1  MODEL PARAMETERS

The model PPMS55 used for the simulations corresponds
to a Post-Panamax container ship to the scale 1:40. The
parameters of the model are presented in the Table 1. In
this research the bare hull without propeller and rudder
was investigated, even though in the experiment the
model was self-propelled. Influence of propeller suction
force on squat as well as the flow in the bottom is out of
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the scope of the current study and will be investigated in
the further research.

2.2 FAIRWAY PARAMETERS

A symmetric channel with the flat bottom and the bank
slope 1:3 was considered, which corresponds to the ge-
ometry, used in the BAW model basin for the experi-
mental investigations of squat (see Fig.1). For the RANS
calculations the channel depth was varied from h/T=1.15
to h/T=1.75, for hybrid calculations only the lowest
value was studied. In order to keep the slope constant for
different depths, the breadth of the channel was changed
accordingly. The ship was assumed to move in the centre
of the channel.

1009m

i

—

E‘ y +X

L 907m ;I
Figure 1. Channel geometry at the full scale,

h/T =1.06

Table 1. PPMSS5 Parameters
Ly, 8.89
B 1.375
T 0.4
Cp 0.689
A 1:40
2.3 RANS SQUAT COMPUTATION SERIES

The RANS computations were performed for twenty five
cases with the parameters listed in the Table 2. The cor-
responding range of Reynolds numbers is

43-10°-1-107

Numerical solution was obtained using the quasi-steady
state VOF-solver LTSInterDyMFoam, which is a devel-
opment of the chair of modelling and simulation at the
University of Rostock, based on a CFD toolkit



OpenFOAM. In the framework of the local time stepping
(LTS) method the time step is not constant over the com-
putational domain, rather than it is a scalar field, depend-
ing on the local Courant number. This way the solution
process can be considerably speeded up, compared to
unsteady formulation. The simulation started with the
fixed ship attitude and after the convergence of the wave
system the model was allowed to sink and trim. For tur-
bulence modelling k — w SST model of Menter was used
with the automatic wall functions [4]. Unstructured hexa-
dominant computational grids were generated by
StarCCM® trimmer mesher with the average y* = 40.
The middle line plane was considered a symmetry plane
and thus only a half of the ship flow was calculated. For
a half a ship meshes about 2M cells were produced.
Computational cells near the ship hull had an isotropic
cubic form with the edge length of 0.01m at the bow and
at the stern and 0.02m in the cylindrical part of the hull.
Cells, located at the free surface were refined down to
0.005m in vertical direction. At the inlet and the outlet of
the domain the control volumes were stretched in longi-
tudinal direction. Domain length was equal to 5L,,;: 2L,
in front of the model and 2L,,; after (it was chosen ac-
cording to experience [2])

Table 2. Summary of the considered cases (U in m/s)

/T | 1.15 1.2 1.3 1.5 1.75

U

0.48 | RANS, RANS | RANS | RANS | RANS
RANS/LES

0.64 | RANS, RANS | RANS | RANS | RANS
RANS/LES

0.81 | RANS, RANS | RANS | RANS | RANS
RANS/LES

0.97 | RANS, RANS | RANS | RANS | RANS
RANS/LES

1.13 | RANS RANS | RANS | RANS | RANS
RANS/LES

Discretization of convective terms was done using linear
upwind interpolation. Diffusive terms were approximated
using Green-Gauss scheme with linear interpolation and
explicit correction of mesh non-orthogonality. For time-
stepping the Euler implicit scheme was employed.

The computational methodology described above had
already been successfully applied for the prediction of
squat in a restricted fairway [2]. For the description of
the OpenFOAM VOF algorithm the reader is referred
to [3].
2.4  HYBRID RANS/LES COMPUTATIONS

For the hybrid computations only five cases were select-
ed (see Table 2). There were two reasons for this. First of
all hybrid simulations should be conducted on finer
meshes compared to RANS ones and therefore they are
much more computationally expensive. The second rea-
son is that the aim was to investigate the unsteady effects
in the wake and these were assumed to be the most in-
tense at the lowest h/T.
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Simulations were carried out using the unsteady VOF
solver interDyMFoam. Initial trim and sinkage as well as
the initial conditions for velocity, pressure and volume
fraction fields were obtained from the local time stepping
solver (see section 2.3). As previously, the model was
free to sink and trim, but this time rigid body dynamics
was also taken into account. For the integration of the
equations of rigid body dynamics second order leapfrog
method was adopted. Coupling with fluid dynamics was
performed in an iterative manner [5].

Since the symmetry condition cannot be applied for
scale-resolving simulations, the mesh was constructed for
the whole ship and contained about I13M cells. The aver-
age y* value was approximately 1. The gap between the
ship hull and the fairway bottom was resolved using 35
cells, including viscous layers. No wall functions were
applied. The viscous layers were also added to the chan-
nel bottom.

The RANS/LES turbulence model of Kornev et al.
blends the Lilly’s version of Germano subgrid stress
model with the k —w SST model of Menter depending
on the ratio between the integral length scale and the
local cell size. Details of the model implementation and
validation can be found in [6] and will be omitted here.
As it was described by some authors [7], application of
upwind-biased schemes (even high-order) for the dis-
cretization of the convective term can influence the
quality of hybrid simulations because of the increase of
dissipation and therefore it is recommended to use cen-
tred schemes. Unfortunately the latter may become un-
stable in some regions of the flow and thus the blending
between upwind and centred schemes is proposed, in
which the blending factor depends on the local flow
characteristics (strain rate, vorticity, turbulent viscosity,
etc.) [7], so that the scheme turns to upwind in the RANS
zone and to a centred one in the LES region. For all the
hybrid simulations in the present study the convective
term was discretized using the mixture of a second order
linear upwind scheme with a centred one. The time step-
ping was performed by means of the Crank-Nicolson
scheme. Diffusive terms were approximated in the same
way as in RANS calculations (see Sec. 2.3).

3 RESULTS AND DISCUSSION

3.1  RANS RESULTS

Computational results for the squat effect at the bow and
at the stern are presented in the Fig. 2 and 3. From the
computed data one can identify the following tendency.
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At the small speeds the ship is normally trimmed to the
bow (Sg > Sy). With the increase of the speed the direc-
tion of the trim is changed to the stern. Already at
0.81m/s in all cases the trimming moment was negative.
Further speedup of the ship caused the reduction of the
under keel clearance (UKC) and the increase of the trim
angle. As it is known, squat is in general intensified
when the channel depth decreases and the speed increas-
es, which means that the proper tendency was reproduced
by the numerical method.
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The most interesting results were obtained for the veloci-
ty distribution in the gap between the ship and the chan-
nel bottom.
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Figure 4. Velocity magnitude distribution at the
middle line plane of PPM55 at h/T=1.15,

U=1.13m/s. AP at x=0.
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Figure 5. Velocity magnitude distribution at the
middle line plane of PPM55 at h/T=1.3,
U=1.13m/s. AP at x=0.

In Figures 4, 5 and 6, one can see the distribution of the
velocity magnitude at the middle line plane at different
depths at the speed of 1.13 m/s. In the presented figures
the following phenomenon can be observed. At h/T =
1.75 one can distinguish two separate boundary layers
growing in the gap: one on the bottom and one on the
ship hull. As h/T decreases, these two get united so that
there is no region, for which it could be stated that the
viscous effects are negligible there (see Fig. 4). This
phenomenon leads to the decrease of the flow velocity
starting from the midship. Since the Bernoulli equation in
its inviscid form
2
p+ % = const

)

is no more applicable in this region, the deceleration of
the flow does not lead to the increase of pressure and
reduction of the trimming moment. Because of the pres-
sure drop Ap due to viscous effects, pressure in the stern
pu decreases even stronger:

& [m

Figure 6. Velocity magnitude at the middle line plane
of PPMSS at h/T=1.75. AP at x=0.

Thus, compared to the cases with higher h/T the trim-
ming moment (which is mostly due to the low pressure at
the stern) increased, even though the local velocity in the
stern area became lower. If one takes the above discus-
sion into account, it becomes clear, why the decrease of
h/T results in a substantial trim change. One of the
reasons for this is obviously the asymmetric distribution
of the pressure loss relative to the midship.

One additional effect which deserves attention is the
formation of the flow separation below the stern bulb at
lower depths. The separation zone is pronounced in the
Fig. 4 and 5 for h/T=1.15, h/T=1.3 respectively, where-
as at h/T=1.75 only the moderate separation is observed.
The longitudinal evolution of the flow in this separation



region can be seen in the Fig. 7. The boundary layer
detaches at approximately x=1.5 and a separation bubble
is built up downstream.
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Figure 7. Velocity magnitude distribution at differ-
ent x-slices in the ship stern. The develop-
ment of the separation region can be ob-
served. AP at x=0
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It is known, that RANS models generally don’t perform
well in separation regions [8], and therefore in such cases
application of hybrid methods or LES is recommended.
3.2  HYBRID RANS/LES RESULTS

In all the RANS/LES simulations periodic oscillations of

the trim angle and the squat at the midship were ob-
served.

The period of the oscillations was approximately equal to
the eigenfrequency of the model hull and therefore one
can say that the observed oscillations are physically ade-
quate.

Since the hybrid simulations started from a RANS solu-
tion, it took some time till the instabilities are developed.
In the Fig. 8 one can see an example of the time history
of squat oscillations at the stern. It can be noticed that the
oscillations are periodic (T, = 1s) with the amplitude
slightly changing in time.

For U=0.48, 0.65, 0.81 m/s the amplitude of Sy and Sp
oscillations was approximately equal to 10% of the mean
value. The maximum amplitude of fluctuations was ob-
served for U = 0.97 m/s, where the amplitude reached
about 50% of the mean value. Further increase of the
ship speed led to the reduction of the fluctuation intensity
to 3.5%. This stabilization of the ship dynamics can be of
a numerical as well as of a physical nature. On the one
hand when the gap between the ship and the bottom is
getting narrower, the unsteadiness in the stern can be-
come less intense because the amount of water passing
under the ship will decrease and this can weaken the
vortical structures.
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On the other hand, the decrease of the gap size can force
the hybrid model to switch to RANS in a broader region
of the flow, causing in this way a stabilization. In order
to clarify, which of these scenarios led to the observed
effect, additional computations should be conducted. In
most cases the application of the hybrid methods did not
lead to considerable change of the mean trim and sink-
age, even though the oscillations were observed. . The
only exception is the case with U = 1.13 m/s, where
Sg, Sy increased (signed value) by approximately 5%.

U]
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Figure 9. Instantaneous snapshot of the coherent
structures at the stern of PPMS5 at
h/T=1.15, U=0.97m/s

Analysis of the vortical structures in the wake (see Fig 9)
has revealed, that the unsteady behaviour of the ship was
caused by the hydrodynamic effects. In RANS computa-
tions a separation region at the stern bulb was observed,
but the dynamics of the bubble could not be resolved in
time. On the contrary to RANS the hybrid method
switched to LES in the stern region and this way the
periodically detaching vortices were captured. These
unsteady vortices caused the periodic fluctuations of
forces and moments on the hull, which influence can be
observed in the Fig. 8. The breadth of the region filled
with eddies and the intensity of the latter point out that
the hull oscillation amplitude is likely to be realistic.



Once the main part of the hybrid simulations was accom-
plished it was decided to carry out some additional nu-
merical study in order to determine, whether the ob-
served hull oscillations were caused by the unsteady
separations or the flaws of the coupling between the fluid
dynamics and rigid body dynamics. For this purpose a
few additional RANS/LES simulations with the fixed
ship attitude were carried out, during which the velocity
fluctuations in the separation bubble were recorded at 3
points along the stern bulb.

The Fourier analysis of the recorded data for the separa-
tion bubble (see Fig. 10) with the fixed hull showed, that
there is indeed a velocity fluctuation mode close to the
eigenfrequency of the hull oscillations (around 1/s). This
finding made the authors more confident that the ob-
served unsteady behaviour of the ship had a physical
background and was not a result of numerical instabili-
ties.

Unfortunately, since no experimental data for the veloci-
ty in the ship wake is available it is hard to conclude, to
which extent (quantitatively) the observed effect is close
to reality. However, the experience shows, that some-
times during the towing tank as well as self-propelled
trials under extreme shallow water conditions ship mod-
els can indeed noticeably oscillate.
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Figure 10. Power spectral density of the velocity fluc-
tuations in the wake of PPMS5

4  CONCLUSIONS

The presented paper describes the results of a series of
RANS and RANS/LES computations of squat effect
under extreme shallow water conditions. The main aim
of the numerical study was to determine, which effects
lead to the dramatic intensification of squat at h/T < 1.3,
which is often observed in experiments. After the exten-
sive analysis of the velocity distribution in the flow under
the ship and pressure distribution along the hull at differ-
ent motion regimes it was found out, that at low values of
h/T the boundary layers, which grow on the ship hull
and at the channel bottom unite, which causes the in-
crease of pressure drop along the hull due to the intensi-
fied friction.
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Additionally it was shown, that at low depths considera-
ble separations occur in the stern region. Due to the high
diffusivity of RANS closure models it is problematic to
capture the influence of these separations on the dynam-
ics of the hull. However, if a hybrid model is applied, the
unsteady effects in the wake can clearly be seen and they
lead to considerable oscillations of the model. Applica-
tion of the hybrid approach, however, did not lead to any
noticeable change in the average values of dynamic trim
and sinkage.
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A SIMPLIFIED MANEUVERING PERFORMANCE OF A LARGE CONTAINER SHIP

PASSING THROUGH THE SUEZ CANAL

Y You and W Kim, Daewoo Shipbuilding & Marine Engineering Co., Ltd., Republic of Korea

SUMMARY

In the Suez Canal, it have been consistently reported that ships collided with other ships or inner walls of the Canal,
despite the maneuverability of the ships meet the IMO standards. Ship owners are requiring the ship design considering
the maneuverability under restricted water, because they thought that those collisions resulted from bad execution in the
Canal. In this paper, it is simply tried to evaluate the maneuvering performance to specify the design basis related to the
rudder considering the maneuverability of the ship under restricted water such as the Suez Canal. The hydrodynamic
coefficients at deep and shallow water are predicted based on the empirical formulae. The bank effects due the walls of
the Canal are considered by analyzing the CFD calculation results using the parameters with reference to the empirical
formulae. The index as a design basis is developed by evaluating the minimum relative distances between the ship and
both walls of the Canal under prescribed environmental conditions.

1 INTRODUCTION

Most of ships in shipyards of South Korea sailing along a
planned route in the ocean are large vessels such as
container ship, liquefied natural gas carrier (LNGC), very
large crude oil carrier (VLCC) et al. It is general that the
ships have simplified sailing plan where complex
maneuvering behaviors are minimized to secure ship
handling safety. Therefore, hull, propeller and rudder
design have been conducted by considering typical
maneuvering test results such as course keeping ability
and turning ability at design speed. For the designed ship,
it should be shown whether the maneuverability meet the
standards related to the initial turning test, 35° turning
test, 10°/10° zigzag test and 20°/20° zigzag test
recommended by the International  Maritime
Organization (IMO) [1]. It have been generally
demonstrated using simulation, model test and sea trial.
In shipyards, it is frequent that maneuvering performance
of a ship is evaluated by simulation, because it is
important to confirm whether the ship can meet the IMO
standards or not, from the shipbuilding company’s point
of view. Kijima et al [2] conducted regression analysis
based on the model test for various ships and predicted
hydrodynamic coefficients of a ship using principal
particulars. Based on the research, it is possible to predict
maneuverability of a ship using limited information
which can be obtained in the initial design stage. Lately,
Sung and Park [3] conducted virtual captive model test
using the computational fluid dynamics (CFD) and
obtained the hydrodynamic  coefficients. = The
maneuvering simulation results using the acquired
coefficients are compared with those using coefficients
obtained from the model test.

It has been enough to verify the maneuverability of the
designed ship using the typical maneuvering test results
if the ship has a simple sailing route. However, it is hard
to judge the ship handling safety based on the typical
test, if complex sailing conditions such as low speed,
shallow water and restricted water are additionally
included in the sailing plan for financial efficiency and
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security reasons. It is representative that a large vessel
passes through the Suez Canal from Asia to Europe. In
the Suez Canal, it have been consistently reported that
ships collided with other ships or inner walls of the
Canal, despite the maneuverability of the ships meet the
IMO standards. Ship owners are requiring the rudder
design considering the maneuverability under restricted
water, because they thought that those collisions resulted
from bad execution in the Canal. However, there is no
way like IMO standards to judge the ship handling safety
in the canal.

In this paper, it is tried to construct an evaluation method
of the maneuvering performance to specify the design
basis related to the rudder considering the
maneuverability of the ship under restricted water such
as the Suez Canal. First of all, a large container ship was
chosen to investigate the maneuvering behavior under the
restricted water, because there are in great demand for
container ships passing through the Suez Canal. And, the
hydrodynamic coefficients at deep and shallow water are
predicted based on the empirical formulae proposed by
Kijima et al [2, 4] and added mass and added mass
moment of inertia are predicted based on the empirical
formulae suggested by Hooft and Pieffers [5] and
Meijing [6]. Rudder lift and drag coefficients are
predicted based on the empirical formulae proposed by
Fujii and Tsuda [7, 8]. In case of propeller thrust
coefficients, they are obtained from the model test results
for previous project in the Daewoo Shipbuilding and
Marine Engineering Co., Ltd. (DSME). Environmental
conditions for the Suez Canal are determined with
reference to the sailing directions published by the
National Geospatial-Intelligence Agency [9]. Maximum
wind speed which is allowed for sailing ship in the Canal
is 10.0 knots. The wind load coefficients of the large
container ship are predicted using the empirical formulae
proposed by Fujiwara [10] and irregular wind speeds are
generated using Froya spectrum proposed by Anderson
and Levseth [11]. The effect of the canal flow on the ship
can be considered in the maneuvering equations of
motion using the Hwang’s method [12]. The bank effects



due the walls of the Canal are considered by analyzing
the CFD calculation results using the parameters with
reference to the empirical formulae proposed by Norbin
[13]. To specify the design basis of maneuverability
under the prescribed condition, it is assumed that the ship
passes through along the virtual waypoints in the straight
canal with same cross section. Rudders have to be
controlled for the ship to go straight following the way
points, because there are irregular winds, canal flows and
bank effects. In the Suez Canal, it is prohibited to operate
the autonomous navigation system. Therefore, the ship
has to be controlled by a seafarer. To consider the control
characteristics of the human seafarer, the fuzzy control
proposed by Hasegawa [14] is applied. The maneuvering
performance as a design basis is evaluated by calculating
the minimum relative distances between the ship and
both walls of the Canal under prescribed environmental
conditions. The minimum distances for 3 hours obtained
according to the wind directions. Four points, which are
bow and stern end points in the port and starboard side of
the ship, are decided as the reference points for the
evaluation. For the reference points, the ship is assumed
as a rectangle whose length is same with the length
between perpendiculars and width is same with the
breadth. Using the evaluated results, it is anticipated that
the ship handling safety can be qualitatively compared
under the given environmental conditions. In the future,
it is possible to be developed as minimum requirement to
ensure the performance of a ship which has to pass
through any restricted water, after the values for ships in
the collision accident are statistically investigated.

2  MODEL SHIP AND MANEUVERING
EQUATIONS OF MOTION

As shown in Fig. 1, a large container ship with twin
propellers and rudders was chosen in order to calculate
the maneuvering behavior of the ship in the Suez Canal.
Table 1 shows the principal particulars of the container
ship. LCG indicates the distance of the longitudinal
center of gravity from midship. In this study,
maneuvering equations of motion as shown in equation
(1) are solved to evaluate the maneuvering performance
of the ship. In equation (1), m indicates the mass of the
ship, and 7., means the mass moment of inertia. u , v

are the longitudinal and transverse speeds, and r is the
rotational angular velocity. # , v indicate the time
derivatives of longitudinal and transverse speed. 7 is the
time derivatives of angular velocity. X , Y is the
longitudinal and transverse forces acting on the ship, and
N is the yaw moment.
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Figure 1. A model of the large container ship with
twin propellers and rudders

Table 1. Principal particulars of the container ship
Item Magnitude
Length overall [ m ] About 400.0
Length between About 375.0
perpendiculars [ m ]
Breadth [ m ] 59.0
Draft [m ] 16.0
Block coefficient [-] 0.700
LCG [m] 7.00
Propeller diameter [ m | 9.50
Pitch at 0.7R [ m ] 6.700
Rudder area [ m* ] 60.00
Aspect ratio [-] 1.50
mu—vr)=X
m(vV+ur)=Y (1)
Ii=N

Fig. 2 shows the coordinate system of this research. x, ,
y, indicates the global coordinate axis, & is the rudder

deflection angle. U means the ship speed. ¥ , ¥
b4

wind >

are the heading angle of the ship, incident

canal flow
angle of wind and canal flow, respectively. V., »
vV

canal flow 1€ the speed of wind and canal flow.

The forces and moment acting on the ship can be
expressed as equation (2). The subscript “H” indicates
the hull of the ship, and “C” means the canal flow. The
meaning of “H(C)” is that canal flow load acting on the
hull is considered during the calculation of
hydrodynamic loads acting on the hull [12]. “P”, “R”,
“W” and “B” indicate loads due to the propellers,
rudders, wind and bank effect.
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Because the design of a ship is not confirmed in the
initial design stage, it is impossible to acquire the
detailed information, accurately. All hydrodynamic
coefficients, added mass and added mass moment of
inertia, and rudder lift coefficients are predicted using the
empirical formulae to consider the limitation on the
initial design stages [2, 4, 5, 6, 7, 8]. However, resistance
coefficient and information related to propeller thrust are
obtained from model test results for previous projects.
Hydrodynamic loads are written as shown in equation
(3). m, , m, indicate the added mass along the

longitudinal direction and transverse direction. .J_. is the

added mass moment of inertia. T means the draft of the
ship. x; indicates the LCG as defined in Table 1.
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3 PREDICTION OF ENVIRONMENTAL
LOADS SUCH AS WIND, CANAL FLOW
AND BANK EFFECT

The cross section of the Suez Canal is defined with
reference to the cross sectional area proposed by the
National Economic Development as shown in the Fig. 3.
Actual cross section is not only same along the canal but
also it is not straight. In this research, the geographical
characteristics are simplified, even if actual cross section
is not always identical. The canal section has two sloped
walls whose angles are same at both sides. The width of
the bottom is 121 m, and the width of the canal at mean
water level is 313 m. And, the depth of the canal is 24m.
It is assumed that virtual way points are located at the
center of the width at mean water level. Because it is not
wide enough to allow two-way passage, two convoys are
scheduled to transit the Canal on a typical day, one
southbound and northbound. Therefore, a ship always
tries to move straight near center in the Suez Canal.
Because the draft of the container ship is 16 m, the
relative distances between the two reference points at
starboard side and bank wall have to be larger than 64.0
m to prevent from colliding with the wall. Likewise, the
relative distances between the two reference points at
port side and bank wall have to be larger than 64.0 m, as
well. Accordingly, the values can be regarded as indices
which should be kept to a minimum. The values are
defined as Cgrpp and Cpppy -
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Figure 3. Design section of the Suez Canal

To consider the wind loads acting on the hull, wind load
coefficients are obtained from the empirical formulae
proposed by Fujiwara [10]. The values to predict the
coefficients are shown in Table 2. The maximum allowed
wind speed for sailing in the Suez Canal is 10.0 knots.
HBR indicates the height to top of superstructure, C is
the distance from midship section to center of the
superstructure. H- is the height to center of lateral

projected area, AOD is the lateral projected are of
superstructure. CBR 1is the distance from midship section
to center of the superstructure. 4, 4, are the transverse

and lateral projected area, respectively.

To generate irregular wind speeds acting on the hull,
Froya spectrum proposed by Anderson and Levseth is
used. The spectral density function is shown in equation
(4). U, is the 1-hour mean wind speed at 10 m in units of

m/s, and z is the height above sea level in units of m. n is
0.468.

The spectral density considering the geographical
characteristics of the Suez Canal is shown in Fig. 4. Fig.
5 shows the generated random wind speed based on the
acquired spectral density function.

Table 2. Inputs of the large container ship to
predict wind load coefficients proposed by
Fujiwara (2001)

Item Magnitude

Design  wind  speed 10.0

[ knots |

HBR [m ] 43.0

C[m] 9.75

He [m] 24.7

AOD [m?] 11445

CBR [m ] 14.75

Ay [m] 17338.4

4 [ m? ] 3114.4
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Figure 5. Generated random wind speed

In the canal, there can be canal flow according to the
change of the water level in both ends of the Suez Canal.
However, it is ignored in this research. Namely, still
water condition is only considered.

Bank effect between hull and wall in the canal are
obtained from CFD calculation. The loads due to bank
effect can be acquired as follows. First of all, X , ¥
forces and N moment are calculated under the certain
conditions with bank wall and they are marked as
X Y, and N, as shown in Table 3.

w/ walls > *w/ walls w/ walls >
And the forces and moment, which are marked as

X Y, and N, are calculated under

wlo walls wlo walls >
same conditions without bank walls. The differences
between the values with bank walls and the values
without bank walls are regarded as the loads due to the
bank walls. And, they are marked as X, Y3 and Ny, as

wlo walls »

shown in equation (5). In this research, the the effect of
Xp is ignored to simplify the analysis for the

maneuvering performance in the Suez Canal.

Test matrix for CFD calculation written as shown in Table
3. According to the formulae proposed by Norbin, depth,
inflow speed and distance from wall to hull are important



parameters. With reference to other research conducted by
Ch’ng [15], it is aimed to investigate the effect due to the
inflow speed and distance from wall to hull. In Table 3,
Dg,,p indicates the distance from the center line of the

ship to the wall in the starboard side. In the empirical
formulae proposed by Norbin, it was constructed for the
wall in starboard side, only. However, there are two sloped
walls in the Suez Canal. Accordingly, the parameter of the
CFD calculation is modified with reference to the
parameters proposed by Ch’ng [15].

Table 3. CFD calculation matrix to estimate the
bank effect on the hull
Depth [m] Inflow  speed Dy, p [m]
[knots]
24 5.5,7.5,9.5 91.25
104.3
130.4
156.5

In the CFD calculation, it is assumed that there is
uniform flow with prescribed speed. In addition, it is
assumed that there is no free surface effect acting on the
hull. The meaning of no free surface indicates the
submerged body is only affected by the canal flow.
Namely, there are no waves induced by the hull. Of
course, the disturbed free surface and generated waves
affect the calculated forces and moment. In reality, the
free surface effect is significantly related to the ship
speed. Because the magnitude of the values which are
induced by the ship moving with low speed may be
small, it can be ignored. Fig. 6 shows an example of the
pressure distribution on the ship bottom obtained by the
CFD calculation. In the figure, there are four solid lines.
The solid lines at the top and bottom are the boundaries
in the Suez Canal at mean water level. The two lines in
the middle show the boundaries at bottom in the Canal.
Due to the wall effect acting on the ship bottom, the
asymmetric pressure distribution can be observed.
Accordingly, as the ship approaches on the wall, the
calculated yaw moment have to increase. In the CFD
calculation, the scale factor is 39.551, the number of
meshes ar about 200 million. The Star CCM+ is used to
calculate the bank effect as a CFD tool. A Reynolds-
Averaged Navier Stokes (RANS) model with K-epsilon
turbulence model is used for simulation.

17700 250.00

usﬁ 42,000

Figure 6. An example of the pressure distribution on

the ship bottom obtained by the CFD
calculation
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To consider the Y forces and N moments due to the
banks, the heading angle of the ship is ignored, because
the deviation of the heading angle is small. Of course, the
effect of heading angle is very significant. In this study,
it is only aimed to construct the evaluation method of the
maneuvering performance of the ship in the Suez Canal.
Fig.7 and 8 show the calculated Y forces and N moments
using CFD at 5.5, 7.5 and 9.5 knots. In the figures, the
black squares, blue circles and red diamonds indicate the
results at 5.5, 7.5 and 9.5 knots. In the calculation, the
heading angle of the ship is zero. The acquired Y forces
and N moment have increased, as the ship speed
increases. Likewise, Y forces and N moment have
increased, as the location of ship goes near bank.
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Figure 7. Calculated Y forces according to the ship

location in the Suez Canal
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4 ESTIMATION OF MANEUVERING
PERFORMANCE PASSING THROUGH
THE CANAL

As mentioned, the minimum distances between the four
reference points and port/starboard banks under the
prescribed environmental conditions are acquired as
shown in Fig.9. The red solid line indicates minimum
value of Cgppp and Cporp . And the red dashed line

indicates the maximum value of Cg;z, and Cpopr -

If the ship approaches to the bank in starboard side, the
calculated relative distances between two reference
points in starboard side and bank in starboard side
decrease. Otherwise, the calculated relative distances
between two reference points in port side and bank in
port side increase. If the distances are less than 64.0 m, it
indicates the ship collide with the bank. At that time, the
relative distances in opposite direction become 249.0 m.

The black line with squares shows the minimum
distances for the bow reference point in starboard to the
starboard side wall. And the black line with circles shows
the minimum distances for the stern reference point in
starboard to the starboard side wall. The blue line with
empty squares shows the minimum distances for the bow
reference point in port to the port side wall. And the blue
line with empty circles shows the minimum distances for
the stern reference point in port to the port side wall. To
mark the acquired values on the same plot, infinitesimal
values and overlarge values are marked as 64.0 m and
249.0 m, respectively. As mentioned, if the calculated
values are lower than 64.0 m, it means the ship collided
with a bank wall. At that time, the calculated values for
the opposite direction are larger than 249.0 m.

Because the cross section of the Canal is symmetric, the
obtained polar chart is symmetric as well. The relative
distance for bow reference points are insignificantly
different with that for stern reference points. Based on
the acquired polar chart, the ship cannot be safely
operated under the wind for 60, 90, 270 and 300 deg. In
other conditions, the ship can move without colliding
with the bank walls. Based on the results, it is possible to
evaluate the maneuvering performance of the ship in the
Suez Canal, qualitatively.
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—&—— Bow/STBD
—@— Stern/STBD
——=— Bow/PORT
—+=—— Stern/PORT
Min. Criteria
Max. Criteria

Incident wind direction [deg] 0

270

180

Figure 9. Minimum distances between the ship with
7.5 knots and banks along the Suez Canal
under the maximum wind speed

5 CONCLUSIONS

In this paper, it is tried to construct an evaluation method
of the maneuvering performance of the ship in the Suez
Canal. The hydrodynamic coefficients for the container
ship at deep and shallow water are predicted and added
mass and added mass moment of inertia are predicted
based on the empirical formulae. The maximum
environmental conditions for the Suez Canal are
determined with reference to the sailing directions. The
wind load coefficients of the large container ship are
predicted using the empirical formulae and irregular
wind speeds are generated using Froya spectrum. The
bank effects due the walls of the Canal are considered by
analyzing the CFD calculation results. To specify the
design basis of maneuverability under the prescribed
condition, the minimum relative distances between the
ship and both walls of the Canal are calculated under
prescribed environmental conditions.

Based on the results, it can be concluded that the
container ship cannot sail in the Suez Canal when the
maximum wind comes from 60, 90, 270 and 300 deg.
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SUMMARY

This study compares the results of a new slender body formulation for shallow water applications with two other well
established methods for a Wigley hull. For the slender-body method for shallow water, the velocity potential is decom-
posed into a double-body potential and a perturbation potential. Using an order of magnitude analysis, the three-
dimensional governing equation for the flow field around a slender hull is reduced into a series of two-dimensional prob-
lems in cross-flow planes as in the 2D+t methods. An Eulerian-Lagrangian approach is then used to satisfy the free sur-
face condition. An implicit unsteady solver modeling and VOF model are used for the CFD simulations, using Star-
CCM+. The numerical results obtained from these two methods for a Wigley hull are then compared with the new re-
sults. In addition the wave elevation and wave resistance results are compared against the predictions of Dawson method
and experimental data. The effect of shallow water on resistance trim and squat are calculated and a ceiling for speed in

shallow water is observed.

NOMENCLATURE

B Beam of a ship

CFD Computational Fluid Dynamics
D Draft of a ship

L Length of a ship

\% Velocity of the ship (m/s)

Rw Wave resistance (N)

P Pressure (N/m®)

g Gravitational acceleration (m/s®)
X,y,z  Coordinates as in figure 1.

n Normal vector

t Time (s)

n Wave elevation (m)

@ A potential function

v kinematic viscosity (m?/s)

P Density of water (kg/m”)

letter subscripts denote differentiation along that direc-
tion

1 INTRODUCTION

For decades the experimental testing has been the main
tool for research and development in ship hydrodynam-
ics. However this started to change with the improve-
ments of computers since 1970’s. Nowadays the compu-
tational tools are extensively used in hydrodynamics, as:
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*  Building and testing of a ship model is expensive.

e Numerical hydrodynamic studies of ship models
are becoming cheaper and faster with improved
software and hardware.

*  Computational methods provide detailed, visual
information about the flow field around the
hulls.

Most of the early numerical methods such as Michel
integral, 2D+t formulation [1] and Dawson methods [14]
are based on the potential flow theory. They are fast and
provide a relatively good estimation of wave resistance.
As the potential flow methods do not take into account
the viscosity, the viscous resistance is normally calculat-
ed using empirical methods. However in the past dec-
ades, CFD methods based on RANS simulations become
more popular as the computational power improved. This
paper is focused on comparing three numerical methods
for ship hydrodynamics for shallow water. A new Slen-
der-body method, an approach based on the Dawson
algorithm and a CFD methodology are first explained.
Then the wave profiles and wave resistance and shallow
water effects are compared against the experimental
values for a Wigley hull with principal dimensions
Length L=2 m, Beam B=0.2 m and Draft D=.123 m.

2 NEW SLENDER-BODY FORMULATION

The Slender-body methods have been adopted extensive-
ly for flow calculation around slender hulls. Numerous
researchers at the University of British Columbia did the
ground breaking work for what is now called as 2D+t
formulation in recent publications for wave pattern and
resistance and vortex shedding of slender hulls (see [1,
2], [3], [4, 5]). Maruo and Song [6, 7] used this method
to calculate the bow impact and deck wetness on a
Wigley hull. Tulin and Wu [8] numerically calculated
the divergent waves generated by a Wigley hull using a
Slender-body method.



Development of the new Slender-body methods was a
result of the desire to apply 2D+t method for shallow
water and include some upstream influence in the calcu-
lations, assuming that such additions will be improving
the results, especially for shallow water applications.
This was done by including a double body potential ex-
plicitly in the formulation. Using an order of magnitude
analysis, the three-dimensional flow problem is then
converted into a series of two-dimensional problems
which are easier to solve than the original problem.

The free-stream potential is taken as the base potential in
the studies mentioned above. However at very low
Froude numbers, the flow around a hull can be approxi-
mated by the flow around a double-body consisting of
the submerged part of the hull and its image about mean
free surface [9]. In the new Slender-body formulation
presented here, the double-body potential is used as the
base potential because it is considered to be a better rep-
resentation of the actual flow potential than the free-
stream potential especially at low Froude numbers and
shallow water applications.

2.1 MATHEMATICAL FORMULATIONS OF THE
SLENDER-BODY METHOD

The coordinate system for a ship moving at constant
speed U through otherwise undisturbed water is shown in
Figure 1. It is fixed on the ship with x and y axes on the
waterline plane and the origin at amidships and on the
center plane. The equation for the Wigley hull geometry
in this coordinate system is:

B 4x? 7
yzY(x’Z)=i5<1_L_2><1_?> (qu)

Figure 1. Coordinate system fixed to the hull

The fluid is assumed to be inviscid and incompressible
and the fluid motion irrotational. The flow is represented
by a velocity potential i which satisfies the Laplace’s

equation
Yo+, +, =0 (Eq2)

The kinematic and dynamic boundary conditions for the
steady free surface represented by z = n(x, y) are:

v+, -9, =0 (Eq3)

e 2 2 2

SR wievi-v)egm=0 @9
The impermeable boundary condition on the hull with
normal vector n (positive pointing outwards) is

Y+ Pyn, + P, =0 (Eq5)

Next we assume that the velocity potential Y is com-
posed of a perturbation wave potential ¢ and the double-
body potential ¢, i.e.

Y=9¢+¢ (Eq6)

where the double-body potential ¢ satisfies Laplace’s
Equation 2), then the perturbation potential ¢ must satis-
fy Laplace’s equation

G+ 0, + P, =0 (Eq7)
Using an order of magnitude analysis for a slender hull
(see Appendix A) and assuming that ¢,, is much small-
er than ¢, ,and ¢,,, the governing equation 7 simplifies
into :

¢, t¢,=0 (Eq 8)

Equation 8 denotes that the flow around a slender hull
can be seen as a two-dimensional problem in the cross
flow planes along the x axis, which is easier to solve than
the original three-dimensional problem (7). A sketch of a
cross flow plane is shown in Figure 2.

Free Surface

Side Wall
Side Wall

a3 _

ay2 ' 9z2

Bottom Boundary

Figure 2. Sketch of a cross flow plane

An order of magnitude analysis of the individual terms in
the free surface equations and hull boundary condition
results in (see Appendix A) :

(ay + ¢y) n, = (az + ¢z) =0 (Eq9)
1 —2 —2 —2 1 2 2
§(¢x +é,+¢,— UZ) +E(¢y+¢2)
+ (3,0, +9,9,) +gn=0
(Eq10)



¢yny + ¢an = (iyny + $znz) (Eq 11)

The kinematic and dynamic boundary conditions are
non-linear equations and are applied on the free surface
at z = n(x,y) which is unknown a priori. These equa-
tions were linearized by expanding them about the undis-
turbed free surface at z = 0. Since ¢, = 0 on the free
surface, the free surface boundary conditions become:

$yny—¢z =0 atz=0 (Eq12)

1/ —2 —2 A
(648,48, -12) + 3,0, +gn=0
at z=0 (Eq 13)

Solving equation 8 in a cross flow plane requires specify-
ing the boundary conditions on the side walls and at the
bottom boundaries. Here they are assumed to be imper-
meable. For the calibration purposes of the new results
the side walls are placed 30B away from the body in
order to ensure the waves do not reflect into the compu-
tational domain. The bottom boundary is specified at
various locations and for infinitely deep condition at 30D
from the body to minimize the bottom effect.

2.2 SOLUTION APPROACH

The time-stepping approach developed by Longuet-
Higgins and Cokelet [10] is used for the implementation
of the Slender-body method. It involves a two-step pro-
cedure divided into an Eulerian boundary element meth-
od and a Lagrangian stepping procedure following parti-
cles.

2.2 (a) Boundary Element Method

The first step involves solving the two-dimensional La-
place Equation 8 in a cross flow plane using the body
boundary condition and the velocity potential ¢y known
on the free surface from the previous time step. Applying
Green’s third identity to the Laplace Equation 8 gives an
integral equation for the perturbation potential at a field
point g in the cross flow plane (see [11] and [12])

1 d¢ d
¢(q) = —f(—lnr —¢ —Inr)ds (Eq14)
2 Jg on on
Where r is the distance from a source point p to a field
point q and S is the boundary for the cross flow plane.
In order to calculate the unknown boundary values, the
boundary S is divided into a series of panels with con-
stant singularity distributions. Applying boundary condi-
tions to equation 14 gives the system of linear equations:

N
a9

j=1 g

i=1-,N

(Eq 15)

Where N is the number of panels on the boundaries and
coefficients A;; and By; are defined as:
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Aij = ! Inrds;B;; = ! al d
ij —Ef] nras, ij —EJ; %1’17" S
(Eq15 — b)

The coefficient A;; (Byj) represents influence of a panel j
with a source (doublet) distribution of unit strength on a
panel i [12].

2.2 (b) Lagrangian —Eulerian method

The second step involves a Lagrangian method to calcu-
late the perturbation potential and the free surface loca-
tion at the next cross-flow plane. This marching from one
cross-flow plane to the next one can be viewed as a time-
domain problem with a time step:

dx
(Eq 16)

where dx is the spatial step along the longitudinal axis. It
is set to dx = 0.001 m in this study.

For obtaining the kinematic and dynamic boundary con-
ditions in the Lagrangian form, the derivative is defined
as:

d _ 0

o (Eq 16 — b)

Therefore the kinematic and dynamic boundary condi-
tions and in the Lagrangian form can be written as:

il @ 0 Eq 17
_— tz =
g~ Pxoatz (Eq17)
dp 1( . (2 —2
E—E(U —(q,’)x-i-q,’)y))—gn atz=0 (Eq18)

The Lagrangian form of the flow velocity in y direction
then becomes:
dy _
ac =
t
Using the two step Adams-Bashforth method, the values

for the perturbation potential and free surface location at
anew cross flow plane are obtained as :

(Eq 19)

3 1
n(t+dt) =n(t) + (Em(t) - Em(t —dt))dt

Ble+ ) = 9(0) + G 9, (0) — 5 9t — )it

3 1
y(t+dt) =y(t) + (gyt(f) - gyt(f —dt)) dt
(Eq 20)

where 1;, ¢.and y,are determined from equations 19.
The wave resistance R, is calculated by integrating the
pressure field over the still water hull surface:

L/2
R, = f dxfp-ndi (Eq21)
-L/2 S



where Sp represents the girth of the hull section, and p is
the pressure obtained from the Bernoulli’s equation:

1
— 2 2
p=-p [U¢x - 5(¢y + ¢ + gz)] (Eq 22)
The wave resistance coefficient C,, is determined using
the formulation:

Ry

Cu = 0.5pU?L? (Eq 23)
For the results presented in this paper, the starting cross
section was at L/4 upstream of the bow. The perturbation
potential and wave elevation values were set to zero on
this cross section. We defined 75 panels on the free sur-
face at the starting section. The size of these panels in-
creased toward the impermeable wall in a geometric
progression with the initial size D/10. We used 10 panels
on the hull surface when the cross section intersects the
hull.

2.3  CALCULATION OF DOUBLE-BODY

POTENTIAL

The double-body potential is calculated using the bound-
ary element method developed by Hess and Smith [13].
The governing equation for this potential is the three-
dimensional Laplace equation

VZp=0 (Eq 24)

subject to the impermeable hull boundary condition
Vp-n=0 (Eq 25)

Similar to the methodology described above, the equa-
tion (Eq) is converted into a system of linear equations

M

C..o:

joj=U-n fori=1--,M (Eq26)

j=1

where M is the number of quadrilateral panels on the hull
surface and its image around the undisturbed free sur-
face, and o is the source strength of a panel j. The coef-
ficient C;; obtained from the relation

1

C.. = —

= Eq26—b
) (Eq )

1
V(=) .ndS
r

and represents effect of a source panel j; with unit
strength on a panel i [12].

The double-body potential is calculated in this study
using 50 panels in the x direction and 20 panels in the z
direction.
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3 DAWSON METHOD

Hess and Smith developed a boundary element method in
1967 for computing the flow around a submerged body
in an infinite domain [13]. Dawson modified this method
in 1977 for a surface-piercing body. One may refer to the
thesis by Raven for a comprehensive explanation on this
method [14].

The theoretical essence of Dawson method is based on
the low-Froude-number theory. Similar to the method
explained in the previous section, the total velocity po-
tential is decomposed into a double-body and a perturba-
tion potential (see equation 6). The double-body potential
¢ is regarded as a “slowly varying potential” and hence
its derivatives are of the order of (U). Newman [15]
showed that the perturbation potential ¢ = O(¢’) and
wave elevation 7 = 0(g) with ¢ = U*/2g«1. In another
study Calisal et al. showed that 7 = O(Fr?) which is paral-
lel to Newman'’s finding [16]. Based on this analysis the
kinematic and dynamic free surface conditions are com-
bined into a single linearized equation with respect to ¢:

_ _ _ 1 _
VG- VI-(V0)* + V5 - V9] + V¢ V(VE) + g,
=0
atz=0 (Eq27)
By adopting the definition of derivatives along a stream-
line, Dawson expressed the above equation as

($IZ¢Z)Z +99, = 25125” atz=0 (Eq 28)

where

3, =vd | = /5§+ &, (Eq 28 — b)

The potential flow problem is now reduced into solving
the three dimensional Laplace equation V’¢ = 0 subject
to boundary conditions ¢, = 0 on the body and free sur-
face condition 28. The radiation condition is fulfilled in
this method by a 4-point backward differentiation
scheme. The implementation of this method involves
distributing panels on the plane z = 0 and on the hull
surface as shown in Figure 3. The solution is then ob-
tained by employing the Hess and Smith’s method which
uses source panels with constant strength. The wave
elevation and pressure in this method are calculated from
equations:

1 _ _
=5 [V + & - 28,0 (Eq 29)

p=-Z[U*+ (V9)* ~ 295 - V4] (Fq30)

The wave resistance is also computed by integrating the
pressure over the hull surface (see equation 22).



Figure 3. Distribution of panels on the hull and
free surface

4 CFD METHOD

The usage of Computational Flow Dynamics (CFD)
based on RANS equations is rapidly increasing for ma-
rine applications due to the improvements of computers.
Here we implemented the CFD method for the Wigley
hull by conducting simulations in the Star-CCM+ soft-
ware. The corresponding coordinate system is at amid-
ships on the undisturbed free surface (see Figure 1). As
the hull is symmetric about its center plane of symmetry,
only half of it is considered in the simulations. The do-
main based on hull length L extends from:

e 3.5L to -6.5L in longitudinal direction

e [Lto -3L in vertical direction

¢ (to 3L in lateral direction

The applied boundary conditions are:
*  Symmetry plane at the hull centerplane.
*  Symmetry plane at the side of domain
*  Hydrostatic pressure corresponding to undis-
turbed water surface at the outlet boundary
+ Inlets with prescribed velocity and volume frac-
tion at the upstream, top and bottom boundaries

The mesh used contains 372212 hexahedral cells. In
order to obtain accurate results, we used local refine-
ments and prism layers along the wetted surface of hull.
The calculations used a mesh structure on the hull sur-
face and the symmetry plane. In addition we had mesh at
the still water level with refinements in the wake region.
An implicit unsteady solver with k-omega turbulence
modeling and VOF wave’s model is used for simulations.
The time step is set based on the inlet velocity from the
equation:

(Eq 31)
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5  VALIDATION IN DEEP WATER

One of the main objectives of this study is to estimate the
shallow water effects on the sinkage and trim of a ship.

A critical and the target case is the sailing of tankers in
Vancouver harbor Canada . For these reasons an existing
formulation that is 2D+t method is modified and a for-
mulation suitable for shallow water studies is developed.
The new code is first tried for deep water studies of the
resistance, waterline profile. Once validated the code is
then used for finite depth conditions.

Comparisons of different numerical calculations are
reported below. The methods described above are im-
plemented for the Wigley hull with dimensions given at
section 1.
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Figure 4. Comparison of numerical wave resistance
coefficients with Dawson, new formulation
and experimental values

The new code is validated with using the results of other
codes for resistance and wave profile first. The general
agreement of the resistance prediction with the new for-
mulation with experimental resistance data could be
considered as acceptable Figure (4). This is in view of
the dispersion of such data coming from different towing
tanks. Aanesland [18] gave averaged values from towing
tank databases where the Wigley hull was towed fixed
and free to trim and squat. Aanesland’s numerical results
were obtained by a three dimensional linear potential
flow formulations similar to Dawson’s method. However
Kelvin sources were distributed in the outer domain to
satisfy wave radiation conditions.
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Figure 6. Wave elevation on the Wigley hull side at
Fr=0,316

Figure 5 and Figure 6 show the comparison of the wave
profiles along the hull at Froude numbers F=0.267 and
Fr=0.316. The experimental results for Fp=0.267 are
from a testing at the department of Naval Architecture
and Ocean Engineering at the Yokohama National Uni-
versity [17], while the results for Fx=0.316 are obtained
by Maruo and Song from tests on a 6-meter Wigley hull
model [6]. The wave profiles of the CFD method are in a
good agreement with experiments at both Froude num-
bers. The CFD predictions for the position and magni-
tudes of the wave peaks and troughs have a good match
with the experimental results. On the other hand, the
wave profiles for the Slender-body and Dawson methods
have similar trends to the experiments; however there are
some discrepancies between them and experimental
values, especially around the bow section. The first wave
peak is underestimated by both of the potential flow

— Slender-body Method
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methods which might be due to linearization of the free
surface boundary conditions. Also, the Dawson method
has a better prediction of the location of wave peaks and
troughs than the Slender-body method. This is possibly a
result of the order of magnitude analysis used in the
development of the Slender-body method. A new way for
the start of the calculation is to be implemented soon.

6 FINITE DEPTH EFFECTS

Figure 7 shows that the depth effect for resistance is
significant as the depth Froude number increases. Simi-
larly the figure 6 shows that that the trim increases sig-
nificantly with depth Froude number while the squat
coefficient remains almost constant.

Experiments ===H=20D =——=H=4D =——H=2D
035

o /

0.1

0.15 0.2
FR

Figure 7. Wave making resistance deep and shallow
water comparisons with new formulation
compared to averaged experimental values
of Aanesland

The results for wave resistance with the new formulation
with finite depth or shallow water are reported in figure
7. The shallow water effect becomes significant as the
clearance becomes smaller. Deep water sinkage and trim
values by the 2D+t method are by Wong and Calisal [5]
and shown in Figure 8. Sinkage is nondimensionalized
with U?/2g and trim is given as a percentage of the ship
length. the results are then compared with averaged val-
ues reported by Aanesland [18]. The nondimensional
sinkage calculated by the 2D+t method is in good agree-
ment with the experimental data however it seems to
underestimate at higher Froude numbers. In contrast the
trim is over estimated in the Froude number range of
0.27 to 0.35. The trim and squat in shallow water at rela-
tively high Froude number with the new formulation are
reported in Figure 9 and 10.
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Figure 8. Computed and measured trim and sinkage
for Wigley hull deep water with 2D+t for-
mulation

The sinkage and trim angle are calculated assuming the
Wigleyhull has a weight eqaul to 10.3 kgf. The pressure
distribution is first obtained from the Bernoulli’s
equation. Then the hull sinkage by is calculated by
balancing the hull weight with the hydrodynamic force in
the vertical direction. The trim angle is similarly
calculated by balancing the hull moment around the y-
axis with the y-moment of hydrodynamic forces.
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Figure 9. Computed trim variation with new
formulation in shallow water with ship
Froude number
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Figure 10. Water depth and Froude number effect on
squat for Wigley hull with new formula-
tion.

7  CONCLUSIONS

A new slender body formulation and two existing nu-
merical methods for ship hydrodynamics were compared
with the experimental values available for Wigley hull.
The New Slender-body and Dawson methods, which are
based on the potential flow theory, were easier and faster
to implement than the CFD method. However the CFD
method, which is based on RANS equations, had the best
agreement with the experimental values in the validation
in deep water. The CFD method was able to predict the
magnitude and location of the wave peaks and troughs
more accurately than the potential methods. The CFD
results for wave resistance coefficients were also a better
match with experimental values than the results obtained
from Slender-body and Dawson methods. Some numer-
ical challenge was faced as poor convergence when the
depth Froude number is close to 1. A ceiling of ship
operational speed is seen as the sinkage and trim
increases with increasing speed. Application to shallow
water of the new Slender body is expected to improve the
carlier results reported above.
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10 APPENDIX A: ORDER OF MAGNITUDE
ANALYSIS

Replacing the potential 1 from Equation 6 in the kine-
matic and dynamic boundary conditions Eq. 3 and Eq. 4
gives

(ax + ¢x)nx + (ay + ¢y) 77y - (az + ¢z) =0

(G40 +(3,49,) + @ +0) -v?)
+gn=0
(A1-A2)

Similarly the hull boundary condition 5 changes to

¢xnx + ¢yny + ¢an == (axnx + ayny + aznz)

(A3)
In order to simplify the above equations, non-
dimensionalized variables are defined:
~ X ~ Y . Z
=1 V=5 =5

The order of magnitude of the individual terms in the
governing equation 8 and boundary conditions A1-A3
are:

¢ ¢ ¢
.= 0(@) ¢, = 0(32—5/2) ¢, = 0(@)
o2 _o _ o2
¢, = O(La”c) ¢, = O(sz) ¢, = O(Di)
_ n _ n _ n
n, = O(E) n, = O(B_S/) n, = O(E)
L )
n, = O(E) n, = O(sz)
N N
¢, = O(E) ¢, = 0(3—5/)

One can conclude that for a slender hull where
O(D)=0(B) and B/L«1

¢xx < ¢yy' ¢ZZ
2 2 42
¢! < ¢, ¢

.0, Lo,
qunx « ¢yny, ¢>an

b9, <b0,
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SUMMARY

When salt water meets fresh water, flocculation occurs and sedimentation starts. During the settling process, estuarine
mud particles constantly reduce the mutual distance until, at a specific moment - van der Waals forces and electrostatic
forces - the particles form network structures. The nature of the mixture changes from fluid mud to a gel like substance.
This phenomenon generates in estuarine mud layers a physical two component structure: one component of low
viscosity (fluid mud), and of high viscosity (solid mud). The interface between the two is characterized by a drastic
change of the rheological parameters: a rheological transition. During trials with TSHD ‘Vlaanderen XVIII’ in
Zeebrugge, the vessel, navigating with zero under keel clearance relative to this interface, was completely out of control.
The rheological transition is, according to the PIANC definition, the Nautical Bottom in muddy navigational areas.
Several sounding instruments are capable of measuring the rheological transition level.

1 INTRODUCTION

Since the SHZ ‘Vlaanderen XVIII’ trials and the
publications of Prof. Toorman and Dr. Wurpts, no new
trials and/or investigations, relating to the Nautical
Bottom concept in muddy navigational areas, were
reported. This paper is an attempt to put or to keep the
subject on the agenda by focusing on the fact that the
Nautical Bottom and the rheological transition are
identical in muddy areas.

Without measuring the rheological transition, the safety
of a vessel, maneuvering in a muddy navigational area,
cannot be estimated or confirmed.

The concept of ‘mud’, as used in this context, refers to
estuarine mud, a concentration in water of mainly
cohesive sediment, some organic matter and a smaller
fraction of coarser, non-cohesive sediment (silt and sand)

(1].

Influenced by tide and increasing width of the river, mud
settles on the seabed or the riverbed in ports and
fairways.

The behaviour of ships in muddy navigation areas,
especially with reduced under keel clearances, changes
substantially. Guillaume Delefortrie in his doctoral thesis
[2] has thoroughly researched this influence on the
behaviour of a 6000 TEU and a 8000 TEU container
carrier.

He reports however a major unsolved problem: what
exactly is the Nautical Depth in muddy navigation areas,
and how can it be measured directly and continuously:
“Finally the search for better survey techniques in muddy
navigation areas should not be closed. It would be very
useful if the rheological characteristics of the mud layer,
and particularly the rheological transition, could be
measured in a continuous way, as both echo sounding
results and density values are only a surrogate
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to indicate the position of the rheological transition.
[2,p. 12.6]”

The significance of this quote with regard to the
definition of the Nautical Bottom in muddy navigational
areas, is highlighted by reading it next to the PIANC
definition of Nautical Bottom: “The Nautical Bottom is
the level where the physical contact with a ship's keel
causes either damage or unacceptable effects on
controllability and manoeuvrability” [3]

Is the rheological transition in mud to be regarded and
defined as the equivalent Nautical Depth?

There is no doubt that this is the case. In what follows,
arguments are developed and illustrated. Furthermore,
and most importantly, the existing (recently developed)
survey techniques to measure this rheological transition
already are operational and will be discussed.

2  THE GEL POINT

2.1  IN THE LABORATORY

The settling process of estuarine mud passes through
different phases. E.A. Toorman [1] researches the process
and carries out settling experiments: in Fig. 1 the water —
mud interface relative height position is represented
against the settling time in days. The experiment starts
with a homogenized water mud column. Phases 1 and 2
are fluid, the phase 3 is not fluid.

In this phase 3, the cohesive sediment particles, under the
influence of van der Waals forces and electrostatic forces,
have formed a network structure: the gel point has been
reached: see Figure 1.
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Figure 1. Settling curve (mud-water interface evolu-
tion) and characteristic (iso-density) lines.
(adapted)

The 3" phase is a soil marked by significant shear stress
c’[1] [4]. The gel point separates fluid mud from solid
mud.

The same experiment, carried out with a constant feed of
mud particles, would result in the situation as represented
in Fig. 2. The gel point will slowly rise, but, unlike in the
original experiment, all three phases would be present
simultaneously and continuously.

Constant settling

o

Hindered settling
—_—
Gelpoint
—
Consolidation
_—
Figure 2. Profile generated during continuous/

cyclical feeding with mud particles as in
estuaries.

In an estuarine mud layer, continuously or cyclically fed
by settling mud particles, a gel point exists. It is situated
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at the interface of the fluid mud layer (hindered settling
phase) and the consolidating mud layer.

22 INSITU

In the presence of mud, the in situ depth measurements
with dual frequency acoustic survey methods — Figure 3
Zeebruges — reveal the first two phases as in Figure 2:
constant settling phase (above the 210 kHz echo) and
hindered settling phase (below the 210 kHz). The 33 kHz
reflection generally is unstable and unreliable when fluid
mud is involved: there apparently exists no clear reflector
for the 33 kHz signal. In general, the transition level
from the hindered settling phase to the consolidation

phase is situated in between the 210 and 33 kHz
reflections.

Figure 3. In situ profile (CDNB, Port of Zeebruges)

A following example is the Port of Emden: the blue line
represents the water — fluid mud interface, generated by
the 210 kHz echo, the red line the echo of the 15 kHz
echo.
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Figure 4. Longitudinal section outer port Emden [5]

It is a persistent and ongoing problem that the position of
the 33 kHz echo in the mud, or of any low frequency, is
not stable, but depends on echo sounder settings and on
the surveyors' skill, both subjective parameters.

Furthermore and as a consequence, the physical reality
connected to the level of the 33 kHz echo is confuse,
unknown and unrelated to the position of the gel point.

On the other hand the fact itself that there exists a
difference between the 210 kHz reflector and the 33 kHz



reflector, measured at the same location, is always
sufficient evidence for the presence of a fluid mud layer.
2.3 GEL POINT AND DENSITY

The gel point can be considered the equivalent for mud,

as the temperature of 0° C is for water: above 0° C there
is water, below 0° C there is ice and nothing in between.

All over the world at this moment, densities are being
used to identify the gel point. This is basically incorrect.
The density at the gel point is strongly influenced by the
sand content. With each variation of the sand content
corresponds a different density for the gel point. Since
the sand content in any port or fairway varies
continuously form location to location, density is to be
ruled out as a parameter to measure the depth of the gel
point.

3 THE RHEOLOGICAL TRANSITION

3.1 THE ‘FREEZING’ OF MUD

The physical reality of the concept ‘gel point’ at the
interface between fluid mud and solid mud, may seem to
be rather abstract, but can easily be visualized: see Fig. 5.

The photo is taken in the DEME harbour on the left bank
of the river Scheldt. The harbour is exposed to the tide,
which makes this photo possible: at low tide both the
fluid mud and the consolidating mud are visible at the
same moment.

fluid mud

Bhnsolidated mud

Figure 5. DEME harbour Antwerp, left bank river
Scheldt

Visual observations confirm the presence of a fluid
(smooth surface) and a soil (rough and undulating
surface). There is no evidence of a third element, an
eventual intermediate phase between them: the transition
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is abrupt and shows the physical reality of the gel point,
which is the ‘freezing’ point of mud.

As a consequence, the gel point phenomenon generates a
physical separation between two phases in the mud layer:
the liquid state and the solid state, or a low viscosity
phase and a high viscosity phase as reported by
Kerckaert, Malherbe and Bastin already in 1985 [6].
Moreover, it was observed that in the transition between
the two phases, the viscosity parameters do change
drastically.

The conclusions at that time were based upon laboratory
measurements — dynamic viscosity, initial rigidity or
yield stress — of Zeebrugge mud. Although in situ
measurements of viscosity are very difficult to achieve,
later developments made it possible to measure yield
stress depth profiles.

32 YIELD STRESS

The yield stress depth profile in fig. 6 [7] is a representa-
tive sample of — literally — hundreds of profiles measured
in the Port of Zeebrugge.
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Figure 6. Yield stress depth profile, Zeebrugge [6]

Again, the profile reflects the situation as showed in Fig.
2 and Fig. 3: no yield stress in the constant settling phase
(above the rheological transition 1, which is the earlier
mentioned mud — water interface), low viscosity in the
hindered settling phase (between the rheological
transitions 1 and 2), high viscosity in the consolidation
phase (below the rheological transition 2).

The yield stress depth profile reflects the three phase
settling situation but, in contrast to the situation reflected
by the acoustical survey methods, the gel point is
accurately identifiable.

While just below the water-mud interface — the 1%
transition —, the rheological properties of the mud are
hardly different from those of water, it is undeniable that
the 2™ transition is from a low viscosity area to a high
viscosity area. The transition is also very drastic: the
yield stress increases very quickly with the depth. This



depth is the transition between fluid mud and solid or
‘frozen’ mud.

3.3 OTHER RHEOLOGICAL PARAMETERS
During individual trials of the Rheocable in the
laboratory of Flanders Hydraulics Research at Antwerp,
the relation shear stress — shear rate at different depths in

the Sediment Test Tank (STT) was measured [8]. In Fig.
7, some of these relations have been visualized.

The STT was, among other things, used to test different
survey methods in an environment of classic mud layers:
see Fig. 2 and Fig. 3. Estuarine mud from the river
Scheldt was used for these tests.

The drastic change (discontinuity) of the viscosity in the
mud — in terms of dynamic and kinematic viscosity
parameters - between the level of -85 cm and -95 cm is
striking. The drastic change of the yield stress at shear
rate 0 (1/s ) between the same depth levels is also
evident.

Rheological Transition
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Figure 7. Shear stress/shear rate in the STT

This transition was not only observed in the laboratory,
where the conditions for sample taking, for
measurements and for observations are optimal. In situ
measurements in many different locations, with different
survey methods, have confirmed, directly or indirectly,
the presence of this drastic change in the viscosity
parameters, i.e. the presence of a true rheological
transition.

All viscosity parameters do change drastically at the gel
point level in the estuarine mud layers: this is called the
rheological transition (and this transition occurs in all
estuarine mud layers).
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4 A SHIP’S BEHAVIOUR

4.1 IN AMUD-FREE ENVIRONMENT

A reduction in under keel clearance (squat), reduced
effectiveness of the propeller(s) and the rudder,
increasing stopping distances and stopping time,
increasing diameter of turning circles: these are the
shallow water effects related to the interaction between
ship and seabed. [9]

With the exception of the squat, these effects are caused
by the reduced effectiveness of the propeller(s): the flow
of water to the propeller becomes severely hindered
(throttled) with decreasing under keel clearance. As a
consequence, rudder forces are equally reduced
producing the effects as mentioned.

Ultimately, with the under keel clearance reduced to zero,
the vessel, in contact with the hard surface (sand or rock)
of the bottom, will be immobilized: the friction between
the ship’s keel and the bottom is overpowering.

In this case, the definition of the Nautical Bottom is not a
problem, nor its detection by survey techniques.

4.2 IN THE PRESENCE OF MUD

4.2 (a) Inthe Laboratory

The behaviour of a ship in the presence of a fluid mud
layer has been thoroughly researched by G. Delefortrie
[2]. This work is based upon multiple -captive
manoeuvring tests in Flanders Hydraulics Research
shallow water tank, with a model of a 6000 TEU
container carrier, a 8000 TEU container carrier and a
bulk carrier.

Figure 8 summarizes very well the influence of fluid mud
on the ship's behaviour: on top of the effect caused by the
interaction ship-hard bottom (see preceding paragraph
4.1), a ship’s behaviour is additionally affected — slowed
down — by the presence of a fluid mud layer in the speed
range from 2 to 6 knots, a speed range very commonly
applicable within harbours.

Relation Speed - Propeller rate:

speed

y Muddy bottom
hy/T=1.20

Model tests,
Flanders Hydraulics Research

rpm

20 & nlrpm 80

Figure 8. Influence of fluid mud layer [2]



The definition of the Nautical Bottom in the test towing
tank is not a problem, nor it's detection: it is the bottom
of the towing tank.

Supposing the rheological transition would be accepted —
quod non at this moment — to coincide with the Nautical
Bottom, would it be safe than to transfer the test results
to the in situ reality, without additional correction factors
with regard to this Nautical Bottom concept?

4.2 (b) Insitu

In the test tank, exactly as in situ, there are two
interfaces: the interface water — fluid mud equivalent —
and the interface fluid mud equivalent — solid bottom.

This second interface in the test tank (fluid mud / solid
bottom) is a very extreme transition and, although not a
rheological one but a fluid/solid one, it is similar to_the
rheological transition in the in situ mud layers.

Furthermore, from the point of view of fluid mechanics,
the high viscosity mud phase does resist flowing much
more than the low viscosity phase, the propeller’s
efficiency degenerates accordingly and induces the same
kind of effects as described in paragraph 4.1.: reduced
effectiveness of the propeller(s) and the rudder,
increasing stopping distances and stopping time,
increasing diameter of turning.

The scale of these effects, however, may be somewhat
less pronounced because the high viscosity mud does
flow eventually while solid soil doesn't. Anyway, the
laboratory test results can be expected to be on the safe
side as compared to the real situation.

5 SHZ VLAANDEREN 18 TRIALS [10]

In the period 1986 — 1988, a series of trials were carried
out with SHZ ‘Vlaanderen 18’. These have been reported
on many occasions and one particular trial is extremely
relevant and has raised a lot of interest in the maritime
community. Delefortrie [2] reports it as follows: 4n
occasional full scale trial that deserves to be mentioned
is when the ship navigated at slow speed in contact with
the probable rheological transition level, situated at a
density of 1.20 ton/m3. The crew of the ship thought the
vessel would decelerate quickly due to contact with the
highly viscous mud layer, but the opposite occurred. The
ship kept navigating at slow speed and not even the
reversed propellers or bow thrusters were able to stop
the vessel. A disaster could be avoided in extremis by
decreasing the draught of the vessel.

The vessel sailed with an under keel clearance of quasi
zero, relative to the rheological transition level. Propeller
and rudder effectiveness were reduced to zero, but the
vessel didn’t stop when in contact with the high viscosity
mud.
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In comparison to the vessel’s contact with the mud-free
(sandy/rocky) bottom, the friction forces between the
ship’s keel and the high viscosity mud are too small to
reduce the ship's speed immediately.

This situation is extremely critical: a vessel, without
steering capacity, without propeller capacity, unstoppa-
ble, retaining its original speed from time of first contact
with the high viscosity mud....The consequences could
be very damaging, not only for the vessel itself, but also
for nearby vessels, quay walls, sluices, bridges...The
Nautical Bottom is the level where the physical contact
with a ship's keel causes either damage or unacceptable
effects on controllability and manoeuvrability [3]

The situation described — a vessel navigating with zero
under keel clearance relative to the rheological transition
— fits perfectly the PIANC definition of the Nautical
Bottom

6 SURVEYING THE NAUTICAL BOTTOM

Without the availability of operational survey techniques
to measure the rheological transition, it would be useless
to introduce the rheological transition as the Nautical
Bottom in muddy navigational areas.

Above mentioned survey techniques, however, do exist,
and are operational for some time now. Their
specifications are public, but these are not the object of
this paper: only a synopsis is provided.

The following instruments are perfectly capable to detect
the rheological transition.

Remark: derived parameters such as density, viscosity
and others are not taken into consideration by the
authors, only the capability for locating the level of the
rheological transition.

6.1  PRICK PROBES

6.1 (a) MIR — Jan De Nul Group

This instrument is a rebuilding of the Rheometer [11],
introduced by Haecon nv in the eighties (the company is
no longer active). It is a single point rheometric profiler,
measuring the resistance encountered by a small
propeller when lowered in the water and the mud layers.

6.1 (b) Graviprobe — dotOcean nv

This instrument is a free fall penetrometer, measuring the
accelerations/deceleration when passing through the
water and mud layers.

6.1 (¢) Rheotune — Stema Systems BV

It uses the tuning fork response in the water and mud
layers when lowered.



6.1 (d) Acceleroprobe - THV Nautic (prototype)

This probe uses the measurement of acceleration/
deceleration of a falling (streamlined) body in the water
to detect the depth of the rheological transition. It is
integrated in the Rheocable equipment

6.2  CONTINUOUS SURVEY METHODS

6.2 (a) Rheocable — THV Nautic

A heavy object is towed behind a survey vessel. If the
vessel would stop the object would slowly sink into the
solid mud. Within a given velocity window, usually
between 1 to 5 knots, the high viscosity of the solid mud
generates a tension in the towing cable pulling the object
out of the solid mud, where it stays on the solid/fluid
mud interface. A pressure sensor attached to the object
measures the water depth. A resistivity cable trailing
behind the object verifies if the cable is on the solid mud
and not floating above it.

7  CONCLUSIONS

The following steps have led to the conclusion that the
Nautical Bottom coincides with the rheological
transition:

1. In an estuarine mud layer, continuously or cyclically
fed by settling mud particles, a mud gel point always
exists.

2. The gel point phenomenon generates a physical
separation between two phases in the mud layer: the
liquid state and the solid state, or a low viscosity phase
and a high viscosity phase.

3. All viscosity parameters do change drastically at the
gel point level in the estuarine mud layers: this is called
the rheological transition.

4. This rheological transition is a physical reality in all
estuarine mud layers.

5. A vessel navigating with zero under keel clearance
relative to the rheological transition is out of control.
Therefore - in accordance with the PIANC definition -
the rheological transition is identical to the Nautical
Bottom

6. Instruments, based on different techniques, are
available and operational to measure the rheological
transition.

Without the use of the under keel clearance to the
rheological transition as a parameter, no exact estimation
of a ship’s safety, navigating in a muddy area, can be
obtained. This involves important risks: the safety of the
ship on one side, a (to) heavy maintenance dredging
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budget on the other side. In the present state of affairs,
these risks are perfectly avoidable.
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NUMERICAL SIMULATION OF THE SHIP BOTTOM INTERACTION
OF DTC CONTAINER CARRIER FOR DIFFERENT KEEL CLEARANCE
IN PURE SWAY MOTION

R He, Z Z Zhang, X Z Wang and D K Feng, School of Naval Architecture and Ocean Engineering, Huazhong
University of Science and Technology, P. R. of China

SUMMARY

In this paper, numerical simulations were performed to study the hydrodynamic behavior of DTC container carrier under
the same conditions with the experimental set up and operation conditions. In order to predict ship motion with larger
amplitude, overset grid generation technology was used during the simulation. For ship-bottom interaction, the mean
running sinkage and trim are major concerns during the Planar Motion Mechanism (PMM) test as well as forces and
moment measurement. Therefore, the 3DOF module is applied in the numerical simulation. The heave and pitch motions
are predicted by solving the equations of motions on each time step based on the hydrodynamic forces obtained from the
solver. A good correspondence between the measured and simulated result is noted, indicating that forces and moments
on the ship are well predicted. In the second stage, a set of systematic computations is carried out to study the ship-
bottom interaction with different depth. The forces and moments on the hull with varying water depth are predicted and
explained.

NOMENCLATURE FP Fore Perpendicular
UKC Under Keel Clearance
B Beam (m) v Displacement (m?)
Cfx Coefficient of non-dimensional surge
force 1 INTRODUCTION
Cfy Coefficient of non-dimensional sway
force Nowadays, Computational Fluid Dynamics (CFD) is
Cmz Coefficient of non-dimensional yaw  being used as an efficient design tool to predict the
moment maneuvering characters of a ship. Increasing ship sizes in
D Depth (m) all dimensions and optimizations in the design and
Fr Froude number based on L, (-) maintenance of waterways, request clearer understanding
Frey Critical value of Froude number (based of the interaction between a ship hull and the bottom of
on water depth) accounting for the waterways helps to improve the maneuvering
blockage(-) performance and increase the security of operation.
h Water Depth (m) Therefore, ship-bottom interaction is significantly
L, Length between perpendiculars (m) important for the navigation. Particularly in restricted
L, Length of the ship model (m) water the interaction can be stronger, and the problem
Opxoyozo Earth-bound reference system may also be crucial for the waterways and harbor design.
Oxyz Ship-bound reference system Due to these facts, ship-bottom interaction has been the
Oxy’z’ Horizontal bound towing carriage focus in many ways for a long time. In general, most of
System the investigations still rely on empirical formula,
14 Roll velocity (rad/s) experimental tools as well as numerical simulations,
q Pitch velocity (rad/s) among which the first two types are more widely used. In
r Yaw velocity (rad/s) this article, the planar motion mechanism (PMM)
t Time (s) simulation is employed using an in-house RANS solver.
T Time period (s)
Tm Mean draft (T) Table 1. Effect of depth restrictions[1]
u Longitudinal velocity component (m/s) Definitions Ratio Depth restrictions
v Lateral velocity component (1m/s) Deep water h/Tw>3.0 No effect
Vinax Maximum lateral velocity component(m/s) Medium deep water  1.5<h/T»<3.0  Noticeable
w Verti.cal velocity comppnent (m/s) \S/};igzzvaﬁssrwater }11/?1“,<n};/1—r;<15 g(e);}lliilagtglsi;intt)ehavior
Vimax Maximum lateral position (m/s)
B Drift angle (deg) In shallow water, the clearance under the vessel becomes
¢ Roll angle (deg) smaller, resulting in an increase of the current loads due
o Pitch angle (deg) to the blockage effect. The ratio of water depth to draft is
b4 Course angle (deg) used to evaluate the depth restrictions. Table 1 shows the
AP Aft Perpendicular details of effect of depth restrictions.
CG Centre of Gravity
DTC Duisburg Test Case
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Among several methods for maneuvering characters
prediction, PMM tests are the most commonly accepted
approaches.

However, the tests contain several disadvantages; (1) the
expensive test facilities and sophisticated experimental
settings; (2) considerable scale effect resulting from the
impossibility in practice to achieve Froude number and
Reynolds number similarities simultaneously; (3)
limitations in obtaining details of flow fields around the
ship. CFD based maneuvering prediction methods
significantly manage to resolve these problems as the
viscous effects

are very important for accurate maneuvering prediction.
SIMMAN2008 [2] and SIMMAN2014 manecuvering
workshop benchmarks the prediction characters of ship
maneuvering using both system-based and CFD-based
methods. Broglia [3] demonstrated the capability of CFD
prediction for dynamic PMM simulations of
KVLCCI/KVLCC2 with appendage. KumarPatel [4]
investigated the shallow water effect on the wave pattern
using a commercial Rans solver starccm+. Liu [5]
extends a new 6DOF module and simulate the oblique
towing tests, while the shallow water effect is also taken
into account. These studies showed that CFD can
improve the modeling of ship hydrodynamics. Sakamoto
[6] and Yoon [7] present the benchmark CFD validation
measurements for surface combatant 5415, both
experiment and simulation results are mathematically
formulated by Fourier seriecs method to obtain
expressions of the hydrodynamic derivatives.

In this paper computations are presented for the ship-
bottom interaction in a small UKC. The CFD results are
shown to accurately match the experimental results.
Blockage effects and scale effects are known issues when
carrying out model tests for shallow water but these
effects can be efficiently quantified with CFD.
Furthermore, a series of systematic computations with a
wide range of UKC are presented to provide more
extensive knowledge about the ship-bottom interaction.

2  BENCHMARK DESCRIPTION

The model ship used for this research is the Duisburg
Test Case (DTC) [8][9] container ship, which is a 14,000
TEU capacity container ship developed by Institute of
Ship Technology, Ocean Engineering and Transport
Systems  for research purpose, including the
benchmarking and validation of numerical method. The
Planar Motion Mechanism tests include both static test
and dynamic tests that have been executed with a scale
model of DTC container ship in the Towing Tank for
Maneuvering in Shallow Water at Flanders Hydraulics
Research, Antwerp Belgium.
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