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INTRODUCTION 
 

Joachim Grüne(1) & Mark Klein Breteler(2) 
(EDITORS) 

 
(1) Coastal Research Centre (FZK), Germany, E-mail: gruene@fzk.uni-hannover.de 

(2) Deltares, The Netherlands, E-mail: Mark.Kleinbreteler@Deltares.nl 
 
 

HYDRALAB III is an Integrated Infrastructure Initiative (I3) to optimise the important 
position of laboratory experiments in the field of Hydraulics, Geophysical Hydrodynamics, 
Environmental Fluid Dynamics, Ship Dynamics and Ice Engineering. 
One of the HYDRALAB III aims was to bring both experienced and young researchers from 
across Europe in User Groups together to the ‘world class’ top level of research in unique 
experimental facilities by making these facilities available through the Transnational Access 
programme of HYDRALAB III.  
The programme gave research groups that normally do not have access to these facilities, the 
opportunity to carry out research in 22 research installations at 9 institutes. State-of-the-art 
measuring instruments, data-acquisition and processing systems was be at their disposal, as 
well as modern support facilities, such as library, computers, processing and printing. 
Furthermore, the visiting researchers were offered a scientific intellectual environment, with 
assistance and guidance from experts at the host institute. 
These Proceedings give an overview about the presentation of all supported Access projects at 
the Joint User Meeting in the framework of the HYDRALAB III Dissemination Meeting, held 
in February 2010 in Hannover, Germany.  

 
1. HYDRAULIC RESEARCH IN HYDRALAB III 

Hydraulic research is moving increasingly beyond traditional civil engineering problems to meet the 
complex demands of environmental science and the assessment of natural hazards such as flooding 
and coastal erosion. The satisfaction of the pressing social engagements on developing of adaptive 
strategies to climate change and increasing environmental pressures as well as on developing 
sustainable protective measures against various natural hazards (floods, tsunamis, hurricanes, etc.) 
requires a profound knowledge of the behaviour of water and its interaction with the environment. 

High-quality research infrastructures, methodological diversity and balance and synergy between 
available tools are necessary to actually realise scientific progress beyond the present state-of-the art. 
This is essential if we are to achieve real improvements in the reliability of predictions and further 
development of research and prediction methodologies. The extent of the research challenges for the 
coming decades necessitates cooperation both at national and international levels. 

The Integrated Infrastructure Initiative HYDRALAB III, funded by the European Commission 
(EC), brings together the most important and unique experimental infrastructures in the hydraulic 
research area to work collaboratively. This coordination of available resources at 20 European 
institutes and universities enables scientists to progress beyond state-of-the-art in this area. 

HYDRALAB was established as a network in 1997 (FP4) and continued its networking activities 
in FP5. That HYDRALAB Consortium has initiated a fundamental discussion on the position of 
laboratory experiments in the hydraulic research methodology, leading to the Integrated Infrastructure 
Initiative HYDRALAB III in FP6.  

HYDRALAB III is improving the performance of unique experimental facilities in Europe through 
a coordinated program of Transnational Access, Joint Research Activities and Networking Activities. 
With the start of HYDRALAB III the number of participants has grown to a total of 20 and the 
consortium represents the major players in the field of hydraulic experimental facilities in Europe. The 
HYDRALAB III project started in April 2006 and will be finished in March 2010. 

1
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Through HYDRALAB III the co-ordination and co-operation between similar facility providers 
and research groups on a European scale has been improved. The HYDRALAB III events have 
created a possibility for researchers throughout Europe to interact with potential users from a wide 
range of European countries; to develop, agree and disseminate best modeling practice; to disseminate 
the outcomes of user experiments and Joint Research Activities. Additionally, the gender balance in 
hydraulic research has been improved and we have attracted and educated the next generation of 
academics in hydraulic experimental research. 

HYDRALAB III network discussed the balance between experimental physical-model research 
and other research tools like theoretical analysis, numerical-model research and field tests. This led to 
a strategy where the interaction between the different research tools was used to enhance the results. 

Within the Transnational Access programme of HYDRALAB III the possibility was given to the 
European scientific community to perform experiments in ‘world class’ unique and rare top level 
facilities which normally did not have access to such facilities. 

The two Joint Research Activities (SANDS and CoMIBBS), have improved the coherence of 
experimental, numerical and physical modelling techniques and instrumentation in relation to fluid-
sediment interactions. SANDS has investigated the performance limits of experimental facilities and 
their instrumentation. CoMIBBS focused on the combined use of numerical/hydraulic models with 
well defined error bounds for both. 
 
2. TRANSNATIONAL ACCESS (TA) ACTIVITIES IN HYDRALAB III 

Hydraulic research is developing more and more beyond traditional civil engineering to satisfy 
increasing demands in environmental studies and natural hazard assessment. It expands toward 
oceanic and atmospheric flow studies, sediment transport, bio-geochemical processes, and even 
toward sociology and management sciences. The questions related to water require deeper insight into 
the functioning of the complex water systems we are dealing with. 

Experiments in hydraulic facilities are, therefore, fundamental for creating the necessary tools for 
predictions of such important and complex phenomena as flooding, coastal erosion, impact on water 
quality, exploitation of ocean-based resources, ship design and ice engineering. Although over the last 
decades numerical modelling has become a powerful tool for these types of predictions as well, 
nevertheless field experiments and experimental laboratory research are irreplaceable to the synergetic 
approach of hydraulic research. 

The Transnational Access programme of HYDRALAB III has leaded both experienced and young 
researchers from across Europe in User groups together to the ‘world class’ top level of research in 
unique and rare experimental facilities by making these facilities available. The programme gave 
research groups that normally did not have access to these facilities, the opportunity to carry out 
research in 22 research facilities at 9 institutions (Infrastructures). The infrastructures (providers) and 
their facilities offered within the Transnational Access activities are listed in Table 1. 

State-of-the-art measuring instruments, data-acquisition and processing systems was at their 
disposal, as well as modern support facilities, such as library, computers, processing and printing. 
Furthermore, the visiting researchers were offered a scientific intellectual environment, with assistance 
and guidance from experts at the host institute. The European Commission financed the costs of the 
use of the facilities as well as travel and subsistence costs for the researchers. 

Measures for the publicity of the new opportunities of access to HYDRALAB III facilities have 
been taken through: 

• Three Calls (one per year) published in the Bulletin of the International Association for 
Hydraulic Research IAHR, on the HYDRALAB III website and on the websites of the 
different Access providers. 

• Announcements on important international congresses and conferences. 
• Mailings, inviting hydraulic scientists in EU-member and associated states to submit detailed 

research proposals. 
• Information and invitations to submit proposals through personal contacts between 

HYDRALAB-III’s experts and other European experts. 
The participation of female researchers in the user groups was strongly encouraged as well as those of 
First time users. 
 

2
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Table 1  Infrastructures (Providers) and facilities offered for Transnational Access 

within the HYDRALAB III Access activities 
 

Activity 
Number

Access to Infrastructure of 
(Provider)

Acronym in the 
Proceedings 

(Content)

Access to facilities of the Infrastructure (Provider)                              
and short description and objectives of the facilities

Acronym in the 
Proceedings 

(Content)

 Delta Flume (large scale wave flume with special wave generation equipment) DELTA 
FLUME

Oscillating Water Tunnel (full-scale facility to study near bed processes) OWT

Rotating Annular Flume (erosion of cohesive, biochemical and polluted sediments) RAF

Dynamic Multi-Phase Flow Test Rig (unsteady two-phase flow in pipelines) TEST RIG

Tidal Flume (density currents and waves) TIDAL FLUME

Multi-Directional Wave Basin (basin with short crested waves and reflection 
compensation system)

M-D WAVE 
BASIN

Schelde Flume (glass wall wave/current flume) SCHELDT-
FLUME

TA 2
CANAL DE EXPERIENCAS 

HIDRODINAMICAS DEL 
PARDO (CEHIPAR)

CEH Very large wave basin (LDB) for sea keeping and manoeuvrability testing of ships and 
offshore structures LDB

‘Coriolis Rotating Platform’ in Grenoble. It is the largest turntable in the world to study 
oceanic flows with density stratified water.

CORIOLIS 
PLATFORM

 ‘Stratified flume’ in Toulouse. It is a large flume with multilayer stratified flow in which 
each layer is separately controlled.

STRATIFIED 
FLUME

Multi-directional (3D) Offshore Wave Basin. It is an up to 12 meter deep basin with 
short-crested waves. OWB

Multi-directional (3D) Shallow Water Basin. It is a wave/current basin with short 
crested waves and wind loading. SWB

 Arctic Technology facility LIMB, which is a towing tank to study ice-breaking ships 
and offshore structures in arctic conditions at -20oC. 

LIMB

Arctic Technology facility AETB & Ice Lab. This is the world largest tank to study ice 
physics and arctic marine biology/chemistry and research on oil spills in polar regions 

at -20oC.
AETB

TA 6 UNIVERSITY OF HULL HULL Total Environment Simulator TES                                           
(basin for currents, waves and rainfall in fresh and salt water). TES

Ocean Basin (large wave basin to test fixed and floating structures) OCEAN 
BASIN

Towing Tanks (to study ship performance and wave behaviour) TOWING 
TANK

Medium tanks (Coriolis rotating basin and outdoor seawater basins to study 
sedimentation and to do bio-optical studies) 

CORIOLIS 
BASIN

 Research Vessel (for bio-geochemical and acoustic studies of the seabed, 
oceanographic and marine biological research) VESSEL

Field facilities (unique landlocked site that functions as a mesocosm) FIELD

TA 8 FORSCHUNGSZENTRUM 
KÜSTE ( UHANN/ FZK) FZK

Large Wave Channel (GWK). This is the longest large-scale wave flume in the world 
to study physical processes such as morphological processes and structure response 

to wave impacts
GWK

TA 9
UNIVERSITAT 

POLYTECNICA DE 
CATALUNIA (UPC) 

UPC Large-scale wave flume CIEM, which is a large-scale wave flume with an optical test 
section and clear water for non-intrusive optical observations CIEM

TA 7
NORWEGIAN UNIVERSITY 

OF SCIENCE & 
TECHNOLOGY (NTNU) 

NTNU

TA 4 DHIDHI WATER & 
ENVIRONMENT (DHI) 

HAMBURGISCHE 
SCHIFFBAU-

VERSUCHSANSTALT 
(HSVA) 

TA 5 HSVA

DELFT HYDRAULICS / 
DELTARESTA 1 DELTARES

CENTRE NATIONAL DE LA 
RECHERCHE SCIENTIFIQUE 

(CNRS) 
TA 3 CNRS

 
 
 

A very important keystone of the unified HYDRALAB III Access programme was the common 
User Selection Procedure. 

The proposals for access projects firstly were reviewed by the facility provider’s staff before the 
User Selection Panel (USP) meeting in order to check their feasibility. The facility provider supported 
the proposers (User Groups) while they improved their draft proposals to compensate their lack of 
experiences with the Infrastructure. This was especially of benefit for First time users. 
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The Access proposals for the various Infrastructures in the same field (e.g. Hydraulics, 
Geophysical Fluid Dynamics or Ship Dynamics & Ice Engineering) were selected in one or more 
common sessions of a joint USP, thus achieving an optimal and co-ordinated access for the various 
Infrastructures and Access User Groups. Each User Selection Panel consisted of 4 to 6 independent 
members, and a minority of dependent members coming from one of the HYDRALAB Participants. 
Representatives of the facility providers were present at each User Selection Panel meeting with an 
advisory role only. 

For acceptance of a proposal a majority agreement of the USP-members was required as well as 
the confirmation of the relevant facility manager that the research can be performed in the specific 
installation. 

Sometimes the possibility of shifting a proposal to another facility within HYDRALAB III was 
discussed by the USP, if this might have been advantageous both for the access project user group and 
facilities involved. In some cases of non-acceptance of a proposal, proposers were recommended to 
revise the proposal by considering comments made by the USP before resubmitting for final 
evaluation. 

In total 143 Access proposals were submitted for all facilities, whereof 69 proposals could be 
supported due to restricted maximum access to be provided within HYDRALAB III. This relation 
demonstrates the demand for access to such rare and unique facilities. 

One of the duties of the supported access user groups is to publish their results in the open 
literature. Furthermore they had to participate in a Joint User Meeting to give a presentation about 
their results. The results presented during this meeting were summarized in short papers (4 pages) and 
are published in these Proceedings. 

In the content for each paper the infrastructure and the facility that was used for the access 
projects, is given as acronym according Table 1. 
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Filling and emptying procedures of a 250 mm diameter and 261 metres long horizontal PVC 
pipeline are described. The experimental facility operating system and instrumentation used in 
the two-phase experiments are shortly presented. The friction factors and pipe relative 
roughness coefficients are determined for different steady-state flow runs. Measured flow and 
pressure variations along the pipeline during filling and emptying experiments are discussed. 

 
1. INTRODUCTION 

Filling and emptying of long pipelines is present in various hydraulic applications, such as water-
distribution and sewage systems, conveyance of storm-water flows during intense rain, fire-fighting 
systems and fluid transport pipelines. Generation of pressure oscillations in the hydraulic system are 
usually dependent on operating procedure. Different type pressure oscillations during rapid filling are 
essentially dependent on the pipeline-end ventilation condition i.e. orifice size (Zhou et al., 2002). 
Specific cavitation conditions (discrete and distributed cavitation) can result due to the water hammer 
wave propagation, when the liquid pressure drops to the vapour pressure of liquid (Bergant & Sipson, 
1999). In the case of undulating elevation profile pipeline, column separation may occur at high points 
of completely filled parts, and also air pockets may be trapped locally. Two-phase flow in the pipeline 
can induce sudden flow accelerations, when trapped air pockets at pipeline high-points are released, 
associated with unexpected pressure surges (Liou & Hunt, 1996; Axworthy and Karney, 1997). For 
flow transients in plastic pipes the elasticity of wall is very important as compared to the liquid 
elasticity, overall effects resulting in the pressure wave attenuation (Bergant et al., 2008). 

Test Rig used in the filling-emptying experiments (Deltares HyIII-Delft-4) consists of a constant-
head water supply tower of 25 metres height, a high-pressure air tank, PVC pipes with an inner 
diameter of 236 mm, and free-surface basement reservoir for outflow, see Test Rig operating scheme 
in Figure 1. The PVC pipeline was connected to the water tower and the pressurized air tank by the 
steel pipe branches. Y-connection of inlet steel pipes was 4 metres above the steel pipes T-connection 
to the water supply tower, and 1 metre below of the steel pipe connection to the pressurized air pipe 
(air tank). Air supply into the system was regulated by the manually-operated cage valve (1 in Figure 
1). The water supply into the system was regulated by the automatically-operated butterfly valve (2 in 
Figure 1) located in the vertical steel pipe between the T- and Y-connections. Valve 3 in Figure 1 was 
operated manually and used to regulate outflow orifice size in the downstream end of pipeline vertical 
part. (In Figure 1 only Deltares TEST2 experimental facility is schematically shown. Deltares TEST1 
experimental facility setup used in the controlled filling experiments is presented in Laanearu et al., 
2009.) The PVC pipeline outlet was connected to the horizontal steel pipe with vertical bend in the 
downstream part. The PVC pipeline consists of six straight pipes (I – 39.88m, II – 11.86m, III – 
66.59m, IV – 66.44m, V – 12.08m, VI – 48.63m) connected by the four 90˚ elbows of 5d radius and 
one horizontal 180˚ combined bend of length of 6.45 metres. The PVC pipeline was fixed to the 
concrete floor by iron anchors and supported with wooden bricks to reduce sagging. In the upstream 
part of the pipeline the PVC bridge of length of 8.75 metres and elevated 1.3 metres above the pipeline 
axis (Figure 1) was supported by tube-frame, and rest of the PVC pipeline was horizontal. 

Measurements are performed at ten locations along PVC pipeline (Figure 2). Pressure, 
temperature, void fraction and water level were measured at seven measurements sections 1, 3, 5, 6, 7, 
8, 9, respectively, and flow was visualized at three transparent sections 2, 4, 10 respectively. 
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Figure 1. Test Rig operating scheme: 1 – manual (air) valve, 2 – automatic (water) valve and 3 – 
manual (air/water) orifice valve. 
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Figure 2. Test Rig instrumentation scheme: 2 metres long  measurements sections 1 (void fraction, 
temperature, pressure, water level), 3 (water level, temperature, top pressure, bottom pressure), 5 

(water level, pressure), 6 (void fraction), 7 (water level, pressure), 8 (water level, pressure), 9 (void 
fraction, temperature, pressure, water level), and 0.7 metres long transparent sections 2, 4, 10 

(including 0.5 metres windows), and 90˚ elbows of 5d radius i), ii), v), vi) , and iv) TEST2 180˚ 
combined bend (long bend), and  straight PVC pipes I – VI. 
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2. STEADY-STATE FLOWS 

A number of constant flow-rate measurements were carried out between the filling and emptying runs. 
The steady-state flow measurements along the horizontal PVC pipeline (shown in the Figure 2) are 
characterized predominantly by frictional losses. The minor losses of the four 90˚ elbows of 5d radius 
and one horizontal 180˚ combined bend of length of 6.45 metres are negligible (Laanearu et al., 2009). 
The hydraulic grade line (HGL) along the pipeline was measured by six pressure transducers located 
at distances of 1.55m (1), 46.59m (3), 111.72m (5), 183.72m (7), 206.83m (8) and 252.76m (9), 
downstream from the PVC pipeline start (see Figure 2). The inflow and outflow volume fluxes were 
measured by EMFs located respectively in the inlet and outlet steel pipes of the system (see Figure 1). 
A sampling rate of 100 Hz was used to record the measurements. 

The pressure-transducers measurements during steady-flow periods of runs can be used to 
determine friction factors. The pressure measurements at section 1 and section 9 are used to determine 
Darcy-Weisbach friction factors in Table 1. The pressure readings are time-averaged over 2 – 3 
minutes and then pressure heads are used to determine the values of friction factor. Knowing the 
friction factor f  and the corresponding Reynolds number Re , the relative roughness i.e. the ratio of 
equivalent roughness size to pipe diameter, dε , can be calculated by the Colebrook-White formula. 
The pipeline relative roughness for steady-state flows was 000105.0=dε  and corresponding 
friction factor at Reynolds number of 950000 is 0135.0=f . The estimated relative roughness is in 
good agreement with the relatively low Reynolds number (25000) plastic pipe estimates by Liou et al. 
(1986). For comparison, the smooth pipe friction factor at Re  = 950000 is 0117.0=f  using the 
Swamee-Jain formula (cf. Razak & Karney, 2008). The PVC pipeline used in the experiments can be 
considered to be hydraulically smooth for Reynolds numbers less than 100000. The friction factor and 
relative roughness estimates are not affected by outflow from the PVC bridge because the 
measurements section (1) pressure transducer is over 5 pipe diameters apart from the PVC bridge end. 

 
Table 1. Pipeline steady-state flow friction factor and relative roughness. 

 
Test Run number Re  f  dε  

TEST2 4021 948950 0.0136 0.000107 
TEST2 4079 948850 0.0136 0.000107 
TEST2 4083 950050 0.0135 0.000103 
TEST2 4129 950180 0.0135 0.000101 
TEST2 4135 949170 0.0136 0.000105 

 
3.  PROCEDURES 

The experiments included a number of filling procedures ending with steady-state flow and emptying 
procedures starting from the steady-state flow or rest of the filled and pressurized pipeline. The 
pipeline filling tests started by opening of the automatically-operated valve 2 in the Figure 1. During 
filling tests the air at atmospheric pressure, initially present in the pipeline, was replaced by inflowing 
water from the supply water tower. The upstream boundary conditions were varied during the filling 
runs by using different openings of the valve 2. Formation of a water-column inflow front for plug-
flow and stratified conditions, advancing into the empty domain of the pipeline during filling phase 
were observed. The filling of pipeline was completed when steady-state flow conditions were 
established. The manual cage valve 1 in the Figure 1 was closed during the filling phase, and manually 
opened to pressurize the system before start of the emptying phase. During the emptying tests, the 
water, initially present in the pipeline, was replaced by the inflowing air from the high-pressure tank. 
The pipeline upstream air pressure was initially fixed between 0 to 2 barg, but usually decreased 
during the emptying run. Formation of the water-column outflow front, emptying the filled domain of 
the pipeline, was observed for different openings of the manually regulated valve 3 in the Figure 1. 
The emptying of the pipeline was completed when pressurized air flushed the water out from the 
pipeline. During some emptying runs with relatively high driving air pressure the “breaking” of water-
column was observed, when rapidly moving liquid slugs appeared in the downstream part of pipeline. 
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4.  CONCLUSIONS 

The experimental programme (DELTARES HyIII-Delft-4) focused on filling and emptying of the long 
pipeline made of PVC pipes. The analysis of the TEST2 steady-state flow pressure changes showed 
that the pipeline used in the experiments can be considered as a single horizontal PVC pipeline. (It is 
found in the study by Laanearu et al. (2009), that pipeline including 180˚ combined bend of length of 
0.9 metres, used in the TEST1 experiments, should be modelled as a series of two pipelines.) 

It can be concluded that the pipeline filling and emptying processes of long pipeline involve 
different type of single- and two-phase flow dynamics (Laanearu et al., 2009a; Laanearu et al., 
2009b). Experiments confirmed that during pipeline filling frictional forces increased and the flow was 
stabilized after the velocity maximum was passed. In the rapid filling procedure the water-column 
inertia dominated period is relatively short as compared to the quasi-steady flow period. During 
pipeline rapid emptying friction forces decreased during the experiments runs and the flow in the 
system experienced destabilizing conditions, yielding sometimes to water-column “breaking”, 
associated with flow pattern in which “long bubbles” were followed by liquid slugs. In the emptying 
procedure the quasi-steady flow period was almost comparable with the water-column inertia 
dominated period. Thus unsteady friction (Vardy et al., 2009; Annus, Koppel & Vardy, 2010) can be 
considered to be important at start of filling and finish of emptying process in the pipeline, when 
changes in water-column flow momentum are comparatively large. 
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Experimental data for the validation of theoretical models of unsteady skin friction and 
transient pipe flow are available mainly at low Reynolds numbers. There is a need for detailed 
measurements in flows at high Reynolds numbers and for a wider range of well-controlled 
acceleration/deceleration rates and detailed visualization of flow structure and profiles. 
Therefore a large-scale pipeline apparatus at Deltares, Delft, The Netherlands, was used to 
investigate unsteady skin friction and transient flow in acceleration, deceleration and acoustic 
resonance tests. This paper describes the test rig and instrumentation. Some initial 
experimental results of accelerating flow from rest are presented. 

 
1. INTRODUTCTION 

Unsteady flows in pipes and ducts are the source of many unwanted phenomena in engineering practice. 
Water hammer caused by relatively sudden events such as valve closure, pump failure and water turbine 
emergency shut-down has been responsible for numerous pipe failures (e.g. in water, waste water, oil-
hydraulic and hydro-power systems) and for unacceptable noise in workplaces. On a larger scale, pressure 
transients in railway tunnels are a continuing source of discomfort to passengers on trains. Pressure 
transients are not always bad, however. They can also be used beneficially, e.g. in methods for leak 
detection in water supply networks and oil pipelines, and in the good old hydraulic ram (Vardy et. al., 
2009). 

Developers and users of models of unsteady skin friction and transient pipe flow need full-scale data 
to compare and justify their models. Experimental data for validation is available mainly at low Reynolds 
numbers. Therefore a large-scale pipeline apparatus at Deltares, Delft, The Netherlands was used to 
investigate unsteady skin friction and transient flow in acceleration, deceleration and acoustic resonance 
tests. In this paper a short overview of the test rig and test programme is given. Some initial test results in 
transition to turbulence in accelerating flows are presented and discussed. 

 
2. DESCRIPTION OF TEST RIG AND INSTRUMENTATION 

A large-scale pipeline apparatus enabling Reynolds numbers up to 1 000 000 has been used to investigate 
unsteady flows. A horizontal steel pipeline with an internal diameter of 206 mm and a changeable length 
(44 to 49 meters) was supplied from a 25 m head reservoir at its upstream end (see Figure 1). Detailed 
specification of the instrumentation layout and the test programme is given by Vardy et. al. (2009). 

Three types of transient turbulent flows were investigated in the apparatus: non-reversing accelerating 
and decelerating flows (A tests), reversing accelerating and decelerating flows (B tests) and oscillatory 
(pulsating) flows (C tests).  

The instrumentation for the unsteady flow tests was carefully selected and calibrated. The sampling 
frequency for each continuously measured quantity was fs = 1000 Hz. A high-speed PIV camera was set 
to record at a frequency of fs = 1000 ~ 3000 Hz, depending on the Reynolds number. 

In acceleration and deceleration tests (whether non-reversing or reversing), the following quantities 
were measured continuously:  
• valve position;  
• pressure in three locations: 

close to the downstream end valve (app. 1/10 of the pipe length from the control valve) 
close to the PIV box (app. 1/4 of the pipe length from the control valve) 
app. 2/5 of the pipe length from the control valve  
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• differential pressures in two locations 
within the test length (distance between the taps is app. 3/10 of the pipe length)  
between the downstream-end pressurized tank and the pipe (reversing flow tests only) 

• velocity profile (PIV box) 
• wall shear stresses in two axial locations 

3 sensors at the PIV box 
3 sensors app. 1 m upstream of the PIV box 

• water temperature 
• flow rate (2 electromagnetic flow meters app. 2/3 of pipe length from the control valve) 
• flow direction (reversing flow tests only). 
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Fast operating
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Flow
straightener
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M
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Figure 1 – Test rig for accelerating and decelerating flows (Vardy et. al., 2009) 
 

3. ACCELERATION-FROM-REST TESTS 

This section presents initial results of acceleration-from-rest tests that were carried out in three different 
series. In A1 series, tests were performed for Reynolds numbers ranges from Re1 = 0, Ref = 29 000 to 
Re1 = 0, Ref = 1 000 000 using valve opening times ranging from tv = 2 s to tv = 40 s. In A1A tests, the 
Reynolds number ranges were varied from Re1 = 0, Ref = 50 000 to Re1 = 0, Ref = 400 000 and the 
control valve was opened in tv = 2 s to tv = 15 s. The non-reversing type flows were controlled by a 
butterfly type valve in the A1 series and by a globe type valve in the A1A series. These valves were 
located at the downstream-end. In B series tests, the rate of flow was controlled by setting the pressure 
difference between the downstream-end pressurized tank and the pipeline. In acceleration-from-rest 
tests, this pressure difference ∆p ranged from 5 to 420 kPa. 

The following case study deals with uniformly accelerating flow starting from rest (Re1 = 0) and 
accelerating to Ref = 400 000. The valve opening time for this case was tv = 2 s. An ensemble average 
of 30 experiments is used to deduce the wall shear stresses τw and axial dimensionless velocities u(y,t) 
presented in Figures 2 & 3. The repeatability of measurements is good. 
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An abrupt transition from laminar to turbulent flow in pipes is common for start-up flows from 
rest (Lefebre & White, 1991, Koppel & Ainola, 2006). The transition to turbulence is delayed up to 
the supercritical Reynolds number. The quasi-steady value of shear stress is calculated for dynamic 
flow by using the Haaland equation (Haaland, 1983). Examination of the measured shear stress in the 
PIV box (hotfilm 2) and upstream of the box (hotfilm 5) reveals differing turbulence generation times 
(tHF2 = 2.9 s and tHF5 = 3.7 s). The wall shear stress in the accelerated flow initially over-responds 
compared to the quasi-steady value (at the time t = 0.8 s). After the moment of transition, the 
measured value of wall shear stress and the quasi-steady value increase more rapidly. 

 

 
Figure 2 – Ensemble-averaged and quasi-steady wall shear stressτw  

 
The theoretical and experimental ensemble-averaged dimensionless velocity distributions for the 

uniformly accelerated flow are given in Figure 3. The model results are calculated for the incompressible 
fluid starting from the rest with constant acceleration. 
 

 
 

Figure 3 – Theoretical and ensemble average dimensionless velocity profiles (Re1 = 0;  Ref =400 000)  
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Here the dimensionless variables are defined as: 

,
0U

uu x=
 

,
R
r

=η
  

ηϑ −=1 ,  

where ux is the axial velocity, U0 is a suitable reference velocity, r is the radial coordinate and R is the 
pipe radius. The dimensionless distance from the pipe wall ϑ = 1 corresponds to the pipe axis. The 
PIV data have been carefully processed and filtered to reduce noise and erroneous velocity vectors. 
The last profile at the instant t = 2.75 s corresponds to start-up of the turbulisation process in the pipe 
wall region (corresponding Reynolds number Re = 174 000). In the core region of pipe, the velocity 
profile is uniform and the thickness of the boundary layer is increasing in time. The bulk flow 
acceleration causes an increase of velocity in the core and the generation of large velocity gradients 
near the wall. 
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NOTATION 

fs = sampling frequency [Hz] 
r = radial coordinate [m] 
R = pipe radius [m] 
Re = Reynolds number 
Re1 = initial Reynolds number  
Ref = final Reynolds number  
u = dimensionless axial velocity 
ux = axial velocity [m/s] 
U0 = suitable reference values of velocity [m/s] 
t = time [s] 
tHF2 = transition time for hotfilm 2 [s] 
tHF5 = transition time for hotfilm 5 [s] 
tv = valve opening time [s] 
V = mean velocity [m/s] 
∆p = pressure difference [kPa] 
η = dimensionless radial coordinate 
τw = wall shear stress [Pa] 
ϑ = dimensionless distance from the pipe wall 
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New experiments of sand transport under sheet flow conditions were carried out in the Large 
Oscillating Water Tunnel (LOWT) of Deltares. In this work the measured net sediment 
transport rates, the structure of the sheet flow layer and sediment flux vertical profiles along 
the oscillatory wave cycle are presented and the importance of acceleration skewness on the 
sediment transport processes is analyzed and discussed.  

 
1. INTRODUCTION 

In the last trimester of 2007, a new set of laboratory experiments involving measurements of sand 
transport processes over horizontal, mobile sand beds was carried out in the Large Oscillating Water 
Tunnel (LOWT) of Deltares. The experiment, denominated TRANSKEW, provides details of the flow 
and bed conditions under oscillatory skewed waves, in the sheet flow regime for a well-sorted sand 
(d50= 0.20 mm). 

This new dataset allows the study of the effects of acceleration- and velocity-skewed flows with 
and without opposing net currents on sediment transport processes, providing results within an area 
that was recently identified as requiring further research (van der Werf et al., 2009). Furthermore, the 
data contribute to the validation and further development of sand transport models (Abreu et al., 
2008). 

The experimental facility consists of a U-tube construction with a rectangular horizontal test 
section (14 m long, 0.3 m wide and 1.1 m height with a 0.3 m thick sand bed) and two cylindrical 
risers at either end. A piston system housed in one of the cylinders is capable to generate near bottom 
horizontal velocities in the test section that correspond to full-scale wave conditions in the near shore-
zone. The LOWT is fitted with a recirculation system that enables the generation of a mean current 
that can be superimposed on the oscillatory flow (see Ribberink & Al-Salem, 1994, for details). The 
wave forcing was imposed through a simple analytical formulation that reproduces a skewed, 
nonlinear wave form, as described in Abreu et al. (sub judice). Beside its application for the wave 
forcing in experimental facilities, this formulation can be used in many other engineering applications 
that require the use of a representative wave form (e.g., Ruessink et al., 2009). 

 
2. EXPERIMENTAL CONDITIONS AND NET TRANSPORT RATES 

In the first set of the experiments, the mean values of the net sand transport rates, sq , were measured 
(Silva et al., 2008). The test conditions consisted of a repetition of regular oscillatory flows with the 
same velocity root-mean-square value ( 0 9rmsU . m s≈ ) and two different wave periods (T = 7 and 10s). 
Three major flow categories were considered: series A consisted of regular oscillatory flows with 
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different degrees of acceleration skewness, ( )max max mina a aβ = − , where a  is the acceleration; Series B 
considered acceleration-skewed oscillatory flows with a collinear net current (

0U ), opposing the 
(implied) wave direction; and Series C consisted of oscillatory flows with both velocity and 
acceleration skewness. The velocity skewness is characterized by ( )max max minR u u u= − , where u  is the 
flow velocity. Table 1 lists the characteristics of the oscillatory flow measured 30 cm above the bed. 
(note that for oscillatory flow without acceleration and velocity skewness β =0.5 and R = 0.5) 

 
Table 1. Hydraulic characteristics obtained for the test conditions. 

  Condition Urms (m/s) β R T  (s) U0 (m/s) 
A1 0.90 0.64 0.50 7 0.00 
A2 0.88 0.63 0.49 10 0.00 
A3 0.88 0.72 0.50 7 0.00 
A4 0.86 0.72 0.49 10 0.00 
B1 0.89 0.64 0.50 7 -0.22 
B2 0.88 0.64 0.50 7 -0.44 
B3 0.86 0.71 0.50 7 -0.22 
B4 0.86 0.71 0.51 7 -0.44 
C1 0.86 0.61 0.59 7 0.00 
C2 0.94 0.60 0.59 10 0.00 
C3 0.87 0.53 0.59 7 0.00 

 
The net total transport rates were calculated by applying a mass conservation technique and are 

shown in Figure 1 as a function of β, R and U0. The acceleration skewness produces a net transport in 
the (positive) wave direction. The values of sq  are proportional to β and R. In the case of a counter 
current, the amount of sediment transported in the negative direction of the mean current is reduced 
when the value of β increases. 

 
 
 
 
 
 
 
 
 
 

Figure 1  Net transport rates and standard deviations. Influence of β , R  and 
0U on sq . 

 
3. SHEET FLOW LAYER STRUCTURE AND SEDIMENT FLUXES 

In the second set of the experiments several instruments were deployed within the LOWT to obtain 
detailed measurements of the intra-wave velocities and concentrations within the suspension and sheet 
flow layers (SFL) for the tests conditions A1, A3, B2, B4 and C1. Herein we only present the results 
concerning condition A3. 

Silva et al. (2009) analysed the data gathered by two different devices, an Acoustic Doppler 
Velocity Profiler (ADVP) and two Conductivity Concentration Meters (CCM), to study the SFL 
structure within the wave cycle. The ADVP enables to deduce velocities along the receivers beam axis 
over a whole profile with a vertical resolution of about 3 mm. Also, the intensity of the backscattered 
acoustic signal over the depth can be used to determine the bed position and the top of the sheet-flow 
layer. The CCM probes measured the conductivity change of a sand-water mixture and were then 
converted to sediment concentrations. The CCM measures large concentrations, more specifically, in 
the range of 100-1600 g/l. The estimates of the upper and lower SFL bounds along the oscillatory 
motion agree quite well using both ADVP and CCM data, as shown in Figure 2 for test A3. The 
results illustrate the development of the SFL during the wave cycle: as the velocity increases from zero 
values, at each flow reversal, sediment particles are mobilized from the bed, thus causing local erosion 
associated with a deepening of the bed level and an increase in the erosion depth. These particles are 
entrained into the flow above the initial bed level (z=0) causing an increase of sediment concentration 
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at those levels and, consequently, raising the top level of the SFL, defined as the height where phase-
average C = 8% vol. (~ 210 g/l). When the magnitude of the velocity decreases, the processes that 
sustain the sediment particles either in the sheet flow or in the suspension layer tend to vanish, and 
sediment particles have a tendency to settle down to the bed, causing a decrease in the SFL thickness. 
The SFL thickness is higher under the crest than under the trough, although the maximum velocities 
under the wave crest and trough are equal, and this seems related with the enhanced bed shear stress 
(Ruessink et al., 2008). The data also shows that under the largest acceleration values, i.e., when the 
velocity changes rapidly from the offshore negative maximum to an onshore positive maximum, the 
SFL remains thicker than at the opposite on-offshore flow reversal where much smaller flow 
accelerations are found.  

The time-varying sediment fluxes within the SFL were obtained by combining the measured 
concentration values with the velocity of the sand particles. Abreu et al. (2009) applied a new 
methodology for the estimation of the grain velocity inside the sheet flow layer from the 
measurements of the two CCMs by combining cross-correlation techniques (McLean et al., 2001) with 
wavelet multilevel decomposition (Mallat, 1999; Franca and Lemmin, 2006). This methodology yields 
quite consistent velocity measurements over the entire sheet flow layer and for most of the wave 
phases. The velocities provided by the ADVP were simultaneously analysed near the sand bed (at z=0, 
3 and 6 mm) and are in good agreement with the velocities estimated from the cross correlation 
technique. These velocity measurements allowed the estimation of the sediment fluxes. At the levels 
below z=0, the instantaneous velocities were obtained by interpolating the ADVP measurements and 
imposing a null velocity at the erosion depth for each wave phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 – Experimental condition A3: a) time-series of the measured (ensemble-averaged) free- 
stream velocity (solid line) and acceleration (dashed line); b) lower and upper levels of the SFL 

computed from CCM (black solid lines) and ADVP (grey solid lines); c) vertical profiles of sediment 
flux at select phases 

 
Figure 2c) presents the computed vertical sediment flux profiles at select phases as indicated in 

Figure 2a). The horizontal lines mark the erosion depth and the upper limit of the SFL for each wave 
phase presented. The values above the top of the SFL should be taken with caution, since the related 
concentrations are generally below 100 g/l, that is out of the range of accurate measurements with the 
CCM probes. The largest fluxes occur at times of maximum free-stream velocity and are higher for the 
onshore maximum velocity. The bed shear stress (not shown) also depicts an asymmetry with higher 
values during onshore flow. At t/T =0 the depth-average flux is positive while it is close to zero at the 
flow reversal t/T =0.52. This is in agreement with the results for the SFL thickness around flow 
reversal as described above, and supports the existence of phase-lag effects between the sediment 
particles and the flow at t = 0 which provides an additional means for onshore transport. These non-
steady effects are also evident in the A1, B2 and B4 results. 
The depth-integrated and wave-averaged transport in the SFL accounts for, approximately, 75% of the 
measured net total transport, which also means that the net suspended transport is in the same direction 
as in the SFL underneath. A similar conclusion is attained for the A1, B2 and B4 tests, however the 
SFL transport to total transport ratio are estimated about 53%, 40% and 90% , respectively. For the C1 
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test the SFL net transport exceeds the measured net total transport which means that the contribution 
of the suspended layer is negative. 
 
4. CONCLUSIONS 

The present results show that flow acceleration skewness induces a net sediment transport in the 
direction of largest acceleration. This is believed to be the result of an increased bed shear stress under 
the wave crest, mobilizing more sediment from the bed and increasing the SFL thickness, and also 
with an additional contribution from phase lag effects occurring under the largest acceleration values. 
In the experiments with a counter current, the acceleration-skewness induced reduces the amount of 
sediment transported in the negative direction of the mean current. For the test C1, with velocity and 
acceleration skewness, the acceleration skewness contributes to about 30% of the total net transport 
rate.  
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Coastal wetland landscapes, such as salt marshes and mangroves, form and evolve by dynamic 
feedbacks between vegetation establishment, flow hydrodynamics, and landform changes. The 
vegetation-flow feedbacks make coastal vegetations very useful for coastal defense against sea 
level rise, storms, and erosion. In a large-scale flow and wave basin, the interactions are 
quantified between dynamic vegetation patches, that grow in size, and the flow hydrodynamics 
within, around, and between the patches. The experiments reveal that flow velocities are not 
only reduced within the vegetation, but at the same time accelerate next to and between the 
vegetation patches. The amount of flow acceleration increases with increasing patch size and 
decreasing patch inter-distance, and depends on the plant stiffness, density, and height. These 
new insights will be included in bio-geomorphic models for coastal wetland evolution. 

 
1. INTRODUCTION 

Plants growing in coastal wetlands, such as tidal marshes and mangroves, modify tidal currents, waves 
and erosion-sedimentation patterns (e.g., Bouma et al. 2005; 2007; Neumeier & Amos 2006; 
Temmerman et al. 2005), while the other way around, the modified currents, waves and erosion 
determine the establishment or die-back of plants (e.g., Houwing 2000; Van Wesenbeeck et al. 2008). 
Such bio-physical feedbacks are of major importance to understand and predict the evolution of 
coastal wetland landscapes (Temmerman et al. 2007; Kirwan & Murray 2007; D’Alpaos et al. 2007). 

The bio-physical interactions make that coastal vegetation can be used for cost-effective, 
sustainable coastal defense: the vegetation attenuates waves and erosion (e.g., Bouma et al. 2005; 
Moller et al. 1999) and attenuate tidal currents thereby promoting sediment accretion so that coastal 
wetlands can keep up with sea level rise (e.g., Temmerman et al. 2004). The latter is important 
regarding ongoing climate change, which leads to accelerated sea level rise, increasing storm intensity, 
and thus increased risk for flooding and erosion of low-lying coastal areas. Hence there is major 
interest in process knowledge on the vegetation-flow interactions in coastal wetlands. 

Here we focus on three dominant plant species that colonize initially bare tidal flats in NW 
Europe: Spartina anglica, Salicornia europea, and Puccinnellia maritima. Colonization by these plant 
species typically takes place by random establishment of vegetation patches (Callaway and Josselyn, 
1992; Sanchez et al., 2001). These patches grow in size and grow closer to each other, potentially 
merging into bigger vegetation fields. Previous studies indicate that during this colonization process, 
so-called scale-dependent feedbacks occur between the vegetation patches and the flow 
hydrodynamics (Bouma et al. 2007; Temmerman et al. 2007; Van Wesenbeeck et al. 2008): at a small 
scale, within the vegetation patches, flow velocities and erosion are reduced, resulting in improved 
plant growth conditions (positive feedback); but at a larger scale, the water is partly forced to flow 
around the vegetation patches, leading there to increased flow velocities, to erosion, and to worsening 
of plant growth conditions just next to the vegetation patch (negative feedback). Although these scale-
dependent feedbacks have been demonstrated for static vegetation patches, it is not known yet how 
dynamic vegetation patches, that grow in size, affect the strength of the scale-dependent feedbacks.  
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Here we present the results of experiments, in which real-size patches of coastal wetland 
vegetation were placed in a large-scale flow and wave basin. The aim of this study was to quantify 
how the amount of flow acceleration next to and between vegetation patches depends on (1) increasing 
patch size, (2) decreasing inter-patch distance, and (3) plant species characteristics. 
 
2. METHODS 

The experimental facility was developed at Deltares (Delft, the Netherlands) within the so-called Vinje 
basin. The facility consisted of a wave basin of 16 meters wide, 26 meters long, and 0.5 meters deep, 
which was adapted so that also a uniform, uni-directional flow could be generated (Fig. 1a). For all 
experiments, water depth in the experimental basin was 0.3 m and incoming flow velocities varied 
between 0.1, 0.2, and 0.3 m s-1, which is the velocity range that represents field conditions on tidal 
flats (Bouma et al., 2005). The floor of the experimental basin was flat. 

Three different plant species were studied: Spartina anglica (a stiff, tall, dense grass species), 
Salicornia europea (a stiff, short, less dense species) and Puccenallia maritime (a flexible, short, dense 
species). The vegetations were grown in boxes with a surface area of 1 by 1 m and a depth of 0.25 m. 
The boxes were first filled to the top with sediment (silty sand). The plants were subsequently grown 
from seeds under outside climate conditions that are comparable to the field. Just before the start of 
each experiment, the plant boxes were moved to the flow basin and sunken into the floor of the basin, 
by partial removal of the floor in the center of the basin. In this way the top of the sediment surface in 
the plant boxes was always at the same level as the surrounding floor (Fig. 1c and 1d). By moving and 
combining more or less plant boxes, vegetation patches with different sizes, different inter-distances, 
and different species were formed. 

In all experiments two vegetation patches were placed next to each other along a cross-section 
perpendicular to the flow direction (e.g. Fig. 1c). Different series of experiments were carried out to 
quantify the effects of (1) patch size, (2) patch inter-distance, (3) plant species, (4) incoming flow 
velocity, and (5) wave conditions. As an example, we present results of one series of experiments in 
which we simulated the lateral growth of Spartina patches as it occurs in the field, by a combination of 
increasing patch diameter and at the same time decreasing patch inter-distance (Figure 3a). 

For each experimental run, flow velocities were measured (with electromagnetic flow meters) 
along a cross-section next to, within, and between the patches (Fig. 2). On all locations, flow velocity 
was measured 0.12 m above the bottom surface, which was found to be representative for the depth-
averaged flow velocity. The flow velocities presented in the results section are time-averaged data (ca. 
20 min), with the error bars indicating the standard deviations on the mean. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Schematic overview of the flow and wave basin. (a) Overall top view. 

(c) Detailed top view of the plants section. (d) cross-section through the plants section. 

1a 1c 

1d
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3.  RESULTS 

For the smallest patch size (1 m diameter) with largest patch inter-distance (2.3m) (Fig. 2a), there is a 
strong reduction of flow velocity (to 40 %) within the vegetation patch (Fig. 2d). Next to and in 
between the patches, there is also a small decrease in flow velocity close to the vegetation edges (at 
0.15 m), but an increase up to 115 % further away from the edges. The increase remains constant over 
the rest of the cross-section. The flow patterns next to and in between the patches are the same, 
demonstrating that the two patches are still far away from each other and do not have an interactive 
effect yet on the flow between the patches. 

After the patch size had grown to 2 m, and the inter-patch distance decreased accordingly to 1.3 m 
(Fig. 2a), the flow is increasingly accelerated next to and between the patches (up to 157 %) (Fig. 2d). 
This increase in flow velocity is larger than for the previous configuration with smaller patches. Next 
to the patches, close to the vegetation edge, there is first a reduction in flow velocity (less than 50% at 
0.3 m), while further away from the vegetation edge the flow velocity increases to a maximum value 
of 157 % at 0.9 m. In between the patches, however, there is no reduction in flow velocity at 0.3 m 
close to the vegetation edge. Instead the flow velocity is directly increased to a maximum value of 156 
% that is comparable with the maximum velocity next to the patch. Hence the flow patterns next to 
and in between the patches are not similar anymore, demonstrating that the two patches have come so 
close now that an interactive effect occurs resulting in strong flow acceleration in between the patches. 

For the configuration with the largest patch size (3 m) and smallest inter-patch distance (0.3m) 
(Fig. 2a), the maximum flow velocity next to the patches has still more increased to 179 % (Fig. 2d). 
Importantly, the increase in flow velocity in between the patches (up to 133 x %) is much lower now 
than the maximum flow velocity next to the patch (179 %).  

When comparing the three experiments, next to the patches the maximum flow velocity increases 
with increasing patch size and decreasing inter-distance. In between the patches the same relationship 
is found when the patches grow from 1 to 2 m diameter, but when the patches further grow bigger and 
closer to each other, the flow velocity between the patches again decreases. The latter demonstrates 
that the two patches interact now in such a way that they start to act as one obstacle where the water is 
forced to flow around. 

 
 
Figure 2. (A) Top view of Spartina vegetation patches that were used to simulate the growth of 

two patches with increasing size (from 1 to 3 m diameter) and at the same time decreasing 
inter-distance (from 2.3 to 0.3 m). (B) Flow velocities measured next to, within, and in 

between the vegetation patches. Incoming flow velocity was 0.3 m/s. 
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 4.  CONCLUSIONS  

The importance of bio-physical feedbacks between vegetation, flow and landform changes is 
increasingly recognized for coastal wetland landscapes. While most studies so far are based on models 
in which vegetation is considered to reduce flow velocities and reduce erosion (e.g. Kirwan & Murray 
2007; D'Alpaos et al., 2007), we showed by empirical evidence that in the case of dynamic patchy 
vegetation more complex interactions occur. Our experiments demonstrated that flow reduction is only 
a local effect within and close to vegetation patches, while lateral growth of the patches causes 
increasing flow acceleration next to and between the patches. In the field, this increasing flow 
acceleration may initiate at a certain moment the erosion of channels and limit the further lateral 
growth of the vegetation. As the patch size in our experiments became larger and the inter-distance 
smaller, the patches started to interact and ultimately, when patch size and inter-distance passed a 
critical threshold, the flow acceleration in between the patches again decreased. This implies that, once 
this critical threshold is passed, the patch growth is not further limited by the flow acceleration and 
patches may merge together. Our study provides empirical evidence that such scale-dependent bio-
physical feedbacks should be included in models of the formation and evolution of coastal wetland 
landscapes. 
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As few prototype-scale laboratory experiments have investigated the dynamic response of 
gravel beaches and barriers to tides and waves, a prototype gravel barrier (5 m wide and 4 m 
high, with seaward and lagoon facing slopes of 1:8 and 1:4, composed of sub-rounded gravel    
D50=10 mm) has been studied in the Delta flume. Detailed hydrodynamics and beach 
morphology were measured using video, buried PTs, ECMs and closely-spaced bed location 
sensors on a scaffold frame with additional measurements from instruments on an offshore 
frame. A series of systematic tests were undertaken using pumps to change water levels on the 
seaward (hs) and lagoon (hl) sides of the barrier. These included: 1) hydraulic conductivity 
tests (hs and hl levels were varied); 2) tests to assess the impact of waves (hs = 2.5 m with 
variable hl and waves of 1m and periods 5-7 s; 3) tests examining the effect of tides (tidal 
simulation by varying  hs from 1.75 m to 3.25 m with hl at high, medium  and low levels and 1 
m random and regular waves with periods 3 s, 5 s and 7 s); and 4) overwash tests (tidal 
simulation with variable hl and random waves of height ca. 1 m and periods 4.5s, 6s, 7s and  
8s). This short paper is intended primarily to make the community aware of the experiments 
and to describe the objectives and methods used.  

 
1. INTRODUCTION 

Although tidal modulation and sediment porosity play key roles in influencing gravel beach 
morphodynamics (Masselink & short, 1993), most laboratory flume experiments have used a fixed 
mean water level to study the response of gravel beaches to waves (e.g. Roelvink & Reniers, 1995; 
Blanco, 2002). Although some studies have attempted to examine tidal effects (e.g. Trim et al., 2002), 
the experiments are subject to scaling problems and the beaches used have been emplaced on 
impermeable ramps and fail, therefore, to simulate the porosity of natural gravel beaches. Moreover, 
no study has yet examined how hydraulic gradients resulting from differences in water level on the 
seaward and landward sides of barrier beaches influence their dynamics and stability. During extreme 
events, gravel barrier overwashing can sometimes lead to breaching and contribute to large-scale roll-
back. It is known that overwashing plays an important role in the re-establishment of the pre-storm 
profile, but our understanding of the processes by which this is achieved remains incomplete. There is 
therefore a great deal that can be learned from the series of controlled experiments described below in 
which a gravel barrier is subjected both to simulated tidal motion and a range of wave conditions.  

The experiments were undertaken in the Delta flume during June and July 2008 and aimed to 
investigate the morphological behaviour of a near-prototype scale open-coast tidal beach composed 
entirely of medium gravel, and backed by a lagoon. The primary objective was to understand gravel 
beach sediment transport processes and pathways, as well as the geotechnical and hydraulic properties 
and processes within the beach. In addition the problem of parameterising and modelling the incipient 
conditions for natural overwashing and barrier failure during storms was also addressed.  
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2. METHODS 

A 4 m high and 50 m wide gravel barrier (D50=10mm) was constructed in the Delta flume 
(Netherlands) with a ‘sea’ and a ‘lagoon’ at either side (Figure 1). By raising and lowering the water 
level in the lagoon, the groundwater in the barrier was elevated and lowered relative to the mean sea 
level and the effect on beach profile development could be investigated for a range of wave and water 
level conditions. The sub-aerial part of the barrier was extensively instrumented with buried pressure 
sensors to measure the beach groundwater, current meters for recording swash flows and acoustic 
devices for measuring swash depths and bed levels (Turner et al., 2008). Additional current meters and 
capacitance wires were deployed offshore. The water levels in the sea and lagoon were maintained at 
set levels by 4 x 100 l/s pumps and connecting pipe work. The system was able to control the water 
levels either side of the barrier to a tolerance of 10mm, permitting the simulation of differing sea-level, 
tide and beach groundwater conditions. Pump discharges in and out of the lagoon were recorded and 
enabled direct determination of flow rates through the barrier. Five test series were undertaken: (A) to 
determine the in-situ bulk hydraulic conductivity of the gravel barrier in the absence of waves; (B) to 
examine barrier response to waves only; (C) to study the response of the barrier to waves with a fixed 
offshore water level and varying lagoon levels; (D) to measure barrier response to waves using 
simulated tidal cycles; and (E) to examine the response of the barrier to storm conditions using tidal 
simulation and large waves. Numerical modelling of the results from these tests has been undertaken 
using the XBeach model (cf. Van Dongeren et al., 2009).   
 

 
Figure 1. Plans of the experimental design showing barrier emplacement, pumping system and 

instrument locations. The photographs show details of the equipment and Delta flume. 

 
3.  RESULTS AND DISCUSSION  
Some initial results from BARDEX have been published by Williams et al., (2009). Here we present 
two new results that illustrate the advances in understanding of gravel barrier behaviour that is 
emerging as the data analysis progresses. The results in Figure 2 show a clear difference between 
beach response to a low and high lagoon level. Although limited accretion on the berm crest and some 
onshore migration of the beach step in test D2 is observed, significant morphological changes (up to 
0.2 m over 15 min) occurred during the tidal cycle. These exhibited a distinct tidal asymmetry with the 
development of two ‘cut-and-fill’ regions representing: (a) onshore step migration and; (b) the 
development and onshore migration of a small berm. During the falling tide, berm development ceased 
and the step migrated offshore. In test D3, the morphological change over a tidal cycle was much 
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greater with  the upper beach and the entire intertidal zone eroded by up to 0.2 m, and the resulting 
development of a more pronounced and offshore-situated step. During the rising tide, the zone of 
erosion and offshore sediment transport was limited to the swash zone, but during the falling tide the 
area just below sea level also eroded. The erosion/accretion bands during the rising tide at x = 75–
80 m are related to the migration of large bed forms (Masselink et al., 2009).  

 
Figure 2. Comparison of beach morphological evolution during tidal run with low (left panels; test 

D2) and high (right panels; test D3) lagoon level. 
 
Figure 3 shows the measured groundwater over-height observed within the gravel barrier as a 

function of incident wave conditions, monochromatic versus and irregular waves, and a raised, equal 
and lowered lagoon level (cf. Turner et al., 2009). In the case of sea = lagoon Figure 3 shows that these 
new experimental data for gravel tend to support the prior finding for sand that groundwater mounding 
due to the action of waves at the land-ocean boundary is primarily a function of the vertical runup 
excursion, rather than the hydraulic characteristics of the aquifer (i.e. hydraulic conductivity). Figure  
3 also shows that the primary effect of raising/lowering the back-barrier lagoon level is to 
decrease/increase the observed groundwater mounding. The greater (time-averaged) vertical length of 
corresponding monochromatic and irregular waves resulted in the observed greater degree of 
groundwater mounding when the beachface was exposed to the former wave conditions.  
 

 
Figure 3. Watertable over-height with the beachface for selected test series. ‘o’ symbols indicate sea = 

lagoon, ‘▲’ – elevated lagoon, ‘▼’ – lowered lagoon. The solid line shows η+=0.62(HLo)0.5tanβ 
(mono) and the dashed line shows η+=0.44(HLo)0.5tanβ (irregular), where η = over-height of the 
watertable adjacent to the beachface due to the action of wave runup, H = local wave height , Lo = 

equivalent deepwater wave length and β = beachface slope . 
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4.  CONCLUSIONS 

Experiments in the Delta flume, with a near field-scale gravel barrier, have for the first time examined 
barrier response to different water levels either side of the barrier in the presence of waves and to 
overwash events. The use of metered high capacity pumps has allowed water levels to be held at 
different relative level either side of the barrier and enabled direct assessment of hydraulics controls in 
gravel barriers morphodynamics. Data acquired in the experiments will assist in the development and 
testing of models (e.g. XBeach) of processes. It is considered that this in turn will assist in the design 
of artificial nourishment schemes and in the management of natural gravel barrier systems threatened 
by erosion and/or rising sea level. Papers presenting the BARDEX results in detail will form a special 
issue of an international journal to be published in 2010. 
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The present paper gives an overview of the performed large scale tests in GWK, Hannover for 
studying wave run-up generated forces on wind turbine entrance platforms. The run-up height 
and velocity was measured by use of high speed video recordings supplemented by some wave 
gauges mounted at the pile. Hereafter, the run-up generated impact forces were measured on 
two types of grates and a solid plate. The pressure distribution was also measured for the solid 
plate. In addition to this the wave generated backfilling of an initial scour hole and the strength 
of the backfilling soil was studied. The purpose of all the tests was to study scale effects 
related to the above items by comparison with small scale tests and also to present new 
guidelines for design. 

 
1. INTRODUCTION 

If wind turbines are placed in an area with risk of sea ice, an ice cone is typically applied to break the 
ice by bending which significantly reduce the horizontal force from the ice. The ice cone provides also 
a platform with access to the wind turbine. In case there is no risk of sea ice a platform consisting of 
closed plates or gratings has typically been applied. Such platforms using gratings have previously 
been used for the large wind turbine farm Horns Reef 1 in Denmark. Fig. 1 shows two pictures of 
wave run-up on one of the wind turbine foundations in this farm for Hm0 ≈ 2.5 m, while the platform 
level is 9.0 m above SWL. Actual run-up values are much higher than expected or accounted for in the 
design.  The platform was made of fiber grates and was thrown out from the support. In some cases, 
the support was removed as well. 
 
 
 
 
 
 
 
 

 
Fig. 1: Image of impact against entrance platform at Horns Reef 1. 

 
The damages led to a small scale hydraulic model test study at Aalborg University (AAU) where 

wave run-up (De Vos et al., 2007 ; Lykke Andersen et al., 2006a) and the slamming forces generated 
on a solid horizontal platform and a cone were studied (Lykke Andersen et al., 2006b; 2007a) . 
Moreover, the drag coefficients were studied to give a force reduction factor for different types of 
grates (Lykke Andersen et al., 2007b). 
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2. AIM OF STUDY IN GWK 
The aims of the large scale tests were to: 

‐ Study scale effects on run-up on slender piles by comparing results from GWK and AAU; 
‐ Study scale effects related to impact pressures and forces on a closed plate platform by 
comparing results from GWK and AAU; 
‐ Study slamming forces on grates which is impossible to study in small scale wave flume tests. 
Compare slamming reduction factors with drag coefficient reduction factors found in experiments 
at AAU; 
‐ Study scale effects related to the time scale of the back-filling of an initial deep scour hole; 
‐ Study soil strength of back-filling which is of great important for fatigue calculation of piles 
designed without scour protection; 
- Give design guidelines for above topics. 
 

3. PRELIMINARY RESULTS 
The observation from small scale tests that breaking waves give much higher run-ups and higher loads 
than non-breaking waves were verified in large scale. Actually the process is very sensitive to the 
breaking point. To get maximum run-up and force on the platform the wave needs to break just before 
the pile or directly on the pile. This also shows that the irregular wave kinematics are extremely 
important in order to correctly estimate wave run-up.  

Design guidelines are currently based on small scale test results, which are not significantly 
different from the results of large scale tests.  However, it is expected that the design guidelines can be 
improved by more detailed consideration of the wave kinematics in both breaking and close to 
breaking irregular waves. 

 

  

  

   
 

Fig. 2: Pictures (∆t = 0.20 s) of impacting irregular wave on grate platform (porosity 80%) 
at level +1.75.  

Maximum load 0.51 kN for h = 3 m, Hm0 = 1.0 m and Tp = 5.9 s, all values in model scale. 
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Fig. 3: Pictures (∆t = 0.08 s) of impacting irregular wave on grate platform (porosity 60%) 
at level +1.75.  

Maximum load 1.05 kN for h = 3 m, Hm0 = 1.0 m and Tp = 5.9 s, all values in model scale. 
 

Freak waves and irregular waves were tested for run-up and load measurements with identical 
paddle steering signals in the two cases. Thus interrelated values of run-up and loads are available. 
Figs. 2-4 shows a comparison of the event giving the maximum force on the three types of platforms 
for identical steering signal corresponding to Hm0 = 1.0 m and Tp = 5.9 s at the pile. For this sea state 
there are five run-up events giving approximately the same run-up height. The measured green water 
thick run-up reached approximately +1.8 m for these five events with spray up to at least level +3.0 m. 
The run-up formulae by Lykke Andersen et al., 2006a based on small scale results give for this wave a 
run-up height of 2.7 m and is thus in quite good agreement with the measurements. Figs. 2 and 3 refer 
to the same wave while for the closed platform (Fig. 4) the maximum force occurs for another of the 
waves in the series giving large run-up.  In both cases the individual wave height is more or less 
identical with Hmax ≈ 1.6 m. 

By comparing Figs. 2-4 it is evident that the solid plate experiences significantly larger forces than 
the porous grates. The vertical loads seems to scale approximately with the solidity (1 – porosity), 
which was also found for drag by Lykke Andersen et al., 2007b. However, the vertical loads for all 
three platform types are very large, corresponding to approximately 0.5 to 2.5 MN in prototype.  

The design formula of Lykke Andersen et al., 2007b based on small scale results give for the 
maximum wave a maximum vertical force of 2.2 kN on the closed platform which is also in very good 
agreement with the measured 2.3 kN. 

The loads are typical church roof shaped with a short impulse followed by a longer duration quasi-
static load and some vibrations of the structure. Therefore, the maximum force is not the only 
parameter to describe the loads, but the time history is also very important. Moreover, the response of 
the structure for such types of loads should be determined for design purposes in order to know if 
dynamic amplification or dampening occurs. Here it should be noted that the eigen frequency of the 
platform was 50-60 Hz in the model, which is expected to correlate quite well with prototype 
platforms of such types. 
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Fig. 4: Pictures (∆t = 0.08 s) of impacting irregular wave on solid platform (porosity 0%) 
at level +1.75.  

Maximum load 2.3 kN for h = 3 m, Hm0 = 1.0 m and Tp = 5.9 s, all values in model scale. 
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The paper describes experiments undertaken the Large Wave Channel (Grosser Wellen Kanal, 
GWK) in Hannover on sediment mixing on a beachface exposed to the action of a buried 
drainage system. The general aim of the project was to understand the role of swash infiltration 
processes inside the sediment column. Preliminary results indicate that under High Energy 
wave conditions (Hs=0.8 m, Tp=6.5 s) the beach reached a quasi-equilibrium profile shape 
after 120 minutes of wave attacks. Thereafter the action of two adjacent drains did not stop 
shoreface erosion, except for the area immediately over the drains. Sediment mixing was small 
(approx 2-4% of wave height) and seemed to increase under drained conditions. 

 
1. INTRODUCTION 

The calculation of the degree of sediment disturbance through wave action in the surf and swash zone 
has been studied at various levels in recent years, with a number of empirical techniques. Quantifying 
“Depth Of Disturbance” (also known as sediment mixing depth) enables a better understanding of 
nearshore processes, like the prediction of the fall in beach levels during storms and the design of 
beach replenishments. 

Attempts at estimating sediment disturbance to date have resolved their measurements only after a 
complete tidal cycle and therefore have been unable to measure processes during the actual 
perturbations caused by wave action within the tidal event, an essential period of activity to understand 
bed elevation patterns (e.g. Ciavola et al. 1997, Ferreira et al. 2000, etc). In a recent paper Ciavola et 
al. (2006) evaluated the robustness of the relationships developed in the field using a large-scale wave 
flume, proving the advantages of laboratory modelling over fieldwork. In a wider context, surf zone 
morphodynamic research has dealt with the effect of varying water level in wave action (i.e. initiation 
and modes of sediment transport and induced morphodynamics). Current thinking in this field comes 
from a variety of studies that demonstrate the importance of wave height sensitivity and the control 
that water depth exerts on sediment disturbance. 

However, no work has been done in order to relate sediment depth of disturbance with beach 
drainage systems, which has been considered an effective method of coastal protection, even if it is 
still to be proved to what extent they are effective in stabilizing the beach or generate accretion. We 
believe that the understanding of the role of water infiltration, exfiltration, fluidisation in the swash 
zone and sediment transport processes is one of the main questions that current research on coastal 
processes has to answer. It is still to be proved if a “dry” beach responds to a peculiar way to wave 
action, in particular if there is a relationship between the degree of saturation and the thickness of 
sediment mixing. 

This project used the Hydralab III facility at GWK to quantify the sediment Depth of Disturbance 
(DoD) on a sloping beach under the effect of a beach drainage system (in controlled environments and 
without scaling issues). 

Due to the fact that there were two proposals submitted to GWK dealing with beach dewatering 
and proposing similar model’s set-up and obtaining the same rating for support, the access was shared 
between these two teams to avoid any double effort from Hydralab (see Damiani et al., 2010 in this 
volume). 
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2. EXPERIMENTAL SET UP 

Details of the 2-d movable bed can be found in the paper of Damiani et al. (2010) in this volume. 
According to analysis undertaken using a settling column at the University of Ferrara, the sand in the 
flume had a d50 of 0.36 mm which corresponds to medium sand in the Udden-Wenthworth scale. The 
sand in the flume was reasonably well sorted and no mud fraction was present. Notable that over 20% 
of the sample consisted of fine and very fine sand fractions. Damiani et al. (2010-this volume) 
calculated experimentally for the sand a permeability of around 3.2 10-2 cm/s. 

Moving away from the wave generator, the bottom of the model was unerodible and flat for about 
100 m. The movable bed sloped initially at 1:20 for the following 20 m to change to 1:50 for the next 
50 m. A 50 m long flat part was then shaped before reaching the beach face. The swash zone slope 
was 1:10 for 50 m. The drainage system consisted of four PVC drain pipes parallel to the shoreline, 
with a diameter of 200mm and covered by a geotexile drape: the drains (Fig. 1) are located below the 
emerged beach with their axis at 40 cm under the still water level and at a distance from the shoreline 
variable between 3 and 13 m. 
 

 
 

Fig. 1  GWK longitudinal cross-section. For further details see Damiani et al.-this volume 
 

Depth of Disturbance was studied installing 60 metal rods with washers along four lines spacing 
from the lower swash zone to the berm (Fig. 2). Readings of the depth of the washer and bed elevation 
were undertaken at the end of each run of waves using a graduated pin with millimetre precision. 
While the bed elevation was always referred to the top of the rod, the depth of the washer was 
measured by inserting the pin into the sand, till it was felt that the washer had been hit. The definition 
of the measured DoD parameters can be seen in Fig. 3. 
 

 
 

Fig. 2 View of the area studied for DoD 
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Fig. 3 Definition of DoD parameters used in this paper 
 

Beach profiles at the end of each were surveyed using a profiler mounted on a carriage that moved 
along the flume. The wave tests were run with irregular waves imposing to the paddle a JONSWAP 
spectrum (Table 1) and using variable drain configuration, eg. switching on/off one or more drains at 
the same time. The wave characteristics can be seen in Table 1. Still Water Level in the flume was 4.0 
m. Only results from the HE (High Energy) test are discussed here. 

 
Table 1. Wave Characteristics in deep water conditions 

Test Still Water Level in the channel [m] Hs [m] Tp [s] 
A1-High Energy 4.00 0.8 6.5 

A2  4.00 0.4 8 
A3 4.00 0.6 8 

 
3.  TEST RESULTS AND DISCUSSION 

Three HE tests are discussed here, respectively the beach profile configuration after 180 minutes of 
wave attacks with no drain (test HE_P3), after 60 minutes with 1 drain operative (test HE_1D1) and 
after 120 minutes with the same configuration (test HE_1D2). The water position (see Damiani et al. 
2009-this volume), beach profile and sediment mixing patterns are presented in Fig. 4. 

After 180 minutes the profile has eroded into a quasi-equilibrium exponential shape. The 
following 60 minutes of wave attack with the drain opened continues to reshape the profile with 
erosion of the upper beach. After 120 minutes of wave action the erosion continues in the same way 
and the drain seems to have a limited effect only in the area of the cone of depression of the 
groundwater table. It is noticeable how the hinge of rotation of the beach profile becomes located 
exactly in the same position where the drain is located. This is reflected on the changes in beach slope 
during the tests. After the wave attacks with no drain the slope of the beachface around the drain is 
steep (tanβ=0.10), while after the first test with the drain it becomes 0.08, decreasing further to 0.07 
after the second test. 

The mixing depth after the tests with no drain is rather uniform across the whole profile, with 
higher values around the area where the drain is located, with an average value around the drain of 18 
mm. Likewise for the beach slope, the first test with the drain shows a large drop around the drain, 
with average of 23 mm. It is interesting to see the two maxima at the edges of the cone of depression. 
Finally, as time passes during the third test, a steady increase in seen (34 mm the average), possible 
related to the gradient of the water table between the upper beach and the drained area as the upper 
beach increases its saturation. Mixing depth varies from 2.2% of deepwater wave height in undrained 
conditions to 4.2% in drained ones (HE1_D2). 
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Fig. 4: a) Values of thickness of sediment mixing; b) Beach profile and water table. N.B: only line B 
of rods was used.P0 is the initial beach profile. The box delimits the area of action of the drain. 

 
5. CONCLUSIONS 

Preliminary analyses of the data show a role in the drainage in controlling slight beach stabilization 
around the drain and in increasing the thickness of sand mixing. The test examined here only 
considered one drain and further work will concentrate on the role of multiple drains in controlling 
hydraulic gradients between the upper beach and the lower swash zone. 
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The present paper deals with an experimental investigation performed at Large Wave Channel 
(Grosser Wellen Kanal, GWK) in Hannover. The general aim of the project was to improve the 
knowledge of the hydrodynamic and morphodynamic behavior of a drained beach to define 
reliable design criteria of the system. The tests allowed to investigate the shore zone processes, 
including in-filtration and ex-filtration flows. The obtained results gave information to discuss 
the weakness and strength points of the Beach Drainage System (BDS) as a tool able to reduce 
beach erosion. This paper shows the experimental set up and first results concerning water 
table behavior. Drain efficiency in water table lowering has been evaluated. Measures of water 
table levels, also in undrained conditions, can be useful to investigate shore zone 
hydrodynamics.  
 

1. INTRODUCTION 

Cross shore sediment transport plays a dominant role in the morphological evolution of sandy beaches, 
above all in the near shore zone. In the swash zone, the cross shore transport is strictly related to up 
and back rush flows and therefore hydrodynamic forces, produced by swash oscillation play a relevant 
role in beach evolution (Larson et a., 2004). 

In order to understand how the swash influences sediment transport it is important to consider the 
different hydrodynamic conditions during run up and run down (Elfrink and Baldock, 2002). Run up 
development is related with in-filtration and ex-filtration and thus with permeability and saturation 
degree of the beach. In-filtration and ex-filtration processes are related to sand characteristics, thus 
also morphodynamic is strongly influenced by sand parameters, like as grain size, fall velocity, 
permeability, etc. 

The Beach Drainage System (BDS) should artificially increase sand permeability, by producing a 
lowering of the water table and, as a consequence, an increasing of un-saturated zone. Moreover, a 
vertical infiltration flow increases effective weight of grains, producing a better stability. 

Many BDS prototypes have been installed around the world. In Italy some examples are available 
(Ciavola et al., 2008), i.e. Ostia (Damiani et al., 2003), Alassio (Bowman et al., 2007), and Procida 
(Vicinanza et al., 2010). Even if field monitoring is very useful to assess the effectiveness of the 
system (Vesterby, 1994), laboratory tests could be used in defining how does the system work under 
different wave conditions. 

The paper describes tests carried out in the large wave flume “Grosser Wellen Kanal” (GWK) of 
Coastal Research Centre (FZK) of Leibniz University Hannover and Technical University 
Braunschweig. Due to the fact that there were two proposals submitted for GWK:  

- HYIII-GWK-05: Experiments on Sediment Depth Of Disturbance for beaches under the 
influence of Drainage Systems (ESDODDS) leaded by Paolo Ciavola, 

- HYIII-GWK-06: Infiltration and ex filtration on the beach face leaded by Leonardo Damiani, 
with the more or less same topic and model set-up and the same rating, the access was shared 

between these two teams to avoid any double supporting (see Ciavola et al., 2010 in this volume). 
The results of laboratory tests would contribute to define the main design parameters of the BDS 

and it could make possible a qualitative interpretation of the investigated phenomena. In following 
pages the experimental set-up and preliminary results concerning the water table behavior will be 
described. 
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2. EXPERIMENTAL SET UP  

Experimental set up consists on a 2D movable bed model. Sand is almost uniform fine (d50 = 0.33mm) 
with a permeability about 3.2 10-2 cm/s and a fall velocity 4.8 cm/s. From deep water near the paddle, 
the seabed was flat for 105.3 m followed by an initial 1:20 slope of 20 m long. Subsequently the bed 
channel changed with 1:50 slope for 50 m, finishing in a zone of 30 m long having a variable slope, 
ranging from 1:8 to 1:10 and changed before each dynamic test. 
 

 
Fig. 1 Flume overview and sea bed profile 

 
The drainage system consisted of four corrugated PVC drain pipes parallel to the shoreline, with a 

diameter of 200 mm and covered by a double layer of geotextile: the drains (Fig. 2) were located 
under the swash zone with the horizontal axis 0.4 m under the still water level and at a distance from 
the initial shoreline variable from 2.6 m to 12.5 m. Drains had a small transversal slope along the 
direction of blind pipes (D = 200 mm) which linked to the pump station for draining the groundwater 
flow. The end of each blind pipe was provided of a valve to allow switching on/off the drains. The 
valve opening allowed a successive drainage flow to the pump station. The adopted configuration 
makes possible to use single drain or more than one. From the pump station the water was finally put 
in the initial part of the flume by an external iron pipe having D = 200 mm.  

 

 
Fig. 2 Beach Drainage System 

 
In order to evaluate the mean water table position, 12 piezometers and 10 pore pressure 

transducers have been installed, covering the swash zone and the emerged beach; moreover 4 pressure 
transducers were installed inside the drains in order to evaluate their hydraulic behaviour.  

Drained flows were measured by 1 pressure transducer installed in the wheel and by a flux meter; 
20 wave gauges were installed on the wall of the channel, in order to evaluate off shore and onshore 
wave motion, while 4 electromagnetic current meters were used in order to study velocity fields in the 
swash zone. Beach morphological evolution was obtained by a profiler installed on the moving 
carriage. In addition 2 video camera recorded video during tests to evaluate shoreline position 
variation and run up. Three different wave energy conditions (High Energy, Medium Energy, Low 
Energy) were carried out employing JONSWAP spectrum (Table n°1). Different drain configurations 
were tested. Preliminary tests were run in still water conditions (S) at two different water levels 
(4.00m and 4.20m). 

Table n°1 Tests program 
Test Static Water Level in the channel [m] Hs [m] Tp [s] 

S1  (no waves) 4.00 - - 
S2  (no waves) 4.20 - - 

HE  4.00 0.8 6.5 
LE  4.00 0.4 8 
ME 4.00 0.6 8 
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3. TESTS RESULTS AND DISCUSSION 

In Figs. 3 and 4 water table behaviors are shown in still water condition, respectively with 4.00m and 
4.20m of water level in the channel. 
 

 
Fig. 3 Water table oscillation, SWL = 4.00m Fig. 4 Water table oscillation, SWL = 4.20m 

 
Figures show the lowering water and the system effectiveness in increasing the unsaturated area 

inside the beach; a general view of the response of the system in different drain configurations shows a 
residual hydraulic head on drains; really the transducers inside drains show that drains work under 
depression due to the fast opening of the valves, resulting in a water depth of about few centimeters; 
this feature is related both to sand permeability, drain resistance to flow drainage (i.e. greater holes, 
geotextile with lower hydraulic resistance) and drain characteristics (i.e. material and size). 

With SWL equal to 4.20 m the water table depression for each working drain is higher (Fig.4) than 
the 4.00 m case, due probably to the higher hydraulic head on the beach.The following figures 5 and 6 
represent an example of water table behavior for the wave attack HE (tab. n°1) in both drained and 
undrained conditions. 

 

 
Fig. 5 Water table for dynamic test HE 

 
As expected, the wave attack produces a raising of water table level; moreover water table 

measurements allow to evaluate the maximum set up value on the beach. 
In undrained conditions the hydraulic head onshore, due to the set up, is greater than the offshore 

one; as a consequence currents are directed from the beach to the offshore zone. 
In drained condition water table level is significantly reduced, reaching in the zone close to the in 

working drain, a level lower than the still water one; as a consequence a reduction of the undertow 
currents close to the shoreline should be observed. 

Respect to static conditions, dynamic tests show a smaller water table lowering due to run up flow 
feeding in-filtration processes. 

The water table lowering in dynamic test is littler than in static ones especially when drains 1 and 
2 work, because they are the nearest the shoreline and, therefore, receive a greater water volume. 

Figure 6 shows the for High Energy conditions the global emerged beach lose material, also in 
presence of an active drainage. Anyway a local stabilization close to the drain is evident. The beach 
profile is almost stable in a zone that is strictly dependent to the dewatering effect on the water table. 
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Details of the local effect of the drainage system on the beach stabilization can be found in the 
paper of Ciavola et al. (2010) in this volume. 
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Fig 6: Dewatering effects on water table and related local beach profile stabilization  

 
5. CONLCUSION 

All the described results allow to state that, in the model configuration, the drains are able to 
modify the hydrodynamics of the swash zone, by lowering the water table level and the maximum set 
up, even if the efficiency could be related to drain characteristics, which influence the drain resistance 
to the flow drainage. 

The presented experimental data allow to study the water table qualitative behavior both in drained 
and undrained beaches as a function of the drain position respect the shoreline and the still water level: 
the water table lowering, coupled with drained flow, could give a more accurate information about the 
drainage system capability in growing the sand permeability. By this way run up flow can be absorbed 
and vertical in-filtration flux allow to stabilize sediments on the emerged beach.  

The effectiveness of drains has been investigated by looking at first hydrodynamic results: the 
analysis has to be completed with morphological effects, to understand how changes in swash zone 
hydrodynamics processes modify beach evolution. 
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Existing models for wave-related (cross-shore) sand transport are primarily based on data from 
oscillatory flow tunnel experiments. However, theory and former experiments indicate that 
flow differences between full scale surface waves and oscillatory flow tunnels may have a 
substantial effect on the net sand transport. In this research, high resolution measurements of 
boundary layer flow, sheet flow layer characteristics and sand transport rates under full scale 
surface waves are presented. These experiments were performed for different wave conditions 
with medium (D50 = 0.25 mm) and fine (D50 = 0.14 mm) sand. It is shown that, especially 
under sheet-flow conditions, small wave induced net currents are of large importance for sand 
transport rates. 

 
1. INTRODUCTION 

When predicting changes in coastal morphology, knowledge of sediment transport processes is 
essential. Under storm conditions, flow velocities are high and large quantities of sand can be 
transported in a relative short period of time. Under these conditions, ripples on the sea bed are 
washed out and the majority of sand is transported in a thin layer (mm-cm) close to the bed, known as 
the sheet-flow layer. Various transport models have been developed to predict both the quantities and 
directions of this sand transport.  

The majority of these existing models, are based on data obtained from oscillatory flow tunnel 
experiments (Dibajnia & Watanabe, 1998; Dohmen-Janssen, 1999; O’Donoghue & Wright, 2004a & 
2004b; Ribberink, 1998; Ribberink & Al Salem, 1994; Van der Werf, 2006). Although large 
similarities exist between the transport processes in wave flumes and tunnels there are some 
fundamental differences. Vertical orbital motions are absent and wave-induced net currents are not 
fully reproduced in flow tunnels. First experiments in the large wave flume of Hannover (e.g. 
Ribberink et al., 2000) indicated that these flow differences (e.g. residual streaming and drift under 
surface waves) may have a substantial effect on net transport rates. The new experiments described in 
the present paper were initiated to investigate more deeply the near-bed flow and wave related sand 
transport processes under regular velocity skewed non-breaking surface waves for various sediments 
in the sheet-flow regime. Besides providing more insight in sheet-flow dynamics, the data are used to 
further develop transport models in the Dutch/UK research project SANTOSS. 

 
2. EXPERIMTENTAL SET-UP 

The experiments were performed in the Großer Wellenkanal (GWK) in Hannover, Germany; a 280 m 
long, 5 m wide and 7 m deep wave flume. In the flume, a horizontal sand bed was placed with a 1:20 
beach slope at the far end. The majority of the measurements were performed under regular, velocity 
skewed wave conditions (height 0.7 to 1.6 m, period 5.0 to 9.1 s) in both the sheet-flow and ripple 
regime. The tests are performed with two different types of sediment: medium  (D50 = 0.25 mm) and 
fine sand (D50 = 0.15 mm), both well sorted. To capture the bed-surface processes under the waves, 
measurements were done on a range of scales; from flow velocities inside the sheet-flow layer up to 
bed level changes along the whole flume. Instruments used for the (detailed) flow velocity and 
concentration measurements include UVP, Vectrino, CCM, EMF, UHCM, TSS, pressure sensor, wave 
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gauges and ABS. Net sand transport rates were determined by applying the mass conservation 
principle to measured bed profiles. These profiles (4 over the width of the flume) were made with echo 
sounders before and after each test run. The experimental conditions on which the results in this paper 
are based are shown in Table 1. These are all sheet-flow conditions (mobility number (Ψ) > 300) from 
which detailed boundary layer flows, sediment concentrations and net transport rates are obtained. 
 

Table 1. Overview of the selected experimental conditions 
 
 H (m) T (s) D50 (µm) Umax (m/s) Umin (m/s) R (-) Ψmax [-] time (hr) # runs 
Re1575m 1.50 7.50 245 1.630 - 0.737 0.69 700 8.5 11 
Re1550m 1.50 5.00 245 1.179 -0.923 0.56 380 11 13 
Re1565m 1.50 6.50 245 1.665 -0.916 0.65 652 10 14 
Re1265m 1.20 6.50 245 1.345 -0.828 0.62 424 6 8 
Re1575f 1.50 7.50 138 1.703 -0.691 0.71 1243 4 7 
Re1550f 1.50 5.00 138 1.278 -1.020 0.56 675 5 10 
Re1565f 1.50 6.50 138 1.552 -0.832 0.65 1158 6 10 
Re1265f 1.20 6.50 138 1.248 -0.748 0.63 753 5 6 
Re1065f 1.00 6.50 138 1.126 -0.743 0.60 568 5 6 

 
The following two Sections (3 and 4) describe a selection of the experimental results. Firstly, of 

conditions Re1550m and Re1550f (see Table 1) detailed measurements of mean flow velocity profiles 
inside the wave boundary layer are presented. Secondly, net sand transport rates of the various sheet-
flow conditions are shown. All results are compared to oscillatory flow tunnel experiments with 
similar hydrodynamic and sediment characteristics. 
 
3. WAVE BOUNDARY LAYER STREAMING 

 
Figure 1. Mean flow velocity measurements inside the wave boundary layer under full scale surface 

waves (GWK) and oscillatory flow (AOFT) for medium (left graph) and fine (right graph) sand 
conditions (oscillatory flow tunnel results after Ribberink et al., 2008 and Campbell at al., 2006). 

 
Figure 1 shows the mean velocity, or streaming, profile measured inside the wave boundary layer in a 
tunnel (horizontal oscillatory flow) and under surface waves in similar velocity-skewed flow 
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conditions. Even though the hydrodynamic conditions and grain size are similar, the near bed mean 
Eulerian flow velocity shows different behaviour, especially inside the sheet flow layer.  

The most likely explanation for this is (the vertical gradient of) the wave Reynolds stress in the 
wave boundary layer, which is present under surface waves but is absent in oscillatory flows. Under 
sheet-flow conditions, the far majority of sand is transported in the first few mm’s – cm’s above the 
sand bed, inside the sheet-flow layer. Therefore, the small flow differences near the bed may have a 
substantial effect on net sand transport rates. 
 
4. SAND TRANSPORT RESULTS 

Figure 2 shows the results of measured net sand transport rates from the new experiments, compared 
to existing oscillatory flow tunnel measurements. The comparison of the medium sand results 
underline the conclusion form Ribberink et al. (2000) that under full scale surface waves, the net 
transport rates are higher than for similar sand and wave conditions in oscillatory flow tunnels. In the 
new experiments, also fine sand was used under surface waves. From former oscillatory flow tunnel 
experiments it was found that with fine sediment, the net transport rates (after a slight increase) 
decrease and become negative (off-shore) with an increase of flow velocity (<U3>). This phenomenon 
was explained by the domination of phase lag effects for fine sand conditions. However the new fine 
sand experiments under full scale surface waves show an increase of positive (on-shore) transport with 
increasing velocity (<U3>). This indicates that the on-shore directed flow mechanisms (e.g. residual 
streaming or drift) are decisive for the total net sand transport.  

 
5. CONCLUSIONS AND FUTURE WORK 

The new measurements clearly show an influence of surface wave effects on the net sand transport, 
which seem to be especially important for finer sediment. Further work is done on a meticulous 
analysis of the detailed flow velocity, sediment concentration and transport measurements. This is to 
be combined with process based model simulations to identify the specific processes determining the 
net sand transport under these conditions. The measured data are used for the development of a new, 
practical sand transport model for cross-shore sand transport. 
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Extensive experimental results on propagation of unidirectional nonlinear random waves in a 
large wave tank are presented. In each experimental series, a different shape and/or width of the 
initial spectrum was considered. Every series contained sufficient number of realizations to 
ensure reliable statistics. Evolution of various statistical parameters along the tank was 
investigated. It is demonstrated that the initial shape of the spectrum plays an important role in 
the evolution of a random wave field and affects strongly the deviation of wave field statistics 
from that corresponding to the Gaussian distribution. 

 
1. INTRODUCTION 

Ocean waves are both nonlinear and stochastic in nature. Although wind serves as a major wave-
excitation factor, once generated, ocean waves are strongly affected by nonlinear interactions among 
many elementary waves that have random amplitudes and phases. While valuable information on the 
random wave field statistics was accumulated in numerous previous wave tank studies, many 
questions regarding the evolution along the tank of the statistical wave parameters remain unresolved. 
In particular, it is unclear to what extent the spectral shape far away from the wavemaker depends on 
the initial conditions, and whether some uniform spectral shape is eventually attained. The relation 
between the wave height probability distributions, higher moments of the surface elevation, etc., away 
from the wavemaker, and the initial conditions at the wavemaker is yet to be established.  

In the present study we extend the results previously obtained in GWK by Shemer snd Sergeeva 
(2009), referred to in sequel as S&S, and consider several initial spectral distributions S(ω). Variation 
of statistical wave parameters along the tank is obtained for a number of initial spectral shapes S(ω). In 
particular, the dependence of the probability of appearance of extremely steep (freak) waves is 
investigated as a function of initial conditions and of the wave field evolution stage. 

 
2. EXPERIMENTAL PROCEDURE 

Experiments were carried out in the Large Wave Channel (GWK) in Hannover, Germany. Water depth 
in the present experiments was set to be h=5 m. The instantaneous water height was measured using 
28 wave gauges at distances from the wavemaker ranging from of x=3.6 m to x=240 m. The distance 
between two consecutive probes did not exceed 10 m. The static calibration of the wave gauges was 
performed covering the range of surface elevations relative to the undisturbed level within ±0.5 m. The 
linear calibration curve for each wave gauge was obtained by best fit procedure.  

To enable direct comparison with S&S, in all experiments the dominant wave period T0=1.5 s was 
selected, corresponding to the wave length λ0=2π/k0=3.51 m, the dimensionless water depth 
k0h=8.95>>1, and the wave group velocity cg=1.17 m/s. The deep-water dispersion relation is satisfied 
for all significant harmonics in the spectrum. Output voltages of all wave gauges, as well as the output 
of the wavemaker position potentiometer that provides information on the instantaneous piston 
displacement, were sampled at the effective sampling frequency of 40 Hz. For reference purposes, the 
wavemaker driving signal was also sampled.  

The initial spectra considered differed by both their shape and width. The dimensionless 
characteristic spectral width ν is defined as  

0 2
2
1

1m m
m

ν = − ,      (1) 
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where the jth spectral moment is defined as 
max

min
( )j

jm S d
ω

ω
ω ω ω= ∫ , with integration carried out over 

the free waves' frequency domain only.  
The following initial free wave spectral shapes were considered: i) rectangular spectrum with fmax-

fmin=0.0942 Hz; ν=0.045 identical to the width of the Gaussian spectrum in S&S; ii) Gaussian 
spectrum with ν=0.091; iii) Gaussian spectrum with ν=0.16; iv) JONSWAP spectrum (see e.g. Goda 
2002) with ν=0.20. The peak frequency for all spectral shapes was identical to that in S&S (2009), 
f0=ω0/2π=0.67 Hz. The amplitudes were also adjusted so that the r.m.s. values of the surface elevation, 
η', in each realization were close to 0.03 m, again as in S&S, resulting in constant initial nonlinearity 
parameter defined as 0 'kε η= ≈0.054. 

To compute the required amplitudes for each spectral harmonic of the wavemaker displacement in 
every realization of the random wave field, the linear transfer function appropriate for a piston-type 
wavemaker was applied (Dean and Dalrymple 1991). Minor empirical corrections appropriate for the 
GWK facility were introduced to the theoretical transfer function. In each realization, a random phase 
in the range [-π, π] was prescribed to every energy-containing spectral harmonics. The wavemaker 
driving signal for a given realization was then computed from the resulting complex amplitude 
spectrum using inverse FFT. The basic unit of the wavemaker driving signal had the duration of 
81.92 s, corresponding to 4096 data points at the wavemaker driver frequency of 50 Hz, and was 
repeated twice in each realization, yielding two initially nearly identical wave groups with the duration 
of the signal of 163.4 s. This corresponds to about 110 waves at the dominant wave frequency in each 
realization. About 50 to 70 runs of random-phase realizations for each one of the 4 spectral shapes 
considered were performed, resulting in the total ensemble of about 5,000 to 7,500 individual waves 
for each shape of the initial spectrum. The computed driving signal was extended by few additional 
seconds, where windowing was applied to eliminate large displacements of the wavemaker from its 
neutral position at the beginning and at the end of the wave excitation period and thus piston velocity 
and acceleration beyond the mechanically acceptable limits.  
 
3. EXPERIMENTAL RESULTS 

Variation along the tank of the frequency spectra averaged at each location separately over all 
realizations is presented in Fig. 1. Note that the gray level scheme in Fig. 1 is logarithmic. The spectra 
are presented in the order of the increasing initial width. The effect of the initial spectral shape on the 
subsequent spectral evolution along the tank is clearly seen in this Figure. For narrow spectra (Figs. 1a 
and 1b), the frequency domains corresponding to free and bound waves are clearly separated, thus 
making distinction between those waves relatively simple. For wider spectra (Figs. 1c and 1d), 
however, the free and the bound waves may have overlapping frequency domains, and the separation 
between the two requires more attention. Spectral moments computed over free waves only are 
required to determine the spectral width according to Eq. (1). To extract free wave field from the wave 
gauges records that apparently contain bound wave as well as free waves, an iterative procedure was 
used. The algorithm is based on the Zakharov (1968) equation and the related expressions for bound 
waves given in Stiassnie and Shemer (1987). This procedure was originally presented for deterministic 
wave fields with wide spectrum in Shemer et al. (2007). In the present study, only bound waves of the 
2nd order are considered.  

The spectra in Figs. 1a, 1b exhibit clear widening (more pronounced for a narrower rectangular 
initial spectrum), with the spectral width attaining its maximum value νmax≈0.09, twice its initial value, 
in Fig, 1a and νmax≈0.11 in Fig. 1b, at the distance of about 80 m (about 25 λ0) from the wavemaker. 
For initially wider spectrum in Figs. 1c, the variation of ν along the tank becomes less pronounced. For 
all Gaussian shapes considered, as well as for the initially rectangular free wave spectrum the spectral 
width seems to attain a quasi-equilibrium value at distances exceeding about 170 m (about 50 
dominant wave lengths) from the wavemaker. Those quasi-equilibrium spectral widths are different for 
all spectral shapes considered. For initially very narrow spectra with ν=0.045, the quasi-equilibrium 
width corresponds to about ν≈0.08, while for the initially widest Gaussian spectral shape employed in 
the experiments, as well as for the JONSWAP spectrum, the far-field value of ν is nearly twice larger, 
attaining ν≈0.15.  
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a)       b) 

 
     c)          d) 
 

Figure 1. Evolution of the frequency power spectra along the tank: 
a) initial rectangular spectrum with initial ν=0.045; b) initial Gaussian spectrum, ν=0.091; c) initial 

Gaussian spectrum, ν=0.16; d) initial JONSWAP spectrum, ν=0.20. 
 
The evolution of the spectral width of random wave field with the initial JONSWAP spectral shape 

is nevertheless somewhat different. The initial width of this spectrum is larger than that of other cases 
considered, and the values of ν seem to decrease along the tank, so that at x > 200 m the values of ν 
fall below those corresponding to the initially narrower Gaussian spectrum. 

The effect of the initial spectrum width on variation along the tank of the probability of 
appearance of extremely high waves is further examined in Fig. 2. Two initial spectral shapes are 
considered in this Figure: the very narrow rectangular initial spectrum in Fig. 2a, and the much wider 
JONSWAP spectrum in Fig. 2b.  

The patterns of variation along the tank of the normalized by η' wave heights probabilities are very 
different in Figs. 2a and 2b. From examination of Fig. 2a it is obvious that the wave height probability 
distribution differs significantly from that of Rayleigh throughout the whole length of the tank. The 
probability of waves exceeding about 4η' is higher than the Rayleigh predictions at all distances from 
the wavemaker, except for the immediate vicinity of the wavemaker. The probability of extremely high 
waves, in some occasions exceeding 10η' and thus falling within the range of "freak" waves, is the 
highest at the distance of about x=80 to 100 m from the wavemaker, where it exceeds by orders of 
magnitude the predictions based on the Rayleigh distribution. Note that at these distances the spectral 
width also attains maximum, see Fig. 1a. Similar wave field behavior was reported in S&S. 

Fig. 2b presents a qualitatively different picture. The range of variation of the wave heights in the 
case of the initial JONSWAP spectrum is narrower than that in Fig. 1a; furthermore, the deviations of 
the wave height distribution from that corresponding to the Rayleigh distribution are much smaller 
than in the case of a very narrow rectangular spectrum. 
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a) b) 

Figure 2. Normalized probability distribution function at various distances from the wavemaker: 
a) initial narrow rectangular spectrum; b) initial wider JONSWAP spectrum 

 
The results of Figs. 2 thus demonstrate that highest waves are mostly associated with narrow 

initial spectra. An example of a single realization of the initially rectangular spectrum where extremely 
high waves were measured in presented in Fig. 3. Two nearly identical wave groups are visible in this 
record; in each group a very steep wave was observed, with the height of the steepest wave exceeding 
11η'.  

 
Figure 3. Record of an extremely steep waves obtained for the rectangular initial spectrum at x=80 m 
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The paper briefly presents large scale experiments on wave loading on deck platforms in 
exposed jetties performed at GWK, aiming to investigate scale effects due to air 
compressibility and structure compliance by comparing with similar experiments carried out at 
HR Wallingford. Regular, irregular waves as well as isolated wave groups were used for wave 
attacks. Flat deck and deck with lower beams with variable venting were tested. Beside wave 
characteristics, pressure on deck, deck displacement and tentatively air content were measured. 

 
1. INTRODUCTION 

Within the HR_Wallingford-Bologna-Rome “Exposed Jetties” project wave loads were measured in a 
small-scale hydraulic model. Unfortunately compressibility of air does not allow to apply Froude 
scaling law to slamming and impact pressures/forces. 

This project measured wave loads on beam and deck elements of an idealized pier deck at close-
to-full scale, which (taken with the prediction methods based on small scale data, Cuomo et al., 2007) 
will allow development of scale corrections to those new loading models.  

The importance of the topic can be demonstrated by pictures in Figure 1 that show damage to a 
Cruise Terminal in Mexico due to uplift forces from a wave storm in 2005 (Shepsis et al, 2007). 
Several theories have been developed to evaluate wave-in-deck forces for offshore structures, much 
motivated by the subsidence of the Ekofisk platform (Bea et al., 1999, 2001). 

 
Figure 1.  Damage to deck of pier due to uplift. 

“Wave-in-deck forces” cover all wave forces applied to a platform or jetty deck.  Wave-induced 
vertical forces on horizontal decks or platforms may be classified as impulsive forces large in 
magnitude and short in duration occurring at the instant of contact between the wave crest and the 
soffit of the deck, followed by a pulsating positive and/or negative force. 

Measurements in the small scale HR Wallingford tests (Tirindelli et al, 2002: Cuomo et al., 2007) 
used a typical jetty section with a frame of beams and decks placed in a flume and attacked by random 
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waves. No sloping bathymetry was used and the structure was positioned well seaward of an absorbing 
beach.  

Different methods were used to separate impulsive and pulsating loads, and thus to distinguish 
between loads that can certainly be applied using quasi-static assumptions, and those that will require 
consideration of the dynamic characteristics of the jetty (Cuomo et al., 2007).  

 
2. EXPERIMENT AIDS 

Aims of the present experiment are to determine wave loading (intensity and duration) on the deck and 
on the front beam of an idealized model jetty at large scale and under a range of well documented 
wave and structure conditions (water and structure stiffness), to compare those new measurements 
with data derived from the HRW small-scale tests, to derive guidance for scaling up results in 
prototype. 

Small-scale tests provided information on different structure configurations; it was therefore not 
judged necessary to conduct the large-scale tests with more than two major configurations.  Instead, 
most effort had to be concentrated on varying wave conditions and jetty clearance to obtain good 
experimental definition of the onset of wave slam loadings; the magnitude, duration and spatial extent 
of impulsive loadings; and then the onset and magnitude of inundation loads.  The effect of venting is 
also analyzed in the present experiment. 
 
3. THE EXPERIMENTAL SET UP 

The large-scale “jetty” consists essentially of a large rectangular plate attached to a frame projecting 
from above.  Removable down standing beams (longitudinal and transversal) are mounted on one side 
of the deck and divide the plate into three square bays. This allows testing two different configurations 
(with and without projecting beams). The horizontal bed is maintained.  

Considering GWK height, water depth is 4 and 5 
m. Given typical prototype water depths for exposed 
jetties in the range 15-20m, the scale of the model is 
approximately of 1:4-1:5 to prototype dimensions, and 
5:1 if compared to HRW experiments. 

Wave pressures on the front face and deck surface 
is measured by 24 pressure transducers.  Impulsive 
loads are proportional to sound celerity in water, in its 
turn dependent on air entrainment;  therefore aeration 
is measured with three combined pressure and aeration 
transducers (developed by UoP), installed on the deck 
front, on the deck central bay and on the channel bed.  
Forces on the deck are obtained by integration of 
measured pressures.  Some of the transducers are 
mounted facing upward to measure inundation 
loadings. 

The host facility has logging equipment able to 
sample up to 80 channels at 300 kHz.  This high 
sampling capacity is used to measure impact pressures 
with sampling frequency of 4 kHz for each channel. 
Some tests are also simultaneously acquired at 10 kHz 
using a different logging system. 

Other measurement systems are also installed: 
• a battery of wave probes seaward and shoreward of the deck structure to control the free surface 

elevation and incident/reflected/transmitted wave parameters; 
• a “wave tape” (a floating adaptation of the “shape tape”, for wave measuring) is used in part of the 

experiment to validate the new application by comparison with traditional wave gauges and to 
provide a detailed description of the surface profile; 

• two Acoustic Doppler Current Profilers are installed seawards the structure to get information on the 
velocity and backscatter intensity profiles. The ADCPs also provide a measurement of the free 
surface position through echo delay, so the mean sound celerity over the water column is evaluated. 

 
Figure 2.  The deck support structure (to 
be raised) and the deck (left), measuring 

instruments on channel walls and bottom.
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The profile of backscatter intensity is used to provide information on the vertical distribution of air 
content.  The two ADCPs use different carrier frequency (600 and 1200 kHz) and, due to the 
influence of the wave-length to bubble-size ratio, different effective scattering sections are obtained 
from the two instruments that are interpreted as the effect of particle/bubble size; 

• on the same section two electromagnetic current meters are installed so that, by comparison with 
acoustic Doppler measurements, sound celerity in water can be also determined at mid depth; 

• to evaluate the horizontal oscillations of the deck and the compliance of the tested structure, two 
accelerometers are mounted in the middle of the front bay (bay 1); 

• two videocameras are used to monitor impact events; 
since some wave attacks used in small scale tests can not be reproduced in the large scale model, the 
focused wave group technique is used, either in the pure NewWave form and in the extreme wave 
group embedded in normal agitation form; results are compared providing information on the new 
testing technique. 
 
4. PRELIMINARY RESULTS 

The impact of waves on deck shows 
a quite complicated pressure pattern 
due to the combination of pulsating 
pressures, asynchronous impact on 
the different portions of the 
structure and structure vibration.  
Figure 3 shows a freak wave 
impacting on the structure, whereas 
figure 4 shows water passing over 
the deck 

Figures 5 shows pressures 
observed by 1st bay gauges at the 
highest impact in test 09091614 
(beams up, water depth 5 m, 
clearance 0.05 m, irregular waves 
with Hs=0.5 m, T=3.4 s); this is a 
relatively simple pattern due to the 
absence of lower beams and 
reflected jets.  

 
Figure 4. The deck seen from inshore and a wave overtopping it. 

Figure 6 includes two pressure patterns in bay 3 and the resulting vertical acceleration at bay 1 
center.  We can recognize: the effect of the impact on the front face starting oscillations; the 
asynchronous impact at the different gauges; the mean pressure or force on the bay showing a double 
peak impact followed by a quasi static pressure load; pressure oscillations (around 0.1 s period) due to 
structure vibration in contact with water, with pressure perturbation almost in phase all together and 
with acceleration, demonstrating in phase vertical oscillation of the whole deck for the principal mode 
and an almost pure inertial behavior with moderate dissipation due to wave radiation. 

 

  
Figure 3.  A freak wave impacting on the structure.
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Figure 5b.  Resultant vertical force in bay 1. 
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Figure 5a.  Pressure pattern in bay 1. 
 
 
A huge amount of unique information and 
data has been collected.  Once analyzed it 
will enhance our knowledge of physical 
processes related to uplift on deck and 
impact of extreme events, providing valuable 
information for the industry.  
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Figure 6. The complicated pattern of pressure and 

acceleration around impact. 
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Large scale model tests have been performed to investigate the failure of the grass cover layer 
of a dike due to wave loading. The design layout of the prototype dike represented a typical 
sea dike along the North Sea, except for the relatively steep seaward slope. The dike model 
was covered with a natural grass cover composed of grass sods that were excavated from an 
existing sea dike in Denmark and installed on the prototype dike. 

 
1. INTRODUCTION 

A large part of the dikes in the North Sea and Baltic Sea Region are covered with grass that is exposed 
to hydraulic loading from waves and currents during storm surges. During many former storm surges, 
these grass cover layers were not damaged and showed large strength. Due to this, grass cover layers 
have attracted more interest since the mid-eighties as one type of revetment for flood defence 
structures. In recent years, this grass cover revetment is being considered as a constructional 
component (EAK , 2002) that has to be designed and managed. 

The primary function of the grass cover is to protect the dike body against erosion caused by 
loading from waves and currents during storm surges. Besides this primary function, a number of 
other functions such as agricultural, ecological and recreational can be met. In this way, a grass cover 
revetment can fulfil several functions simultaneously: combining erosion protection with nature and 
recreation. 

The physical understanding of the failure of grass cover layers due to different forms of wave 
loading is therefore indispensable today, especially against the background of an increasing focus on 
safety aspects for flood defences, today and in future taking potential consequences of climate change 
into account. Young (2005) indicated the loads that cause erosion of the grass cover layer at sea dikes 
during storm surges, namely: 

• Overflow (still water level exceeds the crest level) 
• Wave impact due to wave breaking on the seaward slope 
• Wave run-up and run-down flow on the seaward slope 
• Flow on the shoreward slope due to wave overtopping 

The main objectives of this research project was therefore to perform large scale model tests in 
order to investigate the failure of the grass cover layer of a sea dike due to (i) wave impact, (ii) wave 
run-up and run-down flow and (iii) wave overtopping. The loading by overflow was not considered. 

The large scale model tests were performed in the Large Wave Flume of the Coastal Research 
Centre (FZK) – a joint centre of the University of Hannover and the Technical University of 
Braunschweig, Germany. The Large Wave Flume is 5m wide, 7m deep and 324m long. The maximum 
water depth in the flume is 5.0m. Regular waves can be generated with heights up to 2.0m and 
irregular waves with significant heights up to 1.3m. 

 
2. DIKE MODEL 

Besides changes concerning the dike height and seaward slope, the prototype of the selected dike 
model represented a typical sea dike of the German Bight coast with a dike cross section as commonly 
built in The Netherlands, Germany and Denmark. The slope of the seaward side was chosen to 1:4. 
This relatively steep slope was preferred instead of 1:6 in order to investigate impact loads due to 
wave breaking on the seaward slope without the damping effect of the previous wave down rush. The 
landward slope was 1:3. The height of the dike model was 5.8 m and the crest was 2.2 m wide (Fig. 1). 
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No berms were constructed on both slopes. The length of the dike model was 5m like the width of the 
flume. 

 
Figure 1: Cross-section of the dike model 

 
The dike model consisted of a sand dike core, a clay layer and a grass cover. On both slopes and 

on the dike crest a clay layer of 0.6m was installed. On top of the clay layer, 0.2m thick grass sods 
were placed to complete the dike model with the grass cover layer. Through this, the entire clay layer 
was about 0.8m thick. 

In front of the dike model a sloping foreshore was installed to ensure proper conditions for the 
development of waves (shoaling) in front of the dike model. The slope of the foreshore was 1:40 and 
the height at the dike toe was 1.0m above the flume bottom. The foreshore length was 40m. 

The crest of the dike model was located at a distance of about 190m from the wave generator 
(approx. at 2/3 of the flume length) in order to have the seaward slope positioned at one of the 
observation windows that are installed in the flume walls and to have a reservoir behind the dike 
model for collecting overtopping water. 

In order to meet the objectives of the research project, the dike model had to be covered with a 
natural grass layer. The challenge was hereby to get the natural grass into the flume. For this, grass 
sods were excavated from an existing sea dike in Denmark and transported to the Coastal Research 
Centre for installation on the dike model. 

The grass sods were excavated with the underlying clay to maintain the interaction between the 
grass sward (top soil) and the underlying clay layer (Figure 2). The excavated grass sods were about 
20cm thick and measured 2.35m in length and 1.25m in width. The weight of one grass sod was 
determined to approximately 1,100 kg. In total, about 200m2 of grass sods were excavated. 

 

 
 

Figure 2: Cross section of 20cm thick grass sod 
 
The grass sods were excavated by pulling an attachment composed of one horizontal and two 

vertical blades underneath the grass sods (Figure 4). The cutting width measured 1.25m. While pulling 
the attachment, a wooden plate connected to the attachment with two chains was pulled underneath the 
grass sod for later handling and transportation (Figure 5). 
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Figure 4: Attachment with blades  

to cut the grass sods 

 
Figure 5: Lifting the grass sod on the 

 wooden plate with a fork lifter 
 
In order to avoid longitudinal joints running all way up both slopes, it was decided to install the 

grass sods in displaced order (Figure 6). For this, the grass sods were installed transverse to the flume 
and in row by using three different lengths. After positioning of each grass sod on the dike model, the 
wooden plate was removed underneath the grass sod (Figure 7). 

The installation of the grass sods was started at the toe of the seaward slope and was continued up 
to the dike crest. Afterwards the grass sods on the landward slope were installed, again starting at the 
dike toe. Finally, grass sods were installed at the dike crest and the grass layer was closed. After 
installation of the grass sods all gaps and joints between the grass sods and the concrete flume walls 
were closed with clay. 

 

 
Figure 6: Displaced order of grass 

 sods on seaward dike slope 

 
Figure 7: Pulling the wooden  
plate underneath the grass sod 

 
The grass cover was illuminated during the recovery period, a 4-week long period between 

construction and testing, and during the test period, where the grass cover was illuminated between the 
test runs.  

 
3. TEST PROGAMME AND MEASURING TECHNIQUES 

The test programme was divided into two phases. In the first phase the initiation of grass erosion on 
the seaward slope due to wave impact and wave run-up and run-down flow was studied. In the second 
phase the initiation of grass erosion on the landward slope due to wave overtopping was investigated. 

The applied wave spectra in both test phases based on a TMA spectrum. During test phase 1, the 
significant wave height Hs was varied between 0.5 and 0.9m and the peak period Tp was selected 
between 4.0 and 6.0s. In test phase 2 significant wave heights were selected between 0.75 and 1.0m, 
and the peak period Tp varied between 5.0 and 6.5s. The water level in the flume was kept constant 
during test phase 1 and test phase 2. 

The measuring techniques during the performed tests comprised measuring and observation 
devices, such as wave gauges, pressure transducers, an overtopping container and digital video 
cameras. Data were collected describing the wave conditions in front of the dike model, the impact 
pressure due to wave breaking on the seaward slope and the wave overtopping volume per wave. 
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Continuous video recording of each test run allowed for observations regarding damage and 
degradation of the grass cover. For a detailed description of the test programme and the applied 
measuring and observation devices, the reader is referred to Piontkowitz et al. (2009). 

 
4. RESULTS AND CONCLUSIONS 

The test runs in phase 1 showed different kinds of damage and stages of damage of the grass cover 
layer on the seaward dike slope. One major damage of the grass cover occurred by a single wave 
impact in an area in front of the observation window in the flume wall. Furthermore, degradation of 
the grass cover, especially in the breaker zone, was observed over the entire test duration of test phase 
1. Soil material in the grass sward was washed out and round clay balls of different sizes were shaped.  

The grass cover in the lower part of the seaward slope remained longer green and alive than the 
grass within the breaker zone. The grass cover that was permanently inundated was much less 
degraded than the grass cover in the breaker zone. 

During test phase 2, no major damage on the landward grass cover due to time-averaged 
overtopping rates of up to 30 l/s/m were observed. However, the degradation of the grass cover in the 
breaker zone on the seaward slope continued and, finally, resulted in a bumpy and rough clay surface 
that was only covered with stuck residual root pieces. 

Based on the test results, it is concluded, that  
• A well-established and intact grass cover generally performs a high resistance against wave 

loading; 
• single wave loading events do not usually implicate major damage of the grass cover, 

preconditioned an intact grass cover; 
• non-initiation of major damage on the landward grass cover due to wave overtopping rates of up to 

30 l/s/m is consistent with results of similar grass erosion tests within the ComCoast project 
(http://www.comcoast.org); 

• reiterating wave loading events in short chronology will cause a continuous degradation of the 
grass cover. 
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The modelling of swash zone sediment transport and the resulting morphodynamics has been 
an area of very active research over the last decade. However, many details are still to be 
understood, whose knowledge will be greatly advanced by the collection of high quality data 
under controlled large-scale laboratory conditions. The paper describes tests carried out in the 
large wave flume of the Maritime Engineering Laboratory (LIM) at the Catalonia University of 
Technology (UPC). The main aim was to investigate beach response under grouping storm 
conditions. Preliminary results discussed here derive from analysis conducted using only a part 
of the whole data set.  

 
1. INTRODUCTION 

The swash zone (SZ hereinafter) is that part of the beach alternately covered by water and exposed to 
air by uprush and backwash action. The time scale of the swash motion is highly variable and ranges 
from seconds on calm, steep and reflective beaches, to minutes on energetic, low-gradient and 
dissipative beaches. The SZ is characterised by strong and unsteady flows, high turbulence levels, 
large sediment transport rates and rapid morphological change and represents the most dynamic region 
of the nearshore (Masselink and Puleo, 2006).  

Modelling of the hydrodynamics in the SZ has seen many advances in recent years. It is now fairly 
well established that swash motion is driven by both low frequency infra-gravity motions and short-
period bores which collapse at the shoreline and then propagate up the beach face. The two 
mechanisms do not appear to be exclusive, but rather, one dominates over the other one, depending on 
the incident waves and foreshore slope. There have also been several observations and attempts to 
describe the interactions between subsequent swash waves within the SZ. Holland and Puleo (2001) 
recently showed that the presence or lack of swash collisions might describe whether foreshores 
accrete or erode (this was also suggested by Kemp, 1975). On foreshore slopes where swash excursion 
times are of longer duration than the incident wave period, steepening is expected to occur. In contrast, 
on beaches where the swash is of shorter duration than the incoming bores, erosion is expected to 
occur and the foreshore will be flattened. Low Frequency Wave motion (LFW) is able to affect the 
sediment transport as it follows: phase relationship between LFW and short waves; undulation of the 
water surface will cause the short waves to vary in amplitude and, therefore, also to break at different 
positions over the beach profile; LFW velocities will advect sediment in suspension and will also alter 
the bed shear stress which entrains the sediment; LFW motion will include a second order mass 
transport if a partial standing wave motion is set up by the reflected LFW (this will only be applicable 
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if the motion is steady and has a narrow band spectrum); LFW are also powerful agents for removing 
sediment put in suspensions by breaking wind waves around Low Crested Structures, thus contributing 
significantly to their erosion and failure. 

Regarding the influence of long/short waves, Goda (1975) suggested that this is an important 
phenomenon that leads to de-saturation of the surf zone at short wave frequencies. In contrast, short 
waves may influence free long waves in several ways such us dissipation of long wave energy by short 
wave turbulence, phase changes due to variations in wave set-up and changes in the reflectivity of the 
moving shoreline. Consequently, since long waves may strongly influence sediment transport, the 
influence of long wave-short wave interactions may be of significant importance for the modelling of 
coastal processes and the development of morphological features such as bars. 

Baldock et al. (1997) measured surface elevations in the inner surf zone and swash oscillations on 
a steep beach of 1:10 using regular waves, bichromatic wave groups and irregular waves. They found 
for bichromatic wave groups that much of the incident wave grouping remains both at the still water 
shoreline (SWS) and within the swash and that the shoreline motion is modulated at the incident wave 
group frequency. They also found that the swash oscillation driven by the bichromatic wave groups on 
the 1:10 slope is largely dominated by low-frequency motions. 

Both bichromatic and random (JONSWAP) waves were used by Brocchini and Bellotti (2002) to 
evaluate and simplify a theoretical model of Shoreline Boundary Conditions to be used as SZ 
boundary in wave-averaged nearshore circulation models. 

This paper will describe large scale model tests conducted at the Maritime Engineering Laboratory 
(LIM) at the Catalonia University of Technology (UPC). During the tests the shoreline response and 
the SZ hydrodynamics was carefully monitored when grouping waves, able to generate free waves and 
energy in the high frequency part of the spectra, impact on the controlled area.  

 
2. EXPERIMENTAL SET UP 

The model tests were carried out at the Catalonia University of Technology (UPC). The large-scale 
wave flume has a length of 100 m, a width of 3 m and a depth of 5 m. Controlled wave generation is 
achieved by a wedge type wave paddle, particularly suited for intermediate-depth waves. The control 
software allows the generation of regular and irregular waves.  

The bathymetry in the flume was formed by moulding sand over fill in the channel to the required 
shape. From deep water near the paddle, the seabed was flat for about 20 m than it sloped initially at 
1:10 for 10 m to change for a more gentle slope of 1:15. The used sediment consisted of a medium 
sand having a measured d50 equal to 246µm (measured fall velocity of 34 mm/s). The water depth at 
the toe of the paddle was fixed to about 2.5 m. Fourteen wave conditions (regular monochromatic, 
combination of free standing long waves plus monochromatic short waves, bichromatic waves, 
random waves with different Groupiness Factor) were run (Tab. 1).  

Tab. 1: Wave Characteristics 
Erosive Conditions Accretive conditions 

Test number H 
(m) 

T 
(s) Wave type Test number H 

(m) 
T 
(s) Wave type 

M1 0.37 3.7 monochromatic M2 0.226 6 monochromatic 
0.37 3.7 0.226 6 C2 
0.038 30 

combination C9 
0.038 30

combination 

0.37 3.7 0.226 6 
C4 

0.038 15 
combination C10 

0.038 15
combination 

0.26 3.9 0.16 6.6
B3 

0.26 3.5 
Bi-chromatic B11 

0.16 5.4
Bi-chromatic 

0.26 4.2 0.16 7.1
B5 

0.26 3.3 
Bi-chromatic B13 

0.16 4.9
Bi-chromatic 

R1GF1 0.53 4.1 Random GF=1 R2GF1 0.319 6.7 Random GF=0.96
R1GF2 0.53 4.1 Random GF=1.1 R2GF2 0.319 6.7 Random GF=1.08
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Several “reshaping tests” were performed to reshape the beach at the end of each test. Tests were 
composed by four steps with different duration: step one and two of 30 minutes duration while three 
and four of 1 hour duration. 

The following instruments have been installed/used in the controlled SZ: 1 beach profiler, 6 
Acoustic Doppler Velocimeter, 10 Resistant Wave Gauges, 8 Micro Acoustic Wave Gauges, 4 
Acoustic Wave Gauges, 8 Optical Backscatter Sensor, 6 Electromagnetic Current Meters, 6 Pressure 
Sensors. ADV were sampled at 100 Hz and all the other instruments were sampled at 20 Hz.  

The detailed flume set up, instrumentation and complete tests description is reported in Vicinanza 
et al (2009). 
 
3. PRELIMINARY RESULTS 

Beach profiles were analyzed and preliminary results for erosive conditions can be summarised as it 
follows: 

The comparison between initial (B3_0, B5_0) and final profile (B3_4, B5_4) for Bi-chromatic 
waves (B3, B5) give much more erosion and offshore transport than the equivalent monochromatic 
erosive case (M1) (Fig. 1 and Fig. 2). Bi-chromatic waves with smaller differences between 
frequencies of components (B3) give much more offshore transport than the Bi-chromatic waves with 
larger differences between the frequencies of the components (B5). Furthermore, B3 conditions gives 
a large erosion in the offshore portion of the domain (bar); B5 gives much more erosion on the beach 
portion above the bar but creates a sand accumulation in the emerged beach. 

The comparison between the combination cases C4 and the equivalent monochromatic M1 (Fig. 3) 
suggests that the long wave widens the region where  sediment transport takes place, but does not 
change the pattern much. The random wave R1GF1 gives a transport pattern similar to that of the Bi-
chromatic wave groups B5 (Fig. 4). The good consistency between Bi-chromatic experiments and 
random wave experiments gives confidence in the data. 
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Fig. 1: Beach profile comparison for test B3 and B5 
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Fig. 2: Beach profile comparison for test B3 and M1 
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Fig. 3: Beach profile comparison for test C4 and M1 
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Fig. 4: Beach profile comparison for test R1GF1 and B5 
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Posidonia oceanica meadows are considered to be of high importance to the environmental 
conservation in the Mediterranean Sea, supporting a highly biodiverse habitat and protecting 
from coastal erosion. In the CIEM wave flume of LIM/UPC (Barcelona, Spain) large scale 
experiments have been conducted for measuring wave attenuation, transmission and energy 
dissipation over artificial P. oceanica in intermediate and shallow waters. The effects of 
submergence ratio hs/D (hs = height of seagrass, D = water depth) and seagrass density 
(number of stems per squared meter) on the above characteristics are investigated. Mean 
velocities above and within the simulated P. oceanica are measured and the wave induced flow 
within the seagrass, which influences processes such as nutrient uptake, waste removal and 
larval dispersion, is estimated. A meadow with a total length of 10.70 m was constructed using 
polypropylene artificial plants. Measurements of wave height at different locations along the 
meadow indicate attenuation of waves for three different submergence ratios (hs/D), two 
seagrass densities (stems/m2) and various wave conditions. Results are also analysed with 
regard to the wave induced flow within the field and the effects of hs/D and seagrass density 
on mean flow characteristics are investigated based on measurements of mean velocities taken 
within the meadow.  

 
1. INTRODUCTION 

Posidonia oceanica is a species of seagrass endemic to the Mediterranean Sea and included in the 
Barcelona convention list of protected species. This marine plant forms large underwater meadows 
that are considered to be of high importance to the environmental conservation of the region which 
they occupy, supporting a highly biodiverse habitat and protecting from coastal erosion. P. oceanica 
seagrass meadows are distributed in shallow areas from the surface to a depth of 30.0-40.0 m in clear 
conditions, while it colonises sandy substrata, rocky shores and old matte reefs.  

The effects of seagrasses on unidirectional flows are well studied at different scales in the field 
(Neumeier and Ciavola, 2004), in laboratory flumes (Ghisalberti and Nepf, 2002, 2008; Poggi et al., 
2004; Ciraolo et al., 2006; Luhar et al., 2008) and in numerical studies (Choi and Kang, 2004; Li and 
Yan, 2007), while much less is known about the interaction between seagrass and waves. Effects of 
the vegetation canopy on water flow have been investigated during field studies (Koch and Gust, 
1999; Verduin and Backhaus, 2000; Gacia and Duarte, 2001). Wave attenuation due to vegetation and 
flow conditions over and within vegetation fields have been investigated experimentally (Dubi, 1995; 
Lovas and Torum, 2001; Ota et al., 2004; Augustin et al., 2009) and numerically (Dean and Bender, 
2006; Chen et al., 2007; Li and Yan, 2007; Suzuki and Dijkstra, 2007).  

Only small scale experiments have been performed dealing with currents and Posidonia oceanica 
(Folkard, 2005). The issues that are examined in this work, include the verification of the wave-P. 
oceanica interaction and the estimation of the wave induced flow within the vegetation field, as well 
as the detailed flow characteristics close to water/seagrass interface.  The research was carried out in 
the CIEM wave flume (Canal d’Investigació i Experimentació Marítima) at UPC Barcelona 
(Universitat Politècnica de Catalunya). Objectives of the experiments were the measurement of wave 
attenuation, transmission and energy dissipation over artificial P. oceanica during low and high energy 
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events in intermediate and shallow waters. The effects of submergence ratio hs/D (hs = height of 
seagrass, D=water depth) and seagrass density (stems/m2) on the above characteristics are 
investigated. Measurements of wave height at different locations along the meadow (seaward, front, 
middle, end and shoreward of P. oceanica field) indicate attenuation of waves along the meadow for 
three submergence ratios hs/D equal to 0.5, 0.423 and 0.323, two seagrass densities (180 and 360 
stems/m2) and various wave conditions. Results are also analysed with regard to the wave induced 
flow within the meadow and the effects of  hs/D and seagrass density on mean flow characteristics are 
investigated based on measurements of mean velocities taken within the artificial seagrass field. 

 
2. EXPERIMENTAL PROCEDURE AND MEASUREMENTS 

The experiments were carried out in the CIEM wave flume (100.0 m long, 3.0 m wide and 5.0 m 
deep). A seagrass meadow was constructed (10.70 m long) by artificial polypropylene plants and was 
placed on the sandy horizontal part of the flume bed as shown in Fig.1.a.  
Each artificial plant is composed of 4 polypropylene stripes (1 pair 35cm and 1 pair 55cm long) and is 
inserted in a stiff rod (10.0 cm long), made of PVC (Fig. 1.b). The plants are placed in holes drilled 
into plastic boards (Fig.1.c). The experiments were conducted for two different meadow 
configurations, 360 and 180 stems/m2, forming a non-staggered and a staggered pattern, respectively. 
Following Giraud (1977) classification (Buia et al., (2003)) the first density  is representative of a very 
dense P.oceanica meadow, while the second one corresponds to a very sparse P.oceanica field. 
 

 
 
Figure 1.  Artificial Posidonia oceanica: a) the P.oceanica meadow under construction, 
b) detail of the mimics, c) detail of meadow patches 
 

The material used for the artificial plants (PVC foam) was selected for simulating accurately the 
real P.oceanica leaves (Table 1). The values of the characteristic non-dimensional parameters for 
prototype and laboratory conditions are indicated in Table 2, where: ρF=fluid density; ρS = solid 
density; E=Modulus of Elasticity; U=characteristic velocity; L= maximum cross-sectional dimension 
of the plants (plant height) and l = minimum cross-sectional dimension of the plants (plant width). 
Those parameters are calculated given that the average density of fresh water is ρ = 1000 kg/m³ 
(laboratory) and the density of seawater is 1025kg/m³ (prototype).  

Ghisalberti and Nepf (2002) have used a different non-dimensional parameter λ1, defined as: 

 
3

1 2

( )ρ ρλ −
= F S h

Et
              (1) :     where h, t = length and thickness of leaves, respectively. 

However such a relationship does not account for the effect of flow velocity.  Based on the above 
relation the parameter λ1,m is within the limits 0.33h3<λ1,m<0.5h3 and respectively the λ1,p is within  
0.23 h3<λ1,p <13.7 h3. 

For regular and irregular waves three different submergence ratios (hs/D = 0.500; 0.423; 0.323) 
and two seagrass densities (360 and 180 stems/m2) were tested for wave heights ranging between 0.35 
and 0.55 m and wave periods from 2 to 4 s. Measurements of wave height and velocities are taken at 
several locations along the P. oceanica meadow. A series of 14 Resistive wave gauges and 6 Acoustic 
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wave gauges which were deployed along the flume was used for the measurement of the wave heights. 
Vertical arrays of current-meters and 1 Aquadopp profiler were also installed. Eight ADVs and four 
EMCMs are arranged in three vertical profiles, in front and within the meadow. 

 
Table 1.  Properties of Artificial and Natural Posidonia oceanica leaves 

Artificial Natural (Folkard et al., 2005) 
Modulus of Elasticity= 0.903 GPa Modulus of Elasticity= 0.41-0.53 GPa 
Density=550-700 kg.m-3 Density=800-1020 kg.m-3 
Thickness =1.0 mm Thickness = 0.2 mm 

 
Table 2. Non-dimensional Parameters for Prototype and Laboratory Conditions 
Definition of 

non-dimensional parameters Prototype Laboratory 

Mass ratio, M:  M = /F Sρ ρ  1.005< pM <1.281 1.429< mM <1.818 

Slenderness number, S: /S L l=  p mS S= = S  

Cauchy number, YC :
2

3F
Y

UC S
E

ρ
=  1.934*10-6< 2 3

, /Y pC U S <2.5*10-6 2 3
, /Y mC US =1.107*10-6 

 
 

3. RESULTS AND CONCLUSIONS 

In order to evaluate the effects of the seagrass density, the relative submergence and the wave 
characteristics on wave propagation, the variation of wave height along the P. oceanica meadow and 
velocity profiles are calculated for different seagrass densities, hs/D and wave conditions.  

Examining the effect of seagrass density (stems/m2) on wave height along the meadow for regular 
waves, we result in significant wave attenuation at the shoreward end for the higher density (360 
stems/m2). The reduction reaches 40% for the high submergence ratio (hs/D = 0.500), for H0 = 0.425m 
(H0, measured value of wave height in front of the meadow) and Tp= 2.0 s (Stratigaki et al., 2009a), 
while for the lower submergence ratio of hs/D=0.423 and for wave conditions, H0 = 0.420m and Tp= 
3.0 s, the reduction in wave height at the end of the seagrass is approximately 25% (Stratigaki et al., 
2009b). Damping of wave height depends on seagrass density and appears to be increased with 
increasing seagrass density for the same submergence ratio and wave conditions.   
 The effect of the submergence ratio on wave height along the meadow can be observed especially at 
the end of the meadow where the wave height for the highest submergence ratio (hs/D=0.500) is 
reduced approximately 28%, for 180 stems/m2, H0 = 0.377 m and Tp = 2.0 s (Stratigaki et al., 2009b). 
In cases where higher meadow density (360 stems/m2) was used, the reduction is found to be 
approximately 40% for hs/D=0.500 and for the same wave conditions, indicating clearly the effect of 
submergence ratio on wave attenuation (Stratigaki et al., 2009a). Increasing the relative water depth 
and therefore decreasing the submergence ratio (hs/D) results to lower decay of the incident wave 
height along the seagrass meadow (for the same meadow density and  wave conditions). Also, a 
greater wave decay along the meadow was found for shorter wave periods especially at the shoreward 
end (for the same wave height, submergence ratio and seagrass density).  

The maximum orbital velocity (Umax), which is obtained from the peak value of the phase averaged 
velocities, in the lower part of the canopy is reduced compared to the values in front of the vegetation 
mimics. This reduction increases with distance inside the artificial P. oceanica field. At the location of 
the seagrass patches, Umax peaks just above the canopy or in the upper canopy. The variation from the 
theoretical distribution of Umax is more significant in the meadow with denser configuration, especially 
in the upper part of the canopy where velocities are smaller than in the less dense canopy. An increase 
of submergence ratio (hs/D) results in enhanced Umax reduction, in particular inside the meadow. 
Longer wave periods produce a more important velocity reduction in the lower canopy.  
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Large-scale physical model tests are ongoing at CIEM wave flume of the Polytechnic 
University of Catalonia. This paper presents some aspects of the study aimed to analyze the 
effect of wave storm events on dune erosion and overwash processes. Two different regimes of 
storm attack on the sandy beach/dune system are investigated: a collision regime with swash 
and run-up to the dune face and an overwash regime with wave run-up overtopping the dune 
crest (Sallenger et al. 2003). Eight run tests are performed with a combination of four irregular 
wave conditions and two different water depths. Detailed measurements in time and space of 
profile evolution, hydrodynamics, sediment concentration, overtopping rate and 
photogrammetric survey are carried out.  

 
1. INTRODUCTION 

Disaster due to storm surge and waves in the era of global warming and accelerated sea level rise are 
the major threats to coastal nations such as the U.S., Japan, the Netherlands, Italy and Portugal. Dunes 
and beaches have been successful coastal protectors for centuries due to their ability to defend to storm 
impact. However, storm-driven surge, wind and waves can cause severe dune erosion with large-scale 
morphology changes, damages to infrastructures and loss of human lives. Failure of the dunes takes 
place when the rate of dune erosion is so large that flooding of the lowlands behind them occurs. 
Sallenger et al. (2003) defines four regimes of storm attack on a beach/dune system:  
1) swash regime with wave run-up confined to the foreshore;  
2) collision regime with swash and run-up to the dune face;  
3) overwash regime with wave run-up overtopping the dune crest;  
4) breaching and inundation regime.  

Herein, the attention is focused on dune erosion processes during storm events in the collision 
regime and in overwash regime. In one case, the incoming storm waves break frequently, resulting in 
large components running up the dune face. Sand is dragged down the slope by the down-rush causing 
erosion of the beach and dune with the undermining of the dune toe. Part of the dune face collapses 
and lumps of sediments slide downwards to form a bar/step. Experiments on dune erosion using scale 
models have been performed by Vellinga (1986), Deltares/Delft Hydraulics (2004, 2006a,b, 2007), 
Van Gent et al. (2008). Similar experiments have been done in Germany (Dette & Uliczska 1987, 
Newe et al. 1999) focusing on German coastal conditions and in the USA (Kraus & Smith 1994) 
focusing on USA coasts. In the other case, when the waves have sufficient energy to overtop the dune 
crest, overwash occurs and the sediment is eroded over the top of the dune and transported to be 
deposited on the backshore. Although qualitative observations of the overwash processes and 
overwash related coastal hazards have long been discussed in coastal engineering literature (Donnelly 
et al. 2006), relatively few laboratory studies on dune overwash have been conducted (Williams 1978, 
Hancock 1994, Hancock & Kobayashi 1994, Kobayashi et al. 1996) and comprehensive physical and 
field data sets are still lacking. The paper first addresses the description of the model set-up, the test 
program and the instrument deployment. The paper ends with the presentation of some preliminary 
results. 
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2. SET-UP OF PHYSICAL MODEL AND TEST PROGRAMME 

The experiments are conducted at the CIEM wave flume of the Polytechnic University of Catalonia. 
The dimensions of the CIEM wave flume (100 m length, 3 m wide and 5 m depth) allow to perform 
nearly prototype-scale experiments with a movable bed beach. The initial cross-shore profile is 
assumed to match a field dune beach profile, named “Canto do Marco”, located north of Figueira da 
Foz, along the Atlantic coast of Portugal (Figure 1).  

 
 

Figure 1. Initial profile and instruments locations 
 
The sand in the flume is well sorted and its mean diameter is 0.246 mm with measured fall velocity of 
34 mm/s. A wedge-type wave paddle is used to generate irregular waves, based on Jonswap spectrum 
(γ = 3.3). Table 1 summarizes the test programme with the adopted water depths and wave conditions 
at the wave paddle. 
 

Table 1. Test programme with wave conditions at the wave paddle 

TEST Water Depth (m) hdune (m) Hs,0 (m) Tp (s) sp 
A 2.35 0.65 0.25 2.5 0.026 
B 2.35 0.65 0.33 2.5 0.034 
C 2.35 0.65 0.33 3.0 0.024 
D 2.35 0.65 0.33 3.5 0.017 
E 2.50 0.50 0.25 2.5 0.026 
F 2.50 0.50 0.33 2.5 0.034 
G 2.50 0.50 0.33 3.0 0.024 
H 2.50 0.50 0.33 3.5 0.017 

 
Detailed measurements of water surface elevation, flow velocities and sediment concentration 

along the flume are carried out during each test (Figure 1). In particular, eleven resistant wave gauges 
(RWG) and four acoustic wave gauges (AWG) are used to measure the time series of free surface 
elevation above SWL, with five resistant wave gauges adopted to separate incident and reflected 
waves. Five Acoustic Doppler Velocimeter (ADV) are used to measure fluid velocities in the water 
column. Eight Optical Backscatter Sensor (OBS) are placed at four transects, at the locations where 
the velocity measurements, to allow a correlation between the velocity and concentration observations. 
Four spherical S-type Electromagnetic Current Meter (ECM) measure instantaneous flow velocities at 
a fixed transect in the flume. Bed profile measurements are carried out using a mechanical profiler. 
Each test is temporarily interrupted to carry out the bed profile measurements at fixed time intervals. 
Photogrammetric survey is carried out in order to evaluate topographic changes due to overwash 
action in the rear side of the dune. High resolution digital cameras and software for stereogrammetry 
(James et al. 2006) are used in the experiments, with estimated accuracy of ~1 mm. To carry out 
overtopping measurements five ultrasonic sensors are installed, with a vertical difference of 25 cm 
from the crest of the dune, from the front side of the crest to the rear side of the dune. From the signal 
acquisition are obtained information on the flow depth of the overtopping tongue (Bosman et al. 
2008). In addition, is used an overtopping tank to calibrate the signal of the ultrasonic sensors and to 
measure overtopping volume. The overtopping tank is equipped with a pump and a sensor inside to 
monitor the water level in real time. On the top of it, a sediment trap is placed attached to a weight 
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measuring system. The load of sediment is measured in time. The overtopping tank is also equipped 
with a wooden board to channel the incoming flow inside it. To avoid erosion, when the overtopping 
tongue crosses the intersection between the dune and the wooden board, a heavy duty plastic sheet is 
placed between the end of the board and the dune. This sheet is attached to the board surface near the 
edge, extended far enough into the dune so that it is not exposed and removed by wave action. Finally, 
six pressure cells are installed fixed in the dune. These pressure cells give more information about the 
pressure of the overtopping tongue. The signal can be also used if the ultrasonic meters are out of 
range.   
 
3. VISUAL OBSERVATIONS ON DUNE EROSION PROCESS 

Detailed observations during the ongoing experiments in the large-scale CIEM wave flume show the 
occurrence of two different processes:  
1) regular sliding and retreating of the dune face when it has become too steep and formation of a 
bar/step at the toe of the dune; 
2) overwash with wave run-up overtopping the dune crest.  
Figure 2 shows an example of process type 1) with the development of the dune erosion volume 
during the test E.  
 

 

 
t = 0 min 

 

 
t = 8.33 min (250 waves) 

 

 
t = 16.66 min (500 waves) 

 

 
t = 25 min (750 waves) 

 

 
t = 41.65 min (1250 waves) 

 

 
t = 74.98 min (2250 waves) 

 
Figure 2. Development of dune erosion volume during test E 
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The incident waves reach the dune face and run over it. As a result, the dune front becomes steeper 
till it is nearly vertical or even overhanging. As a consequence, the dune face retreats under waves 
impacting it. Episodically, the dune face collapses and big lumps of sediment fall or slide down the 
dune face on the beach in front of the dune. This sand is picked up by swash and surf zone processes 
that move the sediment seaward to form a bar/step. It appears evident that at the beginning of the test 
the erosion rate is significantly larger than at the end of the test. Another interesting aspect to be 
considered in the analysis is due to the impact (wave collision) of incoming breaking waves and 
outgoing reflected broken waves generating a large amount of turbulence. 
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In this paper the steady current induced by sea waves propagating over a sloping beach is 

studied experimentally in a large scale wave flume. The unwanted scale effects that 

characterize the experiments carried out in small installations are thus minimized.  The results 

show that the steady streaming induced in the bottom boundary layer is offshore directed  

especially for waves characterized by a long period. This phenomenon have a significant 

influence on the steady velocity profiles which exhibit a qualitative trend that is different from 

that derived by the theory or by other experiments. 

 
1. INTRODUCTION 

A deep knowledge of the complex hydrodynamics induced by sea waves propagating towards the 

coast is important for several reasons and, in particular, in order to formulate reliable models for 

sediments transport and pollutants dispersion. As regards the transport processes, one of the most 

important characteristics of the flow is the steady current generated by nonlinear effects induced by 

the waves themselves. Indeed, even though the steady velocity component is small compared to the 

fluctuating one it can have an important influence on the transport phenomena. 

The offshore current, called undertow, arise when a wave propagates towards the coast and its 

existence is necessary to compensate the onshore flux due to the Stokes drift. 

The undertow is influenced by the shoreward current that arise in the bottom boundary layer 

(Putrevu & Svendsen, 1993), whose origin has been explained theoretically by Longuet-Higgins 

(1953) for the case of a laminar flow. The successive experimental work of Bijker, Kalkwijk  & 

Picters (1974)  have shown that the steady velocity at the edge of a turbulent boundary layer can be 

smaller than that determined by Longuet-Higgins (1953). 

Although a significant number of experiments have been devoted to the analysis of the undertow 

velocity profile and of the steady streaming in the bottom boundary layer, in the author’s knowledge 

no experiments have been performed by using waves characterized by a Reynolds number of the 

bottom boundary layer that falls inside the turbulent regime yet.  

In the present study we have carried out several measurements along the water column, in a large 

scale wave flume, of the wave induced velocity offshore the breaker line, where in most of the wave 

conditions the bottom boundary layer was in the turbulent regime. The data have been elaborated in 

order to obtain information about the steady velocity profiles. 

 

2. THE EXPERIMENTAL FACILITY AND THE INSTRUMENTATION 

The experiments have been carried out in the CIEM large wave flume at the UPC (Universitat 

Politècnica de Catalunya, Spain). The wave flume is 100 m long, 3 m wide and 5 m deep. The bottom 

is covered by sand with d50=0.25 mm. A slope 1:15 is present at the end of the flume which starts at 

about x=42 m.  

The origin of the reference system (x, y) is placed in the middle of the stroke of the wave paddle 

and lies on the rigid bottom of the wave flume. The x axis is positive in the onshore direction, while 

the y axis is directed vertically and points upward. 

The measurements have been carried out at four different stations along the channel (x=33.93, 

44.11, 55.33, 61.66 m). The first station was in the horizontal part, the second station was close to the 

beginning of the slope and the other two stations along the slope. The water depth was equal to 2.5 m 

in front of the wave paddle for all the experiments.  
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The velocity have been measured by an array of eight ADV (Acoustic Doppler velocimeter) 

deployed along the same vertical direction. Close to the bottom the velocity was also measured by an 

UVP (ultrasonic velocimeter profiler). Here we discuss the data obtained by the ADV, those obtained 

by the UVP will be presented in a future paper. Several resistive and acoustic wave gauges were 

deployed in order to measure the free surface elevation. The position of the bottom was measured by a 

mechanical profiler placed on a carriage. 

Fifteen different regular waves have been generated for each station by combining five different 

wave heights H (H=0.2, 0.3, 0.4, 0.5, 0.6 m) with three different wave periods T (T=3, 4.25, 5.5 s).  

The waves  have been generated according to the first order of the Stokes irrotational wave theory 

by a wedge wave paddle. However, during the propagation the waves became asymmetric especially 

those which were quite long with respect to the water depth.  

During the experiments three-dimensional vortex ripples appeared on the sandy bottom, which were 

characterized by an average wavelength about equal to 20 cm and a wave height of 3-4 cm. 

 

3. DISCUSSION OF THE RESULTS 

As an example, in Figure 1 we have reported the time development of the velocity measured in the 

third station (x=55.33 m) by the ADV closest to the bottom (8 cm) for H=0.5 m and T=5.5 s. In the 

same figure it is also shown the time development of the free surface elevation measured by the wave 

gauge at the same position where the array of ADV is deployed. 

 

Figure 1. Time development of the free surface elevation η and of the velocity measured by the ADV 

closest to the bed in the third station (x=55.33 m) for H=0.5 m and T=5.5 s. 

We observe that the wave amplitudes at the crests are larger than those at the troughs, i.e. the wave is 

asymmetric. It can be also noted that such asymmetry is also exhibited by the time development of the 

velocity. How we will explain in the following, such characteristic plays an important role in 

determining the distribution of the steady velocity along the vertical.  

The steady velocity profiles have been computed by averaging the velocity time series over an 

integer number n of periods. One of the requirements to get reliable information on the steady velocity 

is that the averaged velocity converges to a constant value as n increases. However, it has been 

observed that such requirements could not be rigorously satisfied all the times even though every test 

lasted 600 wave periods.  

Generally the measurements were taken below the trough level but, for large waves and close to 

the shoreline, it happened that the upper ADV probe was outside the water during the passage of the 

wave trough. For sake of clarity we highlight that the velocity profiles shown  in the following figures 

are pertinent to the region outside the bottom boundary layer.  

The trend of the steady velocity profiles along the channel are shown in Figure 2 for H=0.5 m and 

T=5.5 s. These profiles are considerably different from that derived from the theory of Longuet-

Higgins (1953) under the assumption of a laminar flow or from other experimental works where the 

boundary layer was in the laminar regime (Bijker, Kalkwijk & Picters, 1974). The most apparent 

difference is that while in the previous studies the convex part of the velocity profiles is turned 

towards offshore, in the present experiments more often the convex part is turned towards onshore. 
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Figure 2. Trend of the steady velocity profiles along the channel for H=0.5m and T=5.5 s. 

This result can be partially explained if we first note that close to the bottom (at the edge of the 

bottom boundary layer) the steady velocity is offshore directed. This finding, which is in contrast with 

the results of Longuet-Higgins (1953), is due to the asymmetry of the waves. Indeed, when a water 

wave is asymmetric the different intensity of the turbulence during the seaward and the landward half 

cycles causes an offshore directed steady streaming (Ribberink & Al-Salem, 1995; Scandura, 2007).  

 
Figure 3. Dimensionless steady velocity close to the bottom versus the ratio U2/U1. 

 

In order to quantify the phenomenon of the steady streaming, in Figure 3 it is reported the 

dimensionless steady velocity close to the bottom Us/U1 versus the ratio U2/U1, where Us is the 

steady velocity, U1 and U2 are the amplitudes of the harmonic components of period T and 2T 

respectively of the velocity time spectrum. The ratio U2/U1 can be assumed as a measure of the wave 

asymmetry and generally it increases with the period T. Although in Figure 3 the data are rather 

dispersed, it is quite clear that as the wave asymmetry increases the steady velocity increases 

becoming more negative. For small asymmetries the intensity of the turbulence between two 

consecutive half cycles is similar, therefore the mechanism described by Longuet-Higgins (1953) 

prevails and the steady streaming can be positive. 

The effect the steady streaming on the velocity profile can be understood with the help of Figure 4, 

where the steady velocity profiles for H=0.5 m are reported. In the previous Figure we observe that the 

offshore steady velocity close to the bottom increases with the wave period. This phenomenon makes 

the steady velocity profiles for small and large periods qualitatively different among them. Indeed, for 

small periods the steady velocity at the bottom is small, therefore a large part of the flow takes place in 

the upper part of the fluid column. On the other hand for large periods the steady velocity at the 

bottom is larger and this allows a significant part of the flow to take place close to the bottom, making 

the steady velocity more constant along the vertical. The sudden variation of the velocity in the last 

point along the vertical is due to the fact that the probe was slightly above the trough level.  

In Figure 5, where the velocity profiles for T=5.5 s are shown, we observe that both the steady 

velocity along the water column and the steady streaming close to the bottom increase with H. 
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It is also clear that in order to match the no slip condition on the bed, the steady streaming in the 

bottom boundary layer must develop a very strong gradient.  

A more rigorous discussion about the shape of the velocity profiles is no trivial as it would involve  

complex mechanisms such as the non linear interaction between the wave velocity and the steady 

velocity fields. However, further analysis are in progress aimed at improving the understanding of the 

observed phenomena. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Steady velocity Us versus the distance from the sandy bottom yb in the third station 

(x=55.33) for H=0.5 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Steady velocity Us versus the distance from the sandy bottom yb in the third station 

(x=55.33) for T=5.5 s. 
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The nearshore zone experiences pollutant loading through both the seaward and shoreline 
boundary. At the seaward limit this occurs through impacts from marine outfalls. However, 
more importantly close to or at the shoreline, pollutants enter through storm overflow 
discharges from overloaded sewerage systems during rainfall events. The nearshore zone is 
an area of high amenity value and there is therefore a strong need to manage efficiently the 
conflicting demands of waste management, recreation and fisheries. Through a series of 
hydrodynamic and tracer measurements in DHI’s Wave-Current facility, this study 
quantifies the physical processes and their integrated effects on a solute tracer in the 
nearshore zone subject to combined waves and longshore currents. The results improve the 
estimate of surfzone dispersion coefficients.  

 
1. INTRODUCTION 

Coastal recreational waters should comply with the appropriate water quality standards. In Europe, 
these standards are defined by the revised EC Bathing Water Directive (2006/7/EC). This paper 
compares a series of laboratory based experiments and numerical results to investigate the on-off shore 
mixing characteristics of pollutant dispersion in the nearshore zone subject to combined waves and 
longshore currents.   

The nearshore zone experiences pollutant loading through both the seaward and shoreline 
boundary. At the seaward limit this occurs through impacts from marine outfalls. However, more 
importantly close to or at the shoreline, pollutants enter through storm overflow discharges from 
overloaded sewerage systems during rainfall events. The nearshore zone is an area of high amenity 
value and there is therefore a strong need to manage efficiently the conflicting demands of waste 
management, recreation and fisheries.  

Water quality numerical models used to aid management decisions are usually 2D depth averaged, 
exclude wave processes and require as input, a value for the dispersion coefficient. Predicting 
dispersion coefficients in this complex three-dimensional flow field is difficult and is caused by the 
interaction of the periodic orbital motions of the waves, the variable depth, longshore current induced 
vertical and lateral shear effects, the effects of Stokes drift and the bed and free surface boundary 
sources of turbulence. 

 
2. PREVIOUS WORK 

There have been comparatively few experimental studies to investigate aspects of mixing under waves 
in the coastal zone. Some site specific field studies have been undertaken, however, the contribution to 
mixing due to wave activity is difficult to interpret. An extensive review of nearshore mixing was 
undertaken by Bowen & Inman (1974). Despite being undertaken over three decades ago, little new 
information is available for studies within the coastal zone.  Bowen & Inman (1974) referred to 
previous investigations by Harris et al. (1963) who undertook a series of experiments in both the field 
and laboratory to investigate the mixing of a solute when released into the surf zone. Both field and 
laboratory-based experiments produced results which suggested that the mixing across the surf zone is 
proportional to H2/T, where H is the crest to trough wave height and T is the wave period. They also 
refer to previous studies undertaken by Inman, Tait & Nordstrom (1971) in which they suggest that the 
mixing across the surf zone is much larger than in the longshore direction. They made observations in 
which a spot of dye released into the surf zone quickly dispersed across the zone, with most of the dye 
staying within the confines of the zone, and only returning seawards through rip currents. Based on the 
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experimental results obtained, it was suggested that the mixing across the surf zone was a function of 
HbXb/T where Xb is the width of the surf zone and Hb is the wave height at the breaker line.  

 Svendsen & Putrevu (1994) numerically demonstrated that the cross-shore current, generated by 
wave activity within the coastal zone, dominated the mixing. They suggest that this could exceed the 
contribution to mixing caused by turbulent activity by an order of magnitude, but report that few data 
are available to fully validate their findings. Pearson et al. (2002, 2009) conducted a series of solute 
tracer experimental investigations in the region seawards of the breaker point. Using assumptions 
based on a mixture of empirical results from literature and theoretical expressions from wave theory, it 
was shown that the mixing caused by wave activity comprised a combination of; mixing generated by 
the production of turbulence due to breaking wave activity, mixing generated by the oscillatory flow 
over the bed and a shear dispersion caused by the flow in the on-off shore direction. In the surfzone. 
Pearson et al (2009) showed that the on-off shore mixing (ensuring that the lengths and times are 
measured in meters and seconds) could be given by:-  
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where Dy is the depth averaged on-off shore dispersion coefficient in the surfzone, g is acceleration 
due to gravity, γ is the breaker index  and bH  is the wave height at breaking.   
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Figure 1. Comparison of previous experimental on-off shore dispersion studies in the surfzone 

 
A literature review has indicated that the only known experimental studies which incorporate the 

overall on-off shore mixing within the surfzone were studies undertaken by Harris et al.(1963), Inman 
et al.(1971) and Tanaka et al.(1980). Fig. (1) shows the relationship between 23

bH  and the measured 
on-off shore dispersion (Dy). As the experimental studies are from a number of sources, both within 
the laboratory and within the field, for simplicity, it has been assumed that the breaker index can be 
characterised by the commonly adopted value of 78.0=γ  [Galvin (1972)].  This result suggests that 
theoretical on-off shore mixing within in the surfzone is dependent upon 23

bH .  
 
3. LABORATORY STUDY 

The experimental work was undertaken in the shallow water basin at DHI, Denmark (July - September 
09). The measurement section measured 18m x 8m, with an offshore water depth of 0.5m. The facility 
is equipped with an absorbing piston-type wavemaker and all experiments were performed on a 1:20 
plain beach, with waves approaching the shore at 20°. Both regular and random wave conditions were 
studied.  
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Turbulent LDA velocity Measurements: To determine the flow velocities a 2D Dantec LDA 
velocity measurement was used. Detailed velocity measurements were undertaken at 1m intervals to 
describe the wave-driven current. Additional velocity profiles, at five sections away from the 
shoreline, y{1.0,1.5,2.0,3.0, 5.0}m were measured at the centreline of the basin for each wave 
condition. No attempt was made to record both velocity and concentration measurements 
simultaneously, although in some tests a wave probe and LDA were deployed as concentration data 
were collected to confirm repeatability in the hydrodynamic conditions. At each point data was logged 
for 180s, and a minimum of 20 points were taken in the vertical. Figure 2 shows the simultaneous 
recording of the on-offshore and vertical velocity time series during the data collection.  
 

 
 

Figure 2: Time series of LDA turbulent velocity measurements at y=3m from shore 
 

Direct Solute transport measurements:  A constant injection of Rhodamine WT dye was introduced 
to the basin from a small tapping point at the bed, at various locations from the shoreline. To 
determine the spreading of the dye, discrete samples were pumped from sample tubes spaced 50mm 
apart across the plume. The pumped flow rate was adjusted to match the longshore flow velocity, 
averaging the concentrations at each point for 180 seconds. Up to five transverse sections, at three 
different distances from the injection point were investigated for each test condition. Figure 3 shows 
the resultant concentration distribution at five locations downstream of a dye injection point y=1m 
from the shoreline. 
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Figure 3: Transverse concentration profiles for a continuous injection of tracer at y=1m from the 
shoreline [Nominal wave condition Ho=0.09m, T=1.85s] 
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Employing the concept of Taylor’s (1953) turbulent diffusion analogy, which states: 
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an estimate of the transverse mixing coefficient Dy, combining both diffusion and dispersion or 
differential advection processes can be obtained, for this condition the transverse mixing coefficient 
Dy, have a calculated value of 0.0195 m2/s, which is inline with expectations.  
 
4. CONCLUSIONS 

Detailed measurements have been made in a large scale facility to parameterise the solute transport 
processes and to quantify the contribution of wave activity to the mixing processes within the near-
shore zone. Detailed data analysis is currently underway for the other 6 injection points, thus at the 
time of writing it is not possible to give firm conclusions. However, initial observations show that 
although the mixing and dispersion coefficients are inline with expectations, the variation in mixing 
across the surfzone is slightly different to that predicted by Svendsen & Putrevu (1994). 

Using assumptions based on a mixture of empirical results from literature and theoretical 
expressions from wave theory, it can be shown that the mixing caused by wave activity could 
comprise a combination of; mixing generated by the production of turbulence due to breaking wave 
activity, mixing generated by the oscillatory flow over the bed and a shear dispersion caused by the 
flow in the on-off shore direction. 
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The first tests of the Anaconda wavepower device to be carried out in a wave basin revealed 
some shortcomings in the novel instrumentation that was required to record the response of the 
device in waves, and usefully capture wave power under laboratory conditions. The most 
valuable measurements were those of water waves radiated by propagating bulge waves. At 
present there is no theoretical framework with which to compare these data. 

 
1. INTRODUCTION 

The Anaconda is a novel wavepower device that consists of a submerged flooded rubber tube aligned 
with the predominant wave direction (Farley & Rainey, 2006a). External wave-induced pressure 
oscillations feed energy to bulge waves in the tube that propagate just ahead of the wave crests and 
grow in the downwave direction. Tuning is achieved by matching the speed of bulge waves (a function 
of the tube’s material properties and geometry) to the phase speed of the water waves. Wave energy is 
concentrated in the form of oscillatory flow in the tube, and can be extracted to drive a turbine.  

Experiments were carried out in the Offshore Wave Basin at DHI as part of a work programme 
aimed at developing a better understanding of the hydrodynamics of the Anaconda. The device is 
unlike all other marine systems with the possible exception of dracones developed in the 1950s for the 
transportation of gasoline and freshwater by sea (Hawthorne, 1961). Being totally compliant and 
having an enormous number of degrees of freedom, it has few features in common with surface or 
subsea vessels, or with offshore or coastal structures.  In planning experiments on the Anaconda we 
have therefore had to develop new laboratory techniques, and some of these were tried out for the first 
time in the DHI tests. 

The stated objectives at the outset were to answer the following questions: 
• How well is the basic theory of Farley & Rainey (2006b) supported by measurements? 
• What capture widths can be demonstrated over a range of wave frequencies with a simple 

power take-off system under laboratory conditions in regular waves? 
• How does the device behave in irregular waves and in extreme waves? 
• How do our estimates of mooring forces agree with measurements? 
The Anaconda tests at DHI were the first to be carried out in a wave basin; they have not delivered 

definitive answers to any of these questions, but the results have had a major influence on experiments 
carried out subsequently at the same scale elsewhere. This paper describes the experimental 
arrangements and the most significant results. 

 
2. EXPERIMENTAL ARRANGEMENTS 

These tests were carried out at a scale of about 1:25, using a 7m long tube which in its unstressed state 
had a diameter of 215mm, and a wall thickness of 1-2mm. The layout of the apparatus is shown in 
figure 1. Each end of the tube opened into a header tank in which the water level was higher than that 
outside, in order to keep the rubber in tension at all times. Pistons at each end were driven by electro-
magnetic actuators that were programmed either to generate or absorb bulge waves. During the tests, 
the parameters that were varied were the amplitude and frequency of both the generator piston and the 
external water waves, and the water level in the tanks (in other words, the static pressure inside the 
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tube). Instrumentation included pressure transducers on the face of each piston, and strain gauges 
designed to record the curvature of the tube at 20 points over its surface. In repeated tests, 12 wave 
gauges provided data on water waves at a total of more than 80 points in the wave basin. Figure 2 
shows the tube installed in the tank, aligned with the predominant wave direction. 
 
 
 

 
 
 
 
 

 
 
 
 

Figure 1. Experimental arrangements 

Figure 2. On the left, the header tanks installed in the wave basin with the array of wave 
gauges alongside; on the right, a view from below of the submerged tube, on which can be 

seen some of the strain gauge installations.  
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3. TEST PROGRAMME AND RESULTS 

The test programme aimed to measure  
• water waves in the empty wave basin, 
• the distensibility of the tube (i.e. the relationship between static internal pressure and 

diameter), 
• water waves radiated by mechanically-generated bulge waves, 
• bulge waves generated by water waves with the pistons stationary, 
• bulge wave power recovered by the stern piston. 
In the event, the success of the programme was limited by the failure of the strain gauges, and by 

the poor performance of the servo system that was designed to absorb, at the stern piston, the power of 
incoming bulge waves. The strain gauges were installed in pairs, on each side of short thin strips of 
spring steel that in turn were attached to the surface of the tube. As the tube expanded in response to 
an increase in internal pressure, the gauges recorded its diminishing curvature, but the increasing 
pressure on the inner strain gauge itself generated some flexing of the spring steel in the opposite 
direction, severely contaminating the output. As to the servo systems, we were unable to raise the loop 
gain to the point at which the pistons would appear as dashpots of sufficiently low impedance, without 
instability. Both these issues have been addressed in subsequent experiments. 

Successful measurements were made of water waves in water otherwise at rest, radiated by bulge 
waves that were generated by harmonic motion of the bow piston. It is a desirable feature of 
wavepower devices that when driven in still water in the mode in which they are intended to absorb 
wave energy, they should radiate waves predominantly in the forwards direction (Newman, 1979). 
Theoretically the Anaconda has this attribute, as long as the speed of free bulge waves in the tube is 
reasonably close to that of the radiated water waves. The third objective listed above was aimed at this 
point, and although the tests had to be carried out with the other piston stationary (and therefore 
without any mechanical extraction of wave power), the results appear rather promising.  

From this series of tests, figure 3 shows contours of the water surface at 5 instants over one bulge 
wave period. The black bar down the centre of each plot represents the Anaconda, in which bulge 
waves are propagating in the direction towards the top of the page. Contours on the left were generated 
from recordings of water surface elevation at 77 points in the tank; those on the right are their mirror 
images. There is a strong indication of water waves progressing predominantly forwards, in 
accordance with earlier theoretical calculations.  
 

 
4. CONCLUSIONS 

These experiments were the first in which the concept of the Anaconda had been physically tested, 
other than in narrow wave tanks where wall effects were likely to be rather severe. We successfully 
generated bulge waves by driving an internal piston at one end of the tube (and obtained 
measurements of the free bulge wave speed in reasonable agreement with predictions). We gained 
extremely valuable experience in experimental techniques as previously untried and innovative as the 
device itself. Measurements of power captured by the model Anaconda were hampered by the poor 
performance of the servo systems, which prevented us from matching the impedance of the power 
take-off to that of the tube itself. Nevertheless, unique and very useful measurements of radiated 
waves were obtained. At present there is no theory with which these results can be compared, but 
development of analytical and numerical models is in progress at the University of Southampton. 

Figure 3. Water waves radiated by mechanically-generated bulge waves in water otherwise at rest  
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This study describes the experimental work and preliminary results of investigations made on 
the effects of wind and currents on wave run-up and wave overtopping. The tests were carried 
out in the shallow water wave basin at the DHI (Hørsholm / Denmark). A detailed description 
of the set-up and measurements will be given followed by a parametric and a regression 
analysis which aims at the development of reduction factors for wind, current and obliquity. 
This is done with respect to the existent design formulae in the Eurotop-Manual (2007) and the 
results are discussed with regard to former investigations. 

 
1. INTRODUCTION 

In the past, a variety of structures was built to protect the hinterland during high water levels from 
coastal flooding or river flooding. Common use in practice is the application of smooth sloped dikes as 
well as steep or vertical walls. Today the knowledge of the design water level, wind surge, wave run- 
up and/or wave overtopping is used to determine the crest height of these structures. Due to the choice 
of the return interval of the design water level, the uncertainties in applied formulae for wave run-up 
or wave overtopping as well as the incoming wave parameters, wave overtopping can not be avoided. 

Relevant for the freeboard design in wide rivers, estuaries and at the coast are the incoming wave 
parameters at the toe of the structure. These are influenced by local wind fields and strong currents - 
occurring at high water levels mostly parallel to the structure. Earlier investigations did not consider 
the combined effects of wind and current on wave run-up and wave overtopping. Only few papers, 
dealing either with wind effects or current influence, are published (see references). 
 
2. EXPERIMENTAL SETUP 

The model tests were conducted in the shallow water wave basin of the DHI in Hørsholm (Denmark). 
The basin has a length of 35 m, a width of 25 m and can be flooded to a maximum water depth of 0.9 
m. Along the east side (35 m in length) the basin is equipped with a multidirectional wave maker 
composed of 36-segments. The 0.5 m wide and 1.2 m high segments can be programmed to generate, 
multidirectional, long or short crested waves. Dynamic wave absorption for reflected waves is 
integrated in the wave generation with the DHI software by an automatic control system called Active 
Wave Absorption Control System (AWACS). For further absorption of reflection and diffraction 
effects gravel and metallic wave absorbers are placed on the edges of the dike. 

This study focuses on a dike structure with a slope of 1:3. The toe of the structure is situated in a 
distance of 6.5 m from the wave machine (Fig. 1). It has an over all length of 26.5 m which is 
necessary to generate a homogeneous wave field in front of the dike for all investigated parameter 
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combinations. The backside and crest of the dike are brick-built with a width of 0.3 m and its core is 
out of compacted gravel covered with 50 mm concrete. In order to acquire wave overtopping data for 
freeboard heights of 0.1 m and 0.2 m the dike is divided in two sections. The first 15 m upstream the 
weir, the dike has a crest height of 60 cm and 11.5 m further up the crest level is 70 cm from the basin 
floor. A variable crest extends the 70 cm crest 7 m further downstream. This additional part made of 
plywood is used to change the set-up configuration during the test programme. 
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Fig. 1. Overview of the model with instruments and flow direction 

 
 

The cross section for the wave overtopping unit is given in Fig. 2. For sampling of the overtopping 
volume a plywood channel is mounted at the landward edge of the crest and leads the incoming water 
directly into one of the four overtopping tanks. Two tanks are installed per section (60 cm and 70 cm 
crest) and the amount of water is measured by load cells and wave gauges. Dry boxes are constructed 
to prevent the tanks and load cells from uplift when the basin is flooded. 

 

 
 

Fig. 2. Cross section of overtopping unit for the 70cm crest 
 

3. PRELIMINARY RESULTS 

Remarks 
The tests were carried out with short crested waves using a JONSWAP spectrum. According to the test 
set up in Fig. 1 wave run-up and wave overtopping were measured in separate sections in the middle 
of the dike to avoid the influence of edge effects. As described in the previous chapter wave field 
analysis are implemented in time and frequency domain. Existent approaches and theoretical 
investigations are used to verify and compare the data. 
 

Tank 
Loadcell 
Drybox 
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Wave overtopping tests 
The objective of the wave overtopping tests is to study the influence of currents and wind on the 
average wave overtopping rate q. Furthermore, the influence of oblique wave attack is identified and 
compared to former investigations by Oumeraci et al. (2001). Wave overtopping tests were performed 
in addition to wave run-up tests. Using dimensionless factors for the average wave overtopping rate 
and a dimensionless freeboard height, presented in the Eurotop-Manual (2007), all four overtopping 
tanks for both crest heights could be included in the analysis. The dimensionless factors correspond to 
an exponential relationship used for the design formula of the average overtopping rate. 

 ( )∗∗ ⋅−⋅= RbQQ exp0  (1)
with: Q0, b = dimensionless factors. 

Reduction factors for obliqueness and currents (γθ; γC) and in case of the wind influence an 
increasing factor (γW) can be investigated by comparison of the different exponential coefficients b 
(see formula (2)). The coefficient b is obtained using a regression analysis for the test series of the 
decisive parameter, e.g. in Fig. 3 the corresponding graphs for current influence are shown. A 
distinction is also made between breaking and non breaking waves. 
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Fig. 3. Wave overtopping data influenced by current (non-breaking) 
 

4. CONCLUSIONS 

In the past a large variety of investigations concerning wave run-up and wave overtopping has been 
performed. Given by the diversity of influencing factors, uncertainties will still remain which have to 
be considered in the design of dikes in estuarine and coastal areas. Therefore, model tests are 
conducted in order to indicate these parameters. Parallel current and wind are two of the missing 
effects in freeboard design; hence model tests were performed in a shallow water wave basin at DHI 
(Denmark). The investigations carried out on a 1:3 sloped dike, used a JONSWAP spectrum with short 
crested waves.  

The influence of oblique waves on overtopping has been validated. Preliminary correction factors 
(γθ; γC; γW) were designated for each influencing parameter of this validation. It can be stated that 
increasing overtopping volumes were determined for wind application, as well as decreasing volumes 
for test series with currents or oblique waves. 
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Finally the combined effects for wind, current and obliquity is still a matter of further analysis, 
especially the adoption of the factors by formulas has to be investigated. In addition, more theoretical 
work is required to determine the effect of currents on wave evolution and the resulting wave run-up 
and wave overtopping processes. 
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The paper presents an experimental investigation of the first and second order wave exciting 
forces on a vertical cylinder restrained from moving. The objectives are to enhance the 
understanding of the physics of slowly varying forces and also obtain data for validation of 
theoretical models. The experimental data includes linear exciting forces, steady drift forces 
and slowly varying second order forces on monochromatic and bi-chromatic waves. The tests 
were performed in three different water depths representing shallow and deep waters. The time 
records are analysed with a least squares method to identify the harmonic content of the forces. 
It is shown that the second order slowly varying wave drift forces can be identified 
experimentally with a good consistency.  

 
1. INTRODUCTION 

Second order wave forces are important for different types of fixed and floating structures. Within a 
frequency domain approach, these forces can be decomposed into three components namely: a steady 
force, a difference frequency component and a sum frequency component. The difference frequency 
second order forces result on the slowly varying wave drift forces in irregular seas, which are 
important, for example, for floating moored structures. Usually the mooring system is compliant with 
the first order wave exciting forces since the natural period of the floater plus mooring is large 
compared to the wave period. However, the slowly varying drift forces have longer periods therefore 
they may excite the floater and mooring system at their natural frequency, resulting in large horizontal 
motions of the floater and tensions on the mooring lines. 

Although the subject of slowly varying drift forces has been well studied in the past from the 
theoretical and numerical point of view, for both single and multi body configurations, little 
experimental data is available. Experimental studies focusing on steady drift forces were conducted by 
several researchers for a single body (Huijsmans et al., 1988) or for multi body configuration 
(Kashiwagi et. Al, 2005). Regarding the slowly varying drift forces, some experimental work has been 
presented as well, but focusing mainly on irregular sea states for, as example, a container ship model 
in an irregular sea state (Lee et al. 2006), or a very large floating structure for an irregular bidirectional 
sea state (Ikoma et al. 2000). Irregular wave results of drift forces are certainly useful; however they 
are not the best type of results to validate second order hydrodynamic theories and their numerical 
implementation. The aim of this experimental investigation is to obtain data of the slowly varying drift 
forces on a body of simple geometry appropriate for the validation of theoretical and numerical 
methods.  

The tests were performed on a restrained body in monochromatic waves and bi-chromatic waves. 
An important part of the study is to access the depth effects on the slowly varying drift forces, so the 
tests were carried out for 3 different water depths: 40 cm and 55 cm which are considered to be of the 
shallow water type, and 3 m representing deep waters. 
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2. EXPERIMENTAL SETUP 

The tested body is a vertical cylinder with rounded bottom. Figure 1 shows the curve that originates 
the wetted surface of the geometry by means of a 360º revolution. The cylinder radius R is 0.325 m, 
the fillet radius r is 0.1m, and the draught T is 0.2 m. The shallow water tests were carried out at the 
DHI shallow water basin, which includes an 18 meter wide segmented 3D piston type wave maker 
equipped with an active wave absorption system. The deep water tests were carried out on the DHI 
offshore basin, which has a water depth of 3 m. This basin is 20 m long and 30 m wide, and includes a 
hydraulic flap wave maker. The model was attached to a triangular shaped rig, which was fixed to the 
bottom of the basin in the case of the shallow water tests and fixed to a platform in the deep water 
basin (an image of this rig with the model attached can be seen in Figure 1). A 3D force transducer 
was placed between the rig and the model to measure the loads caused by wave-body interaction in x, 
y and z directions and wave gauges were placed in front and on the side of the model to measure the 
free surface elevation.  

The waves selected for testing were chosen so that they would be in the relevant range of periods 
for the chosen geometry. Both monochromatic and bi-chromatic waves were tested. In the case of bi-
chromatic waves, three different set of waves were chosen so that the difference between the harmonic 
frequencies (dw) would be 0.5, 1.5 and 4.0 (rad/s). 

   
Figure 1 Triangular rig with the model attached (left) and geometry of the body (right) 

3.  RESTRAINED BODY EXPERIMENTAL RESULTS 

The experimental time records were analyzed using a least squares based method by assuming that the 
force signal can be described by equation (1), and knowing beforehand the incident wave frequencies 
w1 and w2. 
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where t is the time in seconds, and F(t) is the force in Newton as a function of time. By fitting the 
signal to this equation using a least squares method one obtains the amplitudes (Fi) and phases (fi) of 
each component of the force. The first two terms, related to F1 and F2, are the so called linear forces 
which oscillate with the incident wave frequency. The last three terms are of the second order type and 
oscillate with the sum (F5) or difference of frequencies (F6) or are time independent (the steady drift 
force component F7). An example of this fitting can be seen in Figure 2. The very good agreement 
between the numerical fitting and the experimental data is a good indication of the accurateness of the 
mathematical modelling of the physics involved in wave body interaction. The following graphs 
present the experimental harmonic amplitudes Fi, i =1 to 7.   
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Figure 2 Time series plot of surge and heave force and numerical fitting 
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Figure 3 shows the results for the linear surge and heave forces corresponding to the three 

waterdepths. They are presented as a function of the wave period and were non-dimensionalized 
by 2LAg ⋅⋅⋅ρ , where r is the fluid density, g is the gravitational acceleration, A is the incident wave 
amplitude, and L is a reference length which is assumed to be equal to 1 m. The results show that these 
forces are not very dependent of the water depth, since they have similar magnitudes in all plots. There 
seems to be a higher dispersion on the results for the 40 cm water depth than in the others, particularly 
for larger periods. This is probably related to the highly non linear profile of the incident waves which 
is typical of the shallow waters.  
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Figure 3 Linear wave exciting forces in surge and heave for monochromatic and bi-chromatic waves 
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Figure 4 Steady drift forces in surge and heave for monochromatic waves for the 3 water depths 
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Figure 5 Second order slowly varying drift force in surge and heave in bi-chromatic waves  
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The steady drift forces are plotted in Figure 4 as a function of the incident wave period T and is 

rendered non dimensional by LAg ⋅⋅⋅ 2ρ . Each graph includes results for the three water depths. The 
heave forces increase significantly on restricted water depths, which can be confirmed by their 
amplification in the higher periods where the ratio between wavelength and water depth is high. This 
is also true for surge forces, although it is not so clear in the results. 

The slowly varying drift force amplitudes are non-dimensionalized by LAjAig ⋅⋅⋅⋅⋅ ρ2  where 
Ai is the amplitude of incident wave of period Ti and Aj is amplitude of the incident wave with period 
Tj, with Ti < Tj. They are plotted in Figure 5 as a function of the average period T, where each graph 
corresponds to one frequency difference of the bi-chromatic waves. These forces are about one order 
of magnitude smaller than the corresponding linear forces, so the dispersion observed in the graphs is 
considered small. It is clear the increase in magnitude of the heave and surge forces with the water 
depth for higher periods. This behavior is consistent with the conclusions from previous studies 
published by the authors (Fonseca et al. 2008 and Pessoa et al. 2009). These results are very useful for 
the validation of these studies and for other researchers working with second order codes.  

4. CONCLUSIONS 

An experimental study on the wave exciting forces acting on a body of simple geometry has been 
presented. Both monochromatic waves and bi-chromatic waves were tested. A least squares based 
approach was used to analyse the experimental data by assuming that the wave exciting force can be 
decomposed in several components, namely linear forces, steady drift forces, slowly varying forces 
and forces oscillating with the sum of frequencies. The very good fitting of the numerical regression 
with the experimental data shows that the decomposition model is appropriate. Experimental results 
for 3 different water depths were obtained, and include linear forces, steady drift forces and second 
order forces accounting for the difference of frequencies resulting in 0.5, 1.5 and 4.0 rad/s. The results 
clearly show that the depth effect on the second order forces, be that steady or slowly varying, is 
stronger than in linear forces. These results provide a good validation tool for numerical and 
theoretical models. 

ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Programme through the 
grant to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. 

The work of the first author was partially financed by Fundação para a Ciência e a Tecnologia 
(FCT) through contract PTDC/EME-MFE/74590/2006.  
 
REFERENCES 

Fonseca N., Pessoa J., Guedes Soares C., 2008 Calculation of second order drift forces on a FLNG 
accounting for difference frequency components, Proc. 27th Int. Conf. on Offshore Mec. and 
Arctic Eng. (OMAE2008), paper OMAE2008-57942, Estoril, Portugal, 15-20 June 2008. 

Huijsmans R. H. M. and Hermans, A. J., 1988, The effect of the steady perturbation potential on the 
motion of a ship sailing in random seas, Proc. 5th Int. Conf. Num. Ship Hydrodyn., Hiroshima 

Ikoma, Tomoki; Maeda, Hisaaki; Rheem, Chang-Kyu, 2000, Slowly varying wave drifting force on a 
very large floating structure in short crested waves, Oceans Conf. Record (IEEE), v 1, p 533-539 

Kashiwagi, M., Endo, K., Yamaguchi, H., 2005, Wave drift forces and moments on two ships 
arranged side by side in waves, Ocean Engineering, Vol.32, pp.529-555. 

S.K. Lee, H. Choi and S. Surendra, 2006, Experimental studies on the slowly varying drift motion of a 
berthed container ship model, Ocean Engineering, Vol. 33, Issues 17-18, Pages 2454-2465 

Pessoa, J., Fonseca N., Guedes Soares C., 2009, Drift forces on a floating body of simple geometry 
due to second order interactions between pairs of harmonics with different frequencies, Proc. 28th 
Int. Conf. on Offshore Mec. and Arctic Eng. (OMAE2009), paper OMAE2009-80225, May 31 - 
June 20, 2009, Honolulu, Hawai.  

 

84



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
 
 

VIOLENT WAVE INTERACTIONS WITH A VERTICAL CYLINDER 
- APPLICATIONS TO OFFSHORE WIND TURBINE FOUNDATIONS 

AND “RINGING” RE-VISITED 
 

Jun Zang (1), Paul H Taylor(2), Gerald CJ Morgan(1), Jana Orszaghova(2), 
James Grice(2), Manases Tello(3) & Robert Stringer(1) 

 
(1) Dept. of Arch. and Civil Engineering, Univ. of Bath, UK, E-mail: j.zang@bath.ac.uk 

(2) Dept. of Engineering Science, Univ. of Oxford, UK, E-mail: paul.taylor@eng.ox.ac.uk 
(3) Instituto Superior Técnico, PORTUGAL, E-mail: manases.tello@mar.ist.utl.pt 

 
 

In these experiments we report on the interaction of steep waves, both non-breaking and 
breaking, hitting a bottom-founded vertical circular cylinder. Both the scattered wave surface 
elevations around the column and the total horizontal forces were measured. In contrast to 
most previous experiments we concentrate on hitting the column with localised wave groups 
not on regular or random waves. By repeating the tests with both focussed wave groups and 
the same wave groups inverted, so each tall crest in one is replaced by a deep trough in the 
inverted form, we are able to identify unambiguously the complete Stokes expansion type 
representation of the applied force: linear, second order two-frequency sum and difference, 3rd 
order triple-frequency sum etc. The cumulative effect of this relatively small but significant 
high frequency excitation is to produce dynamic response or ‘ringing’ of the column if the 
lowest resonant frequency is in the right range. Remarkably, much of this harmonic structure 
survives even with violently breaking waves. 

 
1. INTRODUCTION 

Offshore wind turbines farms are constructed in areas of high winds where large waves will also 
occur. Thus, wave induced loads are an important design constraint. In this work we concentrate on 
nonlinear components of the hydrodynamic loading on a surface piercing column as a model of the 
base of an offshore wind turbine. The loads which we identify are potential in form – drag forces 
appear to be negligible, consistent with a Keulegan-Carpenter parameter KC~O(10) for the largest 
waves reported here. 

Most wave-structure interaction experiments are performed either with regular waves or in 
realisations of random sea-states. The first lacks any representation of the broadband spectrum of real 
ocean waves, the second suffers problems of wave reflections in finite sized tanks and also the rarity 
of extreme wave events of interest for design in a random sea-state. In contrast, we have performed a 
large set of focussed wave group tests, where both the frequency spectrum and phase of the 
components are carefully controlled. In these tests, the key feature is the use of focussed wave groups. 
The aim of this is twofold: first to ensure that each short test contains an interaction of interest, and 
second to allow the unambiguous extraction of the harmonic structure of the fluid loading on a vertical 
column. 

 
2. EXPERIMENTS 

The shallow water basin at DHI was used for these tests. A vertical cylinder of diameter 0.25m was 
suspended from a stiff triangular frame via a load-cell. For the tests reported here the water depth 
across the basin was constant at 0.505m and the cylinder extended downwards to the basin floor, 
leaving a thin gap of 1mm beneath. The cylinder was located at 7.8m from the paddles in the centre of 
the tank. An array of wave gauges was used to monitor the wave-field around the cylinder, pressure 
gauges were installed at 4 vertical locations on the front stagnation line of the cylinder and the wave 
kinematics were measured with an ADV. 
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A range of wave conditions was tested, from small close to linear waves up to spilling and 
plunging breakers. In each case a compact wave group focussed at the front stagnation point of the 
cylinder was used to avoid reflections from the basin walls. Figure 1 shows an incident breaking wave 
(left) and the consequences of such a wave hitting the column (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. 
Left: Breaking wave about to hit the vertical cylinder, showing the wave gauge array 

and the cylinder supported from above. 
Right: Vertical sheet of water wrapped around the front of the cylinder as a wave impact occurs. 

 
 

In other experiments, the cylinder was embedded in a caisson on the bed of the basin, and also 
located midway up a 1:20 plane beach on a small horizontal ledge at a depth of 0.5m. Further data 
analysis is underway to compare the effects of these changes in wind turbine foundation geometry and 
also the nature of the incident waves for the sloping bed case on the force time history. 

Figure 2 shows two horizontal force time-histories for wave groups on constant depth hitting the 
cylinder. The spectrum of the wave group is JONSWAP (γ=3.3) in shape with a peak frequency of 
0.61Hz. The upper part of the figure shows the free-surface time history in the absence of the cylinder 
and the horizontal force on the cylinder, both resulting from a relative small non-breaking 
unidirectional wave group (steepness AK=0.197, KD=0.995). The middle section of the figure shows 
the incident free-surface motion and the force in the same now mean-wave direction caused by a bi-
directional wave system consisting of two unidirectional wave groups crossing at ±20°. Each of these 
component groups is the same as that producing the force record in the upper part of the figure. The 
two groups cross at the cylinder, producing a combined breaking wave of twice the height of the 
individual groups in isolation. Whilst wave height is locally doubled, the peak horizontal force is 3× 
and there is clear evidence of ‘ringing’ force components on the column both before and after the 
instant when this peak force occurs. 

Both the incident wave free-surface elevation and the horizontal force time-histories contain 
significant higher harmonic structure well above the linear frequency range, as can be seen at the 
bottom of Figures 2. The resonant frequency of the ‘wet’ cylinder on its load-cell support was 3.8Hz, 
so force harmonics up to the 5th are not significantly affected by the system dynamics. The data sample 
rates used were 1000Hz in the tests. From both of the bottom sub-plots of Figure 2, the possibility of 
the excitation of the ‘ringing’ response of cylinder at its natural frequency is clear. This high 
frequency excitation of a surface piercing column beyond the 2nd harmonic of the incident waves, 
albeit here in a shallow water wind turbine context, is comparable to the excitation of deep water 
concrete structures of concern to the oil industry in the 1990s, see Faltinsen et al. (1995), Newman 
(1996), Chaplin et al. (1997). However, we observe not only the large 3rd order component discussed 
in the FNV-model but also 4th and 5th harmonic excitation as well. 
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The various harmonics can be extracted by combining the time-histories for the force for a crest-
focussed group (C, say) with that for exactly the same wave packet but inverted (T), obtained by 
multiplying the paddle command signal by -1. These are combined into (C-T)/2 which contains linear, 
3rd order, 5th order etc., and (C+T)/2 containing 2nd order difference, 2nd order sum, 4th order… The 
individual components can then be extracted by digital filtering. This technique assumes the existence 
of a Stokes-like series in frequency harmonics, and wave steepness. It has been successfully applied to 
surface elevation data in a study of wave scattering off the bow of a grossly simplified FPSO geometry 
by Zang et al. (2006); and previously to shoaling waves on a plane beach by Hunt et al. (2002), 
Borthwick et al. (2006).  
 

 
Figure 2 

Wave impact with the vertical cylinder: incident wave time histories (left) and horizontal forces on the 
cylinder (right), for unidirectional group (top) and bi-directional pair ±20° (middle). Bottom figures: 

incident wave spectrum (left), force spectrum (right), both for bi-directional pair only. 
 

Zang’s results, based on model tests at Imperial College, showed large 2nd order scattering from a 
cylindrical front of a long box with head-on waves but no significant higher harmonics beyond 2nd. In 
direct contrast, the surface elevation spectra and particularly the forces measured on the circular 
cylinder in this work show that all harmonics up to at least 6th are important. So, there is a sense in 
which the rear half of the cylinder is required for there to be large components beyond the 2nd 
harmonic. 

In order to identify the order and time-scale of the various harmonic components, we also show 
wave envelopes for each harmonic on Figure 3. These are all derived from the envelope of the linear 
force (3rd plot down). The square of the linear envelope is scaled to fit the size of the maximum of the 
measured 2nd harmonic, the cube of the linear to the third etc. This localisation in time of the higher 
harmonics works well until the terms beyond 5th (on the figure the 5th power of the linear envelope is 
plotted again) containing the ‘ringing’ mechanical response of the column. In this context, the second 
pulse of waves in the second harmonic component, in both cases centred at +6s, is an error wave train 
generated by the paddle which takes longer to reach the model than the main group. These error waves 
are observed at the location of the cylinder at this time even when the cylinder was removed. They 
arise because only linear transfer functions are used to drive the paddles, but the waves which are 
created are inherently nonlinear so instantaneous cancellation occurs between the correct 2nd order 
bound waves for the main group and these error components which then propagate down the tank as 
free components. 
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Figure 3 

Measured force histories for crest- and trough focussed wave groups (top), then harmonic 
decomposition in order: 2nd order difference, linear, 2nd, 3rd , 4th and 5th harmonics, rest beyond 5th 

(bottom). Left: single uni-directional group. Right: bi-directional combined group ±20°. 
 
3. CONCLUSION 

A single vertical cylinder was exposed to a large series of carefully controlled incident wave groups. 
Manipulation of the phase of these groups allows extraction of the harmonic structure of the loading. 
Even for violently breaking waves, much of the harmonic structure of the resulting horizontal loading 
is still apparent and consistent with that measured for smaller non-breaking waves. 
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In flume experiments the near-bed turbulent flow field over two water-worked gravel bed 
surfaces was investigated. The surfaces were characterized by similar statistical distributions 
of bed elevations, but with different surface grain orientations. This was achieved by first 
developing a water-worked static armour layer and then rotating it by 90°. Characteristics of 
the flow field were measured with a 3D LDA as well as a 3D PIV in order to reflect the effects 
of the different temporal and spatial resolutions and accuracies of each measurement system. 
The results show that (1) the shape of the vertical profiles as well as the absolute values 
obtained by PIV measurements depend only marginally on the number of verticals, (2) PIV 
and LDA show only good agreement for the longitudinal velocity component, and (3) a 
representative surface grain size or bed surface roughness height based on simple statistics of 
bed elevations cannot accurately account for the resistance imposed by a water-worked gravel 
bed on the flow. 
 

1. INTRODUCTION 

A key problem in river hydraulics has been the adequate evaluation of the resistance imposed by 
different bed morphologies on the flow. Energy losses due to particle roughness depend on particle 
size, shape, and arrangement. The equivalent sand roughness height kS, is normally used in studies 
related to the turbulent flow field, and for practical purposes, kS is usually related to a representative 
surface grain-size such as D50 or D84. 

However, recent studies investigating gravel bed structure using statistical methods have shown 
that grain orientation is different for static and dynamic armour layers (e.g., Aberle & Nikora, 2006). 
Both bed types may be characterised by the same statistical distribution of bed surface elevations and 
surface volumetric grain-size distributions but have a very different surface structure in longitudinal 
and transverse direction. Additionally, further studies have described the presence of organised 
networks of grain-scale bed structures (e.g., Marion et al., 2003). These observations indicate that the 
use of a single roughness scale determined from a ‘representative’ surface grain-size may not contain 
sufficient information to determine, in detail, the influence of the bed on the characteristics of the 
near-bed flow field (for more details see Cooper et al., 2008a and 2008b). 

This study was carried out to investigate the influence of grain-arrangement on the near-bed 
turbulent flow field. Detailed spatially distributed measurements of the flow field were made over two 
water-worked gravel bed surfaces, characterised by almost the same statistical distribution of bed 
elevations but with the surface grains arranged in orthogonal directions. This was achieved by rotating 
a water-worked bed through 90° (see Cooper et al., 2008a for details). 
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Two of the most common optical methods, Particle Image Velocimetry (PIV) and Laser Doppler 
Anemometry (LDA) were used to measure the turbulent flow field in the near-bed region. Each 
technique uses a different physical principle as the fundamental basis and, therefore, has different 
specific strengths and weaknesses. The main differences are the temporal and spatial resolutions. LDA 
measures velocities of single seeding particles passing through a small sampling volume at a high 
temporal resolution, thus providing a high accuracy on estimating mean velocity, Reynolds stresses, 
and higher-order moments over a large dynamic range. However, information on the spatial structure 
of the flow can only be obtained by measuring flow velocities subsequently at an abundance of 
locations or by using more than one system simultaneously. 

PIV, on the other hand, gives detailed information on the spatial flow structure by measuring the 
distance travelled by groups of particles within the fluid during a fixed time interval. In order to detect 
their movement, an area of the flow is illuminated by a laser light sheet. Compared to LDA, PIV 
measures flow velocities at a lower temporal resolution using a larger measuring volume. However, its 
advantage over LDA consists in providing velocity vectors at a large number of locations 
simultaneously (for more details see Koll et al., 2008). 

For comparison of the two techniques we concentrated on the influence of the number of 
measurement points on spatial flow characteristics by comparing data measured at identical flow 
conditions with a 3D-LDA and a 3D-PIV system. Using the double averaging approach, spatially 
averaged mean flow velocities, turbulence characteristics, and form-induced stresses are used to 
investigate the possibility to describe spatial flow characteristics by a limited number of single point 
based measurements. 
 
2. EXPERIMENTS 

The experiments were carried out in the Total Environment Simulator (TES) at the University of Hull, 
UK, which is a 14 m long and 6 m wide tank. In the tank, an 11 m long and 1.2 m wide channel was 
constructed. A coarse gravel sediment mixture (0.71 mm < D < 64 mm) was used as bed material. The 
bed was water worked with a discharge of Q = 254 l/s to obtain a stable armour layer (D50 = 12.7 mm; 
D84 = 42.8 mm).  

Detailed information on bed topography was available from measurements along the 1 m long and 
0.6 m wide test section with an Acuity Laser Measurement displacement sensor (AR200-50M). The 
test section was located 5.39 m from the flume inlet so that neither the scour at the inlet section nor the 
downstream sill influenced the development of bed topography. Effects of the side walls were 
minimised by taking the measurements in the middle section of the flume. Longitudinal bed profiles 
were recorded with a sampling interval of ∆x = 1 mm, a lateral spacing between profiles of ∆y = 
0.25 mm, and with a vertical precision of � 0.1 mm. 

Velocity measurements were carried out with a Dantec 3D-LDA and Dantec 3D-PIV system at 
Q = 200 l/s and 100 l/s. The LDA measurements started 8.5 cm below the water surface. The vertical 
sampling resolution was �z = 2 mm in the near-bed region, �z = 5 mm above the roughness layer, and 
�z = 10 mm in the outer flow field. The corresponding sampling times were t = 90 s in the near bed 
region and t = 60 s above the roughness layer. Sampling frequencies ranged from approximately 10 - 
130 Hz. 20 velocity profiles were measured for the high discharge and 8 profiles for the low discharge. 
The measuring locations are referenced to bed topography in Figure 1. 

 
Figure 1: Bed scan and location of measuring locations (lines: PIV-Sheets; dots: LDA-profiles); axes 

are scaled in mm (flow direction from left to right). 

90



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

The PIV measurements were designed to be taken over the whole water depth, resulting in an area 
of the stereoscopic measurements of 279 x 252 mm2. 3534 vectors at a spacing of 4.98 mm and 
4.13 mm in the streamwise and vertical directions, respectively, could be analysed. The width of the 
light sheet in the lateral direction was ≈ 2 mm and the measurements were carried out for a duration of 
5 min at three different lateral locations within the measurement section of the flume, at a lateral 
spacing of 5 cm (see Figure 1). For comparison with the LDA data 168 velocity profiles as well as a 
subset of only 20 profiles were analysed. 
 
3.  RESULTS 

An important objective of the comparative LDA - PIV measurements has been the investigation of the 
ability of both systems to adequately reflect spatial and turbulent flow heterogeneity depending on 
their spatial resolution. For this purpose, the data were analysed using the double-averaging approach. 
Figure 2 exemplarily shows double averaged mean velocity profiles, Reynolds stress profiles, as well 
profiles of form induced stress for the streamwise direction. 

A good agreement between LDA and PIV data is observed for the longitudinal velocity 
component, although systematic deviations in the absolute values are evident. Larger deviations are 
observed between the lateral and vertical velocities (not shown here), which cannot be attributed to the 
number of measurement points. 

The PIV results show that the shape of the vertical velocity profiles in longitudinal, lateral, and 
vertical direction as well as the absolute values of spatially averaged velocities depend only marginally 
on the number of verticals (168 compared to 20). This is an important result for designing experiments 
carried out with single point based measuring devices (such as LDA), as spatial flow characteristics 
may be described by a limited number of measuring locations in planes parallel to the bed. Moreover, 
the results also clearly indicate that the measuring locations must be separated by a certain spatial 
scale to avoid a biased spatial average due to spatially correlated measurements. 

The investigation of the spatially averaged turbulent flow properties revealed major differences in 
some parameters depending on the measurement technique. The reason for this unexpected result is 
partly associated with the chosen experimental set up, which aimed at the description of the complete 
flow field rather than a small section resulting in large interrogation areas for the analysis of the PIV 
data (4.98 x 4.13 mm2). 
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Figure 2: Double averaged mean velocity, double averaged Reynolds stress, and form-induced stress 
in longitudinal (u) direction (LDA = data measured by LDA, PIV = data measured by PIV, PIV(20) = 

data measured by PIV reduced to 20 verticals). Note the different scales of the x-axis. 
 

A further objective of the investigations has been to examine whether a systematic difference in 
bed surface topography has a major effect on the vertical velocity distribution in the near bed region. 
The analysis of the bed structure using 2-D structure functions indicates systematic differences 
between the two (rotated) bed surfaces in that the streamwise and lateral length scales are different. 
This indicates the method used to rotate the bed has caused little surface disturbance. 

PIV data are used to describe the near bed flow field, the vertical distributions of double averaged 
streamwise velocity, and the typical magnitude of the temporal and spatial fluctuations over the two 
beds. Figure 3 shows that there is a greater flow retardation over the rotated bed (Bed 2). Preliminary 
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analysis indicates that this difference is reflected by a change in the turbulence close to the bed rather 
than by the spatial distribution of the time-averaged velocities. In order to compare hydraulic 
roughness scales, the equivalent sand roughness ks was calculated using the Clauser method. This 
method was selected as it is commonly used to describe the vertical velocity distribution in the 
logarithmic layer. The calculated ks values confirmed that the rotated bed is rougher than the original 
bed. This result indicates that the use of some representative surface grain size of some simple 
statistical measure of bed surface elevations is not sufficient to describe the effect that a water-worked 
bed has on the near bed flow. Estimates of the streamwise length scale of the water-worked beds, 
obtained by use of 2-D structure functions, may provide an additional means to predict flow 
resistance. 
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averaged near-bed streamwise velocity distributions. 
 
 
ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Programme through the 
grant to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. The assistance and contribution of Stuart J. McLelland, 
Brendan J. Murphy, and Giorgia Massaro is acknowledged. 

 
REFERENCES 

Aberle, J. and Nikora, V. 2006. Statistical properties of armored gravel bed surfaces, Water Resources 
Research, No.42, doi: 10.1029/2005WR004674. 

Cooper, J.R., Aberle, J., Koll, K., McLelland, S.J., Murphy, B.M., Tait, S.J. and Marion, A. 2008a. 
Observation of the near-bed flow field over gravel bed surfaces with different roughness length 
scales, Proc. Int. Conf. on Fluvial Hydraulics River Flow 2008, 3.-5. September 2008, Çeşme, 
Turkey. Edited by M. Altinakar, M.A. Kokpinar, Aydin, I., Cokgor, S., and S. Kirkgoz, Kubaba, 
Vol. 1, 739-746 

Cooper, J.R., Aberle, J., Koll, K., Tait, S.J. and Marion, A. 2008b. Different roughness length scales in 
water worked sediment deposits and their effect on the near bed turbulent flow field, ICHE 2008, 
Nagoya, Japan, Papers on CD-Rom 

Koll, K., Tait, S.J., Aberle, J., Cooper, J.R., McLelland, S.J., Murphy, B.J. and Massaro, G. 2008. 
Estimating flow turbulence characteristics over water-worked gravel beds using LDA and PIV 
measurement systems, Proc. Int. Conf. on Fluvial Hydraulics River Flow 2008, 3.-5. September 
2008, Çeşme, Turkey. Edited by M. Altinakar, M.A. Kokpinar, Aydin, I., Cokgor, S., and S. 
Kirkgoz, Kubaba, Vol. 1, 747-757 

Marion, A., Tait, S.J. and McEwan, I.K. 2003. Analysis of small-scale gravel bed topography during 
armoring, Water Resources Research, Vol.39, No.12, doi: 10.1029/2003WR002367 

 

 

92



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
 
 

THE ROLE OF HYDROLOGIC DISTURBANCES ON BIOMASS EROSION DYNAMICS: 
FIRST RESULTS FROM RIVERINE EXPERIMENTS 

 
P. Perona(1), P. Molnar(1), J. Jiang(1), C. Camporeale(2), E. Perucca(2), 

R. Francis(3), A. Gurnell(4) 
 

(1) ETH Zurich, Switzerland, E-mail: paolo.perona@ifu.baug.ethz.ch 
(2) Politecnico di Torino , Italy, E-mail: carlo.camporeale@polito.it  

(3) King’s College London, United Kingdom, E-mail: robert.francis@kcl.ac.uk 
(4) Queen Mary, University of London, United Kingdom 

 
 

This paper presents an overview of RIVERINE project (RIver-VEgetation interactions and 
Reproduction of Island Nuclei formation and Evolution) preliminary results. We show some 
exemplary statistics of the both eroded and non-eroded material as resulting from a 
competitive dynamics between vegetation growth time scale and interarrival time of 
disturbances with constant magnitude. Two experiments, that is within channels with either 
regular geometry (parallel walls) or converging walls are discussed. Results show coherency of 
the results between the two geometries as far as the selective erosion mechanism of riparian 
vegetation is concerned. The experiment with convergent walls also conjectures that island 
formation is limited by the stream power associated to the local specific discharge. 

 
1. INTRODUCTION 

Recent experimental studies in flumes have focussed on the active role that riparian vegetation plays 
in the morphological evolution of meandering and braided rivers (Gran & Paola, 2001; Coulthard, 
2005; Tal & Paola, 2007; Braudrick et al., 2009). The development of bars and islands in braided 
rivers and their stabilization is fundamental for the establishment of pioneering vegetation and for 
riparian vegetation distribution in general. However, it is not only flood magnitude that has an effect 
on island pattern formation in natural rivers. For example, in the Tagliamento River (Italy) Gurnell & 
Petts (2006) found that islands develop within thresholds defined by stream power, rates of vegetation 
growth and rates of sedimentation, and that different growth trajectories can be assumed depending on 
vegetation type and the time to germination of large woody debris deposited after floods. 

Physical experiments are important tools to create controlled conditions within a reasonable 
timescale in order to understand cause and effects relationships between plants and channel 
morphology (Gran & Paola 2001; Coulthard 2005; Braudrick et al. 2009). Such experiments however 
did not address the issue of timescales in the feedback between vegetation growths and flow 
variability. The first experiments to investigate unsteady conditions in a consistent manner were those 
of Tal & Paola (2007). However, the interarrival times of the disturbances were rather large compared 
to the growth rates of vegetation (alfalfa), and no differentiation between the time required to 
germinate was made because plants were continuously reseeded after each flood. These aspects seem 
to be critical since the resistance of the root system to erosion is clearly a function of time as the plants 
grow and (some) get eroded depending on the frequency and magnitude of the flood disturbance. 

Building on the knowledge gained in previous studies, the RIVERINE experiment intended to 
explore the competing timescales of vegetation growth and flooding frequency. The novel aspects in 
relation to the previous experiments are: (a) flooding frequencies are comparable with plant root 
germination and growth rates so that vegetation and floods are in direct competition; (b) changes in the 
detailed morphology of the channel bed surface were measured by laser scanning; (c) data were 
collected on both eroded and growing plants (e.g. number of seeds, plants, stem and root lengths, etc.) 
and eroded sediment after each flood; and (d) the effect of floodplain boundaries was examined by 
running the experiments in a straight and convergent channel.  

Overall and compatibly with the limited time at our disposal for running such type of experiments, 
first analyses seem to provide promising results which would fully support the mainly explorative 
scope of RIVERINE and indicate future direction for repeating and improving the experiments. 
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2. METHODOLOGY 

Experiments were conducted at the Total Environmental Simulator of the University of Hull and 
located at “The Deep”, Hull, UK. The Hydralab III access time (i.e., 35 working days) was entirely 
used to setup and run the foreseen experiments, but it did not allow to a certain extent to repeat and 
adequately refine the controlling variables. Figure 1 below shows the flumes with parallel and with 

convergent walls, as well as the general scheme that was adopted to perform the experiments. Whilst 
in the following only some technical aspects of the experimental procedure are recalled, major details 
of the facility setup can be found elsewhere (Perona et al., in preparation). Initially, two flume 
channels with parallel walls where setup and run simultaneously with two different disturbance 
magnitudes (i.e., 3 and 5 l/s) for 15 min. After stopping the flow, the eroded material was collected 
downstream, and a sample of non eroded plants was carefully extracted at the end of the channel. A 
number of 4 disturbances where run at daily interval td; then the experiment was interrupted, the grass 
and the roots completely removed, the bed re-levelled and re-seeded for repeating the experiment by 
eventually changing the intertime tr between the seeding and the first disturbance. Then, convergent 
walls made of plastic material with surface roughness similar to that of the bed sand were mounted 
and the whole procedure above described was repeated again. For all experiments vegetation was 
seeded at an initial density of of about 2300 seeds/m2. The d50 of the sediment was 0.48 mm. 
 
3.  RESULTS AND CONCLUSIONS 

The analysis of the eroded sediment for all experiments clearly reflects the role of growing vegetation, 
which reduces the erosion of the bed material in successive runs (Figure 2). Soil without roots is 
noncohesive; by growing the plant roots add tensile strength and elasticity, which enhance the bulk 
shear strength of the soil and reduces the erosion potential. However, two additional processes could 
have act on the flume bed, limiting the erosion capacity after each run. These are the gradual 

adjustment of the slope to its statistical equilibrium value with related reduction of the sediment 
transport capacity, and the reinforcement of the cohesion effect of the soil by means of water 
infiltration, which might have induced a better spatial distribution and compaction of the grains. 
Whilst the second effect is probably negligible as the river bed saturated practically immediately at the 
beginning of the first run, the first effect was controlled by running a identical experiments without 
vegetation that could serve as control. The control run with the same flow rate, duration, and without 

Figure 1. The two geometries explored in these experiments and the adopted disturbance regime

Figure 2. Erosion of the sediment in the flume with parallel walls for both experiments with 3 and 
5 l/s for 15 min in the presence of vegetation growth and for the control runs without vegetation. 
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vegetation, actually show that erosion in successive runs becomes approximately constant after a short 
transitory, but the amount of eroded material is considerably higher than that in the presence of 
vegetation. Such results basically confirm the reliability of our experimental procedure of supplying 
the sediment after each run by simply re-filling the uppermost part of the channel. 

3.1  Parallel walls geometry: the erosion selective mechanism of flood disturbances 
The statistics of the eroded and the non-eroded vegetation (No. of roots, main root and stem lengths) at 
each run reveal substantial differences among each others, which suggest that floods magnitude and 
duration would operate as selective mechanism for vegetation showing certain statistical features. 
Figure 3 shows the statistics for both the eroded and non-eroded material for both flowrates, which 
indicate that successive runs remove vegetation with similar histograms whilst the non-eroded 
vegetation keeps growing. This assertion cannot be fairly proven with the limited number of 
experiments we have done, nor a particular reason emerges at present to justify such a conclusion over 
the whole range of quantiles. However, a reasonable conclusion can be made at least about the mean 
of the statistics. In average, the balance between drag and resistance forces can be associated to the 
intrinsic erosive power of flow magnitude (drag action) and the related duration (sediment erosion 
action), and the root mechanical anchoring. Since disturbances have limited duration and there is an 
active morphodynamics, a single run is not enough to completely remove all the ”weak” vegetation. 
Moreover, erosion induces vegetation with longer roots (i.e., stronger anchoring) to eventually 
collapsing when for instance local nearby channels are strongly modified by the flow. This dynamic 
would explain the tail of the histogram distribution of the eroded material. 

3.2  Convergent walls geometry: influence of boundaries on complex island formation 
As far as the experiments within the flume with convergent walls are concerned, the conclusions 
drawn for the eroded and non-eroded material within parallel walls seem still to hold. In addition, this 
experiment was useful to explore the conjecture proposed by Gurnell & Petts (2006). It would seem 
that building of complex islands is indeed controlled/limited by the floodplain lateral (rigid) 
boundaries. One of the experiments cannot be considered successful in this respect because an 
unexpected increase in plant growth rate over one of the weekends produced a completely vegetated 
channel. However, the other experiment was quite satisfactory. We observed the situation shown in 
Figure 4 where a clear limit in the presence of vegetation is evident downstream the “funnel” created 
by the convergent walls. In particular, such a limit band seems to depend on the flow magnitude and 
extends deeper inside the convergent for the experiment with the lower magnitude of the disturbance. 
By a rough computation we find that such a limit happens where the ratio between the channel width 
w and the upstream floodplain width B is w/B=0.43 ÷ 0.55 and for specific flowrates q=Q/w= 3.7 ÷ 
4.7 l/s⋅m for the low and the high flow magnitude, respectively. The real situation in the Tagliamento 
River near Pinzano Gorge, would suggest a ratio w/B ≈ 0.51 and a peak flood event in Froude 
similitude of about 4700 ÷ 7800 m3/s for a slope of 1%, whereas the local true slope is actually 1.6% 
and the daily mean of the historical largest event was about 3600 m3/s. Such a value however is 

Figure 3. Histograms of the eroded and the non-eroded vegetation for one of the experiments with 3 
l/s (upper panels) and 5 l/s (lower panels). Non-eroded material keeps growing in successive runs.  

                Run 1                                  Run 2                                     Run 3                                    Run 4
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measured about 20 km 
upstream Pinzano and is 
missing a number of 
contributes including 
derivation for 
hydropower production 
and some affluent. 
However, an advanced 
analysis by using 
distorted scales is 
ongoing.  

General conclusions 
can be drawn in relation 
to the preliminary 
analysis of the results. 
Our experiments started 
from an initially flat bed 
seeded at a uniform 
density in order to equal 
the probability of 
eroding the germinated 
plants. In this respect 
the morphologic 
evolution we observed 
is likely not mirroring 
the true process of 
island formation, which 
probably initiates from 

existing river morphology, the colonization by vegetation of which then starts the active interactions. 
Our strategy however allowed to shed light and to confirm the conjecture that floods would act as a 
selective mechanism for the riparian vegetation, thus “cleaning” the floodplain from debris and part of 
the germinated plants. Possibly, this would lead to a limiting time scales ratio tg/td below which 
vegetation will likely not have a chance to colonize the river system. Finally, lateral boundaries seem 
important to determine the limiting zone where excessive stream power will dominate the recruitment 
and the colonization of available sediment sites.  
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Figure 4. Planimetric view of the channels with convergent walls at
the end of the experiment after the 4th run. The limit of vegetation 
growth within the convergent depends on disturbance magnitude, thus
confirming the conceptual model of Gurnell & Petts (2006) 
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It is well known that abrupt changes in flow direction may lead to flow separation from 
boundaries. While many smaller or confined meandering rivers have bends sharp enough for 
flow separation, the problem has surprisingly been ignored in the meandering literature. It is 
nevertheless essential for understanding and predicting meandering dynamics is small streams 
in renaturalisation projects. We measured flow structure in experimental sharp bends in the 
Total Environment Simulator at Hull University over fixed and mobile beds. We found some 
flow structures similar to those in less sharp bends, but significant differences as well such as 
lack of relation between flow separation and Froude number. The mobile bed responded 
dramatically to the sharp bend flow with deep outer-bend pools and high bars up to the water 
surface. 

 
1. INTRODUCTION 

Abrupt changes in flow direction may lead to flow separation from boundaries as frequently found 
over forms such as bedforms and around engineering structures such as bridge piers. Flow separation 
has also been observed in sharp river bends (e.g. Leeder and Bridges 1975, Ferguson et al. 2003, 
Kleinhans et al. 2009). The presence of a separation zone combined with vortex bar formation 
decreases the channel width and conveyance capacity. This alters patterns of bed and bank erosion in 
meander bends and can often lead to localized and focused bank erosion. This differs significantly 
from the flow structure and morphodynamics in less sharp meander bends (e.g. Blanckaert and de 
Vriend 2003).  

Many smaller or confined meandering rivers have bends sharp enough for flow separation. Many 
such small rivers are presently being renaturalised without understanding the differences between 
these and larger rivers with more gentle bends. Given the morphological and biological effects of flow 
separation better understanding is vital for informing environmental management strategies and civil 
engineering controls (bank protection and shipping depth). 

Blanckaert and de Vriend (2003) show that the flow redistribution over the channel in sharp bends 
depends on the ratio of depth (h) and bend radius (h/R), friction and position in the bend (or length of 
the bend). Leeder and Bridges (1975) found an empirical discriminator for small tidal flat channels 
between meander bends with and without flow separation based on Froude number and the ratio of 
bend radius and channel width (h/W). Despite the recent advances listed above, it is unknown in what 
conditions flow separates and which factors are important in the actual onset of separation (e.g. how 
sharp bends must be before the flow separates). Although the above research points to a number of 
interrelated factors, these have not been systematically investigated a series of bends with varying 
planform and flow characteristics under controlled conditions. 

The overall aim of this work is to explore the interrelationships between flow conditions and bend 
geometry in the causation of flow separation in systematic experiments and modelling. Our detailed 
objectives are:  

1. determine the overall and detailed flow characteristics including the dimensions of the 
separated flow zone and turbulence characteristics for a range of flow and bend geometries; 

2. investigate the interrelationships between separated flow dimensions and bend geometry; 
3. explore the interaction of the separated flow with sediment transport pathways; and 
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4. process and diseminate the detailed laboratory data and use for model testing to: a) improve ur 
ability to model time-dependent turbulence and b) enable the models to be scaled up to 
relevant field scales as predictions to be tested by fieldwork. 

 
2. METHODS 

We built a curved flume with two bends in the Total Environment Simulator at Hull University 
(Fig. 1). The channel had a width of 1 m. The bends had radii of 1 and 2 m.. The walls were 
constructed of plexiglass at high precision and fixed in place by blocks and plywood. The entire basin 
was flooded during experiments for further support of the flume walls. The discharge and basin water 
level were controlled and measured. Pressure sensors recorded water level along the flume. The flow 
structures in both bends were measured with surface PIV, and ADV array, 3DPIV and ADVP. The 
general flow conditions are given in Table 1. 

Figure 1. Map of the experimental setup in the tank. Flow is from bottom to top (scale in m). Circular 
bends are constructed from plexiglass. Not shown: video camera for surface PIV, 3DPIV, 

ADV array and ADVP. 
 
Table 1. General flow conditions. Width of the flume is 1.00 m. Gradient of gravel bed is 1x10-3 m/m 

and of sand bed is about 2-4x10-3 m/m. 
experiments depth (m) Froude number (-) remarks 
small depth high Fr 0.08 0.52  
intermed depth high Fr 0.14 0.43  
large depth high Fr 0.20 0.36  
small depth low Fr 0.08 0.14 nonuniform 
large depth low Fr 0.20 0.15 nonuniform 
mobile bed 0.15 0.50 50 l/hr sediment feed 
 

 Three scaling conditions were posed for the fixed bed. First, the Shields number was below critical 
for motion. Second, the Froude number was smaller than unity (subcritical flow). Third, the backwater 
adaptation length was of the order of the flume length so that the gradient is controllable by the 
downstream water level, and the flow should be uniform. For experiments with much lower Froude 
number the condition of uniform flow was relaxed. The experiments on fixed bed show that Chezy 
number is constant rather than Nikuradse roughness length despite the immobile bed. 

Three main scaling conditions were posed for the mobile bed. First, the Shields number was above 
critical for motion and below initiation of significant suspension. Second, the flow was subcritical. 
Third, the bar regime was underdamped (not unstable) so that bars were forced by the bends. 
Additional conditions were a high grain Reynolds number so that no ripples form, the Weber number 
was far above the limit where surface tension effects cease to be important. 

98



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 The gravel of the immobile bed was unimodal with D10 = 9.7 mm, D50 = 11.8 mm and 
D90 = 14.5 mm. At the upstream end coarser gravel was used to prevent erosion and shorten the 
length of boundary layer adaptation. The sediment of the mobile bed was unimodal coarse sand with 
D10 = 0.61 mm, D50 = 0.76 mm and D90 = 0.94 mm. Sediment was trapped and recirculated in units of 
about 9 l per 10 minutes. 

 
3. EXPERIMENTAL RESULTS 

We found three different ways in which flow separates from the main flow in sharp bends (as 
observed at the water surface): firstly, there is a dead zone starting at approximately 55-60o through 
the bend, which is the phenomenon we were looking for (Fig. 2,3); secondly, there is a small zone of 
weak recirculation immediately downstream of the bend, driven by the reverse pressure gradient 
caused by the sudden change in curvature; thirdly, there is a large recirculation zone in the expanding 
outer bend.  

 
Figure 2. Surface PIV data of 0.14 m depth condition in the first bend. Flow from top right to bottom 

left. Black lines indicate banks. Note the upwelling on the outer bank and the dead zone in the 
downstream inner bend. Coordinates in mm; velocity in arbitrary units. 

 

 
Figure 3. Pattern of the vertical velocity for the 0.14 m depth condition in the downstream half of the 
upstream bend. Distance from the inner bank on the horizontal axis and normalized flow depth on the 

vertical axis. Undistorted scale. (top) ADVP measurements in vertical profiles indicated by dashed 
lines; (bottom) 3D PIV measurements. 

 
We observed that the flow separation patterns do not change very much in different water depths 

and Froude numbers. This is a surprising finding given theoretical relations between spiral flow, water 
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depth and Froude number and empirical results of Leeder and Bridges (1975). Apart from that, the 
three-dimensional flow structures, as far as understood from preliminary processing and observations, 
resembles that in less sharp bends: there is a dead zone in the inner bend downstream of the apex, 
there is a helical flow in the middle of the channel, and there is a considerable outer-bank cell. In the 
second bend some of the circulation is inherited from the first bend.  

The morphological response of a mobile sand bed was quite dramatical (Fig. 4): deep scours 
developed where the flow impinged on the outer banks, and bars built up nearly to the water surface in 
the dead flow zones. The sediment in the expanding outer bend was removed entirely.  

 
Figure 4. Bed level above TES floor of the mobile bed after about 36 hours of flow. Morphology is 
about in equilibrium except for a trend of gradient increase due to slight overfeeding. Scale in m. 
 

4. PRELIMINARY CONCLUSIONS 

Based on the experiments we arrive at the following preliminary conclusions: 
- For smoothly curved channels there is no hard flow separation zone with recirculating flow such 

as observed in field cases (Leeder and Bridges 1975, Kleinhans et al. 2008). This indicates that 
such separation is caused by nonuniform width and bank irregularity. 

- A dead zone exists near the inner bank in the downstream half of sharp bends. In comparison to 
experiments by Blanckaert and de Vriend (2003) this zone was better developed and present in all 
experimental settings. 

- The strong bend flow and the focus of flow on the downstream outer-bend causes an extremely 
deep pool and a bar up to the water surface. Recirculating flow behind this bar is reduced over 
time as sediment is trapped in the dead zone. 
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The influence of macroalgal mats of Ulva intestinalis, growing attached to intertidal sediment, 
on sediment stability and hydrodynamic field was studied experimentally by investigating the 
flow structure induced by waves and currents and concomitant bedform dynamics. The 
experimental investigation was conducted at the open-channel flume at the TES (Total 
Environment Simulator) facility, University of Hull, UK, equipped with PIV, ADV and ABS 
probes.  The flume was set up with a bed of fine sand, partially covered by strands of Ulva 
intestinalis attached to pebbles, collected from the intertidal area of Budle Bay, north-east 
England.  This study aims to determine whether these algal mats increase flow resistance, 
promote bed stability and therefore reduce the risk of erosion leading to tidal flooding or to 
degradation of coastal lagoons. The findings should therefore be of benefit to coastal engineers 
and managers who are faced with the problem of devising novel strategies to accommodate 
tidal inundation and to restore tidal environments. 

 
1. INTRODUCTION 

The growth of green macroalgal mats, and concomitant loss of seagrasses, is becoming increasingly 
common in many coastal and estuarine intertidal habitats (e.g. Bolam et al., 2000; Silva et al., 2004). 
Macroalgal mats influence the physical and chemical aspects of their environment and as a result 
cause major changes to the ecology of the local ecosystem. Macroalgae play a role in stabilizing 
intertidal sediments (Silva et al., 2004), exerting a binding and baffling effect, thereby inhibiting 
erosion and maximising sedimentation from suspension (Frostick and McCave, 1979). Similar 
findings have been made in annular flume studies in which Enteromorpha caused physical protection 
of the bed and reduced sediment erosion by 60% at 10% coverage and 90% at 60% coverage (Romano 
et al., 2003). 

Macroalgal mats also have a key impact on the hydrodynamics of estuaries and coastal lagoons, 
but only two studies have attempted to examine this affect. Romano et al. (2003) revealed, using 
velocity measurements taken at one location over the bed, that Enteromorpha significantly increases 
flow resistance. It was shown to cause an overall reduction in mean flow velocity in the range 18 and 
56%. Escartin and Aubrey (1995) used a recirculating flume to examine the influence of a mat of 
Cladophora on hydrodynamics and discovered that it caused an increase in roughness length and 
turbulent kinetic energy. However, both of these studies were made in current driven flows and they 
were unable to characterize both the temporal and spatial dynamics of the flow, which are key to fully 
understanding the momentum transfer mechanisms (Nikora et al., 2001) and their influence on flow 
resistance (Nikora et al., 2004). Therefore a more complete study is required on the influence of 
macroalgal mats on flow dynamics, by investigating wave-current flows which more accurately 
simulate conditions in estuarine channels. 

 
2. EXPERIMENTAL APPARATUS 

Ulva intestinalis, a common macroalga, which can be very abundant in nutrient enriched costal 
systems, was the species selected for these experiments. The area selected for collecting the large 
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number of specimens needed was the National Natural Reserve of Budle Bay, in north-east England. 
Public satellite images, obtained from Google Earth, showed that in this bay the bed is covered by a 
continuous mat of macroalgae, close to the stream inlet and by a sparse cover in the intertidal flats in 
the middle section of the bay. This was the area selected for collecting the macroalgae as it allowed 
removing strands attached to pebbles (about 3 cm in diameter) and thus to transplant the macroalgae in 
the bed of the flume with the desired pattern and degree of coverage.  

The experiments were conducted in the Total Environment Simulator recirculating flume at the the 
University of Hull, UK. The flume tank is 11 m in length and the width was restricted by false walls to 
provide a channel of 2 m width within the central section of the tank. A horizontal and flat sand bed 
was created with a depth of 0.2 m using a well-sorted fine sand (D50 = 135 µm). The specimens of U. 
intestinalis, attached to the pebbles, were planted in the sand in a regular diamond pattern with lateral 
and longitudinal spacing equal to 20 cm and 40 cm, respectively, corresponding to a density of 12 
points m-2 (Fig. 1). The strands had a length ranging from 5 to 60 cm (mean 25 cm). The large number 
of fronds attached to each pebble generated a fan shape covering up to 20 cm of bed. The inset in Fig. 
1 shows the area covered by each U .intestinalis specimen and the points of measurement.  

 

 
Figure 1: Side and plan view of the experimental flume set-up; the inset shows the areas covered by 

macroalgae (in black) and the ADV within the study area. Flow is from right to the left. 
 
Velocity, water and bed level measurements, were made in the sampling volume (2 m x 2 m) 

located approximately in the centre of the flume, corresponding to the acrylic window wall used also 
for the PIV observations (Fig. 1). The velocity components (u, v, w), corresponding to longitudinal, 
lateral and vertical directions, respectively, were measured at a set of selected points by means of four 
3-D ADV (denoted as ADV0, ADV1, ADV2, ADV3 in Fig.1, located respectively at 0.9, 1.0, 1.1 and 
1.2 m from the window wall) at four along-flow positions (respectively at 0.8, 1.0, 1.2 and 1.4 m from 
the upstream limit of the measuring area) and at about 10 different depth levels. At each point a two 
minute time series of data, sampled at a frequency of 25 Hz, was recorded. From each ADV time 
series, the mean velocity vector components were calculated, after removing erroneous values and 
correcting for tilt and misalignment of the probes. The filters for removing erroneous data included: a) 
removing measurements closer than 0.5 cm from the bed and b) removing measurements containing 
more than 5% of bad data, namely points for which the mean correlation is <70, the mean SNR (signal 
to noise ratio) <15, the minimum correlation for any receiver is <50 and the minimum SNR is <5. A 
detection routine to remove spikes and other unusually large velocities was also used. The corrections 
for probe tilt and misalignment involved rotating the velocity vectors in the horizontal and vertical 
planes such that the average lateral and vertical velocities within the flow volume were zero. The 3-D 
Particle Image Velocimetry (PIV) system was set-up using a vertical light sheet direction, parallel to 
the longitudinal flow and two submersible cameras, located outside the main channel (Fig. 1). PIV 
data were used to measure the spatial distribution of the mean flow along the centreline of the channel. 
Three ABS sensors (denoted as ABS3, ABS2, ABS1 in Fig. 1) were located at the upstream end of the 
sampling volume. These sensors operate at 1 MHz, 2 MHz and 4 MHz frequency and acquire data on 
the bed surface position over time. From the backscatter intensity, the suspended sediment 

102



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

concentration could be estimated. Towards the end of each experiment pumped water samples were 
collected, to determine directly the concentration of suspended sediment. Finally the total mass 
sediment transported along the flume was measured by determining the mass collected within traps 
located at the downstream end of the flume. 

 
3.  EXPERIMENTAL DATA ANALYSIS 

The experimental programme involved 12 runs (Table 1) conducted for three different water depths, 
with flow only (pumping rate fixed for maintaining a constant mean flow velocity of 0.25 ms-1); with 
flow plus waves (with height and period selected to represent a fully developed wind wave condition 
for each water depth).  

The six experimental conditions reported in Table 1 were firstly applied to the sediment bed 
covered with Ulva intestinalis.  The macroalgae were then removed from the flume and, after 
flattening the bed, the test was repeated under the same hydrodynamic conditions. 

 
Table 1: Relevant hydraulic conditions considered in the experiments 

 
 Depth,  

D (m) 
Flow Velocity,  
U (ms-1) 

Flow Rate 
Q  (ls-1) 

Wave Height 
Hw (m) 

Wave Period  
Tw (s) 

run 1 0.22 0.25 90 0.09 1 
run 2 0.22 0.25 90 / / 
run 3 0.31 0.25 124 / / 
run 4 0.31 0.25 124 0.12 1.1 
run 5 0.25 0.25 102 / / 
run 6 0.25 0.25 102 0.10 1 

 
The six runs presented in Table 1 were firstly carried out with macroalgae and later repeated with 

identical forcing conditions over bare bed. 
 
4. PRELIMINARY RESULTS 

Direct inspections during the experiments and preliminary analysis of data records point at a 
significant bio-stabilizing action of macroalgae.  In particular, lower velocities at the bottom, smaller 
bedforms, and lower sediment transport rate are observed in the presence of macroalgae. A systematic 
analysis of the large amount of data collected during the tests is currently under way to quantify the 
effects of macroalgae. Figure 2 reports an example of the 3D flow field structure resulting from ADV 
measurements which will be used to relate the degree of bio-stabilization to the relevant flow 
parameters. The experimental data will, in particular, be used to investigate how macroalgae affect the 
mean flow and the structure of turbulence, namely the distribution of Reynolds stresses, of eddy 
viscosity and turbulent kinetic energy. Transverse cross correlations, velocity and turbulent kinetic 
energy spectrum analysis, double-averaging and quadrant analysis verifying the existence of coherent 
structure will be also be undertaken to clarify the physical mechanisms responsible for bio-
stabilization and to identify the relevant controlling parameters. 
 
5. CONCLUSIONS 

Direct observations and preliminary analysis of the data indicate that macroalgae play a crucial role in 
bio-stabilizing a sediment bed forced by current and waves.  The presence of Ulva intestinalis tends to 
inhibit the overall mobility of sediments, thus reducing flow resistance associated with bedforms and 
the amount of sediment transported. The quantification of these effects through relationships involving 
a few relevant hydrodynamic, sedimentological and biological parameters bears important practical 
implications in the management of coastal environments, and is the subject of ongoing research. 
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Figure 2. Velocity vector field over the study area 
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Natural and anthropogenic perturbations in coastal system may affect dissolved organic matter 
(DOM) input and thus modify the interactions between DOM and iron, which in turn may 
significantly affect the structure and function of the coastal ecosystem. We performed a 
mesocosm experiment at Trondheim Biological Station during August 2007 in order to test the 
effect of various iron-organic matter combinations on phytoplankton community. Seawater 
used in the treatment bags was taken from the open region of Trondheim fjord (station Trolla). 
In the beginning, the dominant species (> 104 cells/l) were Rhizosolenia fragilissima, 
Thalassiosira sp. and Dinoflagellate species were Heterocapsa triquetra (7x103 cells/l) and 
Dinoflagellate sp. with theca (13x103 cells/l) in the fjord water. Total phytoplankton 
abundance was 129x103 cells/l.  After enriching the bags with different organic matters 
together with micro (iron) and macro nutrient (phosphate, nitrate and silicate), phytoplankton 
increased abruptly to the peak values, such as approximately 51x106 cells/l at the treatments L-
Lys with Fe and Lys without Fe at tenth day  in which  Chaetoceros sp with 27x106 cells/l and 
Skeletonema costatum with 15x106 cells/l were the dominant species at these treatments.  In 
addition to Lysine the other siderophore used as additions of the exogenous siderophore 
Desferrioxamine (in Def with Fe and Def without Fe) treatments to sequester ambient Fe and 
to markedly decrease its availability to the biota (about 267x103 and 302x103 cells/l, 
respectively).  Dinoflagellate, Heterocapsa triquetra which has mixotrophy ability, was 
dominant species with mean values as 124x103 cells/l. The combined effect of organic matter 
and iron enrichment was considerably strong on the peak biomass values of phytoplankton, 
particularly the inhibiting effect of Def for diatoms. 

 
1. INTRODUCTION 

Dissolved organic matter, or DOM, is ubiquitous in natural systems. Fe and DOM have interactive 
properties in natural waters. Natural and anthropogenic perturbations of external specific DOMs and 
iron inputs significantly affect coastal ecosystem structure and functions leading to quantitative and 
qualitative changes in phytoplankton community (Öztürk and Bizsel 2003; Öztürk et al 2003a, Öztürk 
et al 2003b, Breitbarth et al, 2009). Due to terrestrial, anthropogenic and sedimentary impacts, the 
distribution, speciation and transformation of different forms of iron are more dynamic and 
complicated in nearshore water than in oceanic water. In many coastal waters, the natural or 
anthropogenic DOM inputs may alter the inorganic and/or organic nutrients’ stoichiometry, and hence, 
the qualitative and quantitative composition of phytoplankton communities. In this study, we 
attempted to determine the coastal phytoplankton response to changes in the iron bioavailability when 
coastal iron reacted with different DOMs. For this purpose, a mesocosm experiment was performed by 
using three different types DOM to manipulate the chemistry of iron and its bioavailability. We 
expected that bioavailability of iron will be different due to the various redox potential and pFe of 
these. DOM-Fe complexes will affect the uptake of iron by different phytoplankton. The changing the 
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uptake kinetic and mechanism due to various redox potential and pFe might have some effect to 
changes the community structure of coastal phytoplankton. 

 
2. MATERIAL AND METHODS 

Mesocosm experiment was conducted by using a natural phytoplankton assemblage taken from 
Trondheim Fjord (station Trolla) by the R/V Gunnerus. Eight of nine different treatments bags (50 L) 
with replicates was enriched by PO4, NO3, Si and Fe to avoid nutrient limitation, natural P:N:Si:Fe 
level was kept for a treatment as control (Table 1). As an DOMs; 
• Riverine Natural Organic matter (NOM) and humic acids (HA) (Nordic Aquatic Humic Acid 

,1R108N and Nordic Aquatic Humic Acid, 1R105H from International Humic Substances Society, 
IHSS) 
• Hexadentate siderophore, iron carrier organic molecules, Desferrioxamine (SIGMA) which has 

higher redox potential and higher stability of the FeIII-Organic complex (pFe) (Boukhalfa and 
Crumbliss 2002) 
• Bidentate siderophore (such as L-lysine  Hydroxamate ) with lower -E1/2 and lower pFe 

(Boukhalfa and Crumbliss 2002) were used. All these three DOM have also different solubilizing 
power for iron colloids. 

The DOM additions were performed separate doses on days 1, 3, 5 and 7 for minimizing the 
possible biochemical decomposition and metamorphosis processes over time. 

Subsamples for phytoplankton identification, abundance and in vivo fluorescence, chl a, pigment 
analysis were taken at the same time almost every 2 days after the mixing procedure.  

 
Table 1. The setup of the mesocosm experiment (each treatment has two replicates) 

 
Treatments /additions§  
Without any addition1 Control  
Macro Nutrients 2 (with natural DOM and Fe level) nDOM-nFe 
Macro Nutrients + Fe 3 +Fe 
Mixture of Natural Organic Matter (NOM) and Humic Acid (HA) 4 NOMHA 
Mixture of NOM and HA + Fe NOMHA+Fe 
L-lysine hydroxamate 5 L-Lys 
L- lysine hydroxamate + Fe L-Lys+Fe 
Deferrioxamine 6   Def 
Deferrioxamine  + Fe Def+Fe 
§ -Macro nutrients were added at the beginning of mesocosm experiment.  
All DOM and Fe were added as 4 separate doses on days 1, 3, 5 and 7. 
1 -Background concentrations of NO3, P, Si, TFe and DFe were 1,6, 0,3, 2 µM, 12 
and 5 nM respectively 
2 -Added NO3, P and Si concentrations were 42, 2.9 and 42  µM respectively,  
3 -Fe was added as FeSO4 7H20 separate dose for each day was 2.5 nM (total 10 nM) 
4 -Separate dose of NOM and HA mixture for each day was 0.6 and 0.25 mgL-1, 
respectively (total added NOM and HA were 2.4 and 1 mgL-1) 
5 -Separate dose of L-Lys for each day was 5 µM (total 20 µM) 
6 -Separate dose of Def for each day was 7.5 µM (total 30 µM) 

 
3. RESULTS AND DISCUSSION 

Initial phytoplankton biomass in the collected seawater taken from Trondheim Fjord was quite low 
(Figure 1) and was dominated with Diatom (Rhizosolenia fragilissima with about 21x103 cells/l and 
Thalassiosira sp. with about 14x103 cells/l) and Dinoflagellate (Heterocapsa triquetra with about 
7x103cells/l and Dinoflagellate sp. with theca about 13x103 cells/l). Total phytoplankton abundance 
was 129x103 cells/l.  
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The variation of Chl a and phytoplankton abundance in different subsets showed that Siderephore 
Deferroxiamine with Fe (Def+Fe) (Treatment 3) or without Fe (Def) have a strict differences when it 
was compared the other treatments. All Fe forms were made non-bioavailable by Siderophore Def and 
phytoplankton abundance at the end of experiment reached 267x103 cells/l with Fe 302x103 cells/l 
without Fe (Figure 1). On the other hand, Siderophore Lysine (L-Lys, and L-Lys+Fe) NOMHA and 
NOMHA+Fe did not affect the bioavailability of Fe. The results of these treatments had the highest 
phytoplankton biomass and maximum Chl a values (Figure 2). At the end of 10 days experiment, the 
highest phytoplankton biomass was observed at the Lys with Fe and Lys without Fe treatments, 
51.3x106 cells/l and 50.8x106 cells/l, respectively. The same results were also observed at Humic acid 
with Fe (39.6x106 cells/) and without Fe treatments (40.4x106 cells/l). Phytoplankton counting results 
show that Def affected phytoplankton biomass with and without Fe as shown in the Figure 1. Similar 
distributional trend was also observed for Chl a results (Figure 2). During the 10 days experiment 
(06/08/08-15/08/07), temperature and daily averaged light intensity were also measured and they 
decreased from 16.5 to 13oC and from 1.41E+20 to 8.30E+18, respectively. The pH increased from 
8.11 to 8.77  in the all treatments except Def+Fe, Def and control.  
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Figure 1. Distribution of total phytoplankton abundance in treatments. 
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Figure 2. Concentrations of chlorophyll a (µg/l) in treatments  

 
Briefly, our mesocosm experiment indicates that while some DOM-Fe complexes enhanced the Fe 

availability, bacterial siderophore dramatically reduced the iron bioavailability for the phytoplankton 
community in Trondheim Fjord. This is interesting result because previous lab incubations show that 
exactly same siderophore does not hinder iron availability for some phytoplankton species (i.e. 
Amphidinium carterae, a dinoflagellate, unpublished data Ardelan and Olsen). Our experiment suggest 
that on a relative scale of bioavailability to eukaryotic phytoplankton, siderophores such as Def 
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additions can effectively reduced the bioavailability  for primary producers in the Trondheim Fjord, 
even when ambient Fe is abundant. Dinoflagellates were significantly more abundant, particularly 
Heterocapsa triquetra in Def bags > 105 cells/l, the same amount was also observed in controls at 10th 
day. At the same time, Diatom (Chaetoceros sp. and Pseudo nitzschia sp.> 2x105 cells/l) in the control 
bags while these species were two order of magnitude decreased in the Def bags. Def addition lowered 
the phytoplankton activity compared with the control treatments. HPLC pigment profiles allowed to 
show same significant differences between Trt with Def- Control and the other treatments at the end of 
experiment (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Dendrogram showing hierarchical cluster analysis from the data taken from HPLC pigment 

analysis  in the beginning (10 08 2007) and at the end of experiment (16 08 2007) 
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A wave basin experiment has been performed in the MARINTEK laboratories, in one of the 
largest existing three-dimensional wave tanks in the world. The aim of the experiment has 
been to investigate the effects of directional energy distribution on the statistical properties of 
surface gravity waves. Different degrees of directionality have been considered, starting from 
long crested waves up to directional distributions with a spread of ± 30o at the spectral peak. 
The results confirm that for long crested, steep and narrow banded waves, the statistical 
properties of the surface elevation substantially deviate from Gaussian statistics. As directional 
effects are taken into account, however, such deviations become less relevant. For broad 
directional spreading, in particular, waves are only weakly non-Gaussian. 

 
1. INTRODUCTION 

The statistical description of the surface elevation and, in particular, the occurrence for extreme waves 
is an important input for the design and operation of marine structures. In many practical application, 
it is a common practice to calculate the statistical properties of waves from a second-order 
approximation of the surface elevation, which includes the second-order bound contribution for each 
free wave mode. At third-order in wave steepness, though, there is a substantial change in the 
description of water waves. Whereas bound modes are still present, resonant and non-resonant 
interactions between free waves are also possible and, as a consequence, wave amplitudes may change 
as the wave field evolves; the mechanism responsible for this is basically a generalization of the 
Benjamin-Feir instability. For unidirectional waves, a substantial increase of the probability of 
occurrence of extreme waves takes place as waves are sufficiently steep and narrow banded. 
Nevertheless, numerical simulations in two horizontal dimensions have shown that the number of 
extreme wave events is reduced by increasing the directional spreading of the initial spectrum (see 
Gramstad & Trulsen 2007).  In this respect, a confirmation of such results has recently been reported 
by Waseda et al. (2006) who performed laboratory experiments in a directional wave tank. Due to the 
narrow width of the tank, however, the results could be strongly affected by the reflection on lateral 
walls, especially when waves travel at a large angle with respect to the main direction of propagation. 
Here, we present a set of laboratory experiments that have been performed in one of the largest 
existing wave basin in the world. Our purpose is to study in details the transition region between the 
strongly non-Gaussian behavior of the surface elevation that characterize the long crested waves and 
the weakly non-Gaussian statistics that is typical of short crested seas. 
 
2. EXPERIMENTAL SET-UP AND RESULTS 

The experiments have been performed at the Marintek wave facilities in Trondheim, Norway. Waves 
have been generated in a large rectangular wave basin, where multiple tests are possible. The tank has 
dimensions 70 m x 50 m and it is equipped with a system that is capable of changing the water depth. 
For the present experiment the water depth was fixed at 3 m. A multi-flap wave-maker capable of 
generating directional waves is fitted along the 70 m side of the basin. 
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The initial wave field was generated by using complex Fourier amplitudes, each with its modulus 
randomly chosen from a Rayleigh distribution around the ``target'' spectrum. The phases are randomly 
chosen from a uniform distribution. For the generation of input wave spectra the JONSWAP 
formulation was used to describe the energy in the frequency domain. A cosN (θ) function was then 
applied to model the energy in the directional domain. In order to consider different degrees of 
directional spreading, different values of the spreading coefficient N have been used, ranging from 
fairly long crested (large N) to short crested (small N) waves. The following values have been 
selected: N = 840, 200, 90, 50, and 24.  

The main result of the present investigation is that the kurtosis, which is strictly related to the 
presence of extreme waves, strongly depend on the parameter N. In the figure below we show the 
kurtosis as a function of the distance from the wave maker for different values of the parameter N. The 
figure shows a visible dependence of the kurtosis on  N. 
 

Figure 1: Spatial evolution of the kurtosis 
 

To conclude we have presented a description of the statistical properties of surface gravity waves 
in different conditions of directional spreading. The modulational instability process, which is one of 
the main mechanism of formation of extreme waves in deep water, random, long crested waves, does 
not seem to play a fundamental role in the generation of extreme waves when waves characterized by 
a wide in angle spectrum are considered. Details of the work can be found in Onorato et al. (2009). 
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It is known that small changes in source and receiver locations can cause significant changes in 
underwater acoustic channel impulse responses. At HYDRALAB III an underwater acoustic 
experiment was conducted to show that a source depth-shift causes a frequency-shift in the 
channel impulse response and that such behavior can be used to implement an environmental-
based equalizer for underwater communications that compensates for the performance loss due 
to the source depth-shift. 

 
1. INTRODUCTION 

The Underwater Acoustic Barriers 2007 (UAB'07) experiment was carried out at Hydralab III during 
the first two weeks of September 2007. During the first week experiments were conducted in the 
Trondheim Fjord to study and demonstrate point to point (P2P) underwater communication schemes 
based on Phase Shift Keying (PSK) and Orthogonal Frequency-Division Multiplexing (OFDM) 
modulations (Gomes, J. 2008-a and Gomes, J. 2008-b). In the second week the experiment took place 
in the Sletvik Fjord to demonstrate the underwater acoustic barriers concept for submarine intruder 
detection (Jesus, S. 2008). The work described in this paper was carried on September 4 and is 
integrated in the PSK underwater communications study.  

Underwater acoustic communications presents serious limitations for attaining even modest data 
rates that are trivially achieved in terrestrial wireless radio. That is due to the significant delay spread 
that induces multipath and to the ocean environmental properties that are quite dynamic even in a short 
time period of a few seconds. In a communication system the objective of the channel equalizer is to 
compute a synthetic version of inverse channel Impulse Response (IR). When applied as a filter that 
IR inverser deconvolves the channel multipath that is responsible for the Inter-symbolic Interference 
(ISI) and therefore for the degradation of the communications performance. Moreover the channel 
equalizer should be adaptive in order to compensate for the underwater channel variability along the 
data transmission. Usually adaptive equalizers do not take explicitly in consideration the channel 
environmental properties and their implementation rely in a statistical approach that aims at 
minimizing the Mean Square Error (MSE) between the transmitted and the channel distorted received 
symbols.  

The communication experiment conducted during UAB'07 aims at field testing an environmental-
based equalizer for underwater communications named as Frequency Shift passive Time-Reversal 
(FSpTR). The FSpTR aims at minimizing the MSE by taking in consideration the environmental 
properties that are varying during the data transmission. In its present implementation the FSpTR 
(Silva, A. 2007) allows for the compensation of the source/receiver depth and source-receiver range 
variations. The experiment described in this paper was specifically designd for demonstrating with real 
data that the source depth variation results in a channel IR frequency shift and that the knowledge of 
such frequency shift can be used to improve the communication performance.  

The FSpTR equalizer is based on the pTR operator that allows for the implementation of a 
simplified equalizer that deconvolves the channel multipath by filtering the received data with a time-
reversed estimate of the channel IRs. However, one of the pTR primary causes of performance 
degradation is due to source and array movement. FSpTR applies a frequency shift to the IRs estimate 
in order to compensate those environmental changes resulting in an adaptive equalizer. Figure 1 shows 
(from left to right) the multipath between the source and the receiving array as well as the FSpTR 
operation.  
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Figure 1: Probe and data signals underwater propagation (left); Block diagram of FSpTR equalizer 

(right): (i) filtering of hydrophone received data with time-reversed FS IR estimates, 
(ii) addition of filtered signals for each FS, (iii) selection of the FS signal with maximum power, 

(iv) down-sampling to the symbol rate and (v) estimate of transmitted symbols.  
 

In addition to the scientific objectives, UAB’07 also served to test a telemetry buoy prototype as 
described in section 2. Section 3 describes the results obtained and section 4 gives some conclusions. 
 

2. HARDWARE EXPERIMENT DESCRIPTION 

For the purpose of testing the environmental-based communication algorithms a set of electronic 
hardware was assembled in two main units: (i) a base station connected to shore that comprises a 
computer-based signal generator, a signal amplifier and an acoustic source; and (ii) a remote stand-
alone telemetry buoy that comprises an array of hydrophones and a PC104+ based telemetry unit with 
data storage and processing capabilities. Moreover both units are WLAN equipped for the real time 
monitoring of the acquired signals at the base-station side. Both units have been designed and 
implemented at the University of Algarve and the UAB'07 was used, also, as an engineering test for 
their functionality. 

The telemetry unit is a pre-commercial prototype named Acoustic Oceanographic Buoy (AOB) 
and in terms of main characterisstics of height (1.2 m), diameter (16 cm), weight (40 kg) and 
autonomy (12 hours) tend to those of a standard sonobuoy. Nevertheless, the AOB presents advanced 
capabilities as: stand-alone or network operation, local acquired-data storage, dedicated signal-
processing, GPS timing and localization, real-time data transmission and two arrays for acoustic 
signals and temperature acquisition. Figure 2 shows (on the left) the software and hardware AOB 
components and their interconnections. The AOB is an easy to use system where only two 
maintenance operations are required: recharging batteries and downloading stored data. It is light 
enough to be deployed by hand from a ship or a RHIB and robust enough to operate under rough sea 
conditions. At sea the AOB can be operated in a free drifting mode with self time-synchronization and 
localization with GPS precision. Figure 2 (right) shows a robustness test with the AOB being towed by 
oceanographic vessel R/V Gunerus wile in operation. 

During the experiment the transmitting source was suspended from a fixed platform 10 m from the 
base station hanged by a crane, at an initial depth of 5 m. The receiver was a vertical array with 16 
hydrophones uniformly spaced at 4 m between 6 m and 66 m depth, suspended from the free drifting 
AOB. The communication range was approximately 1 km with the bottom depth increasing from 12 m 
at the source location near shore to about 110 m at the AOB location. R/V Gunnerus was used for the 
deployment of the AOB and also performed a number of CTD casts during the communication 
experiment. 

Several carrier frequencies were considered for the PSK-modulation transmissions: low frequency 
at 3200 Hz, medium frequency at 6250 Hz and high frequency at 12000 Hz. The medium frequency 
transmissions, under consideration in this paper, comprise a set of 50 chirp signals followed by a data 
set of 100 seconds. The chips transmission where used for channel IR estimate and to study the 
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channel variability and Doppler spread. Each chirp bandwidth ranges from 5 to 7.5 kHz with a 0.1 sec 
duration and 0.2 sec of silence for transient die out. The data bandwidth ranges from 5.5 to 7 kHz with 
a PSK-2 modulation and 1000 bits/sec baud-rate. 

 

 
Figure 2: AOB hardware and software block diagram (left). 

AOB being towed by Gunnerus to test its robustness wile in operation (right)  
 
3. EXPERIMENTAL RESULTS 

Figure 3 shows in the left panel, the IR estimates, obtained by pulse compression of the chirp-probe 
sent previously to the data transmission, along the hydrophone array. It can be seen two initial strong 
paths followed by a large number of unstructured multipaths. Figure 3 (right), shows the sound speed 
profile (ssp) along the water column where it can be observed a more stable behaviour at the middle of 
the water column that motivate the use of only the top ten hydrophones for the FSpTR processing. 
During the data transmission the crane was used to change the source depth from 5 to 5.5 m at about 
15 s of the data frame. The AOB GPS data shows that there is no source-array range variation and the 
sea state zero corroborates the assumption that the hydrophone depth is almost constant. Figure 4 (feft) 
shows the initial 30 s of the pTR output zl (t) (see Fig. 1) power for L = 20 frequency shifts between -
600 and 200 Hz. In this Figure it can be seen that the frequency shift that gives the maximum power 
(indicated by *) changes from 0 to about 300 Hz just after 15 s, revealing that the IRs mismatch 
generated by the source depth shift causes a frequency shift in the channel IRs. 

Figure 4 (right) shows the MSE between z(n) and the transmitted symbols α(n) for the equalizer 
without frequency shift, solid line, and with the frequency shift obtained by the *-line of Fig. 4-left, 
dashed line. It can be seen that the frequency shift partially compensates for the source-depth shift 
since the MSE results, after 15 s, for the frequency shift case are better than those without frequency 
shift. In fact the global results show a MSE gain of -1.6 dB that result in an improvement of the Bit 
Error Rate (BER) from 9.2 to 1.6%.  
 
4. CONCLUSION 

The Hydralab III initiative by their shore and ship facilities presents extremely good conditions to 
carry out underwater acoustic experiments. In September 2007 a team from University of Algarve 
performed, among others, an underwater acoustic experiment to demonstrate that a source depth shift 
generates a frequency shift of the channel IRs and that in a communications system such frequency 
shift can be used to partially compensate for the performance loss caused by such environmental 
variation. The attained results show that for 0.5 m depth shift a frequency shift of 300 Hz occurs and 
that when such information is used in a FSpTR equalizer an improvement from 9.2% to 1.6% was 
observed. 
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Figure 3: Arriving pattern estimated by pulse compression of the chirp probe (left). Sound speed 
profile, CTD measured by research vessel Gunnerus (right), the thick line shows the ssp at 

approximately the same time of the processed data and the thin lines others ssp taken on that day.   
 
 

 

Figure 4: FSpTR  mean power as function of time and frequency shift for 10 hydrophones (left). 
FSpTR and pTR experimental MSE for 10 hydrophones with source depth shift at 15 s (right).  
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Towing tank model tests at high Reynolds numbers, up to 1.1×106, were carried out at 
MARINTEK in January 2009 in order to investigate the effects of triple-starting helical 
grooves on reducing the drag of smooth and rough circular cylinders in uniform cross flow.  

 
1. INTRODUCTION 

In the summer of 2005, some preliminary tests on VIV suppression were carried out in the towing tank 
of the Department of Naval Architecture and Marine Engineering, University of  Strathclyde in 
Glasgow. The test cylinders included a smooth cylinder and a cylinder with triple-starting helical 
grooves cut into its surface. The comparative test results show that the grooves do reduce the VIV 
response amplitude and the maximum amplitude reduction is around 65%. In analysing and 
interpreting the test results, it was surmised that the grooves could also reduce the inherent drag by a 
factor of 30% (Huang, 2006).  

In the summer of 2006, more tests were carried out on three fixed cylinders in the towing tank, one 
being smooth and the other two (one smooth and one rough) with helical grooves cut into the surface. 
The comparative results confirms the reduction of the drag in the sub-critical Reynolds number range 
for about 25% (Huang et al, 2007).   

Limited by the size of the towing tank and the speed of the towing carriage, it was only possible to 
test the cylinders in the sub-critical Reynolds number range. The hydrodynamic performance of the 
grooves in the critical and post-critical Reynolds number ranges are yet to be investigated. An 
application was then made to the 6th EU Framework Programme of Integrated Infrastructure Initiative 
HYDRALAB III for a 5-day towing tank testing at MARINTEK, and the application was successful. 
The model tests were carried out at MARINTEK from 26th to 30th January 2009.  

Various surface alterations have been tried with the objective to reduce the drag. These include:  
• Dimples (Bearman and Harvey, 1993). Measurements are reported of the drag coefficient and 

Strouhal number of a dimpled circular cylinder over the Reynolds number range from 2 x 104 to 3 x 
l05. The ratio of the depth of the dimples to the diameter of the cylinder is 9 x 10-3.  In common with 
sand-roughened cylinders, the dimpled cylinder has a lower critical Reynolds number than a smooth 
cylinder. After the drag coefficient minimum, the Cd does not rise to the high values that are typical of 
cylinders with sand roughness but is found to be closer to that for a smooth cylinder. 

• Grooves (Kimura and Tsutahara, 1991; Lee et al, 2005). Although these surface alterations are 
also called grooves, these are completely different from the grooves dealt with in this paper. A 
common feature of these studies is that the grooves are of micro-scale. Various groove geometries 
have been studied. These included V-grooves, U grooves, rectangular grooves and other patterns. The 
groove riblets are also used for plates and other body surfaces (Parker and Sayers, 1999; Lee and Jang, 
2005). It is interesting to note that swimsuits with groove silicon riblets have been tested to be 10 to 15 
percent faster than any other world class swimsuit. 

It is generally understood that grooves and dimples are different from general roughness. As far as 
it is known, no investigations have been carried out on the drag reduction of the kind of helical 
grooves dealt with in this paper. As the grooves in the present study is substantially large in 
comparison and the number of grooves is substantially fewer, the effectiveness and mechanism of the 
drag reduction is likely very different. 
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2. MODEL TEST 

The tests were carried out in Tank 1 of MARINTEK. Four cylinder models were tested. These were  
• Smooth cylinder.  
• Rough cylinder.  
• Smooth cylinder with grooves. 
• Rough cylinder with grooves.  

All the four cylinders have the same main dimensions as follows 
• Length L: 1.5m. 
• Diameter D: 0.25m. 

The number of the grooves is three, the so-call triple-starting grooves. The groove has a 
rectangular cross section with the width equal to 0.2D, i.e. 5cm, and the depth 0.15D, i.e. 3.75cm. The 
pitch ratio of the grooves is 6.  

The surface of the smooth cylinders was polished and painted. The surface finishing was regarded 
as sufficiently smooth. Gravels were glued to the cylinder surface to give a rough finishing. The 
typical gravel dimension is 4mm. The roughness ratio is therefore around 0.012, representing the case 
of marine risers with marine growth.  

All the cylinders were close to be neutrally buoyant in water. Some photos of the cylinder model 
are given in Figures 1 and 2.  

 

 
 

Figure 1 Tank 1 of MARINTEK with the rough cylinder with grooves in the foreground. 
 

 
 

Figure 2  Cylinder model installed beneath the towing carriage. View from the top of the carriage. 
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3.  RESULTS 

The results are summarised in Figure 3. On a comparative basis, it is concluded that by the use of the 
helical grooves, the inherent drag coefficient (i.e. that of a stationary smooth cylinder) can be reduced 
by about 20% in the sub-critical Reynolds number range. The grooves also eliminate the “drag crisis” 
region, i.e. the drag coefficient varies with Reynolds number smoothly without abrupt changes.   

For the large roughness ratio tested, i.e. k/D = 0.012, the grooves no longer offer any drag 
reduction. In this case, the grooves appear to become part of the roughness themselves, and therefore 
increase the roughness ratio, resulting in higher drag coefficients. 

 

 
 

Figure 3  Cd versus Reynolds number – MARITEK test results. 
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The results of an experiment carried out on a semi-submersible model to measure the steady 
drift force and low frequency surge motions are presented. The influence of mooring systems 
was also investigated in different combinations of current and sea state in the experiments. The 
measurements were carried out with a 1/50 scale model that was moored, in separate 
experiments, using horizontal springs and catenary mooring lines. The mean values of steady 
drift motions and the standard deviation of the low frequency motion amplitudes are presented 
for each system. It was found that for both horizontal and catenary moorings, the presence of a 
current increased the damping ratio of the system. In the case of the catenary mooring system, 
as expected, the presence of mooring lines and their interaction with waves and current 
increased the damping compared to the damping of the horizontal mooring system. The 
measured mean values of the surge motions in a wave–current field have been compared to the 
superposed values of those obtained from waves and current separately. It was found that there 
is good agreement in moderate sea states, while in higher sea states the measured motion 
responses are larger. In the wave-current field, the standard deviation of the surge motion 
amplitudes was found to be less than that obtained in waves alone when the model was moored 
with catenary mooring lines. 
 

1. INTRODUCTION 

Slow-drift motion is an important aspect of the analysis of offshore production systems that can often 
become a critical parameter in the design of mooring lines and riser systems. In,  The slowly varying 
motions can be defined  as resonance oscillations excited by non-linear interaction effects between the 
waves and the body motion and to be calculated using the potential theory (Faltinsen 1990). I has been 
shown that the resonance is one of several interaction phenomena causing the large amplitude 
oscillations of moored vessels (Bernitsas et al. 2006). The interaction between slowly varying wave 
drift forces and the dynamic bifurcation could result in 2-3 times larger oscillations than the resonance 
phenomenon. In moderate sea states the predictions based on potential theory correlate well with 
measurements. However in severe wave conditions model tests have shown that there is an increase in 
wave drift forces as the sea states increases. This effect can be explained by viscous drift forces acting 
in the waterline zone of a structure (Stansberg 1994; Dev 1997). The slowly varying oscillation 
amplitudes are mainly controlled by the amount of slow drift damping present in the system. The main 
physical contributions to the slow drift damping are: wave drift damping; viscous hull damping; wave 
radiation damping; mooring and riser line damping and aerodynamic damping.  The investigation of 
wave-current interaction is also of interest in order to determine the effect of current on the drift force 
damping components in severe environmental conditions.   

The objective of the study presented in this paper was to investigate the wave drift forces and 
responses of a moored semisubmersible production platform in a current only, and in regular and 
irregular waves with and without currents, when subjected to severe environmental conditions. The 
tests were carried out in two configurations: one with a catenary mooring system and the other with 
horizontal lines above the free surface. In particular, the objective was to explore the following 
phenomena: 

• The second-order low frequency wave drift force components, 
• The slow drift damping components, and 
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• The effect of sea state on drift damping and drift force excitation forces.  
It was intended that the data gathered would be used to extend the knowledge of the phenomena 

involved and for validating theoretical/numerical models.  
  

2. THE EXPERIMENTS 

The experiments were carried out in the ocean basin of MARINTEK.  The description of the 
laboratory and details of current generation are given in (Stansberg 2008). The model used for the 
experiments was a 1/50th scale semi submersible with four square columns and four interconnected 
rectangular pontoons, both with rounded edges.  The model was moored with four mooring lines. The 
full scale geometrical characteristics are given in Table 1.  

 
Table 1: Geometrical Characteristics of the semisubmersible (full scale values) 

 
Length /breadth outside pontoons(m) 84.48 
Height to upper deck(m) 54.8 
Breadth of pontoons(m) 16.64 
Height of pontoons(m) 8.4 
Column length (m) 16.64 
Column breadth(m) 16.64 
Column corner radius (m) 4.8 
Draft (m) 21 
Displacement ( tonne) 55867 
Water depth (m) 250 

 
The tests were conducted using two different mooring systems; horizontal and catenary mooring. 

In both systems, the model was held in position using four mooring lines which were attached to the 
corner of each column. The tests with horizontal and catenary mooring lines aimed at identifying the 
effect of damping due to the mooring lines on the motions of the semisubmersible in waves and in 
waves and current. The horizontal mooring stiffness, k, was 144.8 kN leading to natural surge period 
of 146 s.  The characteristics of each of the two mooring systems were determined by the static pull-
out tests.  

Two sets of tests were carried out, a preliminary set including wave and current calibration, decay 
and static pull-out tests , and the main experimental programme involving, regular wave, and irregular 
wave tests (with and without current). Most of the tests were carried out in head seas and few tests 
were carried out in oblique (45 degrees) seas. In all tests, waves and current approached the model 
from the same heading angle.   

 
 3. RESULTS 

A selection of the results is shown in Figures 1 to 6. Figures 1 and 2 are presented for illustrative 
purposes to show the form of the time series for the surge response (Figure 1) to irregular seas with 
and without current whose spectra are shown in Figure 2. The mean values of the low frequency surge 
motion, and their standard deviations, are shown in Figures 4 to 6. The measured mean values of the 
surge motions in a wave–current field have been compared to the superposed values of those obtained 
from waves and current separately. Figs 3 and 4 show that there is good agreement in moderate sea 
states, while in higher sea states the measured motion responses are larger. In the wave-current, Fig 6 
show that the standard deviation of the surge motion amplitudes was found to be less than that 
obtained in waves alone when the model was moored with catenary mooring lines.   
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Figure 1: Irregular wave time series Figure 2: Wave spectra 
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Figure 3 Mean values of low-frequency surge 

motion, horizontal mooring 
Figure 4 Mean values of low-frequency surge 

motion, catenary motion 

  

  

0

1

2

3

4

5

6

7

8

H6 T12 H12 T12 H 7.5 T15 H 15 T15

Uc
W
W+Uc
Superpositi

 

0

2

4

6

8

10

12

H6 T12 H12 T12 H 7.5 T15 H 15 T15

Uc
W
W+Uc
Superpositi

Figure 5 Standard deviation of low-frequency 
surge motion, horizontal mooring 

Figure 6 Standard deviation of low-frequency 
motion, catenary mooring 
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4. CONCLUSIONS 

4.1. The second-order low frequency wave drift force components: 
The wave drift forces calculated from the measured displacements in regular waves and multiplied 

by the appropriate mooring stiffness show that the mooring lines increase the second order forces.  

4.2. The slow drift damping components: 
The damping ratios are calculated in still water for both horizontal and cateneary mooring systems 

in order to identify the mooring line damping. It was found out that the mooring lines caused an 
increase in damping from 0.23 to 0.3. The work to predict this increase using analytical methods 
(Huse, 1989 a and 1989b) is ongoing. 

4.3. The effect of sea state on drift damping and drift force excitation forces: 
Neither the drift forces nor drift damping were determined directly from the irregular wave 

experiments, however the effect of seastates on mean surge drift motions were measured (Fig 3-6) and 
these will be used in conjunction with ongoing numerical analysis to identify the effect of seastates on 
drift damping and drift excitation forces. 
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The paper describes an experimental study with the major aim to get a detailed picture of the 
pressure distribution carrying a planning craft at high speed through calm water and waves. 
The instrumentation, load cases and performed runs are discussed as well as the steps to use 
the measurement data for evaluation of numerical models for planing craft in waves. 

 
1. INTRODUCTION 

This experimental study is an evaluation step in the development of the simulation methods according 
to Garme (2004) and Rosén (2004) in order to reach levels where the methods can be applied in the 
design of high-speed craft, HSC. Garme (2004) is a non-linear time-domain strip method for 
modelling of the hydromechanic loads and motion responses for planing and semi-planing craft in 
waves. Rosén (2004) is a method for direct calculation of structural responses for planing and semi-
planing craft, which takes account of the hydromechanic loads, the structure inertial loads and the 
resulting structure response in the time domain. The hydromechanic load formulation in Rosén (2004) 
is based on Garme (2004). 

The experimental investigation consists of two parts. Both use the same ship model and the same 
instrumentation. One focuses on the pressure in the aft end of the planing hull, the other on the impact 
pressure at the leading edge of the planing surface. The forces at the leading edge of the planing area 
can be modelled by 2-dimensional theory, making use of the added mass coefficients at infinite 
frequency. In the chines-wet area and especially close to the transom stern the impacting-wedge-
planing analogy is not sufficient nor is the assumption of 2-dimensionality. At the transom, which is 
dry at high speed, the pressure is atmospheric. To account for this in modelling the planing craft the 
load distribution have been corrected semi-empirically, Garme (2005). The correction is based on the 
Fridsma (1969) experiments together with experiments made within the TMR-ALSF program and 
performed at CEHIPAR in 2000; see for instance Garme & Rosén (2000) and Rosén & Garme (2004). 
The present experiment aims for a more detailed investigation of the planing pressure in the aft of the 
craft at high speed in calm water and in waves. A goal is to evaluate and improve the force model in 
the near transom area. 

From a modelling point of view the pressure distribution in the aft end is important because it 
influences the running attitude of the vessel which in turn states the geometrical conditions for the 
impact pressure in the bow area. The impact pressure, the other objective of this investigation, is the 
important pressure from the structural design point of view and the experimental results will be used to 
evaluate the modelled wave impact pressure as determined by the simulation methods. The received 
measurement data will further form a unique reference material which for example can be used to 
evaluate available simplified methods for design load prediction, such as DNV HSLC (1996) and 
Allen & Jones (1978). 

 
2. SHIP MODEL, LOAD CASES AND INSTRUMENTATION 

The maximum towing speed of 8 m/s and the planed model top-speed, Cv=V√gB=4, set the model 
beam to B=0.40 m. The model geometry is basically a V-shaped prismatic with a deadrise angle of 20 
degrees and a length of 1.68 m. The model hull was built very stiff to avoid that structural vibrations 
and deformations influenced the measurements. 

The model was equipped with pressure transducers, accelerometers and potentiometer gauges to 
measure the position between the model and the carriage (to catch, heave and pitch). The wave surface 
was measured at a point close to the model and following the model as well as by a tank-fixed gauge. 
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Four load cases, differing in model weight and longitudinal centre of gravity, LCG, were chosen 
for the investigation. The conditions are principally described in Table 1. The towing device was 
adjustable longitudinally to keep the towing point as close as possible to the centre of gravity, CG, for 
the different load conditions. The model was towed at constant speed, and was free to move in heave 
and pitch. All signals are saved as synchronic raw data time series and video recordings of the runs 
were made. 

Table 1. Model load cases. 
Load case 3/ BC Δ=Δ  LCG, % of L ahead of transom 
1 light, large trim (Ta=0.10, τ=0.9°) 4.0≈ΔC  (approx. 25.6 kg) ≈ 35, LCG=0.60 m 
2 light, low trim (Ta=0.09, τ=0°) 4.0≈ΔC  ≈ 40, LCG=0.66 m 
3 heavy, large trim (Ta=0.13, τ=1.6°) 6.0≈ΔC  (approx. 38.4 kg) ≈ 35, LCG=0.60 m 
4 heavy, low trim (Ta=0.12, τ=0.3°) 6.0≈ΔC  ≈ 40, LCG=0.66 m 

 
The 14 pressure transducers were capable of measuring static pressure and transient pressure with a 
duration in the order of milliseconds. This required small transducer membranes (φ 3 mm) and high 
sampling frequency (4.8 kHz, low-pass filtered to 1 kHz). The transducer locations differed in the two 
studies, see Figure 1. In each case two transducers were located on the opposite side compared to the 
other 12, in order to investigate symmetry. 

 
Figure 1. Principle transducer position and transducer notation. 

 
3.   THE EXPERIMENTS 

With the pressure transducers in the near-transom sockets (A) all four load cases of Table 1 were 
investigated in the speed range Cv=1 to 4; in calm water, regular (wave length to hull length ratio 
λ/L=3 & 4) and irregular waves (ITTC-78 spectrum). For load case 2 the pressure transducers were 
moved to the bow sockets (B) and the model was towed at speeds of Cv=2 & 3 in calm water, regular 
and irregular waves. The test runs in irregular waves were repeated 4-5 times, depending on model 
speed and spectrum mean period, in order to exposing the model to about 200 wave encounters. This 
amount of encounters is necessary for the statistical analysis of acceleration and pressure in contrast to 
the common choice for about 100 encounters when motions are concerned. A test plan is sketched in 
Table 2. 

 
Table 2. Test plan. A and B indicates if the pressure transducers are in the Aft or Bow transducer 
matrix. For reference to full-scale a scale factor, α, of 10 and 15 is assumed. The wave heights 

correspond to 1 and 1.5 m respectively in full-scale and periods of 5.4/6.6 and 6.3/7.7s. 
 Speed Cv /[m/s] (model scale) 
 1/2 1.5/3 2/4 3/6 4/8 
 Speed in knots (full-scale α=10/15) 
Sea condition 12/15 18/22 25/30 37/45 49/60
Calm water A A A/B A/B A 
Regular wave λ=3L: T=1.7s H=0.15 m   A/B A/B A 
Regular wave λ=4L: T=2.0s H=0.15 m   A/B A/B A 
Irreg. ITTC-78: H1/3=0.15 m Tmodal=2.4 s   A/B A/B A 
Irreg. ITTC-78 H1/3=0.15 m Tmodal=2.0 s    B  
Irreg. ITTC-78 H1/3=0.18 m Tmodal=2.4 s    B  
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4. RESULTS AND ANALYSIS OUTLINE 

Figure 2 shows the stationary pressure at the four aft most instrumented sections at four different 
speeds. Fully planning conditions with dry chines and transom are expected at speeds exceeding Cv=2 
(4 m/s) and accordingly the measured pressure is zero close to the chines (y=0.18 m) at the higher 
speeds. The pressure at transom (x=0.015m) with high pressure close to the keel (y=0.04 m), 
decreasing to suction at the chine is harder to interpret but indicates that the water does not leaving the 
transom as clean as it does at the chines. 
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Figure 2. Pressure in the near-transom area plotted section wise. The keel line is at y=0 m and the 

chine at y=0.2 m. The transom is at x=0 m. (Load case 2. Speeds 2-8 m/s.) 
 
The calm water tests give important information but the major part of the planed analysis addresses 
time-domain evaluation of irregular oscillating and transient conditions. In regular and irregular waves 
the hydrodynamic pressure is a rapidly changing and propagating distribution. This means that a snap-
shot of the pressure transducer signals does not give a true picture of the instantaneous distribution 
unless the transducer matrix is extremely (unrealistically) dens. Figure 3 shows a sequence when the 
hull has almost left the water (acg close to -1g) followed by a distinct impact of more than 2g of 
acceleration at CG. The pressure peak, propagating from the keel, is seen passing transducer p52 in the 
order of milliseconds. The shape of the signal is the combined trace of the actual shape of the pressure 
peak and its propagation velocity. 

 
Figure 3. Example on acceleration and pressure transducer signals. 
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To enable reconstruction of the momentary pressure distribution from measurements with a 
limited number of pressure transducers, a method has been developed, (Rosén 2005). The method is 
based on a set of assumptions and interpolation techniques, by which measurements of the developing 
pressure distribution in one position of the hull at a particular time instant, can be associated with 
measurements in other positions at other instants. Hereby, monitoring of the complete pressure 
distribution in the time-domain, is enabled with a limited number of transducers. The method has been 
evaluated both to full-scale data Rosén (2005) and model experiment data Rosén & Garme (2004). 
Pressure distributions, reconstructed from the measurements, will be used for detailed evaluation of 
simulated pressure distributions. Further, the along-ships force distribution will be determined and 
compared, in the time-domain, with corresponding simulated distribution in order to evaluate the 
model Garme (2004), including the semi-empirical near-transom load correction introduced by Garme 
(2005). To enable the numerical ship model to experience the same sea conditions as the physical the 
wave measurement signal will be used to determine a wave model by the method of Garme & Hua 
(1999). 
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We discuss results obtained from laboratory simulations of gravity-driven coastal surface 
currents produced when estuarine fresh-water discharges into the ocean. The present set of 
experiments was conducted using the large-scale rotating Coriolis tank at the Norwegian 
University of Science and Technology (NTNU) in Trondheim, Norway. The goal of the 
experiments was to begin studying the effects arising when currents interact with the bottom 
topography. As a consequence of the experimental data collected we became able to extend 
our geostrophic model (Thomas & Linden 2007, J. Fluid Mech., 578, pp. 35-65) developed for 
currents flowing along vertical walls to include the effects of the bottom topography. 

 
1. INTRODUCTION 

When estuarine water is discharged into the coastal zone, gravity-driven surface flows can be 
established. These flows develop as a consequence of the density difference between the buoyant 
estuarine fresh water and the denser, salty ocean water. For sufficiently large discharge rates, i.e. when 
the current exceeds length scales larger than the Rossby deformation scale, the current dynamics are 
affected by the Coriolis force arising from the rotation of the earth. As a result the discharged fresh 
water is confined to the coastal zone where it forms a current flowing along the coast. Typical 
examples are, for instance, the Columbia River Plume (Hickey et al. 1998), the Chesapeake Bay 
Outflow (Rennie et al. 1999), the Algerian Current, the East Greenland Current, the Leuwinn Current 
(Chabert D'Hieres et al. 1991) or outflows from certain fjords (Griffiths & Linden 1981). 

Thomas & Linden (2007) (hereinafter TL) conducted an experimental laboratory study simulating 
gravity-driven oceanographic coastal currents for the simplest flow geometry whereby currents flow 
along vertical coastlines. Their experiments resulted in the development of a new simple geostrophic 
model that succeeds in describing the depth, the width and the speed of the vertical-wall currents. The 
model sheds new light on the underlying fundamental flow physics governing coastal currents in their 
natural oceanographic environment. The purpose of the present study was to extend the results of TL 
to the next more complex and more realistic case of currents flowing along inclined coastlines. The 
goal of the experiments was to obtain sufficient information to enable us to extend the vertical-wall 
model of TL to include the effects of current interactions with the bottom topography. 

 
2. EXPERIMENTAL SET UP 

The experiments part of the present study was conducted on the Coriolis turntable at the Norwegian 
University of Science and Technology (NTNU) in Trondheim, Norway. The Coriolis tank at the NTNU 
has a radius of m5.2=TR  and a depth of m5.0 . Further details can be found at 
http://www.ntnu.no/trondheim-marine-RI. The arrangement of the experiments summarized here is 
illustrated in Figs. 1 and 2. In order to facilitate experiments with different coastline-inclination angles 
a hinged transparent acrylic plate was mounted across the diameter of the Coriolis tank; a section of 
this plate is seen in Fig. 1. The photo was taken before the start of the study and the transparent plate is 
still covered with its white protective film. The inclination angle, α , is the angle between the plate 
and the horizontal bottom of the Coriolis tank as indicated in Fig. 2. 
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The Coriolis tank rotates with constant rotation 

rate, Ω . It was filled to a height m4.0 with salt 
water of density 2ρ  representing the ocean water. 
Fresh water of lower density, 1ρ , simulating 
estuarine river discharges, was released 
continuously, and with a constant volumetric 
discharge rate, 0q , from a small source (diameter 

cm6.7 ) mounted on the inclined plate as 
illustrated in Fig. 3. The source was adjusted to be 
level with the surface of the dense salt water. The 
fresh fluid was discharged vertically upwards. As 
in TL the purpose of the vertical discharge 
direction was to minimize momentum flux effects 
and mixing of fresh water and salt water near the 
source. The salt water inside the tank was in solid-
body rotation before fluid was released from the 
source. For visualization purposes the fresh water 
discharged at the source was dyed while the 
ambient salt water was clear. Viewed from above 
the tank rotates anticlockwise such that the current 
in Fig. 3 moves along the plate by keeping the 
coast to its right. The density difference between 
the fresh water and the salt water is characterized in 
terms of the reduced gravity defined as 

( ) 112' ρρρ −= gg  where 2scm981 −=g . 
The experiments were filmed with a number of 

video cameras simultaneously. One overhead 
camera, with a wide angle lens, viewed the whole 
diameter of the tank. This enabled measuring the 
length, l , of the currents as a function of time, t . 

The width of the current was additionally filmed with higher spatial resolution by a second overhead 
camera viewing an enlarged section of the currents located just downstream of the centre of the tank. 
The current depth, ih , was measured as illustrated in figure 2. An overhead camera filmed '

ih  from 

which one obtains ( )αsin'
ii hh = . 

We performed experiments for four different inclination angles, α . Additionally we carried out 
13  control experiments for currents flowing along vertical walls with o90=α . The latter experiments 
were conducted to obtain reference data for comparison with our previous vertical-wall experiments 
carried out in a 1-m-diameter rotating tank and at the 13 -m-diameter Coriolis tank at Grenoble (see 
TL). The ranges over which the independent experimental parameters were varied during the 
experiments at Trondheim are summarized in Table 1. In TL we defined a non-dimensional parameter 

5
3

5
1

0 'gqI Ω=  that characterizes the aspect ratio of height to width of the currents, a Reynolds 

number, ν2
1

2
1

2
1

0 4'3Re Ω= gq , and an Ekman number, 0
28' qgEk Ω=ν . The values of these non-

dimensional numbers are included in Table 1 for comparison with corresponding values in TL. 
 

3.  RESULTS 

A typical current flowing along an inclined coastline in the Trondheim Coriolis facility is shown in 
Fig. 3 ( o50=α , 13

0 scm110 −=q , 1srad2661.0 −=ω , 2scm3.3' −=g , 0.33I = ). The current flows 
along the plate keeping the boundary to its right. Similarly to vertical-wall currents, a gyre develops 
near the source region. In our previous vertical-wall experiments in TL we observed that the gyre 
usually surrounds the source extending into the region just downstream of it. In the inclined-wall 

 
Fig. 1: Section of the inclined plate mounted 
across the diameter of the Coriolis facility at 

Trondheim. 

Fig. 2: Illustration of the method to measure 
the current depth and definition of some of 

the nomenclature used. 
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experiments, however, there is a trend for the gyre to slightly shift to a position just upstream of the 
source as is the case in Fig. 3. 
 

The depth of the currents, ih  in Fig. 2, was observed 
to decrease along the current length between the source 
and the current head. The maximum current depth, 

maxih  , 
was adopted just downstream of the source. We measured 
this maximum current depth as a function of the non-
dimensional parameter I  and compared it to the 
theoretical value for the current depth determined in TL 
for currents flowing along vertical walls. The theoretical 
vertical-wall current depth of TL is given by 45

0 2 IH t =  

where Di
t RhH /0 = ; ( ) 413

0' Ω= qgRD  represents the 
Rossby deformation radius as defined in TL. The 
corresponding experimental values are Di

e RhH /
max0 = . 

The data in Fig. 4 reveal that the height ih  at which the current intersects with the inclined bottom 
near the source region is very well-described by the theoretical vertical-wall current depth of TL. 
Figure 5 shows the experimental data for the non-dimensional current length DRlL /=  as a function 
of the non-dimensional time tT Ω= . The solid line represents the theoretical prediction ( )TL 43=  
of TL for the speed of vertical-wall currents. The dashed line is an alternative theoretical prediction 
obtained by Avicola & Huq (2002); for more detail see TL. The global comparison between the 

experimental data points and the theoretical 
predictions reveals that there are no major 
differences between the predicted speed for 
vertical-wall currents and the measured speed of 
inclined-wall currents. 
Since conducting the experiments at Trondheim 
in 2007 we have been able to extend the vertical-
wall model of TL to include the inclined-wall 
case (Gregorio et al. 2010). It will be discussed 
that the predictions of this extended new model 
confirm that differences between the vertical-
wall and inclined-wall currents speeds are 
expected to be small for the ranges of the 
experimental parameters that were technically 
feasible during our study at Trondheim. 
However, the in-depth data analysis and the 
detailed comparison between experiment and 
theory reveals that small differences do exist and 
that the experimental data points confirm the 
extended model of Gregorio et al. (2010). 

 

4. CONCLUSIONS 

An experimental laboratory study, simulating gravity-driven oceanographic coastal currents 
propagating over inclined bottom topographies, was outlined. The measurements revealed that the 
height ih  (see Fig. 3), at the position where the current boundary intersects with the bottom slope near 
the source, is equal to the vertical-wall current depth predicted by the model of TL. The discovery of 
this new result subsequently enabled us to generalize the theoretical vertical-wall model of TL to 
include the case of currents flowing over inclined bottom topographies. Results obtained with this 
extended model revealed that the ranges of the experimental parameters for which experiments were 
technically feasible at the facility at Trondheim at the time of our study are expected to yield current 

 
Fig. 3: A typical current flowing along the 

inclined plate mounted across the diameter of 
the Coriolis tank. 

Table 1: Summary of the ranges of 
the experimental parameters 

m5.2=TR  
,90,60,50,40,24 ooooo  

11 srad6214.0srad1041.0 −− ≤Ω≤  
13

0
13 scm920scm100 −− ≤≤ q  

1.14940.043 ≤≤ I  
22 scm77.21'scm52.2 −− ≤≤ g  

42239Re1295 ≤≤  
-3-5 103.87101.69 ×≤≤× Ek  
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speeds that are in the range between %20  below and %13  above those for vertical-wall currents. Due 
to the typical errors involved in the measurements (for a detailed discussion see TL and Gregorio et al. 
2010) a global comparison of the data is not sufficient to resolve these differences. However, the more 
in-depth data analysis in Gregorio et al. (2010) supported by a comparison of our available results 
with additional small-scale data of other authors supports our extended model. 
 We have now succeeded in obtaining a theoretical description of the current motion over the 
inclined bottom topographies this progress is a direct consequence of our study at Trondheim. 
However, since we are now able to anticipate for what parameter ranges more substantial effects of the 
bottom topography are expected it would be beneficial to conduct a further series of large-scale 
experiments after modifying the Trondheim set-up to enable experiments under these modified 
experimental conditions. 

 
Fig. 4: Non-dimensional maximum current height, 

ih  (see Fig. X), near source as a function of I . 
Comparison between prediction of vertical-wall 
current depth of the model of TL and the data 
measured in the Trondheim experiments. 

 
Fig. 5: Non-dimensional maximum current 
lenght, L , as a function of  non-dimensional 
time, T . Comparison between the prediction of 
the model of TL and the data measured in the 
Trondheim experiments. 
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The role played by nonlinear effects in shaping the structure of barotropic western boundary 
currents (WBCs) and in determining WBC separation from the coast has been investigated 
through laboratory simulations by means of the 5-m-diameter Coriolis rotating basin at 
SINTEF (Trondheim, Norway) in the framework of the HYDRALAB-III project of the 
European Commission. The laboratory setup is an extension of the one used in a previous 
study of highly nonlinear WBCs along a straight coast (Pierini et al., 2008) which, in turn, is a 
generalization of a setup used to simulate Rossby normal modes (Pierini et al., 1999, 2002). 
The present setup consists of two parallel rectangular channels separated by an island and 
linked by two curved connections: in the first channel, a piston is forced at a constant speed up 
ranging from 0.5 to 30 mm/s over a distance of 2.5 m, producing a virtually unsheared current 
at the entrance of the second channel. In the latter, a linear reduction of the water depth 
provides the topographic beta-effect that produces the westward intensification. Nearly steady 
currents are obtained and measured photogrammetrically over a region of about 1 m2. Thanks 
to the large size of the rotating basin, cross-stream widths of the simulated WBCs as large as 
60 cm could be obtained.  
The broad range of piston speeds permitted by the mechanical apparatus has allowed us to 
achieve an unprecedented coverage of the range of nonlinearity for WBCs in terms of 
experimental data, so that the cross-stream WBC profile could be analyzed from a weakly 
nonlinear Munk-type case (e.g., for up=0.5 mm/s and T=30 s, where T is the rotation period of 
the basin) up to the more realistic highly nonlinear limit (particularly significant is the case 
up=10 mm/s and T=30 s, denoted here as Exp. 1, which is close to be dynamically similar to 
the Gulf Stream). WBCs over shelf topography have also been modeled by adding a sloping 
bottom along the western boundary (those results are not shown in this brief note). Moreover, 
in order to analyze the process of WBC separation, coastal variations have been introduced 
along the western boundary in the form of wedge-shaped continents with different coastline 
orientations, whose northern limit corresponds to an idealized Cape Hatteras. While weak 
WBCs follow the coast also past the cape, for sufficiently strong nonlinear effects the current 
detaches from the coast as a consequence of flow deceleration induced by the interaction with 
the inclined western boundary. It is interesting to notice that the transition between these two 
behaviors is marked by Exp. 1 that, as we have already mentioned, is close to be dynamically 
similar to an idealized barotropic Gulf Stream. 

 
1. THE EXPERIMENTAL SETUP 

In Fig. 1 (left) the experimental setup is shown. A large number of small buoys (needed for the 
photogrammetry measuring system) were seeded in the irregular gray area before the paddle motion 
started. The regions denoted S1 and S2 are those covered by the photogrammetry: the first one was 
used for the simulation of WBCs along a straight coast (with and without coastal slope), while the 
second was used when coastal capes were inserted. In the same figure (right) photos of the apparatus 
are also shown.  
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Figure 1. Left: experimental setup. Right: photos of the apparatus. 
 

2. THE SCALING 

In order to analyze the dynamic similarity between the obtained flows and real WBCs, the nonlinear 
evolution equation for the potential vorticity of a homogeneous layer of fluid in the quasi-geostrophic 
approximation can be considered. With obvious definitions of the parameters and variables it reads: 

 

 
and in dimensionless form, 
 

 
 
where the variables are scaled as (see Fig. 2): 

 
with dimensionless numbers given by: 

 

 

 
 

Figure 2. Schematic representation of the return flow as it approaches the western boundary. 
 
In table 1 three cases are considered. GS stands for “Gulf Stream”, while Exp. 1 is a highly 

nonlinear inertial WBC produced in the laboratory which is dynamically similar to GS (except for the 
frictional sublayer near the wall). In other terms Exp. 1 is a correct laboratory reference of full-scale 
WBCs. DSGS stands for “dynamically similar Gulf Stream”: this flow is fully dynamically similar to 
the Gulf Stream, and was also simulated numerically by Pierini et al. (2008). 
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Table 1 (from Pierini et al., 2008) 

 
 
 

3. BASIC EXPERIMENTS 
In Fig. 3 an example (T = 30 s, up= 8 mm/s) of velocity data obtained in the area S1 by the 
photogrammetry system during a whole experiment with a straight vertical wall are shown. In the left 
panel the vectors are irregularly distributed, since they correspond to instantaneous locations of 
particles. In the right panel the data are interpolated on a regular grid of mesh size dx=1 cm. In the 
same figure the zonal profiles of the meridional velocity averaged along y are shown for two rotation 
periods (T=30 s, left, and T=60 s, right) and for five different intensities of paddle speed (up = 8, 4, 2, 
1, 0.5 mm/s).  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Left: example of velocity data obtained by the photogrammetry system. 
Right: zonal profiles of the meridional velocity (see text). 

 
The strongest flows are highly nonlinear inertial WBCs while the weakest flows (up = 1, 0.5 mm/s) 

are weakly nonlinear Munk-type WBCs. In the previous experiment (Pierini et al., 2008) only the 
strongest flows could be modeled. In these new experiment an improved mechanical apparatus has 
allowed us to reach the weakly nonlinear limit. As already mentioned, a correct laboratory reference of 
a full-scale idealized barotropic Gulf Stream is represented by the case shown in the velocity fields 
shown in Fig. 3 (left) and by the profile corresponding to up = 8 mm/s and T = 30 s.  

The experiments with wedge-shaped continents have been performed in order to investigate the 
separation of WBCs from a cape. The interest in this problem was raised by recent numerical model 
studies on the low-frequency variability of the Kuroshio Extension (Pierini, 2006; 2008). In particular, 
Pierini (2008) analyzed  the crucial role played by the shape of the Japanese coastline in producing a 
Kuroshio Extension jet in substantial agreement with observations. Here we focus on the analogous 
process occurring for the Gulf Steam past Cape Hatteras. In Fig. 4 the flows along an inclined wall 
that forms an angle ϕ = 45° with the western boundary are shown in six cases: they refer to up = 2.5, 5, 
10,15, 20, 30 mm/s, respectively (T = 30 s); the horizontal line just below the top axis indicates the 
limit of the topographic beta effect. It is interesting to notice that the separation occurs from case 3, 
which corresponds to a dynamically similar Gulf Stream.  
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Figure 4. WBCs flowing along a wedge-shaped continent. 
 
An analysis of these results, and of many others not shown here, was carried out on the basis of 

theoretical considerations (e.g., Marshall and Tansley 2001; Munday and Marshall 2005) with the aim 
of getting a deeper understanding of the processes that determine WBC separation from an inclined 
western boundary (Pierini et al., 2010). 

 
ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Programme through the 
grant to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. 

 
REFERENCES 

Marshall, D. P. and Tansley, C. E. 2001. An implicit formula for boundary current separation. J. Phys. 
Oceanogr., 31, 1633-1638. 

Munday, D. R. and Marshall, D. P. 2005. On the separation of a barotropic western boundary current 
from a cape. J. Phys. Oceanogr., 35, 1726-1743. 

Pierini, S. 2006. A Kuroshio Extension System model study: decadal chaotic self-sustained 
oscillations. J. Phys. Oceanogr., 36, 1605-1625. 

Pierini, S. 2008. On the crucial role of basin geometry in double-gyre models of the Kuroshio 
Extension. J. Phys. Oceanogr., 38, 1327-1333. 

Pierini, S., Falco, P., Zambardino, G., McClimans, T. A. & Ellingsen, I. 2010. A laboratory study of 
western boundary current structure and separation. In preparation. 

Pierini, S., Fincham, A., Renouard, D., D'Ambrosio, R. and Didelle, H. 1999. Topographic Rossby 
normal modes simulated in the "Coriolis" rotating tank and by means of a mathematical model. 
Proceedings of the HYDRALAB Workshop: "Experimental Research and Synergy Effects with 
Mathematical Models", K.U. Evers, J. Grüne & A. Van Os (Editors), 171-180. 

Pierini, S., Fincham, A., Renouard, D., D'Ambrosio, R. and Didelle, H. 2002. Laboratory modeling of 
topographic Rossby normal modes. Dyn. Atmos. Oceans, 35, 205-225. 

Pierini, S., Malvestuto, V., Siena, G., McClimans, T. A. and Løvås, S. 2008. A laboratory study of the 
zonal structure of western boundary currents. J. Phys. Oceanogr., 38, 1073-1090.  

 

 

134



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
 
 

BAROTROPIC INSTABILITY OF PLANETARY POLAR VORTICES: 
CONCEPT, EXPERIMENTAL SET-UP AND PARAMETER SPACE ANALYSIS 

 
Luca Montabone(1), Robin Wordsworth(2), Ana Aguiar(3), Tom Jacoby(4), Peter L. Read(5) 

 Tom McClimans(6), Ingrid Ellingsen(7) 
 

(1) The Open University, UK, E-mail: montabone@atm.ox.ac.uk 
(2) Laboratoire de Météorologie Dynamique, France, E-mail: Robin.Wordsworth@lmd.jussieu.fr 

(3) Universidade de Lisboa, Instituto de Oceanografia, Portugal, E-mail: aaaguiar@fc.ul.pt 
(4) University of Oxford, Dept. of Physics, UK, E-mail: jacoby@atm.ox.ac.uk 

(5) University of Oxford, Dept. of Physics, UK, E-mail: p.read1@physics.ox.ac.uk 
(6) SINTEF Fisheries and Aquaculture, Norway, E-mail: Thomas.A.McClimans@sintef.no 

(7) SINTEF Fisheries and Aquaculture, Norway, E-mail: ingrid.ellingsen@sintef.no 
 
 

We describe the concept and the experimental set-up for the laboratory experiments we carried 
out in the 5-m diameter rotating tank of the Norwegian University of Science and Technology 
in Trondheim (Norway), in June / July 2008. This set of experiments was conceived to study 
the barotropic instabilities that arise at the edge of the polar vortices in many planetary 
atmospheres. We report a few preliminary results from the analysis of the experiments.    

 
1. INTRODUCTION 

Polar vortices are a key element in the atmospheric dynamics of planets. These structures are observed 
in all planets with atmospheres, including the Earth, Mars, Venus, Jupiter and Saturn. 

Earth’s polar vortices in the stratosphere appear to have a fairly circular shape that is mostly stable, 
except during episodes of breaking that cause the “sudden stratospheric warming” phenomenon. 

The polar vortices on Venus, on the other hand, show extremely rich dynamics, as recent 
observations by ESA’s Venus Express spacecraft have revealed (Piccioni et al., 2007). They most 
often exhibit a double-lobed shape, as first observed by NASA’s Pioneer Venus spacecraft in the late 
1970s (Taylor et al., 1980), but have recently been found to vacillate rapidly among 1-, 2- and 3-lobed 
configurations. At the same time, observations of Saturn’s north polar vortex by the NASA/ESA 
Cassini spacecraft have shown the complexity of an extraordinary six-sided geometric figure 
encircling the entire north pole (Fletcher et al., 2008). 

There is not yet a fully comprehensive explanation for the variety of polar vortices in the 
atmospheres of the planets. Many factors have been invoked to set a theoretical framework that could 
describe their bizarre dynamics. Different kinds of instabilities could arise at the edge of the vortices, 
where the wind shear between the circumpolar jet and the vortex interior is strongest. In the case of 
Venus, the possibility of barotropic instabilities in the polar jets is supported by calculations made 
from radio occultation observations from Pioneer Venus (Newman et al., 1984), and by results of 
numerical models (Elson, 1982, Michelangeli et al., 1987, Limaye et al., 2009). Furthermore, linear 
stability analysis suggests that the zonal wind profile on Saturn might be barotropically unstable at the 
latitudes of the North Polar Hexagon (Aguiar et al., 2009). 

 
2. CONCEPT AND SET-UP OF THE LABORATORY EXPERIMENTS 

We studied the barotropic instabilities at the edge of a polar vortex in laboratory experiments carried 
out in June/July 2008 at the Norwegian University of Science and Technology in Trondheim, using 
their 5-m diameter “Coriolis” rotating tank (Fig. 1).  
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Figure 1: The 5-m diameter "Coriolis" tank of the University of Science and Technology in Trondheim 

(Norway), with our experimental set-up. The colander-like sink is visible in the centre of the tank. 
The ring of point sources is visible at the periphery. 

 
In this experiment, we used a source-sink technique to create a central vortex in homogeneous 

water with fixed depth (H = 0.4 m). Water was pumped out of a source ring (radius = 2 m) at a given 
flux rate Q, and was sucked from a central, circular sink region (maximum radius = 0.45 m). See Fig. 
2 (left panel) for a sketch of the experimental set-up. This colander-like sink region had a parabolic 
shape to account for the γ–effect at the pole of a planet, i.e. the quadratic term of the expansion of the 
Coriolis parameter f = 2Ωsinφ near the pole. We were able to use different configurations of the sink 
region by covering selective portions with four specifically designed annular masks (Fig. 2, right 
panel), each of them 0.09 m across, and a central, circular mask of 0.18 m diameter.  

 

 
Figure 2: Sketch of the experimental set-up (left panel) and of the masks used to cover 

portions of the parabolic sink region (right panel) 
 

The free parameters of our experiments are: 
 The flux rate Q, measured with an analogue flow meter. We used values of 0.2, 0.4, 0.5, 1 
and 2 l/s. 

 The rotation period of the tank, T. We used 80, 30, 15 and 10 s.  
 The configuration of the sink region, which determines the typical length scale of the flow. 
We mostly used a circular configuration with 0.54 m diameter, but we also carried out a 
few experiments with circular configurations of 0.18 and 0.90 m diameter, and annular 
configurations (0.09 m across) at 0.22 and 0.40 m distance from the centre. 

 The configuration of the source region. We mostly used an axisymmetric distribution of 
point sources, but we also tested a non-axisymmetric distribution, with a “hemispheric” 
distribution of point sources. 
 

We used three measurement techniques: 1) dye injection at the surface of the water to visualize the 
coherent structures at the edge of the central vortex, 2) a Doppler velocity probe to measure the three 
components of the velocity field at 25 radial locations, each separated by 0.05 m, starting from a 
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distance of 0.09 m from the centre (The probe measured at depths of 0.05 and 0.17 m below the 
surface of water at rest), and 3) particle tracking with 1 cm diameter surface tracers. Particle tracking 
with such large tracers, unfortunately, did not provide sufficient resolution to resolve the dynamics of 
the coherent structures at the edge of the central vortex. 
 
3. PRELIMINARY ANALYSIS OF RESULTS 

We were able to establish the presence of a central (“polar”) vortex that formed by conservation of 
angular momentum associated with the poleward flux in a rotating frame. We observed barotropic 
instabilities forming at the edge of the central jet, which led to the formation of coherent satellite 
vortices. These vortices organized themselves into different minimum-energy configurations 
(including dipole, tripole, quadrupole and hexagon), which closely resembled those observed in the 
atmospheric polar vortices of different planets (see Fig. 3). 
 

 
Figure 3: Left panels: mode-2 (dipole), mode-3 (tripole) and mode-6 (hexagon) patterns obtained in 

the laboratory analogue of a polar vortex. The diameter of the vortex is approximately 1 m. 
Right panels: the same configurations observed in Nature: mode-2 in Venus’ south polar vortex 

(ESA/Venus Express), mode-3 in the Earth’s south polar vortex (ECMWF and VORCORE), 
and mode-6 in Saturn’s north polar vortex (NASA- ESA/Cassini). 

 
The stability of a given configuration was dependent on two key experimental parameters: the 

Rossby number and the poleward volume flux Q. The Ekman number (i.e., bottom friction) also plays 
an important role, but in our experiments we didn’t vary the depth of the water (H = 0.4 m) and we 
mostly used only two rotation rates for the tank, so the dependence on the Ekman number was less 
clear. In general, previous studies spanning a large range in parameter space observed higher modes as 
the Rossby number decreased (our experiments confirmed this tendency), and lower modes as the 
Ekman number decreased, although the dependence of the flow on the Ekman number is less strong 
than on the Rossby number (see, e.g., Aguiar et al., 2009).  

The analysis of the (time-averaged) azimuthal velocity profiles for different experimental 
conditions is ongoing (see Fig. 4 as an example). The qualitative results confirm that barotropic 
instability is a plausible physical mechanism for the formation of the multi-lobed coherent structures 
observed around the poles of several planetary atmospheres, including Venus and Saturn. This 
strengthens the conclusions of previous laboratory experiments on shears induced by a solid rotating 
disk (Aguiar et al., 2009). Future analysis will include calculation of the (linear) barotropic flow 
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instability for all cases using the Rayleigh-Kuo criterion and if possible an eigenvalue analysis. We 
also plan to perform a detailed intercomparison with the results from the later Grenoble experiment 
(see Montabone et al., 2009). 

 
Figure 4: 

Left panel: the curves represent the (vertically and time averaged) profiles of zonal (azimuthal) 
velocity Uθ as a function of the distance from the centre of the tank. Different curves are for different 

values of the poleward flux Q. The velocity components (averaged over one minute time interval) 
were measured with a Doppler velocity probe, after the flow had reached a steady state. The rotation 
period of the tank was in this case T = 30 s, and the diameter of the circular sink region was 0.54 m. 

The jet formed at about r = 0.5 m (Ro = 0.67 - 0.19). Plots of the second derivative of the zonal 
velocity were quite noisy (not shown here), but they showed that the gradient of the total absolute 
vorticity changed sign several times. This is a necessary but not sufficient condition for barotropic 

instability, according to the Rayleigh-Kuo criterion. 
Right panel: We evaluated the eddy damping of angular momentum as the parameter α(r). This 

quantity is of fundamental interest, as it allows us to measure the efficiency of the eddies at removing 
energy from the zonal flow. The calculation was made assuming that the rate of change of angular 
momentum is given by the sum of the torques due to the Coriolis (spin-up) effect and the damping 

(Ekman+eddy), where the latter is simply given by τd = -αLz (Lz being the angular momentum vertical 
component). Therefore, an expression can be derived for the parameter α(r) as a function of known 

quantities (Q, Uθ and the angular velocity of the tank, Ω). 
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This paper briefly describes the physical model testing of an array of generic wave energy 
devices undertaken in the NTNU Trondheim basin during 8th to 20th October 2008 funded 
under the EU Hydralabs III initiative. The aim of the tests was to provide data for the 
validation of numerical models of the device motions, power recovery and mooring 
components when moored in a closely spaced array. The tests were not intended to be proof-of 
-concept tests for a particular device and none of the tests were designed to study survival 
response under extreme loading. Tests were completed at 1/20 scale on a single oscillating 
water column device and on close-packed arrays of three and five devices following 
calibration of instrumentation and the wave and current test environment. The arrays were 
tested under similar environmental loading with partial monitoring of mooring forces and 
motions. A total of ninety-five tests were undertaken including wave and current calibrations 
and damping tests. Analysis of the data indicates that close–packed arrays of energy converters 
may be more efficient in energy capture that the same number of similar devices. No 
significant current induced-motions on the WECs were observed in any array configuration. 

 
 

1. INTRODUCTION 

The scientific aim of the tests was to provide data for the validation of numerical models of the device 
and mooring components and device motion and power interactions when moored in closely spaced 
arrays; the tests were not intended to be proof-of-concept tests for a particular device and none of the 
tests were intended to study survival response under extreme loading. The data gathered during the 
experiments contributes to the objectives of four workstreams of Phase 2 of  the UK SuperGen Marine 
Energy Research Consortium Project which has the aim of increasing knowledge and understanding of 
the device-sea interactions of energy converters from model-scale in the laboratory to full size in the 
open sea.   
 
2. DESCRIPTION OF TEST SET-UP AND DEVICES 

Tests were completed at 1/20 scale on a single oscillating water column device and on close-packed 
arrays of three and five devices following calibration of instrumentation and the wave and current test 
environment.  One WEC was fully instrumented with mooring line load cells, optical motion tracker 
and accelerometers and tested in regular waves, short-and long-crested irregular waves and current. 
The wave and current test regimes were  measured by six wave probes and a current meter. Arrays of 
three and five similar WECs, with identical mooring systems, were tested under similar environmental 
loading with partial monitoring of mooring forces and motions. There where five phases of 
experiments. In chronological order they were: 

1. Basin calibration 
2. Tests on WEC 1 in regular and irregular waves and current 
3. Tests on WECs 12345 in regular and irregular waves and current 
4. Tests on WECs 123 in regular and irregular waves and current 
5. Tests on damping and mooring stiffness of WEC1 

A total of ninety-five tests were undertaken including wave and current calibrations and damping 
tests. 

 
 

139



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

2.1 Ocean Basin, NTNU (Marintek) 

The experiments were carried out in NTNU Ocean Basin, Trondheim, Norway.  The rectangular basin 
has sides 80m by 50m and a total depth of 10 m (variable). The basin has 144  flap generators on the 
80m side and a double- flap generator on the 50m side. The 80m long multi-flap generators were used 
in these experiments and current was generated across the basin parallel to these flaps. Two sides of 
the basin have fixed beaches.  The floor of the basin was lowered to 2.8m below the surface for all 
tests to correspond to the depth in the 12m by 11m basin at Heriot-Watt University. The water in the 
basin is chlorinated. 
 
2.2 Instrumentation and Data Acquisition 
Instrumentation included 6 wave height meters, 5 internal water level sensors, 5 pressure transducers,  
an electromagnetic current meter, 10 mooring line load cells, 5 heave accelerometers, 5 pitch sensors 
and a motion capture unit. The time-dependent data from the instruments was acquired synchronously 
using the Marintek  CATMAN data acquisition system, filtered, scaled and  output  at 80 Hz real-time 
(corresponding to 17.8889Hz at full scale). The experiments were conducted according to Froude 
scaling laws at 1:20 scale. 

 
2.3 Wave Energy Converters Tested 
The wave energy devices tested were generic oscillating water column devices each fitted with an 
adjustable damping orifice plate. The wave energy converters are shown in Figure 1. Each WEC has a 
displacement weight of 850N. Two mooring line load cells numbered n.a and n.b were located on each 
of lines n= 1, 2, 3, 4 and 7 in the positions shown in Figure 2 and 3. 
 
 

 
 

Figure 1. Wave Energy Converter Model showing principal dimensions 
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2.4 Mooring Layout  
The mooring system is shown in Figure 2. 
  

 
Figure 2. Layout of mooring points showing WEC and mooring line numbers 

 

 
Figure 3. Arrangement and dimensions of mooring line 
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3. REMARKS ABOUT THE EXPERIMENTAL CAMPAIGN 

The original plan had been to measure the full 6 degree-of-freedom motions of all five WECS. 
Unfortunately it was confirmed that the optical motion monitoring system could only cope reliably 
with a single floating body so that the motion measuring system had to be augmented with strap-down 
heave accelerometers and pitch sensors on all five devices. Despite best efforts and support from 
Marintek staff, insufficient time was awarded to complete the full test plan as originally envisaged and 
requested. Three of the models will therefore be tested in a much smaller facility equipped with 
absorbing wavemakers, but without current.  The prime purpose of these tests will be to duplicate key 
tests in the NTNU campaign to provide inter-tank comparisons and extend the range of parameter 
variations studied -  including the effects on motions and mooring loads of variations in mooring 
stiffness and geometry -  and allow the wave-WEC interactions to be studied in more detail.   These 
tests are also required because our analysis of the NTNU data has shown relatively large variability in 
the regular wave test environment in the NTNU basin. This has complicated the analysis and 
interpretation of the mooring load data, motions and power recovery. In parallel with this basin 
activity three of the 1:20 scale WECs will be instrumented and moored at an open-water site on 
Strangford Lough, Northern Ireland. (scheduled for May 2010 - subject to permissions from local 
regulatory bodies). 
 
4. RESULTS & CONCLUSIONS 

All data, results, photographs, videos and documentation are available on the SuperGen Marine web 
site http://www.supergen-marine.org.uk  The data have been analysed  to compare  measurements of  
wave power and wave heights within the array (Ashton et.al., 2009) and mooring system damping 
(Vickers & Johanning, 2009).  The data have also been used to calibrate Orcaflex numerical models.  
A comprehensive comparison of wave power, device motions and mooring forces in currents and 
regular and irregular waves is being prepared for an IAHR paper.   

Analysis of the data indicates that close–packed arrays of energy converters may be more efficient 
in energy capture than the same number of individual devices.  No significant current-induced large-
amplitude motions of the WECs were observed in any array configuration.   
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The adverse effects of harmful algal blooms (HABs) in marine ecosystems have focused 
attention on defining the role of factors that determine their increasing abundance and 
distribution. The dinoflagellate Alexandrium tamarense blooms regularly in cold temperate 
waters and can produce a suite of potent neurotoxins that cause paralytic shellfish poisoning 
(PSP) in humans, and have serious deleterious impacts on public health, ecological and 
economic resources. These toxins can accumulate to dangerous levels in shellfish and affect 
plankton food webs. Chemical interactions (allelopathy) among A. tamarense and other marine 
protists are an important biological factor for the dominance of Alexandrium, not solely 
restricted to the competition for nutrients under laboratory conditions. We tested the ecological 
significance of allelopathy in the regulation of Alexandrium population dynamics at a larger 
scale (15 x 2.5 m3 mesocosms) in the semi-enclosed bay of Hopavågen, Norway, during July 
2009. Mesocosms bags were filled with filtered seawater to eliminate large zooplankton (< 200 
µm in 12 bags) and both grazers and zooplankton (< 0.2 µm in 3 bags). Two different isolates 
of A. tamarense (lytic and non-lytic) were inoculated (100-200 cells L-1) separately (2 x 3 
bags, < 200 µm) and together (1 x 3 bags, < 200µm and 1 x 3 bags, < 0.2µm). Three bags were 
left without A. tamarense as controls. Nutrients (nitrate and phosphate) were added daily to all 
mesocosms. Multi-variable sampling revealed that both A. tamarense grew for two weeks in 
all inoculated bags (1000 cells L-1) but never formed a dense bloom. The coccolithophorid 
Emiliania huxleiyi outcompeted other phytoplankton after 2 weeks and bloomed in all bags, 
favored by the disappearance of appendicularians. Important results include gene expression 
profiles of Alexandrium and the prevalence of two different genotypes in mixed communities, 
PSP toxin profiles in different trophic levels meta-, micro-zooplankton, phytoplankton), 
protistan grazing on A. tamarense and the impact of lytic A. tamarense of nanoflagellate 
bacterivory, and large datasets on both marine eukaryotic microplankton and prokaryotic 
diversity. Our study provides a platform for further studies on allelopathy in aquatic systems 
and its implication in ecological processes. 
 

1.  INTRODUCTION 

Phytoplankton can produce a wide range of biologically active organic compounds, including 
allelochemicals. Those, as defined here, are secondary metabolites produced by one phytoplankton 
species, affecting the growth or physiological function of another microbe (protist or bacteria). 
Allelopathy is also an adaptation by some phytoplankton to achieve a competitive advantage over 
other species, and hence should be included as a relevant factor in competition in addition to 
traditional abiotic and biotic factors (Legrand et al. 2003). Also, allelochemicals with antibacterial, 
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antifungal and antiviral properties may play an indirect role in algal succession (Ianora et al. 2006). It 
has been shown that members of one plankton genus e.g. Alexandrium (Fig.1) can have different 
allelochemical properties (Tillmann & John 2002, Tillmann et al. 2007, 2008, Alpermann et al. 2009) 
combined with diverse genotypes and this has a strong impact on the population success of a given 
species (Yoshida et al. 2003). 

 

 
 

Figure 1. Alexandrium tamarense, lytic strain, isolated 
from the North Sea by U. Tillmann. Photo: C. Legrand. 

 
The adverse effect of harmful algal blooms in marine ecosystems has focused attention on defining 

the role of factors that influence their abundance and distribution. There is no study about the 
ecological relevancy of allelopathy in bloom development of HAB species (but see Rijssel et al. 
2007). Furthermore, the impact of phenotypic and genotypic diversity in bloom formation and success 
has not been investigated in large-scale experiments to our knowledge 
 
2.  SCIENTIFIC OBJECTIVES 

The overall objective of this experiment is to test the ecological significance of genetic and phenotypic 
(allelopathy) diversity in the regulation of Alexandrium population dynamics in mesocosms. 

The measurable scientific objectives of this project are to 
• Investigate the changes of the gene expression profiles of Alexandrium over the bloom 

formation in order to understand the regulation of toxicity and growth  
• Quantify the role of allelopathy on pelagic microplankton (eukaryotes and prokaryotes) 

communities during the development of an artificially induced bloom of A. tamarense in 
presence and absence of allelochemicals 

• Test the effect of allelochemicals on phenotypic and phylogenetic changes in bacterial 
communities and their interactions with nanoflagellate grazers during a bloom of A. tamarense  

• Test the direct and indirect effects on allelochemicals on protistan species (grazers and 
competitors) and communities.  

• Investigate the trophic links between different size fractions of plankton and how these trophic 
links are affected by alleochemicals  

• Provide a platform for further studies on allelopathy in aquatic systems and its implication in 
ecological processes 
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3.  METHODOLOGY  

Two strains of Alexandrium tamarense (A2 lytic and A5 non lytic), isolated from the North Sea, 
producing Paralytic Shellfish Poisoning toxins (saxitoxins) were used to test the ecological role of 
allelopathy in bloom development of a HAB species in mesocosms. 
 

 
Figure 2. Triplicate mesocosms (2.5 m3) containing A. tamarense in the Bay of Hopavågen, Norway, 

in July 2009. Photo: J. Huelskötter. 
 

Mesocosm studies (15 x 2.5 m3 mesocosms, Fig. 2) were carried out in the semi-enclosed bay of 
Hopavågen, Norway, during July 2009. Mesocosms bags were filled with filtered seawater to 
eliminate large zooplankton (< 200 µm in 12 bags) and both grazers and zooplankton (< 0.2 µm in 3 
bags). Two different isolates of A. tamarense (lytic and non-lytic) were inoculated (100-200 cells L-1) 
separately (2 x 3 bags, < 200 µm) and together (1 x 3 bags, < 200µm and 1 x 3 bags, < 0.2µm). Three 
bags were left without A. tamarense as controls. Nutrients (nitrate and phosphate) were added daily to 
all mesocosms. 

Samples for nutrients and chlorophyll analyses were taken daily. Identification and enumeration 
of the plankton communities (protists, nanoflagellates, bacteria) including Alexandrium and PSP 
toxins analyses were done every 3rd day. Samples were taken both for microscopic determination and 
molecular diversity analyses of both eukaryotes and prokaryotes. The relative abundance of different 
strains of Alexandrium was monitored through qPCR/AFLP based methods every 3rd day. Samples 
(100L) for RNA extraction (transcriptome) were taken once a week.  

 
4.  PRELIMINARY RESULTS  

Multi-variable sampling revealed that both A. tamarense grew for two weeks in all inoculated bags 
(1000 cells L-1) but never formed a dense bloom. The coccolithophorid Emiliania huxleiyi 
outcompeted other phytoplankton after 2 weeks and bloomed in all bags, favored by the disappearance 
of appendicularians. Chlorophyll a ranged 1-10 µg L-1 during the study period. Important results 
include gene expression profiles of Alexandrium and the prevalence of two different genotypes in 
mixed communities, PSP toxin profiles in different trophic levels meta-, micro-zooplankton, 
phytoplankton), protistan grazing on A. tamarense and the impact of lytic A. tamarense of 
nanoflagellate bacterivory, and large datasets on both marine eukaryotic microplankton and 
prokaryotic diversity. Our study provides a platform for further studies on allelopathy in aquatic 
systems and its implication in ecological processes. 
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Stratification of water columns determines the general availability of light and nutrients for 
phytoplankton growth. However, seasonal stratification can be affected and disturbed by a-
seasonal effects. Hence, disturbances of water column stratification imply disturbances for 
phytoplankton dynamics since it causes alterations in the relative supply of light and nutrients. 
According to ecological theory, the frequency of disturbance strongly affects the diversity of 
biological communities. Whether disturbances increase or decrease the diversity of a 
community depends on productivity and resource supply rate. However, this important 
interaction between disturbances and nutrient supply rate is seldom considered investigating 
effects of disturbance on plankton communities. Our experiments will result in a first data set 
showing how phytoplankton species diversity, resource use efficiency and carbon production 
are linked within stratification disturbance in a marine phytoplankton community and how 
ciliates and zooplankton communities are influenced by these stratification disturbances.  

 
1. INTRODUCTION 

The seasonal stratification of water columns determines the general availability of the resources light 
and nutrients for phytoplankton growth (Diehl 2002). The depth of mixing layers and/or the mixing 
intensity strongly affect phytoplankton primary production by influencing phytoplankton light 
exposure and affecting phytoplankton mortality by sedimentation (Diehl 2007; Jäger et al. 2008). 
However, seasonal stratification can be affected and disturbed by a-seasonal effects such as strong rain 
and wind events. Hence, disturbances of water column stratification imply disturbances for 
phytoplankton dynamics since it causes alterations in the relative supply of light and nutrients (Flöder 
& Sommer 1999). According to ecological theory, the frequency of disturbance strongly affects the 
diversity of biological communities. Whether disturbances increase or decrease the diversity of a 
community also depends on the productivity and the resource supply rate (Huston 1994). In 
environments with low nutrient supply, the same disturbance may have opposing effects on 
phytoplankton communities as compared to environments with high nutrient supply. This important 
interaction between disturbances and nutrient supply rate is, however, seldom considered in 
investigations of disturbance effects on plankton communities. Environmental effects on 
phytoplankton diversity can have extensive consequences beyond changes in species composition. 
Ptacnik et al. (2008) showed that diversity is the best predictor for the resource use efficiency (and 
thereby carbon production) and the stability of the resource use efficiency in phytoplankton 
communities. Consequences of these findings are that in less diverse communities resources may be 
more easily monopolized by bloom forming species and that phytoplankton – zooplankton interactions 
are less stable, possibly hampering trophic transfer (Ptacnik et al. 2008). Striebel et al. (2009a, 2009b) 
demonstrated that the efficiency of using the resource light, the carbon production, and the biomass 
composition (carbon to nutrient ratio) of freshwater phytoplankton communities is indeed related to 
diversity. The carbon to nutrient ratio of phytoplankton in turn is an important parameter determining 
nutrient recycling, transfer efficiency between phytoplankton and zooplankton, stability of 
phytoplankton - zooplankton interactions, and diversity of zooplankton communities (Urabe & Sterner 
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1996; Sterner et al. 1997). Therefore, disturbance mediated effects of diversity on resource use and 
biomass stoichiometry of phytoplankton communities can have major impacts on the functioning of 
the entire pelagic ecosystem. Our experiments will show how species diversity, resource use 
efficiency and carbon production are linked within a marine phytoplankton community. We will study 
the relationship between water column stratification, rate of disturbance and phytoplankton diversity 
in marine environments. Additionally, we will investigate the link between stratification disturbance 
and phytoplankton diversity and its consequences for zooplankton growth in a marine pelagic 
community. Ciliates have population growth rates equaling or exceeding those of phytoplankton. As a 
result, the response to disturbance of phytoplankton in ciliate-edible size classes may be masked by 
changes in abundance and diversity of their ciliate grazers.  
 
2. METHODS 

We studied the responses of a natural coastal phytoplankton community to manipulations of the 
stratified water column. We installed 24 enclosures (10m depth) and disturbed the stratification of the 
water column by artificially mixing at different time intervals (1-16 days). Undisturbed mesocosms 
acted as controls. We established two nutrient levels, unenriched treatments and enriched treatments 
with a moderate supply level (0.5 µg P l-1 d-1; Si:N:P 16:16:1) compared to the natural loading of the 
system (Vadstein et al. 2004). We followed the response of phytoplankton, ciliates, and zooplankton 
communities to stratification disturbances for about 4 weeks.  

Phytoplankton species composition, phytoplankton biomass stoichiometry (carbon, nitrogen and 
phosphorus; for each analysis filtration with GF-F filters) and dissolved nutrients were analyzed at the 
start of the experiment and afterwards every third day. Phytoplankton diversity will be determined 
from samples fixed with Lugol’s iodine with an inverted microscope using Utermöhl chambers. 
Phytoplankton biovolume was determined during the experiment using a cell counter (Casy® Counter). 
Primary productivity of the different phytoplankton communities, phytoplankton growth and loss rates 
(mainly grazing by micro- and mesozooplankton), were determined using the dialysis method (Stibor 
et al. 2006). Resource use efficiency was determined after Ptacnik et al. (2008). Detailed pigment 
analyses (HPLC) will be performed to investigate whether taxonomic diversity is coupled with 
pigment diversity (functional diversity). Ciliate samples (filtered through 100 µm mesh to exclude 
zooplankton), and zooplankton samples were taken (at the start of the experiment and in the following 
every third day) to determine abundance, species composition, and zooplankton biomass composition. 
 
3.  RESULTS 

After 20 days of experimental duration, the attenuation coefficient (k) increased with increasing 
chlorophyll-a concentrations (Fig. 1A) while the attenuation coefficient increased only slightly with 
increasing disturbance frequency (Fig. 1B). We determined differences in phytoplankton biomass and 
in particulate nutrient concentrations between unenriched and enriched treatments (Fig. 2A-C). No 
differences in seston stoichiometry were seen between enriched and unenriched treatments, pointing at 
high turnover counterbalancing phytoplankton nutrient limitation in the unenriched mesocosms (Fig. 2 
D and E). However, we found a considerable difference in chlorophyll-a levels and resource use 
efficiency (RUEChl a =ln(chl a:TP)) between enriched and unenriched treatments (Fig. 2F). Moreover, 
RUEChl a exhibited a unimodal pattern with disturbance frequency in the enriched treatments. We 
performed dialysis experiments to determine phytoplankton growth rates and grazing losses. Growth 
rates (without grazing losses; share of unfiltered water = 0) were higher at 1m water depth compared 
to 8m water depth in both enclosures as displayed in Fig. 3. Microzooplankton grazing was high, 
which can be concluded by comparing the growth rates within the dialysis bags with the growth rates 
in the enclosures (share unfiltered water = 1; black symbols). The U-shaped curve indicates a trophic 
cascade within the microbial community; the minimum growth at intermediate dilution levels may 
reflect that grazing control of nanoflagellates by microzooplankton was alleviated here, resulting in 
stronger control of small-sized phytoplankton in these treatments. 
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Figure 1: Attenuation coefficient vs. chlorophyll-a (A) and vs. the disturbance frequency (B) 
treatments after 20 days of experimental duration. Black dots display unenriched treatments and white 

dots the enriched. 
 

 
 

Figure 2: Phytoplankton biomass parameters related to the disturbance frequency after 20 days of 
experimental duration: Phytoplankton carbon (A), nitrogen (B), and phosphorus (C) content. Molar 

carbon to nitrogen (D) and carbon to phosphorus (E) ratios and chlorophyll-a based resource use 
efficiency (RUEChl a) (F) of phytoplankton. Black dots display unenriched treatments and white dots 

the enriched treatments. 
 

 
 

Figure 3:  Growth rates from two daily mixed and enriched enclosures after 20 days of experimental 
duration at different water depths. Circles and black lines: 1m; Triangles and long dashed lines: 3m; 
Squares and short dashed lines: 8m water depth. Black filled symbols indicate the control samples in 

the enclosures (large zooplankton grazing possible). 
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4.  CONCLUSIONS 

We proposed to analyze the above described un-investigated links between disturbances of water 
column stratification and diversity and its consequences for marine plankton dynamics in a gradient of 
disturbances at different nutrient supply rates in a large scale mesocosm experiment. We analyzed the 
relationships between disturbance of water column stratification and phytoplankton diversity, diversity 
dependent resource use efficiency, the stability of resource use efficiency (and carbon production), and 
between diversity dependent carbon dynamics of phytoplankton communities and zooplankton 
growth. As we are currently analyzing our results and counting phytoplankton, ciliate, and 
zooplankton samples, the data shown here are only preliminary results. With our experiments we will 
show how phytoplankton diversity, productivity and resource use efficiency are linked within a marine 
community and how stratification disturbance will influence this community. Furthermore, our results 
will show the impact of these disturbance induced changes in the phytoplankton community on ciliate 
and on zooplankton dynamics (growth and diversity). 
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Laboratory experiments have been carried out in the directional wave tank at Marintek 
(Norway) to study the nonlinear dynamics of surface gravity waves and the occurrence of 
extreme events, when the wave field traverses obliquely an ambient current. A condition of 
partial opposition has been considered. Tests on regular waves have shown that the current can 
trigger the formation of large amplitude waves. In random wave fields, however, this only 
results in a weak deviation from the statistical properties observed in absence of a current. 

 
1. INTRODUCTION  

There are many mechanisms that can lead to the formation of large amplitude waves. In absence of 
ocean currents, numerical and theoretical works (Janssen 2003; Onorato et al. 2001, 2006) have 
demonstrated that nonlinear processes such as the modulational instability are responsible for a rapid,  
substantial enhancement of the probability of occurrence of extreme waves, provided waves are 
sufficiently steep and narrow banded (both in frequency and direction). However, the percentage of 
extreme waves decreases as the directional distribution of the spectrum broadens, i.e. waves become 
short crested (Onorato et al. 2002, 2009). The transition between long to short crested wave fields is 
determined by a balance between nonlinearity (which promotes non-Gaussian behavior) and 
directionality (which suppresses non-Gaussian behavior). Thus, if there are circumstances when the 
nonlinearity is locally enhanced, we can expect that non-Gaussian behavior will persist at broader 
directional spreads.  
 In region of strong currents, large amplitude waves can also be expected as a result of wave-
current interaction (Lavrenov 1998; White and Fornberg, 1998). If the current is strong enough, the 
wave energy is forced to coalesce in certain areas (White and Fornberg, 1998), resulting in the 
formation of large amplitude waves and hence in a substantial modification of the statistical 
distribution of the surface elevation (Heller et al. 2008). However, it should also be mentioned that, 
according to the linear dispersion relation, waves are expected to become shorter when they oppose an 
ambient current. This results in an increase of the wave steepness, thus making nonlinear processes 
more likely.  
 A number of laboratory experiments have been carried out to verify the behavior of regular and 
irregular waves when opposing a strong current (see, for example, Chawla and Kirby, 2002). 
Experimental results, though, have mainly been obtained along one dimension (waves and current are 
co-linear). For the present study, we accessed the directional wave basin facility at Marintek in order 
to address the more general two dimensional problem, where a multi directional wave field propagates 
obliquely over a uniform current in partial opposition. Our goal was to verify experimentally the role 
of increasing wave steepness due to wave-current interaction on the modulational instability 
mechanism, and hence the formation of extreme waves, within a wide range of directional spreading.  
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2. EXPERIMENTS 

The methodology of the experiment is fairly simple. We basically monitored the spatial evolution of 
regular and irregular wave fields propagating over a uniform current by measuring the surface 
elevation and the current speed along the mean wave direction of propagation. A sampling frequency 
of 75 Hz was used. A sketch of the experimental set-up is presented in Fig. 1; a brief description of the 
facility can be found in Onorato et al. (2009).  

 

 
Figure 1: Schematic representation of the experiments (dimensions in m).  

 
Regular fields were characterized by a monochromatic wave (carrier wave) and two side band 

perturbations. This configuration is stable if the carrier wave is not particularly steep and the 
bandwidth of the perturbation is not too narrow. Tests were here performed to verify whether an 
initially stable wave packet can develop instability when it interacts with a current. To this end, we 
used a carrier wave with period of 0.8 s and steepness ka = 0.1, where k is the wavenumber of the 
carrier wave and a is its amplitude. Two perturbations were added with amplitude equal to 0.25a; the 
bandwidth of the perturbation was equal to Δk = 1/4, 1/(4.5) and 1/5. 

Irregular waves were then investigated to understand the effect of wave-current interaction on 
wave statistics. The wave conditions were defined by a JONSWAP spectrum with peak period Tp=1s, 
significant wave height Hs=0.08 m and peak enhancement factor γ=6. A frequency-independent 
cosN(θ) directional function was applied to describe the energy in the directional domain. A number of 
values of the spreading coefficient N were used, ranging from long to short crested conditions: N = 
840; 200; 90; 50; and 24. For both regular and irregular experiments, a uniform current was imposed 
at its maximum speed of 0.2 m/s. Note that the group velocity for 1s waves  is approximately 0.78 m/s.  
However, the current speed was observed to be slightly lower in the part of the tank near the 
directional wave maker. Thus, this generated a small gradient in the current speed along the mean 
wave direction of propagation.  

 In the wave tank, the current flows in the longitudinal basin direction, so that it crosses directional 
wave fields generated by the multi-flap wave maker. A specified mean wave direction was imposed on 
the wave field to cross the current obliquely with waves and current in partial opposition. We used two 
angular configurations: one with an incident angle of 110 degrees; and a second one with an angle of 
120 degrees. Preliminary tests indicated that the side wall reflection did not affect the wave field 
significantly in the measurement area.   

 In order to achieve statistically significant results from the random tests, we have performed 4 
tests with different random amplitudes and phases for each spectral configuration. Each run lasted 30 
minutes, including the ramp-up. 
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3. RESULTS 

3.1 Regular waves 

In Fig. 2, the maximum surface elevation as recorded along the tank is presented. In the absence of an 
ambient current, the wave train is basically stable. The maximum surface elevation, in fact, does not 
change as waves propagate. However, when waves interact with a partial opposing current, the 
current-induced increase of wave steepness seems to trigger nonlinear effects. As a result, the 
maximum surface elevation gradually increases as waves propagate along the tank. The climax is 
reached at a distance of about 23 wavelengths from the wavemaker and it is almost twice the value of 
the initial (input) wave train.  

Figure 2: Spatial evolution of the maximum wave amplitude (regular waves).  
 

3.2 Irregular waves 

In a random wave field (i.e. irregular waves), the occurrence of extreme events can be summarized 
conveniently by the fourth order moment of the probability density function of the surface elevation, 
namely the kurtosis. For reference, we mention that the kurtosis of a Gaussian (linear) wave field is 
equal to 3. In Fig. 3, we present the maximum recorded kurtosis as a function of the directional 
spreading coefficient N. 
 

 
 

Figure 3: Kurtosis as a function of the directional spreading coefficient (irregular waves). 
 

In the absence of a current, the selected irregular wave fields develop instability within 15-20 
wavelengths, provided waves are sufficiently long crested (narrow directional distribution). As a 
result, the kurtosis gradually increases along the wave tank, strongly deviating from the value expected 
for Gaussian waves. As already observed in similar laboratory experiments (Onorato et al. 2009), 
however, the percentage of extreme waves decreases with the broadening of the wave spectrum. In the 
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presence of an ambient current, this trend still persists. Nonetheless, the maximum detected kurtosis is 
slightly higher than in the absence of a current. It is also interesting to note that this difference 
becomes a bit more prominent for broader directional sea states (kurtosis is about 1.5% higher for N > 
90, while it is about 3% higher for N ≤ 90). This seems to suggest that the weak increase of steepness 
related to the wave-current interaction slightly compensates the suppression of non-Gaussian 
behaviour due to directionality. 
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A series of parametric laboratory experiments investigating the behaviour of dense gravity 
currents within an inclined, submerged and converging triangular channel were conducted in 
the NTNU Coriolis rotating basin facility at Trondheim. Microconductivity measurements of 
density stratification were coupled with acoustic Doppler velocimeter (ADV) profiling to 
determine the geostrophic characteristics of the dense water outflow through the converging 
channel section. Preliminary results from this study are presented herein. 

 
1. INTRODUCTION 

The outflow of dense bottom waters from the Nordic Seas, across the Greenland-Scotland Ridge 
(GSR) to the North Atlantic Ocean form part of the Meridional Overturning Circulation (MOC), 
which has a crucial role in the climatic conditions of Northern Europe. One of the main GSR outflow 
pathways is via the Faroe-Shetland Channel (FSC), through the Faroe Bank Channel (FBC) and over 
the Wyville-Thomson Ridge (WTR) (Fig. 1(a)). Fundamental knowledge of the relationship between 
the FBC outflow and WTR overflow is currently inadequate, especially with regard to the physical 
processes controlling the dense FSC water outflow through the converging, upwardly-sloping 
approach to the FBC sill (Fig. 1(b)) and the outflow characteristics promoting leakage across the 
WTR. A series of scaled experiments were conducted at the NTNU Coriolis facility in Trondheim to 
investigate these topographical effects on the maintenance of geostrophic balance within the outflow 
and the slope, distortion and elevation of the isopycnals within the channel. The limiting effects of the 
downstream hydraulic sill control and the FBC transport capacity (Wåhlin, 2002) on restricting the 
outflow and promoting dense water back-up within the channel were also considered. 
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Fig. 1: (a) Main topographic features of the Faroese Channels, including the Faroe Shetland Channel 

(FSC), Faroe Bank Channel (FBC), Faroe Bank (FB), Wyville Thomson Ridge (WTR), Wyville 
Thomson Basin (WTB) and (b) zoom of main region of interest showing FBC and WTR overflows. 
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2. EXPERIMENTAL SET-UP AND METHODOLOGY 

The experiments were conducted in an idealised and scaled representation of the converging bed 
topography in question (Fig. 1(b)). Specifically, a channel of triangular section was used in which the 
bed sloped upward in the direction of the outflow, to represent the FBC approach where water depth 
decreases towards the sill (Fig. 1(b)). Downstream of the inlet, the idealised channel consisted of a 1.5 
m-long uniform-width section (with side slope angle α = 14.8°) connected to a 1.5 m-long converging 
channel section (with stepped side slope angles of α = 16.6°, 19.4°, 23.8° and 33°) and a 0.5 m-long 
“control” section at the channel exit (Fig. 2(a)). Cases in which the average bed slope S0 of the 
converging channel section was set at 1.7° and 3.6° respectively were studied in the experiments. 

Prior to each experiment, the Coriolis basin was filled with freshwater (ρ0 = 998 − 999 kg m-3) to 
a uniform depth H = 0.45 m. The basin and submerged channel were then spun-up at a prescribed 
angular velocity (Ω = 0.14 − 0.21 s-1) for a specified time (typically 30 – 60 minutes) to ensure solid 
body rotation was achieved. Gravity-fed discharges of brine solution with prescribed density (ρ1 = 
1004.5 − 1019 kg m-3) were introduced through the inlet configuration (Fig. 2(b)) as a dense bottom 
water current of specific volume flux Q0. This dense water inflow flux was incrementally increased 
over the duration of the experiment (Q0 = 0.3 l s-1 → 0.6 l s-1 → 0.9 l s-1), with resulting steady-state 
outflow conditions established within the channel for each Q0 value.    
 

         
 

Fig. 2: (a) Channel configuration showing uniform-width, convergent and downstream control 
sections, (b) inlet configuration with gravity fed brine feeding into channel through porous layer. 
 
For each set of parametric conditions considered, the spatial and temporal development of the 

density field ρ(x,y,z,t) generated by the dense water outflow along the channel was monitored using an 
array of microconductivity probes. These were initially sited at cross-channel measurement locations 
within the converging channel section in order to determine the lateral slope and distortion of the 
isopycnals in the approach to the downstream control section (Fig. 3(a)). For later experiments, the 
probes were positioned along the centreline of the channel (Fig. 3(b)) to measure longitudinal 
variations in isopycnal elevations. In each case, the rapid deployment of this salinity profiling 
equipment allowed quasi-instantaneous density profiles to be collected continuously (at 10 s intervals) 
throughout each run. High-resolution velocity profiles were obtained simultaneously with a Vectrino 
ADV at similar cross-channel locations at the entrance to the control channel section (Fig. 3(a)).  

 
3. EXPERIMENTAL RESULTS 

Figs. 4(a) and (b) show typical time series plots of the density stratification at the downstream cross-
channel probe locations (probes 5 – 8, Fig. 3(a)) for runs conducted at the two different longitudinal 
bed slopes (and otherwise analogous conditions). It is apparent for runs at S0 = 3.6° that the density 
interface between the bottom outflow layer and overlying ambient fluid remains sharp throughout the 
experiment, with clearly-defined elevation increases corresponding to the stepped increase in Q0 [0.3 l 
s-1 (0-1000 s) → 0.6 l s-1 (1000-2000 s) → 0.9 l s-1 (2000-3000 s), Fig. 4(a)]. By contrast, the 
interface is generally more diffuse with greater fluctuations in its elevation for runs with the relatively 
shallow slope S0 = 1.7°, suggesting increased entrainment between the outflowing bottom layer and 
ambient fluid. These findings are repeated at the upstream cross-sectional probe locations (1 – 4, Fig. 
3(a)). 

(a) (b) 
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Fig. 3: (a) Plan view showing channel dimensions and cross-channel microconductivity probe and 

ADV profile locations; (b) plan view showing centreline micro-conductivity probe locations.  
 

(a) (b) 
Fig. 4: Time series density plots at downstream cross-sectional probes 5 – 8 for runs with g′: Ω: S0 

values of (a) 0.192 m s-2: 0.141 s-1: 3.6° and (b) 0.191 m s-2: 0.141 s-1: 1.7°. 
 
Figs. 5(a) and (b) show examples of the cross-sectional variation in isopycnal [ρ′ = (ρ − ρ0)/(ρ1 − 

ρ0) = 0.1 − 0.8] elevations measured by downstream probes 5 – 8 (Fig. 3(a)). These plots indicate that 
steeper, but more diffuse, isopycnals are obtained at the shallower bed slope S0 = 1.7°, mainly due to 
the larger velocities generated within the dense outflow layer and increased entrainment of overlying 
ambient fluid under these conditions. Similar plots also demonstrate the parametric influence of other 
experimental variables, where an increase in Q0 and Ω and/or a decrease in g′ = g(ρ1 − ρ0)/ρ1 
typically increase the cross-sectional isopycnal gradients at both probe locations (Fig. 3(a)). The 
longitudinal variation in the centreline ρ′ = 0.2 isopycnal elevation is similarly shown in Fig. 6 to vary 
for different Q0, Ω and g′values. Specifically, the results reveal that increased Q0 and/or reduced g′ 
values tends to increase the isopycnal elevations along the channel length, leading to a significant 
steepening of the ρ′ = 0.2 gradient as the entrance to the downstream control section is approached. 

Finally, example plots of longitudinal velocity profiles obtained at the cross-sectional ADV 
locations in the entrance to the control channel section (Fig. 3(b)) are presented in Figs. 7(a) and (b). 
These plots indicate that the maximum outflow velocities tend to occur close to the channel centreline 
(i.e. at the deepest point). In general, the upper ambient fluid exhibits a positive drift in the 
downstream direction, although this is also shown to reverse in profiles to the left of the channel 
centreline (looking downstream). This flow reversal also appears to extend into the lower dense water 
layer (i.e. profile at Y = -50 mm, Fig. 7(b)), suggesting that a recirculation flow may form as a result 
of the hydraulic control imposed at the exit of the converging channel section. 
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Fig. 5: Isopycnal ρ′ elevations at downstream cross-sectional probes 5 – 8) for runs with Q0 = 0.6 l s-1 

and g′: Ω: S0 values of (a) 0.056 m s-2: 0.142 s-1: 3.6° and (b) 0.055 m s-2: 0.142 s-1: 1.7°. 
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Fig. 6: Longitudinal variation in elevation of the ρ′ = 0.2 isopycnal for the Q0 values shown and g′: Ω: 

S0 values of (a) 0.123 m s-2: 0.208 s-1: 1.7° and (b) 0.192 m s-2: 0.142 s-1: 1.7°. 
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Fig. 7: Longitudinal velocity profiles at cross-channel profiles at entrance to control section for Q0 = 

0.6 l s-1 and g′: Ω: S0 values of (a) 0.056 m s-2: 0.208 s-1: 3.6° and (b) 0.058 m s-2: 0.209 s-1: 1.7°. 
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In the oceans, one of the primary sources of internal waves is the barotropic tidal flow over 
topography, creating internal tides.  In the laboratory and numerical experiments described in 
this paper, we mimick this generation process by forcing a periodic flow over a slope 
embedded in a stratified fluid. The initial aim was to study higher harmonics generated by 
internal-tide beams reflecting from boundaries, but, as it turned out, so-called internal-wave 
attractors would form within a few periods, and were in fact the dominant feature. This paper 
deals with this phenomenon, which has not been previously studied in the context of internal 
tides. The experiments were carried out on the Coriolis Platform (LEGI Grenoble), in 
September 2006. 

 
1. INTRODUCTION 

The laboratory experiments were carried out on the rotating platform of the Coriolis Turntable, 
Grenoble. This facility is a 13.5m diameter basin that can be filled with salty water; during the process 
of filling, the salinity can be changed, so that a vertically stratified layer is formed.  The platform 
actually serves as a turntable, and some experiments were carried out in a rotating frame, but they are 
not discussed in the present article. 

A channel was formed in the middle of the basin by two vertical parallel walls set 4.50m apart. 
One end of the channel was closed by a rigid wall, which, by being brought in horizontal oscillation 
using a direct current motor, served as the driving force of barotropic (i.e. surface) tides.  The peak-to-
peak amplitude of the oscillation was 2a=12mm, and the period could be varied in a range from T=25 
to T=75s. At the other end of the channel, a slope was added to produce a transition from the deepest 
part of the basin (depth: 0.9m) to a 'continental' shelf (depth: 0.15m).  The lower part of the slope was 
linear, at an angle of 27.0 degrees with the horizontal, giving a steepness of 0.51. The distance 
between the piston and the base of the slope was 6.15m, forming the constant depth part of the 
channel. The linear part of the slope was connected with the shallow part of the basin (the `continental 
shelf') by a curved PVC sheet with a curvature radius of about 10m, such that slope discontinuities 
were avoided. In total, the slope thus covered a length of 2.08m and a height of 0.75m. 

Further on the shelf, the channel was in open connection with the remainder of the basin by two 
lateral apertures, ensuring the fluid could loop until the back-plane of the piston. The entire basin was 
filled with a salty fluid such that the stratification was nearly linear, at least initially. During the 
experiments, however, stratification decreased noticeably at the top and bottom, which strongly affects 
the internal-tide propagation, as discussed below. Typical values of the buoyancy frequency N were 
0.6rad/s. 

The forcing imposed by the piston should be expected to produce a horizontally homogeneous 
transport in the channel, since the wavelength of the corresponding surface wave is of the order of 
100m in the deep part of the channel, and at least 30m on the shelf, both values exceeding by far the 
actual length of the respective parts of the channel.  

PIV observations were made through the wall of the channel which at one side was made of 
perspex plates. Cameras were set above the water and looked through a 45 degrees inclined mirror in 
the water. Using two cameras simultaneously (referred to as `cam1' and `cam2'), both DALSA 
1024x1024 12bit at 1fps, only half of the basin could be covered with sufficient resolution. By 

159



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

repeating the experiment with the same cameras but at different positions (`cam3' and `cam4'), nearly 
all of the deepest part of the channel, from the shelf to the piston, was covered. Yet, as the density 
profile changed slightly from one experiment to the other, the matching between the two is of course 
not as good as it would have been if we had been able to cover the four positions simultaneously by 
four cameras; yet,  the correspondence is satisfactory. 
 
2. BAROTROPIC FORCING 

The theoretical value of the forcing follows directly from the amplitude a and the excitation period T 
of the horizontally oscillating piston, assuming that the piston imposes a transport throughout the 
channel as if it were a closed pipe. However, during the post-analysis it was discovered that the actual 
barotropic currents (obtained from PIV), were invariably much smaller than the theoretical one, by 
about a factor of five. This must have been caused by significant leakage between the piston and the 
walls, although we have no direct evidence for this.  

This surprising finding, that the actual barotropic current was five times weaker than would be 
expected from the excursion of the piston, is indirectly but independently corroborated by the 
numerical model runs.  If we force the model using the assumed piston movement, we have a 
barotropic flow that in this case is given by the theoretical value (and thus is five times larger than 
observed); the baroclinic velocities (associated with the internal waves) produced by the model are 
then found to be about five times larger than observed. So, this, too, suggests that the actual barotropic 
tidal flows were much weaker than one would expect from the excursion of the piston. 
 
3. ATTRACTORS 

In semi-enclosed basins, internal-wave energy may for certain ranges of frequencies be accumulated at 
closed ray patterns, called internal-wave attractors. This concept goes back to Maas & Lam (1995) and 
was experimentally confirmed by Maas et al (1997). In our experiments, too, the dominant feature 
appeared to be the internal-wave attractor, which forms already within the first few forcing periods (an 
example is shown in Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: 
Results from an experiment in which the barotropic tide had a period of 41.1 s, showing a snapshot 

after 10 forcing periods. The cross-slope horizontal velocity U is shown. The energy is already 
focussed along a certain path. Note also the transition near X=350; on the left the velocity was 

obtained from an experiment with two cameras on that side; on the right, it was obtained from another 
experiment a few days later, for the same parameters but with the cameras displaced. 
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The forcing mechanism considered here is fundamentally different from the one adopted in Maas 
et al. (1997), where the basin was brought into vertical oscillation, generating internal waves -- of half 
the forcing frequency -- throughout the basin by parametric sub harmonic instability. In our 
experiments, by contrast, the forcing is concentrated at the slope region, where a continual conversion 
of energy takes place from surface tides to internal tides. 

The primary focus of this project  is, of course, on the laboratory experiments, but numerical 
model results for a similar geometry and forcing allow us to probe deeper into some aspects (such as 
the conversion rates) which are not accessible from the laboratory data. We used a model that was 
previously used for internal-tide generation in the ocean (Gerkema 2002; Gerkema et al. 2004). 

Comparison between laboratory and numerical experiments show a qualitative agreement in most 
cases, but the margin of uncertainty -- in for example the density profile measured with probes -- is 
such that the pattern of attractors as found numerically may vary quite considerably within that 
margin. In that sense, a meaningful quantitative (and sometimes even qualitative) comparison is 
elusive. 

Still, the main outcome of these experiments stands firm, namely that internal-tide attractors 
turned out to form quickly and be a dominant feature. This is likely to be of relevance for the oceanic 
situation. 

 
ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Programme through the 
grant to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. 

We thank Henri Didelle and Samuel Viboud for their technical assistance during the experiments, 
and Tycho Huussen and Eleftheria Exarchou. 

 
REFERENCES 

Gerkema, T. 2002. Application of an internal tide generation model to baroclinic spring-neap cycles, 
J. Geophys. Res., 107 (C9), 3124, doi:10.1029/2001JC001177. 

Gerkema, T., Lam, F.P.A. and Maas, L.R.M. 2004. Internal tides in the Bay of Biscay: conversion 
rates and seasonal effects, Deep-Sea Res. II, 51 (25/26), 2995--3008. 

Maas, L.R.M., and Lam, F.P. 1995. Geometric focusing of internal waves, J. Fluid Mech., 300, 1--41.  
Maas, L.R.M.,  Benielli, D., Sommeria, J. and Lam, F.P A. 1997. Observation of an internal wave 

attractor in a confined, stably stratified fluid, Nature, 388, 557—561. 
 

161



 

162



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
 
 

MODELLING ANTARCTIC FLOWS 
 

G.F. Lane-Serff(1), J.J.H. Buck(2), C. Cenedese(3), E. Darelius(4), D.M. Holland(5), 
A. Jenkins(6) & A.K. Wåhlin (7) 

 
(1) University of Manchester, UK, E-mail: g.f.lane-serff@manchester.ac.uk 

(2) British Oceanographic Data Centre, UK, E-mail: juck@bodc.ac.uk 
(3) Woods Hole Oceanographic Institution, USA, E-mail: ccenedese@whoi.edu 

(4) Geophysical Institute, University of Bergen, Norway, E-mail: Elin.Darelius@bjerknes.uib.no 
(5) New York University, USA, E-mail: holland@cims.nyu.edu 

(6) British Antarctic Survey, UK, E-mail: ajen@bas.ac.uk 
(7) Department of Earth Sciences, University of Gothenburg, Sweden, E-mail: awahlin@gu.se 

 
 

The large rotating Coriolis platform was used to investigate oceanographic flows of particular 
importance in the Antarctic region.  Topographic features (such as canyons and ridges) on 
continental slopes were found to direct dense overflows downslope and increase the 
entrainment of ambient water into the overflow, as compared to flows on smooth slopes.  In 
cases where dense flows on slopes generate eddies in the overlying fluid, simulated ice shelves 
were found to present a substantial obstacle to the flow, diverting the eddies downslope and 
impeding the flow of dense water into the ice shelf cavity.  However, if the ambient water was 
stratified (as is the case in the winter around Antarctica) the ice shelf may not obstruct the 
flow, leading to seasonal differences in the flow of dense water into the ice shelf cavities.  The 
exchange of flow between ice shelf cavities and the open water, driven by the generation of 
dense High Salinity Shelf Water (HSSW) outside the cavity and relatively light meltwater 
within the cavity, was also modelled. 

 
1. INTRODUCTION 

The Antarctic is an important region for the generation of the densest water masses in the world’s 
oceans.  Strong surface cooling results in sea ice formation and brine rejection, with the brine sinking 
to form High Salinity Shelf Water (HSSW) on the continental shelves around Antarctica.  Some of the 
HSSW flows along slopes and down into cavities beneath the floating ice shelves that surround the 
Antarctic continent.  The undersides of the ice shelves melt, with the resulting fresher water rising up 
the undersides of the ice shelves and mixing with the waters in the ice shelf cavities to form dense cool 
waters.  Finally Ice Shelf Water (ISW) leaves the cavities and flows down the continental slopes into 
the deep ocean, further mixing with the surrounding water to form Antarctic Deep and Bottom Waters.  
Large dense oceanographic flows on slopes tend to flow predominantly along the slope due to the 
effect of the Earth’s rotation, with a friction-driven downslope component.  Depending on the 
parameters of the flow, the flow may exhibit small-scale waves or break up into domes of dense fluid, 
with eddies generated in the overlying water.  Here we use the large Coriolis platform to model some 
of the important aspects of the fluid flows in the Antarctic region. 

Three sets of experiments were conducted.  In the first set we examined the effect of topography 
on dense flows on slopes (“overflows”), especially the effect of the topography on the route taken by 
the overflow and the mixing of the flow with the surrounding water.  The topography took the form of 
a single ridge or canyon, and a comprehensive set of parameter regimes was tested.  It was found that 
both canyons and ridges tended to steer the flow downslope and increase mixing, compared to a slope 
without these features.  In the next set of experiments, the effect of an ice shelf on a dense flow was 
modelled.  We focused on flows which generated eddies in the overlying fluid and found that the step 
change in water depth caused by the simulated ice shelf blocked the eddies and arrested the underlying 
dense flow.  However, if the ambient water was stratified the eddies could be limited to a deep layer 
that was not affected by the ice shelf and the flow could penetrate into the ice shelf cavity.  Finally, we 
modelled the flow in the ice shelf cavity generated by meltwater rising up the underside of the ice 
shelf interacting with a source of simulated HSSW outside the cavity. 
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2. EXPERIMENTS 

A straight, flat-topped ridge was constructed in the 13 m diameter circular tank on the Coriolis rotating 
platform.  The ridge was 8 m long, 2 m wide and 0.25 m high, and was flanked by 1 in 10 slopes (see 
Figure 1).  The ridge was bounded by walls perpendicular to the ridge-axis, while the ridge itself was 
off-centre, splitting the tank into a smaller and a larger sub-basin.  The slope in the smaller sub-basin 
was painted white for dye experiments, while the other slope was black for particle tracking 
experiments.  There was a removable panel on the white slope that could be replaced by a ridge or 
canyon running directly downslope.  Both features were triangular in cross-section, with a width of 
16 cm and a height or depth of 10 cm.  Ice shelves were simulated by Perspex boxes, 2 m square in 
plan, which could be suspended above the slope in any desired location or orientation.  They were 
used on either slope as desired.  For the ice shelf cavity experiments the flow was confined by extra 
walls to a smaller part of the ridge and one slope (see Figure 1b), with the ice shelf occupying the full 
width of the domain, and sources of fresh and dense water.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  (a) Plan and section of the experimental arrangement used on the Coriolis platform.  The 

topography (canyon or ridge) could be inserted in the position shown shaded as required, while the ice 
shelf (not used for the same experiments) could be placed in any location on either slope. (b) Enlarged 
plan and section of the smaller region used for the ice shelf cavity experiments, using just a 2 m wide 

section of the ridge (flat top and one slope) only.  There was a small outlet to the main tank in one 
corner of the domain (as shown). 

 
Three different sources were used.  For the topography experiments and most of the dense flow/ice 

shelf interaction experiments a source was mounted directly on the slope, with dense fluid flowing out 
along the slope though an opening 20 cm wide and 2.5 cm high.  For some ice shelf experiments and 
the ice shelf cavity experiments a source was used at the free surface, with dense water flowing down 
through a sponge, simulating HSSW generated by surface freezing and brine rejection.  Finally, for the 
ice shelf cavity experiments, the meltwater under the ice shelf was simulated using a distributed source 
of fresh water running the width of the ice shelf 
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For the mixing experiments the dense source mounted on the slope was used, with the topography 
placed about 2.5 m downstream from the source.  The parameters were altered to give various flow 
regimes (laminar, roll waves, or eddies – see Cenedese et al., 2004), while the mixing was measured 
by monitoring the developing density structure in the sub-basin.  For the ice shelf experiments, the ice 
shelf was generally placed 4 to 6 m from the dense source, and tilted so that it was parallel to the 
slope.  The vertical position of the shelf was adjusted to cover a range of relative depth changes at the 
ice shelf.  Most experiments were conducted with an unstratified ambient fluid, but for some 
experiments an approximately two-layer ambient stratification was used.  Both dyes and particle 
tracking were used.  In the ice shelf cavity experiments, the surface dense source was used outside the 
cavity over the top of the ridge (simulating a source of HSSW), while fresh water was introduced close 
to the “grounding line” of the ice shelf to simulate meltwater.  Laser induced fluorescence (LIF) and 
particle tracking were used to find high resolution density and velocity fields. 

 
3. RESULTS 

For the flows with ridges or canyons, the topography directed the dense flow downslope, with the 
dense water leaning against the ridge or filling the canyon.  For cases where there were strong eddies 
in the overlying water, the eddies halted at the topographic barrier and tended to move upslope, 
apparently now detached from the dense flow dynamics.  By examining the developing density profile 
in the basin, the entrainment into the overflow can be calculated.  An average entrainment constant 
based on the total area of the overflow and a typical velocity can be estimated (Table 1).  While the 
absolute values of the results need to be treated with caution, it is clear that topography has a 
substantial effect on mixing of overflows, with canyons having a bigger effect than ridges (more 
details in Wåhlin et al., 2008). 
 
Table 1.  Entrainment constants for different flow regimes and topography (from Wåhlin et al., 2008). 

 
E / 10-4 Smooth Ridge Canyon 
Laminar 2.6 5.9 7.4 
Waves 3.0 6.4 7.2 
Eddies 1.5 6.8 9.6 

 
 

 
Figure 2.  Paths of the centre of eddies where the ambient fluid is (a) unstratified and (b) stratified.  

The top of the slope is to the left (low values of x). (From Buck 2009.) 
 
In the ice shelf experiments, parameters were chosen to give strong eddies in the overlying water.  

These progressed along the slope until reaching the ice shelf.  The motion was measured either by 
following the dyed dense fluid, which breaks up into domes beneath the eddies, or by using particle 
tracking to follow the motion, with the centre of the rotating eddies identified from velocity plots.  At 
the ice shelf, the eddies were arrested and deflected downslope, even where the ice shelf only gave a 
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relative change in the water depth of ~10% (Figure 2).  The domes of dense fluid then drained 
downslope at an angle under the ice shelf.  For the cases where the ambient water was stratified, the 
eddies in the overlying fluid were confined to the lower ambient layer and the eddies appeared to be 
able to continue along the slope under the ice shelf (more details in Buck, 2009). 

A sequence of eight ice shelf cavity experiments were carried out in order to illuminate various 
aspects of exchange between the ice shelf cavity and the open water.  In one subset, the flow rates of 
the freshwater and saltwater sources were altered, and in another subset geometrical aspects of the ice 
shelf cavity were altered.  The data is currently being analyzed, which first required a calibration and 
correction of the raw images to account for various geometrical and lighting distortions.  The 
processed data is now being used to quantify the variation in ice shelf cavity - continental shelf 
exchange as a function of the experimental parameters. 
 
4. CONCLUSIONS 

We have shown that the presence of ridges and canyons has a strong effect on the route dense 
overflows take to the deep ocean, directing them downslope and increasing the amount of mixing with 
the overlying water.  This has implications for overflows in many parts of the global ocean, such as the 
Filchner overflow, where there are substantial ridges and canyons on the slope just downstream of the 
point where the overflow leaves the Ronne Depression.  Ice shelves are found to present a strong 
barrier to dense flows where these are coupled to the overlying fluid, but stratification may reduce this 
effect.  This is significant as the waters on the Antarctic continental shelf are often strongly stratified 
in the summer and well mixed in the winter, so there would be seasonal difference in the way dense 
flows penetrate the ice shelf cavity.  Finally we have been able to examine the complex exchange 
between the ice shelf cavity and open water, driven by sources of relatively dense and light water. 

The unique Coriolis facility has allowed us to explore a range of flows with applications to 
oceanography around Antarctica and elsewhere.  A wide ranging experimental progamme was 
successfully completed, with some results published in detail already (e.g. Wåhlin et al, 2008; Buck, 
2009; Darelius, 2008) and further publications expected. 
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A novel setup for flow visualizations and turbulence measurements in rotating high-aspect-
ratio ducts is presented. Results from 3-component SPIV measurements show the significant 
effect of system rotation both on the mean flow and on the turbulence statistics in a clear chan-
nel. Combined 2-component PIV measurements allow detailed studies on massively separated 
flows subjected to rotation in both directions. 

 
1. INTRODUCTION 

Rotating flows are encountered both in geophysical and industrial fluid mechanics. The influence of 
the Coriolis body force on fluid motion exhibits a number of generic features which may occur irre-
spective of the particular field of application. Internal flows in rotating ducts and channels are typi-
cally found in rotating machinery, e.g. cyclone separators, pumps and turbines. 

Background rotation is known to alter not only the mean fluid motion but also the turbulence field 
qualitatively as well as quantitatively; see for example Johnston et al. (1972) and Kristoffersen & 
Andersson (1993). In a rectangular duct which rotates about a spanwise axis, the background rotation 
results in a transverse pressure gradient, intended to balance the Coriolis force which acts normal both 
to the axis of rotation and to the primary flow direction. This gives rise to the notion of suction and 
pressure sides, which corresponds to cyclonic and anti-cyclonic conditions, respectively. A striking 
effect of system rotation on turbulent channel flows is the damping of the turbulence along the suction 
side wall and the enhanced turbulent activity at the pressure side, accompanied by a severely distorted 
(i.e. distinctly asymmetric) mean velocity profile. 

The objective of the presented study was two-fold: (i) to measure for the first time the distribution 
of all three velocity components in a rapidly rotating fully developed turbulent channel flow; and (ii) 
to investigate how the Coriolis force affects the massively separated flow downstream of a backward-
facing step. A wide range of rotation numbers in combination with a modest range of Reynolds num-
bers was covered. 

 
2. EXPERIMENTAL SETUP 

In this study, we investigated well developed flows in rectangular ducts subjected to rotation using 
Particle Image Velocimetry (PIV). The experiments were performed on the “Coriolis” platform at the 
Laboratory of Geophysical and Industrial Fluid Flows in Grenoble (France). With a platform diameter 
of 13m, this unique facility allows the duct, pump, measurement system as well as personnel to be 
situated on the platform during operation. An overview of the setup can be obtained from Figures 1 
and 2. The duct consisted of a closed circuit of plastic pipes, leading into a 10 m long, rectangular 
section of 10 cm width and 50 cm height. The test section was located downstream of a 4 m clear in-
flow section and entirely transparent to provide optical access. 

Two different geometries were tested: A clear channel case and a backward-facing step case. In 
the clear channel case, measurements were performed in the duct without any obstructions, as shown 
in Fig. 1. With the two cameras mounted in a stereoscopic angle above the plexi-glass test section, all 
three velocity components could be measured.  

In a second setup, a 2 m long obstruction with a blockage factor of 0.5 was introduced into the 
channel to measure the effects of rotation in a backward-facing step geometry. With the greatest influ-
ence of the Coriolis force acting on velocity vectors in the xy-plane, this setup was measured using 
2D-2-component PIV. The cameras were mounted side-by-side, perpendicular to the lightsheet. The 
runs were repeated with the camera pair mounted further downstream of the step. Combining the re-
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sults of 4 camera positions of the respective rotation numbers, the shape of the recirculation zone 
could be studied for as far as 5 channel widths. 

  

Figure 1: Plan view of the setup.  Figure 2: The duct mounted inside the turntable basin. 

The two governing parameters are the Reynolds number Re = UbH /ν (based on the bulk flow ve-
locity Ub = Q/A and the kinematic viscosity ν) and the rotation number Ro = 2ΩH/Ub. Here, Ω is the 
constant angular velocity with which the duct is rotating about the vertical z-axis. The clear channel 
width H is the geometric length scale perpendicular to the flow direction and the axis of rotation. The 
measurements comprised a variety of parameter combinations, as shown in Table 1. 

Table 1: Test parameters for both geometries. 
Reynolds number Rotation number 

Re = UbH / ν Ro = 2ΩH/Ub 
5 600 0.00; 0.10; 0.20; 0.40; 0.60; 0.80 

11 200 0.00; 0.05; 0.10; 0.20; 0.40 
22 400 0.00; 0.05; 0.10; 0.20 

 
3.  RESULTS FROM THE CLEAR CHANNEL 

Example results from the measurements in the clear channel will be presented in this section. A de-
tailed description of the experiment and discussion of the results can be found in (Visscher et al., 
2009). The profiles shown are obtained by averaging in time and in the homogeneous x-direction. 
Figure 3a shows the streamwise component of the mean velocity vector for Re = 5 600 at rotation 
numbers in the range from Ro = 0 to Ro = 0.80, normalized by the measured averaged velocity Uavg ≈ 
5.6 cm/s. The sense of rotation is always anti-clockwise (i.e. Ω ≥ 0), which implies that the pressure 
side wall is at y/H = -0.5 while the suction side is at y/H = +0.5.  

Without rotation, the streamwise mean velocity component U(y) varies almost symmetrically 
around the mid-plane y = 0. With system rotation imposed, U(y) becomes asymmetric with the loca-
tion of maximum velocity shifted from the centerline towards the suction side. For the higher rotation 
numbers Ro ≥ 0.4, the velocity profiles become linear over a certain interval near the pressure side, 
fully consistent with earlier experiments (Johnston et al. 1972) and simulations (Kristoffersen & An-
dersson 1993, Figure 3b). 

The ratio between the wall-normal <<v’2>> and streamwise <<u’2>> Reynolds-stress components 
is shown in Figure 4. In a non-rotating channel flow, this ratio is consistently smaller than unity sim-
ply because the production of turbulence contributes only to streamwise velocity fluctuations and the 
two other velocity components receive their energy through pressure-strain interactions. Influenced by 
rotation, additional stress-generation mechanisms are involved which stem from interactions between 
the instantaneous flow field and the Coriolis force. The most prominent effect of these extra rotational 
production terms is the enhancement of the wall-normal velocity fluctuations along the unstable pres-
sure side and the corresponding reduction and even suppression of v’ near the stabilized suction side. 
With increasing rotation rates, <<v’2>/<u’2>> exhibits a fourfold increase from about 0.5 to above 2.0 
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on the pressure side of the duct. This reversal of the Reynolds stress anisotropy is one of the most 
striking features of rapidly rotating shear flows and has probably been observed experimentally for the 
first time herein. 
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Figure 3: Mean normalized streamwise velocity at Re = 5 600. 

Left: PIV measurements; Right: DNS results from Kristoffersen & Andersson 1993 
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Figure 4: Normal stress ratio <<v’2>/<u’2>> at Re = 5 600. 

Left: Present PIV results; Right: DNS results from Kristoffersen & Andersson 1993. 

4. RESULTS FROM THE OBSTRUCTED CHANNEL GEOMETRY 

The second objective of the present project was to investigate how a massively separated flow reacts 
on spanwise system rotation. The duct cross-section was reduced by 50% just upstream of the test 
section. In that way, a backward-facing step flow was established with a step height h to channel width 
H ratio of 1:2. Since the turntable only rotates counter-clockwise, the obstruction could be mounted on 
both side walls of the duct. Analogous to the clear channel setup, results with the obstruction on the 
suction will be denoted with positive Rotation numbers hereafter. Simulating clockwise rotation, re-
sults with the obstruction on the pressure side will denoted with negative Rotation numbers and 
flipped upside-down for better comparability. 

The mean streamwise velocity component is visualized in Fig. 5. Without rotation, the reattach-
ment point is located at ≈ 35 cm, i.e. about 7 step-heights h downstream of the step (center image). 
The top frame shows how destabilizing rotation of Ro = -0.60 reduces the reattachment length signifi-
cantly to about 4h. A second recirculation bubble forms on the opposite wall additionally. On the con-
trary, rotation in the positive, counter-clockwise direction stablizes the mixing layer enough to shift 
the reattachment point beyond the downstream end of the measurement area (bottom image). This is 
fully consistent with findings by Rothe & Johnston (1979) who observed that destabilizing rotation 
reduced the reattachment length while stabilizing rotation increased it. More detailed results and dis-
cussions are currently in preparation to be published soon. 
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Figure 5: Mean streamwise velocity distribution at Re = 5 600, combined result from  
4 measurement positions. Top: Ro = -0.60; Center: Ro = 0.0; Bottom: Ro = +0.60 

5.  CONCLUDING REMARKS 

In the new setup we were able to reach higher rotation numbers than those reported in earlier experi-
mental studies of developed duct flows. By means of PIV, all three velocity components were meas-
ured for the first time for a variety of different rotation numbers and at three different Reynolds num-
bers. The modular construction of the rectangular duct enabled obstructions to be inserted. 

The results reveal the striking effect of rotation on both the mean flow and the turbulent fluctua-
tions inside a clear channel, as well as on the mixing-layer developing from the downstream corner of 
a backward-facing step. All data examined so far are generally consistent with earlier experimental 
findings and results from DNS.  
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We present here results from large-scale laboratory experiments on forced-dissipative 
geostrophic turbulence in a large rotating tank. Small-scale convection is driven either by a 
steady flux of dense salty water onto the top surface of a rotating water tank, or by direct 
heating of the lower boundary. The whole tank rotates at constant angular velocity Ω and 
dynamical effects equivalent to the spherical curvature of a planetary atmosphere are emulated 
by use of a radially-sloping bottom. The experiments were carried out on the 13 m diameter 
rotating Coriolis platform in Grenoble, France. Results demonstrate the formation of multiple, 
undulating, parallel, barotropic zonal jets, in which ′ u ′ v  fluxes maintain the jets against 
viscous (Ekman) dissipation. Use of different rotation rates of the tank confirms the dual role 
of planetary vorticity gradients ( β ) and bottom friction in governing the jet separation scale, 

approximated by the well-known Rhines scale ( LR = π (2U /β)1/ 2
). The jets formed are also 

frequently found robustly to violate the Rayleigh-Kuo barotropic stability criterion, leading to 
formation of larger-scale waves and eddies and influencing the kinetic energy spectrum. These 
experiments serve to elucidate mechanisms for jet formation and saturation that may apply to 
gas giant planet atmospheres and, more controversially, the terrestrial oceans, and suggest a 
number of new diagnostics to be investigated in observations and models of both Jovian and 
terrestrial ocean circulations. 
 

1. INTRODUCTION 

The banded pattern of ammonia clouds is one of the most striking features of the atmospheres of 
Jupiter and Saturn. These bands are associated with multiple zonal jets of over 100 m s−1with 
alternating sign versus latitude (e.g. see Limaye (1986). A similar pattern of zonation may also occur 
in the Earth’s oceans (Maximenko et al. 2005). The dynamical origin of this banded structure remains 
poorly understood, but most approaches towards understanding the zonation have suggested that the 
pattern may originate from the anisotropy in a shallow turbulent layer of fluid due to the β effect, i.e., 
due to the latitudinal variation of the effective planetary vorticity (Rhines 1975). Until recently, 
quantitative understanding of this process has been based principally on numerical simulations of two-
dimensional or geostrophic turbulence in stirred rotating fluids (e.g. Williams 1975), but such models 
are highly idealised and take little account of the vertical structure. Laboratory experiments provide an 
alternative means for studying these processes, though many previous investigations have been unable 
to access regimes at sufficiently high Reynolds number or low Ekman number to convincingly 
demonstrate nonlinear zonation effects.  

In an initial series of experiments (Read et al. 2007), carried out on the world’s largest rotating 
platform at the Coriolis Laboratory in Grenoble, France, we confirmed that multiple zonal jets may 
indeed be generated and maintained by this mechanism. In a new set of experiments, carried out in late 
2007 also using the 14 m diameter “Coriolis” turntable, we have extended this study to explore the 
parametric dependence of jet formation in convectively driven geostrophic turbulence.  
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2. EXPERIMENTAL CONFIGURATION 

A circular cylindrical container was set on the turntable, and convective forcing was applied by 11 kW 
of electrical heating, applied uniformly under a sloping base consisting of a series of curved, 
aluminium sheets over a wooden frame. The overall configuration is illustrated schematically in Fig. 
1. The bottom surface was inclined at an angle ~5o to produce a topographic beta-effect whose 
magnitude depended on both the slope angle and the rotation speed of the table. The rotation period 
used ranged from 40 – 320 s for the results to be presented herein. Horizontal flow was measured 
using PIV methods from images taken by two digital cameras mounted in the rotating frame at a 
height of ~4 m above the free surface of the tank. Vertical temperature profiles were measured at 
interval using thermistor probes moved vertically through the tank in two radial locations. A plastic 
curtain surrounded the tank to eliminate wind stress effects. 
 

 
Figure 1: Schematic cross-section of tank, showing sloping bottom boundary and location of heating 

elements. The flow was viewed from above by two CCD cameras located along a radius. 
 
 

3. RESULTS 

A series of experiments were run for up to 3-4 days per run, in order to allow the flow to equilibrate 
fully. Convection and rotation led to the intermittent formation of intense cyclonic vortices that 
interacted eventually to form patterns of zonal jets. Fig. 2 shows some examples of the azimuthally 
averaged zonal flow, contoured as a function of time for four different rotation rates. Although 
individual jet structures clearly meander and vary in time, a clear scale emerges for the alternating jet 
patterns that scales approximately as the Rhines scale, LR (shown to the right).  

Diagnostics from these and the earlier series of experiments demonstrate that the pattern of jets is 
maintained principally by Reynolds stresses due to the (mainly barotropic) eddies in the flow. In the 
new series of experiments, at least some of the eddies present are formed as the direct result of 
convective heating. Dye visualization demonstrated the formation of highly intermittent, isolated  
convective vortices that would entrain dyed fluid into rising plumes and columns. An example is 
illustrated in Fig. 3. The formation of these vortices appears to be a key mechanism by which the 
large-scale flow is energized, on horizontal scales of a few 10s of cm. Kinetic energy then cascades to 
larger scales, ending up in large-scale jets and vortices as the topographic beta-effect causes the 
cascade to become anisotropic and non-local in character. 

Further details of these experiments and diagnostics will be presented and discussed, together with 
their potential implications for jet formation and interactions in gas giant planets and the terrestrial 
oceans. Attention will be focused on kinetic energy exchanges between eddies and the zonal flow, and 
the flow of energy between different scales.  
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Figure 2  Azimuthal mean zonal (azimuthal) velocity (in cm s-1) as a function of time within the 

field imaged by both cameras of the experiment, obtained at mid-depth of the tank. 
Four different rotation rates are shown, leading to values of βL2 /U of 25 – 500. Jets scale roughly 

with the Rhines scale LR, indicated by the arrows on the right. 
 
 

 
 

Figure 3: Photograph of a convective thermal plume rising from the bottom of the tank, 
visualized by blue dye. The plume is the core of a cyclonically circulating vortex 

of diameter ~10-20 cm and around 30 cm high.  
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Several aspects of the vortex asymmetry leeward of islands were studied with laboratory 
experiments conducted at the LEGI-Coriolis in Grenoble (France). A total of sixty-seven 
experiments were conducted and the impact of rotation and stratification on small-scale inertial 
instabilities was considered. The experimental setup mimics the upper thermocline layer on the 
top of a deep barotropic ocean. Symmetric, asymmetric and multiple islands arrangements 
were considered during the experiments. Preliminary results suggest that small-scale inertial 
instability could affect the dynamics of anticyclonic vortices in the far-field wake but also in 
the near-field wake one or two diameter behind the island. The stabilizing impact of the 
stratification may lead to stable anticyclones even for finite relative vorticity (x/f<-1). 
Moreover, asymmetrical island or archipelago geometry may also induce significant 
asymmetries in the wake. 

 
1. INTRODUCTION 

The role of oceanic islands wakes in the biological enrichment and the retention of surface pollutants 
is an area of growing interest. The geostrophic balance of cyclonic eddies induce a vertical advection 
of the deep chlorophyll maxima or the enhancement of biological productivity due to the deep nutrient 
upwelling (Hasegawa et al., 2004, 2009). On the other hand, intense anticyclonic vortices may be the 
source of three-dimensional inertial instabilities, which enhance the horizontal transport and the 
vertical mixing of passive tracers in the island wake (Dong et al., 2007; Teinturier et al., 2010). 
Motivated by this oceanographic context, laboratory and numerical experiments were carried out to 
study the impact of the vertical stratification and the rotation on the asymmetry between cyclonic and 
anticyclonic vortices formed in the island wake.  

As far as the oceanic wake of the Madeira Archipelago is concerned, various cyclonic eddies were 
detected among the satellite observations (Caldeira et al., 2002) but so far, no clear signature of 
anticyclonic eddy shedding was shown. Furthermore, realistic mesoscale simulations have shown that 
intense cyclonic eddies are preferentially formed on the westward side of Madeira. This cyclone-
anticyclone asymmetry among the wake vortices may have several origins.  

Inertial and/or elliptical instabilities may strongly destabilize intense anticyclonic eddies 
(Tabouriech, 1996; Afanasyev, 2002; Stegner, 2005). Indeed, three dimensional perturbations growth 
in a localized region, at the edge of the anticyclonic vortices, if the vortex Rossby number Ro=ξ/f<-1 
is negative enough, where ξ is the relative vorticity and f=2Ω0 the Coriolis parameter. For a columnar 
vortex, the vertical wavelength of the most unstable mode is mainly controlled by the vortex Rossby 
number Ro, the Reynolds number Re and the relative stratification parameter N/f  (Kloosterziel et al.  
2007). If the incoming oceanic flow is strong enough or if the island diameter is very small, then 
eddies that will form in the wake will have large vorticity values. In such case, the selective 
destabilization of anticyclonic eddies, which occurs in a specific range of parameters (Ro, Re, N/f), 
may favor the emergence of coherent cyclones in the oceanic island wake.  

Another source of asymmetry between opposite sign eddies in the wake could be due to the island 
shape itself even for a pure two-dimensional flow which is not affected by the rotation and the 
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stratification. For an asymmetrical island the detached boundary layers of the near wake may differ in 
width and amplitude. In such case, the vortices, which are formed further down in the wake, will differ 
in size (radius) and intensity (core vorticity).  

After a description of the experimental setup and the data acquisition, we present our first results 
on the three-dimensional destabilization of surface vortices generated in the wake of a cylindrical 
island. Then, we present some preliminary results on the wake asymmetry induced by an asymmetrical 
island or archipelago. 

 
2. EXPERIMENTAL SETUP 

In order to study the impact of rotation and stratification on small-scale instabilities of wake vortices 
we conducted sixty-seven experiments on the 13-m-diameter rotating platform at the LEGI-Coriolis in 
Grenoble (France). The turntable had an anti-clockwise rotation (as the planetary rotation) which was 
kept constant Ω0=0.069rad.s-1 corresponding to a Coriolis parameter f=2Ω0=0.139rad.s-1. A linear salt 
stratification was set in the upper layer (h=7cm), which mimics the oceanic thermocline, on the top of 
a thick barotropic layer (H=50cm), which resembles the deep ocean condition. Strong and weak 
stratifications were considered corresponding to Brunt Vaisala frequencies 1<N<3 s−1. In order to 
reproduce the dynamic of a surface current interacting with an isolated and steep island (or 
archipelago) island-like obstacles were towed only in the upper layer. Similar setups are described in 
Perret et al. (2008) and Teinturier et al. (2010). We assume that the motion of the obstacle transfers 
momentum mainly in the upper stratified layer and that the dynamic is governed by the first baroclinic 
mode. This will be generally the case if the lower layer is deep enough, namely when h<<H. The 
towing speed U0 was varied from 1cm/s to 8cm/s and the corresponding horizontal Reynolds number 
Re= U0D/ν varied from 2500 to 50000, where D is the effective island diameter (D ~ 25-75cm). 
 The upper layer was seeded with particles of density equal to the mid level of the upper 
stratification. These buoyant particles were illuminated from bellow with submerged lights. The 
particles motion were captured by three to four full-frame cameras: two wide-angle cameras captured 
the global wake dynamics, one zoomed camera followed the evolution of a single eddy and one 
camera attached to the carriage captured the detached boundary layers (BL) with a high spatial 
resolution.  

 
3. STABILITY OF INTENSE VORTICES GENERATED BY SYMETRICAL ISLANDS 
Unlike the previous experimental investigations on inertial island wake instabilities (Teinturier et al., 
2010) we focus our effort on quantitative PIV measurements of the wake flow. If three-dimensional 
perturbations induced by the inertial instability may strongly affect the dispersion of passive dye 
tracers (Fig.5 & Fig.6 in Teinturier et al., 2010) such small-scale patterns can hardly be detected by 
standard 2D PIV measurements. Hence, the signature of the inertial instability should be extracted 
from the mesoscale evolution of individual eddies. 

We characterize an individual eddy by its maximum azimuthal velocity Vm, its typical radius Rm 
corresponding to V(Rm)=Vm and its maximum core vorticity ξm. According to the linear stability 
analysis of Rankin vortices in a rotating and stratified shallow layer (Lazar et al. 2010), we use four 
dimensionless parameters which govern the eddy stability, namely: the eddy Rossby number 
Ro=Vm/(Ω0Rm), the vertical Reynolds number Re=Vmh/ν, the aspect ratio parameter δ=h/Rd and the 
stratification parameter S=N/f, where h and N are respectively the thickness and the Brunt-vaisala 
frequency of the stratified upper layer. For circular vortices, the linearly unstable region is located at 
the edge of the eddy (Kloosterziel et al., 2007; Teinturier et al. 2010, Lazar et al. 2010) just outside 
the maximum velocity. Therefore, if the non-linear evolution is not too strong, the perturbations will 
weakly affect the core of the eddy. In such case, unlike the in the tall column vortices (Stegner et al. 
2005) individual anticyclones that have large core vorticity values (ξm/f<-1) may survive for a long 
time (Fig.1(b)) due to the combined effect of the stratification (S >>1) and the shallow-water 
constraint (δ<<1). The three dimensional unstable perturbations will then affect mainly the maximum 
velocity Vm rather than the core vorticity ξm. A clear asymmetry can be observed between cyclonic 
(Fig.1 (c)) and anticyclonic (Fig.1 (d)) velocity profiles, which can be seen as the signature of inertial 
instability. The stabilizing effect of the stratification is shown in Fig.1 (d) from S=N/f=7 to S=20. 
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Because the stratification and the shallow water constraint tend to weaken the inertial 
destabilisation of anticyclones, the unstable regions of the wake flow will be the detached anticyclonic 
boundary layer in the near wake, just behind the islands.  

 

 
Figure 1  Relative vorticity of cyclonic (red) and anticyclonic (blue) eddies (a); core vorticity 

evolution (b); cyclonic (c) and anticyclonic (d) velocity profiles corresponding 
to the parameters: Re~1700, Ro ~ 2, d=0.25 and S= 8 and S=20. 

 
4. WAKE ASYMETRY INDUCED BY SHAPE AND/OR MULTIPLE ISLANDS 

To study the effect of island asymmetry, both symmetric (Fig. 2a-b; cylinder & ellipse) and 
asymmetric obstacles (tilted ellipse and multiple ellipses) were considered with the similar 
stratification 14<S=N/f<20,and the same Re~10000 (towing velocity). Preliminary analysis suggests 
that the pitching of the ellipse enhances (near-field) vortex asymmetry. In the multiple island cases 
there are also near-field differences (Fig. 2c-d). In the multiple islands case study the anticyclonic side 
(Fig. 2 c-d) produce independent wakes, which interfere with the anticyclonic shedding. Nevertheless, 
archipelago/asymmetric cases also induce the formation of coherent vortices (far-field) further 
leeward, when compared to the symmetric cases, i.e. wider boundary layer width.  

It is hypothesized that the contribution of strong positive vortices in the near-field of the 
anticyclonic side (Fig. 2 c-d) as well as the presence of a small nearby island (e.g. Desertas) might 
play a significant role. Therefore it is likely that the lack of detection of anticyclones leeward of 
Madeira is not only caused by the limited remote sensing detection capability but also due to perhaps 
small near-wake instabilities. 
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Figure 2  Vorticity field of various boundary layer (near-field) corresponding to different 

island/archipelago geometries: (a) Cylinder; (b) Ellipse; (c) Two-ellipses; (d) Madeira Archipelago. 
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Internal waves in fluids owe their existence to the restoring forces of gravity (in a stably 
stratified fluid) and the Coriolis force (in rotating fluids). Examples are the inertio-gravity 
waves in the ocean, a special class of which are those at tidal frequency (internal tides), which 
are generated by barotropic tidal flow over large-scale topography, such as the continental 
slope. Internal waves propagate not only horizontally but also vertically, the energy being 
usually concentrated in diagonal beams. In the ocean, it has been found that when such a beam 
impinges on the seasonal thermocline (a shallow layer where temperature decreases rapidly 
with depth), the beam may lose part of its energy to high-frequency solitary waves, so-called 
internal solitons; this phenomenon is referred to as “local generation of solitons”. Apart from 
oceanic observation, this phenomenon has been demonstrated in numerical experiments, but 
not, so far, in laboratory experiments. This project aims to fill this gap. To this end, 
experiments were carried out on the Coriolis Platform (LEGI Grenoble), in September 2008. 

 
1. INTRODUCTION 

Internal solitary waves (ISWs) are one of the most noticeable kinds of internal waves in the ocean, and 
their surface manifestation may be visible even from spacecraft; Synthetic Aperture Radar (SAR) has 
become one of the standard techniques to detect them. They often appear in groups, and the groups 
themselves usually appear regularly, every tidal period. This points to a tidal origin; barotropic tidal 
flow over topography creates internal tides, which, while propagating away from their source, may 
steepen and split up into ISWs. This is the common picture, in which the internal tide is regarded as a 
horizontally propagating, interfacial wave. In the early nineties, New and Pingree (1992) showed the 
first evidence of a very different generation mechanism of ISWs. The origin is still tidal, but the 
mechanism involves an internal tidal beam, generated over the continental slope, which first 
propagates downward, then reflects from the bottom, and finally, as its energy goes upward, impinges 
on the seasonal thermocline. This interpretation was corroborated by SAR imagery, showing a great 
increase in the number of ISWs in the central Bay of Biscay, just beyond the area where the beam 
approaches the surface (New and Da Silva, 2002). Recently, the same mechanism has been proposed 
to explain ISWs in the Mozambique Channel (Da Silva, New and Magalhaes, 2009). 

In this paper we present results on laboratory experiments that were designed to create ISWs by 
the same mechanism, i.e. by an internal wave beam impinging on a pycnocline. The experiments were 
carried out on the platform Coriolis in Grenoble, France, in September 2008. This platform is best 
known for its usage as a rotating turntable (simulating the effects of Earth's rotation), but was in the 
present experiments used without rotation. Quantitative measurements of the velocity field and the 
pycnocline displacements were made using Particle Image Velocimetry and ultrasonic probes, 
respectively. 

A vertically stratified layer of 80 cm was created by filling the tank from below with water whose 
salinity was gradually increased; this resulted in a layer whose density increased from 1.010 kg/m^3 at 
the top to 1.040 kg/m^3 at the bottom. Thus, a layer of near-uniform stratification was formed with 
N=0.6 rad/s, N being the buoyancy frequency. The first experiments were carried out with this 
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layer. Then, a thin layer (approximately 4 cm) of fresh water was added from above on top of the 
uniformly stratified layer. This served as the upper mixed layer, while the sharp transition of density 
between the two layers ensured the presence of a pycnocline. The pycnocline tended to lose its 
sharpness rather quickly, especially during the experiments, and so new fresh layers were added after 
experiments, or sometimes the upper part of the water column was removed before adding fresh water. 
In this way, a whole range of different pycnoclines (in terms of peak value, thickness, and depth) was 
created, serving as varying background conditions for  which the experiments were carried out 

As a wavemaker, for the generation of an upward directed internal-wave beam, we used a recently 
developed device (Gostiaux et al., 2007), see Figure 1.  It consists of stacked rectangular plates, each 
of which has two circular holes along its main axis; through these holes, they are connected by 
eccentric cams. This eccentricity ensures that the plates are shifted with respect to each other, forming 
a wave pattern. If the cams are now brought in rotation, the wave will propagate. In this case, this 
phase movement was chosen to be downward, in order that the energy propagates upward. 

 
2. FIRST RESULTS 

As the beam hits the pycnocline, it is transformed in two ways. On the one hand, higher harmonics are 
created, i.e. internal waves at multiple frequencies of the basic forcing frequency. Depending on the 
forcing frequency, a harmonic may be trapped in the pycnocline; this happens when its frequency 
exceeds the buuyancy frequency of the lower layer. In our experiments, we have found examples of 
this, and also of the opposite case, in which a harmonic may propagate as a beam into the lower layer. 
These results are evident from PIV analysis. 

The acoustic probes, centered around the pycnocline, allow us to follow the evolution within the 
pycnocline, before, during and after the impact of the beam. An example is shown in Figure 2. At the 
impact zone, the response is close to sinusoidal (see second probe from below), suggesting a linear 
character. Farther away from the wavemaker, though, the signal becomes more asymmetric, and 
shows a steepening front which splits up into high-frequency waves. In a qualitative sense, at least, 
this is much like the way internal solitary waves are generated in the ocean.  

At present, one of the main challenges of the project lies in disentangling the harmonics from the 
“solitons”. It is clear that there are two distinct physical mechanisms are at work, the result of which is 
however intertwined, so far as the pycnocline is concerned. 

 
ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Programme through the 
grant to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. 

We thank Henri Didelle and Samuel Viboud for their technical assistance during the experiments. 
 

REFERENCES 

Da Silva, J.C.B., A.L. New and Magalhaes J.M. 2009. Internal solitary waves in the Mozambique 
Channel: Observations and interpretation, J. Geophys. Res., 114, C05001, 
doi:10.1029/2008JC005125.  

Gostiaux, L., Didelle, H., Mercier, S. and Dauxois, T. 2007. A novel internal waves generator, Exp. 
Fluids. 42 (123), 1-6. 

New, A.L. and Da Silva, J.C.B. 2002. Remote-sensing evidence for the local generation of internal 
soliton packets in the central Bay of Biscay, Deep-Sea Res. I, 49, 915-934. 

New, A.L. and Pingree, R.D. 1992. Local generation of internal soliton packets in the central Bay of 
Biscay, Deep-Sea Res. 39 (9), 1521-1534. 

 

 

180



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
 

Figure 1: Principle of the wavemaker as used in these experiments (from Gostiaux et al. 2007)  
 

Figure 2: 
Signals of acoustic probes during one experiment. The vertical axis has a twofold meaning. For each 
individual probe, it indicates the vertical excursion of the pycnocline (in cm). The rest level indicates 

the distance from the wavemaker (in meters). Thus, the lowest profile is of that closest to the 
wavemaker, and higher ones are increasingly far from it. 
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The low frequency waves that develop in a channel with linearly slopping bottom on the f-
plane are investigated theoretically and experimentally. Numerical solutions in a channel show 
wave-trapping near the shallow wall and a cyclonic propagation with speed lower than that 
predicted by the harmonic theory. An approximation of the cross-channel velocity 
eigenfunction as an Airy function yields an explicit expression for the dispersion relation of 
the waves. This dispersion relation agrees well with the numerical solutions in wide channels 
and the wave trapping (found numerically) agrees with the structure of the Airy eigenfunction 
that is used. Laboratory experiments were conducted on a 13 m diameter turntable at LEGI-
Coriolis (France) with a linearly sloping bottom. A wave maker with known frequency 
generated waves at one end of the turntable and the wavenumbers of these waves were 
measured at the opposite end using a Particle Imaging Velocimetry technique. The 
experimental results regarding the phase speed and the radial (cross channel) structure of the 
amplitude are in very good agreement with our theoretical non-harmonic predictions, which 
support the present modification of the harmonic theory in wide channels.  
 

1.  INTRODUCTION 

The existence of low-frequency waves in layer of fluid over a sloping bottom has been established in 
the framework of a harmonic theory where the depth variations induce vorticity gradients, similar to 
that of the β-term in planetary waves (Pedlosky, 1986). These low-frequency waves that originate 
from changes in (potential) vorticity are therefore called Topographic Rossby Waves (hereafter, 
TRW). Observations of TRW were reported on continental shelves throughout the world (e.g. Hamon, 
1962 and Cutchin & Smith, 1973) for detailed review see Cohen, Paldor & Sommeria 2010 (CPS 
hereafter). The observed TRW propagate with the coast on the right (Respct. left) in the northern 
(Respct. southern) hemisphere as predicted by the existing harmonic theory.  

In the present study we construct laboratory experiments to examine the nature of TRW in wide 
channels. The experiments are compared with numerical and analytical theories for TRW that are 
relevant to wide channels. The generation of TRW in laboratory experiments is done by forcing a 
displacement of the fluid from its mean thickness. Such experiments were previously done in much 
smaller scales (turntable diameter of one meter) and showed good agreement with corresponding 
theories (see Ibbetson & Phillips, 1967; and Caldwell, Cutchin, & Longuet-Higgins, 1972).  

 
2. ANALYTICAL AND NUMERICAL SOLUTIONS  

The Linear Shallow Water Equations that describe the dynamics of a thin layer of fluid (i.e. Euler 
equations with rotation for a shallow layer of incompressible fluid) are used for the formulation of the 
problem. In a Cartesian coordinate system, we define x and y as the long channel and cross channel 
coordinates (with u and v their velocity components) respectively. η is the displacement of surface 
from its mean height (H). We assume a constant Coriolis frequency, i.e. the f-plane, and scale 
variables as follows: The time scale is 1/f, depth scale is the depth at the shallow wall (H(y=0)=H0) 
and correspondingly the velocity scale is the phase speed of Kelvin waves (or gravity waves) there. 
The horizontal length scale is the radius of deformation and thus the system is written with a single 
non-dimensional parameter -1

d 0=H R Hα ′  that incorporates the bottom slope (H’), the horizontal length 
scale ( 0Hg f ) and the depth scale (H0). Since all the coefficients are independent of the long channel 
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Figure 1: Top - numerically calculated dispersion relations of the first (n=0) 
TRW mode for different channel widths (L) with α=0.1 compared with the 

Airy function solution (equation 3). Bottom – numerically calculated 
amplitudes of the cross channel velocity, V(y), k=1, showing clear trapping 
near y=0 in wider channels. The arbitrary normalization used in all cases is 

direction (x), it is natural to assume harmonic solutions in the long channel direction for all three 
variables, i.e. u,v,η~expi(kx-ωt), where k is the wavenumber, c is the phase speed (so ω=ck is the 
frequency). Defining V=iv/k (as a new cross channel velocity) and eliminating u from the equation 
system yields the following (non-dimensional) pair of first-order differential equations: 

21 1V k c
y c c
η η∂ ⎡ ⎤= − + −⎢ ⎥∂ ⎣ ⎦

                                                                                        (1a) 

1 1
1 1

V c V
y c y c y

αη
α α

⎡ ⎤ ⎡ ⎤∂
= − + −⎢ ⎥ ⎢ ⎥∂ + +⎣ ⎦ ⎣ ⎦

.                                                                       (1b) 

The boundary conditions (BC) applied are the vanishing of V at the two channel walls (i.e. at y=0 
and y=L), thus the system can be numerically solved and the value(s) of c are determined. Deriving a 
(Schrödinger type) second order equation enables one to examine analytically the character of the 
system's non harmonic solutions (elimination of y from the coefficients in 1b leads to harmonic 
solutions found in Pedlosky, 1986). The expansion of its potential to first order in y (i.e. a linear 
coefficient) provides an approximation for the eigenfunctions in large channels (see Paldor & Sigalov, 
2008 and CPS). Thus, system (1) is rewritten for the cross channel volume-transport ( )V=V 1+ yα⋅%  and 
reduced to a single second order equation (for V% ). This general equation (not shown) can be 
simplified by defining ( ) ( ) ayV y =V 1+ y =Ψeα⋅%  where a=α(2+2αy)-1, thus eliminating the first derivative 

from the equation for Ψ. If all y-dependent terms in the Ψ-equation are expanded to first order in y, 
the resulting equation for Ψ has a coefficient that is linear with respect to y. Specifying a 
transformation of y to Z  (see CPS) the general equation is written as the Airy equation (e.g. 
Abramowitz & Stegun, 1972): 

2

2 0Z
Z

∂ Ψ
− Ψ =

∂
,                                                                                                 (2) 

In wide enough channels the solution of this equation can be approximated by the decaying Airy 
functions Ai(z) which yields the analytical expression for the dispersion relation of TRW (see CPS):  

( ) 12 2 4 3 2 31 4 nk k k Zω α α α
−

= + + + .                                                                 (3) 

In wide enough 
channels (see L=30, 
at the upper panel 
of figure 1) the 
numerical solution 
of the dispersion 
relation converges 
to the Airy solution. 
In this case the 
cross channel 
velocity (V) shows 
clear wave trapping 
at the shallow wall. 
These characters 
agree well with the 
structure of the Ai 
Airy eigenfunction 
that sustain this 
type of BC, see 
CPS. In larger α values the agreement between the Airy solution and the numerical results is not as 
good, yet still highly accurate compared with the existing harmonic theory, see CPS for comparison.  
 
3. LABORATORY EXPERIMENTS 

In the laboratory the waves are generated by rolling a heavy rod up and down the sloping bottom. This 
movement of water columns disturbances that propagate around the tank to the measurement area 
located at the opposite side of the tank (see the right panel of fig. 2). By varying the generation 
frequency we get a k(ω) relation (similarly Caldwell et al., 1972) to be compared with theory. The 
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Figure 3: A comparison between the harmonic solution (equation 3.10.11 
in Pedlosky, 1986; dashed gray), the Airy solution (thick black), 

numerical solutions (thin black) and experimental results (black error-
bars) for the dispersion relation of TRW. The relevant parameters are 

indicated in the RHS. Black circles on the harmonic curve represent the k 
values of experiments with frequencies above the maximum given by the 

numerical (non harmonic) theory in which no period was measured. 

Figure 2: LHS - Radial cross section. RHS - a planar top view 
of the tank. The radial motion of the wave maker up and down 
the slope generates the wave that travels azimuthally parallel to 
the outer wall towards the measurement area indicated as 'laser 

sheet' bounded in doted lines (in the right hand side). 
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Flat bottom 
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specific set up is shown in the RHS of Fig. 2 in which the sloping bottom (of 10%) occupies the 
shallowest, outermost, 4 m while in the remaining, inner, 2.5 m has a flat bottom and a boundary is 
placed 1 m from the center. Both the location of the rolling rod and its length (i.e. long 2 m or short 
0.4 m) were changed so as to fit 
the theoretical wavelength.  

The horizontal velocities 
were measured at the 
observation section of the tank 
using a Particle Imaging 
Velocimetry (PIV) technique 
that consists of: particles 
(Polystyrene at size 600μm) 
illuminating 180 laser sheet 
(Millennia 6W solid laser 
generator 532nm with 6850, 
Cambridge technology mirror 
galvanometer) and a camera 
(Nikon D200 with a 170 lens). 
The identification of the wave 
period, wavenumber and wave 
amplitude from the observed data in the experiments was done by Correlation Imaging Velocimetry 
method (CIV), using 'UVMAT', a self produced software at LEGI (see: http://www.coriolis-
legi.org/CIVPROJECT/DOC_GENE/CIV_doc_lim.html). The software's ability to transforms the velocity 
vector fields from cylindrical into Cartesian coordinates (about a mean radius) is used, thus wave 
lengths are transformed rad/m and phase speeds from rad/s to m/s. Thus the experimental results can 
be compared with the Cartesian theory (see Fig. 3). 

Comparisons between the experimental results and the theoretical predictions are shown in Fig.3 
for a narrow channel (L=0.88, α=2.25; top panel) and a wide channel (L=2.63, α=3.8; bottom panel). 
The non-dimensional 
wavenumbers (k) are shown 
as horizontal error bars of 
the values measured at each 
of the non-dimensional 
forcing frequency (ω). The 
error in frequency is given 
by the vertical error bars. In 
some experiments the 
forcing frequency is higher 
than the maximal predicted 
by the numerical theory. In 
these cases no low 
frequency wave are found 
(see the circles on the 
harmonic ω(k) curve at the 
relevant k values given by 
the harmonic theory. For 
both channel widths shown 
in figure 3, the agreement 
between the numerical 
dispersion relations and the 
experimental one is good. 
Good agreement is also found between the non-harmonic analytical theory and the experiments at 
large wavenumbers only, since the values of α used in the experiments are large (due to physical 
limitation on H0 and f in the laboratory).  

The cross channel (radial in cylindrical system) structure of the cross channel velocity (V) is 
shown in Fig. 4, for the first and second modes. These results estimated from complete cycles of 
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Figure 4: Numerically calculated absolute values of the cross 
channel velocity amplitudes (solid line) compared with the 

experimentally measured (dimensional) absolute value of the 
cross channel velocity amplitude (dotted line, 1 pixel=2.3 
mm). Both the numerical and the experimental results are 

plotted as functions of dimensional y, the shallow wall is on 
the LHS at y=0 and clear wave trapping can be noticed there. 

oscillation are presented as absolute values of amplitudes and are compared with absolute values of 
the corresponding numerical predication. The theory determines the amplitudes only up to an arbitrary 
normalization factor and therefore the theoretical curves were scaled so as to fit the maximal 
experimental amplitudes so only the number of nodal/maximal points and their locations should be 
compared.  
 
4. DISCUSSION 

Our exact (numerical) solutions 
agree well with laboratory 
findings in narrow and wide 
channels, both in the dispersion 
relation and in the cross channel 
structure of the velocity 
amplitude. The dispersion curves 
given by the classical harmonic 
theory are found to differ 
significantly from the numerical 
solution for either large slopes or 
wide channels and in those cases 
the non-harmonic analytic theory 
provides a more accurate 
approximation. Thus in wide 
channels only two parameters 
model the problem: The depth at 
the shallow wall and the bottom 
slope. The non-harmonic structure 
(i.e. trapping of the amplitude 
near the shallow wall) predicted 
by our analysis, are confirmed by the amplitudes measured in wide channels. A threshold channel 
width value that defines the theoretical harmonic and non harmonic regimes, described here, along 
with additional results from both experiments and theory can be found in CPS. 
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The effect of rotation on internal solitary waves is explored thorough a series of laboratory 
experiments carried out at the LEGI-Coriolis Laboratory. The experiments confirm numerical 
and theoretical predictions of nonlinear wave packet formation including the packet carrier 
wavenumber, carrier wave phase speed and packet group speed. 

 
1. INTRODUCTION 

Internal solitary waves of large amplitudes are ubiquitous in the coastal ocean, and there have been 
many observations, numerical simulations and analytical studies (see Helfrich and Melville (2006) for 
a recent review). In this oceanic context, one key issue concerning their long-time behaviour is the role 
of the background earth’s rotation. Although it has been known for some time that such rotation tends 
to convert internal solitary waves into trailing inertial-gravity waves (see the pioneering experimental 
work of Renouard and Germain (1994), Grimshaw et al. (1998b) and the review by Grimshaw et al 
(1998) for instance), the time-scale for this process and the eventual wave structure is not well 
understood. But recently, some numerical simulations by Helfrich (2007) for a fully nonlinear two-
layer model, and by Grimshaw and Helfrich (2008) for a weakly nonlinear model, have suggested that 
the emergence of a wave packet with a distinctive carrier wavenumber (associated with the maximum 
allowed group velocity) and envelope solitary wave structure. This note reports on preliminary 
analysis of a recently completed set of laboratory experiments conducted at the LEGI-Coriolis 
Laboratory to validate these recent numerical and analytical studies which suggest an initial internal 
solitary wave will undergo a transformation into an envelope wave packet under the influence of 
background rotation.  

The evolution of weakly-nonlinear, long internal waves with rotation is described by the 
Ostrovsky equation (Ostrovsky, 1978) 

                                                    ηt + αηηX + βηXXX( )X = γη                                 (1) 

here η(X,t) is the wave amplitude and α, β, and γ are parameters of terms representing, respectively, 
nonlinearity, non-hydrostatic dispersion and rotation. These parameters are functions of the 
stratification and rotation. Here t is time, X=x-ct, and c is the linear long-wave phase speed. An 
example of a numerical solution of (1) for initial KdV solitary wave is given in Figure 1 (from 
Grimshaw and Helfrich, 2008). The initial solitary wave rapidly decays by radiating inertia-gravity 
waves. A wave packet, described by a modified Nonlinear Schrodinger equation, eventually separates 
from the trailing radiation. The packet is able to separate from the radiate because there is a maximum 
of the group velocity in linearized Ostrovsky equation at wavenumber kc=(γ/3β)1/4. The phase and 
group speeds at this carrier wavenumber are, respectively, c = (4βγ/3)1/2 and cg = -(12βγ)1/2. 
 
2. EXPERIMENTAL SETUP 

The experiments were conducted using the 13 m rotating platform at the LEGI-Coriolis Laboratory in 
Grenoble, France. The experimental setup is shown in Figure 2. The tank was filled with a two-layer 
salt stratified system. The depth of the fresh upper layer h1 = 6 cm, the depth of the slower layer h2 = 
30 cm, and the density difference of 10 ppt were fixed for all the experiments. The platform was 
rotated counter-clockwise (viewed from above) with period T = ∞, 120, 90, 60, or 45 s. The initial 
disturbance was produced by a dam-break from a 5 m wide by 0.45 m long (in plan view) reservoir. 
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The layer interface within the reservoir was lowered relative to the ambient stratification by the 

addition of fresh water to produce an interface elevation difference of Δh = 3, 6, 9, 12 cm. An 
experiment was initiated by raising the front gate of the reservoir to produce a disturbance that 
propagated across the tank (y direction) to be dissipated at a beach situated at the interface. 

Measurements of the stratification inside and outside the reservoir just prior to a run were made 
with micro-scale conductivity-temperature probes. Measurements of the waves were made from 10 
ultrasonic interface probes spaced along y-axis. Wave evolution in both y and x (transverse) was 
obtained by dying the upper layer with a water-soluble dye and imaging with three overhead CCD 
cameras positioned to view the area indicated in Figure 2.  

 
3. EXPERIMENTAL RESULTS 

Interface probe records from two runs with Δh = 12 cm and T = ∞ (non-rotating) and 60 sec are shown 
in Figure 3. The non-rotating experiment produced one solitary wave (and weaker trailing dispersive 
tail) that propagated across the tank at a nearly constant speed and with minimal amplitude decay. In 
contrast, rotation leads to the generation of a leading wave packet for probes located at y > 4 m with a 
clearly identifiable carrier wave period and packet group speed that is slower than the phase speed of 
the carrier wave. The packet structure with maximum wave amplitude behind the leading edge is 
characteristic of nonlinearity. Furthermore, the initial disturbance just 1 m from the wave maker 
already shows a packet-like structure, rather than a single solitary wave. However, there is significant 
evolution of the disturbance amplitude and carrier frequency between this location and the next probe 
at x = 4.85 m. A composite of the upper layer thickness along x = 50 cm from the overhead cameras is 
given in Figure 4 for a run with Δh = 9 cm and T = 60 sec. Again the packet structure is clear and both 
the phase and group speeds are identifiable and nearly constant. 

A summary of the experimental results is given in Figure 5. The measured carrier wave length λc = 
2π/kc  (from phase speeds and wave periods in the ultrasonic records), phase speed c and packet group 
speed cg are shown for the of T and Δh considered. The figure also shows the predictions for the same 
quantities from the linear (α = 0) two-layer Ostrovsky equation (1) computed with the experimental 
values and for the exact two-layer linear dispersion relation. The qualitative agreement between the 

Figure 1. 
Numerical solution of the Ostrovsky equation 
(1) (for α =β =γ =1) showing the formation 
of a leading nonlinear wave packet from an

Figure 2. 
Plan view sketch of the experimental setup. 
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theoretical predictions and the experimental data is very good. The quantitative agreement is 
reasonable and may improve once additional effects such as continuous stratification are incorporated 
into the models. 
 

                   
 

Figure 3. 
Interface displacement records from two experiments with Δh = 12 cm. The LEFT panel shows a non-

rotating case and the RIGHT panel shows a rotating case with T =60 s. The mean position of each 
record indicates the probe position in y (y = 0 at the wave maker gate). The interface displacement 

amplitude is indicated by the inset scale. 

 

 
 

 
 

Figure 4 
Upper layer thickness at x = 50 cm from 
the overhead cameras for an experiment 

with Δh = 9 cm and T = 60 s. 
 

Figure 5. 
Carrier wave length λc, phase speed c, and 
packet group speed cg versus the rotation 

period T. The symbols are from the 
experiments with Δh = 3 cm (square), 6 
(circle), 9 (triangle), 12 (diamond). The 

theoretical predictions from the linear two-
layer Ostrovsky equation (solid) and full 

linear two-layer dispersion relation (dashed) 
are also shown. 
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4.  SUMMARY 

A preliminary analysis of experiments examining the effect of rotation on internal solitary waves 
shows good qualitative agreement with previous numerical and theoretical studies predicting 
emergence of a leading nonlinear wave packet.  Future work will consider the effects of continuous 
stratification, wave amplitude, transverse structure, and make direct comparisons of the experimental 
results with nonlinear models (e.g. Ostrovsky equation and the full Euler equations). 
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We describe the laboratory experiments we carried out in the 13-m diameter rotating tank of 
the “Equipe Coriolis” of LEGI in Grenoble (France), March/April 2009. This set of 
experiments was conceived to investigate in the laboratory the evolution of the coherent 
structures at the edge of an atmospheric polar vortex, which are theorized to be produced by 
barotropic instability. This project was conceived to enlarge and strengthen our previous 
experimental results, which were collected at the 5-m diameter rotating tank facility in 
Trondheim (Norway). This time, we use advanced flow visualization techniques that are 
specifically designed for global Eulerian measurements (Correlation Imaging Velocimetry, 
CIV). 
 

1. INTRODUCTION 

In June/July 2008 we carried out laboratory experiments in the 5-m rotating tank of the Norwegian 
University of Science and Technology in Trondheim, to study the barotropic instabilities that arise at 
the edge of a polar vortex (Montabone et al., 2009). The goal of these experiments was to understand 
whether the barotropic instability could be a plausible physical mechanism for the formation of the 
multi-lobed coherent structures observed around the poles of several planetary atmospheres, including 
Venus and Saturn (Taylor et al., 1980, Piccioni et al., 2007, Fletcher et al., 2008). 

These experiments showed that the presence of barotropic instabilities leads to the formation of 
coherent satellite eddies at the edge of the central “polar vortex”, which organize themselves in 
different multi-lobed structures (dipole, tripole, quadrupole and hexagon). Their stability, or 
conversely the transition between different modes, showed a dependence on the experimental 
parameters, namely the Rossby number and the volume flux. 

The quantitative analysis of these experiments was limited by the lack of a suitable experimental 
technique in Trondheim that could provide high resolution Eulerian velocity fields throughout the 
experiments, starting from the initial conditions. For instance, we observed that slightly different 
initial conditions could lead to different dominating modes, after a transient period during which the 
instabilities grew. These bifurcations, although observed, could not be studied in detail. 

The project described in this paper was therefore planned to improve and extend the set of polar 
vortex instability experiments described in Montabone et al. (2009), making extensive use of 
Correlation Image Velocimetry (CIV). This visualization technique, developed at the Coriolis/LEGI 
laboratory in Grenoble, allows one to perform high resolution Eulerian velocity measurements from 
the very beginning of each experimental run. 
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2. EXPERIMENTAL SET-UP 

The experiments described here were carried out in the 13-m diameter rotating tank of the “Equipe 
Coriolis” / LEGI in Grenoble (France), March / April 2009. One of the goals was to directly compare 
with the results obtained in the 5-m diameter tank in Trondheim. Hence we decided to perform the 
new experiments in very similar conditions with respect to the previous ones. To do this, we used the 
same source-sink experimental set-up, although we made a few general improvements and necessary 
adaptations to the new, large-scale tank. Fig. 1 shows a detailed plan of the setup. 

 
Figure 1: Plan of the experimental setup. The platform was positioned in the centre of the 
13-m diameter tank. The diameter of the source ring was 4 m. The (maximum) diameter 
of the flat sink region was 1.6 m, and that of the parabolic-shaped sink region was 0.9 m. 

 
Water is pumped out of a ring of point sources of radius 2 m at a given flux rate Q, and is sucked 

from a circular central sink region. The sink is a random distribution of many holes of nominal 
diameter 5 mm. The maximum extension of the sink region is 3.2 m diameter. On the top of this flat 
sink region we could fix the colander-like, parabolic-shaped topography that we used in Trondheim to 
account for the γ–effect at the pole of the planet, i.e., the quadratic term of the expansion of the 
Coriolis parameter f = 2Ωsinφ near the pole. As in Trondheim, a set of masks (parabolic-shaped or 
flat) allowed us to use different configurations of the sink region, by covering selective portions (see 
Fig. 2, right panel, in Montabone et al., 2009). We used a fiberglass cloth and a fine mesh to reduce 
the turbulence below the sink region surface.  

The experiments were carried out in homogeneous water with fixed depth (H = 0.4 m). The free 
parameters of our experiments are: 

 The flux rate Q, measured with an analogue flow meter. We used values of 0.2, 0.4, 0.8 
and 1.1 l/s. 

 The rotation period of the tank, T. We used 60 and 30 s.  
 The configuration of the sink region, which determines the typical length scale of the flow. 
We only used circular configurations, no annular ones. We carried out experiments with 
both flat and parabolic-shaped configurations, with 0.54 and 0.90 m diameter. In the flat 
configuration, we also carried out experiments with 1.6 m diameter. 

Two cameras were positioned to look at slightly different portions of the fluid, from above: one 
observed the central region, including the sink, and one observed a sector (specifically, one quarter) of 
the source-sink platform. The former was meant to capture the dynamics of the instability; the latter 
was used to provide zonal averages of the azimuthal velocity profiles over a quarter of the domain, at 
all radii. The flow was seeded with reflective particles and high quality CIV images were obtained and 
processed using the software specifically designed by the “Equipe Coriolis” of LEGI.  
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3. PRELIMINARY ANALYSIS OF RESULTS 

Processing of the large number of images that we acquired during the set of experiment is currently 
underway. Each experiment with a particular configuration (Q, T and sink configuration) has been 
recorded from the setting of the initial conditions, using three burst of CIV acquisition. Each burst is 
10 minutes long, and the time separation between two consecutive bursts is 30 minutes. So far, we 
have processed (at least at low resolution) most of the “second bursts”, i.e., those showing the 
evolution of the flow between 40 and 50 minutes after the setting of the initial conditions. 

Figs. 2 and 3 show examples of the results we obtained for the case with T = 60 s, Q = 0.8 l/s, and 
a parabolic-shaped sink region with 0.9 m diameter. Fig. 2 is a plot of the vorticity of the central 
region of the flow, showing a tripolar structure that is not stable. During the 10 minutes burst, the 
configuration of the eddies about the centre vacillates between a tripole and a quadrupole. Future 
analysis will be focused on understanding whether, for example, this parameter configuration is 
intrinsically unstable, or whether the central vortex had not yet reached a stationary regime after 50 
minutes from the setting of the initial conditions.  

  
Figure 2: Vertical vorticity component at time t = 40+1 minutes after the setting of the initial 

conditions for the case of the experiment with T = 60 s, Q = 0.8 l/s 
and parabolic-shaped sink region with 0.9 m diameter. 

 
Fig. 3 shows the zonal (azimuthal) velocity, the divergence of Reynolds stress, the vorticity 

gradient and the horizontal divergence for the same dataset. All quantities are time and zonally 
averaged, and they were calculated after projection onto polar coordinates. 

The zonal flow is similar to the one recorded in Trondheim for the same experimental parameters. 
The zone of negative divergence where the fluid is sucked downwards (particularly at the edge of the 
sink region) is clearly apparent. The Reynolds stress divergence (RS) shows that the eddies are 
transporting zonal momentum towards smaller radii, and hence weakening the jet. Interestingly, the 
divergence peaks in almost exactly the same place as where the vorticity gradient and RS change sign, 
which deserves more detailed investigation. The fact that the divergence is positive at large radii could 
be either due to measurement error, or 3D effects (baroclinic or boundary-layer fluid transport). 
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Once all basic CIV processing of the experiments is complete, we will be able to build a more 
detailed picture of the dynamics and variations of the flow regime with basic parameters. In the final 
stage of the analysis, we will compare our results with the observations of planetary vortices. 
 

 
Figure 3: 

Zonal (azimuthal) velocity, divergence of Reynolds stress, vorticity gradient and horizontal 
divergence for the same dataset as in Fig. 2. 

A necessary (but not sufficient) condition for barotropic instability is the Rayleigh-Kuo criterion, 
which states that the gradient of total absolute vorticity must change sign within the domain of 

interest, namely ∂q/∂y = df/dy - ∂2u/∂y2 ≤ 0, where y is the northward coordinate, u is the zonal wind, f 
is the Coriolis parameter, and q =f - ∂u/∂y is the total absolute vorticity. ‘f’ in our case is a quadratic 

function, which is neglected in the lower right panel, where only the relative vorticity is plotted. 
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The interaction of vortices with topographic features in a homogeneous rotating fluid is studied 
experimentally. The main goal is to examine the associated vertical motions generated during 
these processes and its potential to produce significant vertical transports. The topography used 
in this preliminary part of the study is an axisymmetric seamount. The vortices are monopolar 
cyclones initially generated near the mountain. For subsequent times, the vortices translate 
around the summit in anticyclonic direction due to the beta effect associated with the slope of 
the topography. The experiments are analysed for different vortex parameters and by their 
initial position with respect to the mountain. A fundamental subinertial oscillation of the 
vertical flow is consistently measured.  

 
1. INTRODUCTION 

The aim of this study is to gain a better understanding of vertical displacements generated during the 
interaction of a barotropic flow with bottom topography features. Although vertical motions in the 
oceans are usually one order of magnitude smaller than horizontal displacements, they play a 
fundamental role on a large number of oceanic processes by transporting physical, biological and 
chemical properties.  In particular, aggregations of plankton are frequently observed over shelf breaks 
and seamounts, as well as fish and cetacean populations. These aggregations are produced by different 
mechanisms, some of which might be closely related with the dynamics of the flow-topography 
interaction. For instance, Zavala Sansón and Provenzale (2009) show that a cyclonic vortex over a 
seamount is able to induce upwelling motion, which eventually enhances the growth of phyto and 
zooplankton on top of the topographic feature.  

The present project is aimed to provide a more detailed analysis of these processes from the 
experimental point of view. For this purpose, attention will be focused on the flow evolution of a 
cyclonic vortex in the presence of a pronounced, submerged mountain. In the context of barotropic 
flows, the relevant mechanism producing vertical displacements is the stretching and squeezing effects 
on fluid columns as they impinge over variable bottom topography.  Laboratory experiments of these 
processes have been focused on the horizontal behaviour of the flow by using quasi 2D models (see 
e.g. van Heijst and Clercx, 2009). In this project, in contrast, the aim is to determine the structure of 
vertical motions during the flow-topography  interaction.  
 

2. EXPERIMENTAL SET-UP 

In all experiments the tank is filled with fresh water with a maximum depth H=85 cm, and set in solid-
body rotation with a Coriolis parameter f=0.42 s-1, which gives a rotation period of T=30 s. Horizontal 
motions are observed with a camera mounted on top of the rotating platform. Vertical motions are 
recorded in a vertical plane across the mountain. The fluid velocities are measured by using PIV. The 
flow is set in motion by inducing a cyclonic vortex near the topographic feature. The characteristics of 
the vortices are measured from an additional set of experiments with no topography. The experiments 
have a duration of 20 min (about 40 periods of the system), which is the same order of the Ekman time 
scale TE = 2H/νf (with ν the kinematic viscosity of water). Thus, bottom friction effects are expected 
to play a secondary role on the flow dynamics, at least during several rotation periods.  

Bottom topography: The seamount consists of a solid, axisymmetric structure, with maximum 
height of 30 cm. The radius of the mountain is 50 cm, so the mean slope is about s=0.6. The vortices 
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are generated over an arbitrary radial line, such that the important parameter is the distance of the 
initial vortex to the edge of the seamount along this line.  

Initial vortices: Circular vortices are generated by immersing a cylinder of radius R a depth h 
before the start of each experiment. At t=0 s, the cylinder is removed, and a cyclonic monopolar vortex 
is generated by conservation of potential vorticity. Four types of vortices are studied by using two 
values of R (30 and 60 cm) and depth h (25 and 50 cm). Wider cylinders generate larger vortices, and 
deeper h’s give stronger vortices. Typical radial profiles of azimuthal velocities obtained with PIV 
measurements are shown in Figure 1. The experimental curves are fitted with the so-called "sink-
vortex" profile, for which the azimuthal velocity decays as 1/r for large r and the vorticity profile is 
assumed to be Gaussian. 
 

 
 

Figure 1. Azimuthal velocity profiles of two types of initial vortices used in the experiments. 
Experimental points are indicated with dots, and solid lines indicate the fitted profile. 

 
 

3. RESULTS 

Horizontal motions. The motion of the vortices strongly depends on their size and strength, as well as 
on the initial position with respect to the seamount. However, the general behaviour observed in all 
cases is that the vortices approach the mountain and rotate around the summit in anticyclonic 
direction. This behaviour was first described by Carnevale et al. (1991), who performed laboratory 
experiments with barotropic vortices over a conical bottom. Given the much larger horizontal scales, 
the present experiments have a much longer temporal scale, avoiding strong damping effects by 
bottom friction. 

Figure 2 shows some snapshots of the horizontal velocity field  in a typical experiment. Initially, 
the vortex is generated at the southeastern flank of the seamount (whose periphery is indicated with a 
black circle). After 560 s (about 19 rotation periods) the vortex has been displaced to the other side of 
the mountain along an anticyclonic trajectory (with shallow water to the right). This motion 
corresponds to the topographic beta effect associated with the slope of the mountain. Note the 
anticyclonic circulation induced over the tip of the mountain at t=560 s. The cyclone-anticyclone pair 
rotating around the mountain is one of the more remarkable features in most of the experiments. After 
1100 s (almost 37 rotation periods), the  predominant motion is the anticyclonic cell on the summit, 
whilst the signal of the vortex is only visible from the vorticity field as a patch of cyclonic vorticity at 
the periphery of the mountain (last panel). 
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Figure 2. Velocity vectors from a typical experiment at times 20, 560 and 1100 s. 
Last panel: vorticity field at time 1100 s. 

 
Vertical motions. The essential character of vertical motions is given by a radial inward and 

outward flow as the vortex rotates around the seamount. This is shown in Figure 3, where two 
snapshots of the velocity field in a vertical section are presented. Consider the right flank of the 
mountain starting from the origin. Evidently, the flow is uphill at time t=105 s and turns downhill at 
time t=253 s. This oscillation was systematically observed, despite the high noise of the velocity 
measurements due to severe technical difficulties, as discussed below. The opposite motion occurs at 
the left flank of the mountain. 

 

  
 

Figure 3. Surfaces of vertical velocities in an arbitrary vertical plane across the mountain 
at times 105 and 253 s. Bright (dark) colors indicate upwelling (downwelling). 

 
Figure 4 shows the vertical velocity component integrated over the whole vertical section at the 

right flank of the seamount as a function of time. This plot clearly demonstrates the oscillatory 
character of the vertical motion as the vortex interacts with the seamount: the flow moves up and 
down every 200 s (7 rotation periods approximately). In addition, this oscillation decays in time as the 
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flow is damped by bottom friction effects.  The solid line indicates an Ekman decay proportional to 
exp(-t/TE). 
 

 
 

Figure 4. Vertical velocity component integrated over the right side of the vertical plane in the 
previous figure. The solid line is the exponential decaying function with the Ekman rate 1/TE. 

 
 

4. DISCUSSION 

The motion of a barotropic vortex in a rotating tank with a submarine topographic feature at the 
bottom was examined by means of laboratory experiments. The experiments were originally designed 
to observe vertical velocities over the mountain. The vertical component of the velocity field was 
directly measured by using PIV in a vertical laser sheet across the mountain. The oscillatory character 
of the flow during the vortex-topography interaction was clearly identified from these observations. 
Furthermore, this oscillation and the temporal decay of its amplitude were more clearly registered by 
calculating the vertical velocity component integrated in the vertical section.  

Some difficulties to perform these measurements were found, however, due to two main factors: 
(1) the smallness of the vertical velocity component and (2) the strong light dispersion produced by 
particles located outside the vertical measurement plane. The magnitude of the vertical velocities is 
estimated to be around 10% of the horizontal velocities. Thus, vertical motions have a magnitude of 
about 0.5 cm/s at the beginning of the experiments and about 0.1 cm/s  or less at the end (after 40 
rotation periods). On the other hand, the excess of light dispersion was a more serious problem. This 
was due to the fact that the particles used for PIV measurements were randomly crossing between the 
vertical sheet of interest and the camera recording the experiments. The unavoidable presence of the 
particles in front of the camera produced artificial motions, since the camera images do not distinguish 
between particles in the vertical plane of interest, and the space between that plane and the camera. 
The solution consisted of seeding the flow with much less particles, with the cost of missing 
information at some times due to the lack of particles for PIV.  
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We present here laboratory experiments on stratified flows over isolated obstacles which were 
aimed at the simulation of atmospheric rotors. The development of mountain induced rotors 
seems to be favoured by an elevated density inversion. This effect was introduced in our 
experiments as compared to the classical laboratory experiments with continuous stratification. 
In fact our experimental setup was guided by the simulations of Vosper (2004), which 
provided systematically the upstream conditions under which mountain rotors are expected. 
We were able to confirm the results from these numerical simulations over a wide range of 
parameters. 
 

1. INTRODUCTION 

The problem of mountain-induced rotors has received considerable interest in recent years, which 
cumulated in the large international field experiment T-REX (Grubisic et al, 2008). Also several 
numerical simulations on the formation of rotors have been published recently (e.g. Vosper 2004, 
Doyle and Durran 2007). Although much insight into the rotor problem has been gathered through 
these activities, some additional information might be provided by laboratory experiments in stratified 
towing tanks. This kind of research has been used frequently with respect to the lee wave problem 
(e.g. Eiff and Bonneton 2000), but not many systematic laboratory experiments on the rotor problem 
have been performed. 
 The mayor finding of recent numerical simulations that an elevated inversion above the mountain 
greatly supports the rotor formation has motivated our experimental work because this kind of 
stratification profile has not been used very often before. 

 
2. EXPERIMENTAL SET UP 

The experiments have been performed in the fluid dynamical facilities CNRM-GAME (METEO-
FRANCE and CNRS) at Toulouse consisting of two towing tanks. The dimensions of the tanks are: 
length: 22 m, width: 3 m; height: 1 m (large tank) and 7 m x 0.8 m x 0.7 m (medium tank).  
 In both tanks we used a bell-shaped obstacle of 13 cm respectively 3.5 cm height.  A picture of the 
tank and the schematic of towed obstacle is shown in Fig.1. The stratification was set up as guided by 
the simulations of Vosper (2004): A neutral bottom layer below a density jump Δρ at the height zi 
(inversion heigth) followed by a linear density profile above (N > 0). In practice, inversion height and 
density jump were not as sharp as in the principle schematic in Fig. 2. 

The simulations by Vosper have shown, that rotor formation depends on the non dimensional 
mountain height H/zi

 
and  the inversion Froude number Fi defined as: 
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Figure 1: Large water tank (left), scheme of towing obstacle (right). 

 
 
 

 
Figure 2: Schematic of the set up for the towing tank experiments. 

The symbols are mentioned in the text. 
 
The experiments were run for different combinations of Fi and H/zi by varying the towing speed U, the 
inversion height zi and the density jump Δρ. 
 The documentation of the experiments was performed by different cameras making photos (for 
PIV and streak lines) and videos of the flow field. The velocity fields within lee waves and rotors were 
obtained by a PIV method. To get a quantitative impression of the flow, streak line photos were made. 
Due to the differences in the used laser systems (continuous laser in the large tank and pulsed laser in 
the medium tank), streakline photos could only be made in the large tank. 
 
3.  RESULTS 

53 experiments in the medium tank and 26 experiments in the large tank have been performed for 
various combinations of the inversion Froude number Fi and the non-dimensional obstacle height H/zi.  
The former were mainly used for checking the parameters under which rotors can be observed in the 
laboratory experiments and also helped us in preparing the experiments in the large tank, which were 
more complex to set up. 
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 Here we present detailed analyses of the rotors flows only for the large towing tank, where the 
quality of the PIV pictures was better due to the bigger obstacle and hence the larger rotors. Also 
streakline photos could be made due to the continuous laser sheet. 
 All flow phenomena described in the simulations by Vosper (2004) have been found in the 
laboratory, which are lee waves, hydraulic jumps and rotors. 
 We define a rotor as a flow situation where there is a counter-rotating vortex behind the obstacle 
beneath the first wave crest. In the strict sense there should be also a near surface flow toward the 
obstacle (full rotor) but a stagnant fluid in this region might be also termed as rotor. 
Figure 2 shows a rotor case for Fi = 0.51 and H/zi = 0.65. A vortex structure under the wave crest can 
clearly be seen as indicated by somewhat chaotic behaviour of the streak lines (Fig. 3, left). This is 
also evident in the velocity field as obtained by a PIV (Fig. 3, right). A clear flow towards the obstacle 
can be observed in the layer close to the surface, which is even more evident in the zoom in Figure 4, 
where the velocity vectors are shown and only the flow component backwards toward the obstacle is 
shaded. 
 

 

 
 

Figure 4: Close-up of the velocity field of the rotor case shown in Fig. 3. 
The area of backward flow to the obstacle is shaded. 

 
 
 

Figure 3: Observations of a rotor case for H/zi= 0.65 and Fi= 0.51 showing part of the lee wave 
and a rotor below the crest. Flow is from left to right. 

Left: Streak lines; right: Streamlines and velocity field. 

201



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
4. CONCLUSIONS 

Our experiments guided by recent numerical simulations of Vosper (2004) confirm, that an elevated 
inversion is supporting the formation of rotors in the lee side of mountains, as was already indicated in 
numerical simulations mentioned above. 

A flow regime diagram as in Vosper (2004) is showing the dependence of the observed 
phenomena (lee wave, rotor and hydraulic jump) of the relevant flow parameters Fi and H/zi is 
presented in Fig.5. This is quite similar to the regime diagram obtained from numerical simulations by 
Vosper (2004). Further details of the results from our laboratory experiments will be published in 
Knigge et al. (2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Flow regimes as observed in the experiments depending on Fi and H/zi. 
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This study reports on laboratory experiments in the CNRM-GAME (Toulouse) stratified water 
flume of a stably stratified boundary layer, in order to innovatively quantify and improve 
formulations for turbulent heat and momentum transfer for use in Numerical Weather 
Prediction and climate models.  

 
1. INTRODUCTION 

Understanding and prediction of atmospheric stably stratified boundary layers (SBL) is a longstanding 
challenge in the field of meteorology. In the atmosphere, SBL are particularly complex due to many 
different processes that play a role at night. These are amongst others turbulence (sometimes 
intermittent) (Holtslag and Nieuwstadt, 1986), gravity waves (Nappo 2002, Steeneveld et al, 2009), 
radiative transport (Steeneveld et al, 2010), drainage flows, mesoscale meandering (Mahrt, 2008) etc. 
As a result, interpretation of field observations is not straightforward, and parameterization 
development is hampered. Consequently the forecasting skill of numerical weather prediction (NWP) 
models and climate models is rather limited for winter and nocturnal conditions. Typical errors 
consists of an overestimated screen level temperature and near surface wind speed. This has evident 
consequences for end users in transportation (Gultepe et al., 2009), agriculture (Prahba and 
Hoogenboom, 2008), air quality forecasting (Schaap et al., 2009) and for the current understanding of 
the Earths climate system (e.g. Dethloff et al, 2001). This is further illustrated in Fig 1 which shows 
the winter screen level temperature bias for two mainstream climate models. It is evident that both 
models show a bias up to 6 K in northern regions, although of opposite sign. However, observations 
show that especially these regions seems to be vulnerable to climate change (Bony et al, 2006), but 
apparently the physics are insufficiently understood to model the polar climate.   

To understand the SBL, consider the heat budget at the surface: 

  GELHQ v ++=*
 

in which Q* is the net radiation; H  the turbulent sensible heat flux, LvE the turbulent latent heat flux, 
and G the soil heat flux. Calculation of H is a very important component of a boundary-layer 
parameterization scheme in NWP and climate models (e.g. Garratt, 1992). Many different surface 
layer parameterizations have been proposed (e.g. Sorbjan, 1989; Garratt, 1992; Poulos and Burns 
2003; Pleim 2006). Of these, the classical Louis (1979, 1982) for determining the vertical eddy fluxes 
of momentum and sensible heat, and its subsequent developments (e.g. Kot and Song, 1998; Poulos 
and Burns, 2003), are often used in these models. At present, several models of Météo-France − such 
as: the NWP global model ARPÈGE and its limited area model version ALADIN (Josse, 2004), the 
atmospheric dispersion model MEDIA (Piedelievre, 1990), the global chemistry transport model 
MOCAGE (Stockwell and Chipperfield, 1999) - use the classical Louis scheme. See also Chen et al. 
(1997) and Olivié et al. (2004) for other models using this scheme. 

The basic advantage of Louis scheme is computational efficiency (simplicity in formulation, and 
non-iterativeness). However, the scheme behaves unsatisfactorily for strong stability Troen and Mahrt 
(1986), e.g. in the SBL for calm conditions. This behaviour originates from the assumptions of Louis 
scheme: (1) the aerodynamic roughness length z0 and the heat transfer roughness length z0T are equal, 
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(2) the lowest height z in the numerical model that uses the Louis scheme is much larger than z0, 
z/z0>>1; the layer between z0 and z is considered to obey surface-layer similarity theory. 

In order to improve the parametrization of turbulent transport of heat, momentum and scalars, 
several field experiments have been conducted, especially on the flux profile relations 
(nondimensional wind vs. surface fluxes), e.g. CASES-99 (Poulos et al.,2002), for Arctic conditions in 
SHEBA (Grachev et al., 2007), Cabauw tower research (Baas et al., 2009), SABLES (Cuxart et al., 
2000).  In addition, numerical techniques as large eddy simulation (LES) has been used for 
parameterization development (Brown et al., 1994, Galmarini et al., 1998, Beare et al, 2006).  

The current work aims to extend these earlier approaches by parameterization development from  
laboratory experiments, and compare with field studies and LES. The specific aims of the research are: 
to confirm the local scaling of Nieuwstadt (1984) by water flume experiment;  
to get the momentum stability function as a function of z/L, where L is the local Obukhov length. 
to examine which variables (Ri, Re, h/L etc.) govern the behaviour of turbulence at strong stability;  
to quantify the collapse of turbulence under extremely stable conditions in terms of governing 
parameters. 

In order to achieve this, the CNRM-GAME (Toulouse) stratified water flume will be utilized. This 
unique facility is indeed very pertinent for such a study, in particular due to its ability to generate 
density stratified flow at high Reynolds numbers with low confinement effect. 
 

 
Figure 1: Modelled  screen temperature bias for NH winter season by ECMWF (top) and CNRM 

climate model (bottom). Source: DEMETER, www.ecmwf.int. 
 

2. EXPERIMENTAL SET UP 

a. Requirements: 
In order to reach the research goal, we should be able: 
· to get a turbulent, well-developed (BL height δ>10cm or so) boundary layer close to a 
statistical equilibrium, 
· to get a stable density stratification inside the boundary layer, with a z-profile similar to 
the atmospheric one (log-linear), 
· to measure velocities in a turbulent stratified flow. 
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b. Experimental configurations: 
The main idea is to tow a plate with a given roughness (using LEGO) in the flume (used in a towing 
tank configuration), use a pulsed laser to illuminate a vertical plan, tow with the plate one or two 
camera (to measure velocities by PIV) and some conductivity probes (to measure density). 
Dimensions of the plate should be about 3m wide (wall side effect should be negligible in this 2D BL 
configuration) by at least 3m long (according to a  previous study done by S. Tomas and O. Eiff). On 
the upstream part of the plate we will need a fairing and injection disposals in the flume main axis (for 
particles, and dye). 
 
c. Measurements 
· BL growth rate can be easily observed with the same disposal, using dye or particles to visualize the 
BL. LDV z-profile might also be used. 
· Density (mean) z-profile in the BL by a rack of conductivity probe. 

· Velocity (mean) z-profile and ''wu by PIV (camera on the side, vertical laser sheet 
or stereoscopic PIV) and LDV . 

· ''wρ  by PIV/LDV and conductivity probe. 
· Collapse of turbulence in the BL (e.g. by decreasing the towing speed of the plate during the 
experiment) can be easily observed from a camera on the side looking to a vertical plane. 
· dye dispersion could be also studied by PLIF. 
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Analytical studies show that the dynamics of the flow of two fluid layers of almost equal 
depths and densities differs significantly from those where the densities are similar but the 
depths differ. In particular, the waves that appear behind isolated three-dimensional orography 
in near-critical, but slightly subcritical, flow are long compared to the obstacle dimensions and 
stretch laterally across the flow with little change of form. Results are presented to show that 
these aspects of the wake can be observed experimentally. The experiments reported here have 
been done in the CNRM-GAME (Toulouse) stratified water flume, using an optical 
measurement technique developed at IMFT. 

 
1. BACKGROUND 

Two inter-related aspects of flow over orography have proved difficult to model simply -- the structure 
of the flow-field and the pressure drag exerted on the oncoming flow – yet these are of great interest. 
Rising and falling air affects cloud cover and rainfall distribution, and drag is of particular importance 
to oceanographers, climate modellers and researchers involved in the development of numerical 
weather-prediction models, because of the need to parameterize the drag exerted by orography with 
spatial scales below the model grid scale.  

One class of flows in which analytical progress can be made is the class of flows where the 
vertical stratification is such that internal wave energy is trapped and cannot propagate away 
vertically. The disturbance due to orography then spreads horizontally and the flow can be modelled as 
the flow of a single shallow layer of fluid. Subcritical flow (with Froude number F < 1, where F is the 
ratio of the undisturbed flow speed to the gravity-wave speed.) over three-dimensional (i.e. height 
h=h(x, y)) obstacles has been investigated experimentally (e.g. by Lamb & Britter 1984), largely 
because of its importance to the meteorological and oceanographic communities as a simple model of 
observed flows around islands, mountains, capes and sea-mounts (e.g. Schar & Smith 1993a). In the 
shallow-water limit (or 'non-dispersive' limit, as the phase speed of generated gravity waves is 
independent of wavenumber) the flow behaviour is typically characterized using two parameters --the 
Froude number F and the non-dimensional obstacle height M measured as the ratio of height to layer 
depth --. In terms of these parameters, non-dispersive shallow-water models give qualitative, and 
sometimes reasonable quantitative, predictions for various observed phenomena, including vortex-
shedding periods (Schar & Smith 1993b) and wake lengths (Smith & Smith 1995).  

An important caveat in the interpretation of the Jiang & Smith (2000) transcritical (F ~ 1) results, 
however, concerns the validity of the mass- and momentum-conserving hydraulic jumps that 
characterize the shallow-water solutions. Whilst these hydraulic jumps may sometimes be a good 
physical model for the situation at breaking waves (Mei 1989; Baines 1995), they are an appropriate 
model only for those physical situations where a regularizing dissipation dominates over dispersive 
effects on scales typical of the jump width. In many geophysical and laboratory situations it is 
dispersion that dominates. For example, there are numerous observations of multiple solitary waves, 
which are a distinctively dispersive phenomenon, in the flow upstream of obstacles, both in 
atmospheric flows ahead of islands (Li et al. 2004; Badgley, Miloy & Childs 1969; Burk & Haack 
1999) and in laboratory experiments (Maxworthy, Dhieres & Didelle 1984; Johnson et al. 2006). In 
order to describe such dispersive phenomena, the third important physical parameter in the problem, 
the ratio d of the layer depth and the obstacle width, must be treated as non-zero. One approach to 
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describing some aspects of these motions is through the consideration of forced weakly nonlinear long 
waves. When the leading order balance is between quadratic nonlinearity and dispersion, the dynamics 
of flow independent of the cross-stream coordinate (y, say), as in flow over a ridge, is typically 
governed by the well-known Korteweg–de Vries (KdV) equation. However Grimshaw et al. (2002b) 
point out that for larger waves, or for certain special configurations in stratified fluids, it has been 
found useful to include cubic nonlinearity, leading to the extended KdV (eKdV) equation. They note 
derivations in the review of Grimshaw (1997) and in the specialized applications of Holloway et al. 
(1997), Michallet & Barthelemy (1998) and Grimshaw et al. (1999). These studies and those of 
Melville & Helfrich (1987), Marchant & Smyth (1990) and Hanazaki (1992) demonstrate that 
solutions of the forced eKdV can differ sharply from those of the forced KdV, with, for example, 
stationary monotonic bores appearing in transcritical flows governed by the forced eKdV when only 
periodically generated solitary waves appear in the same regime for flows governed by the forced 
KdV.  

When orographic features vary slowly in height across the flow direction a slow y-dependence 
appears in the flow and when this cross-stream variation is of the same order as the nonlinearity and 
dispersion the governing equation with quadratic nonlinearity becomes the two-dimensional KdV or 
Kadomtsev–Petviashvili (KP) equation. Johnson & Vilenski (2004) describe orographically forced 
atmospheric waves in terms of solutions to the forced KP equation. However, applications to the 
atmosphere, oceans and experiments  tend to be for larger amplitudes and layered flows where, as 
noted above for one-dimensional motion, it is useful to include cubic nonlinearity, giving here the 
extended KP (eKP) equation. This project thus considers the wavefield forced by near-critical flow 
over isolated orography when the layer depths and densities are such that cubic nonlinearity is 
important.  Figure 1, from Johnson & Vilenski (2005) shows the interface displacement for  
marginally subcritical flow two-layer equal-depth flow over a short ridge. The lee wave train is 
composed of waves with wavelengths more than five times the downstream obstacle length (scaled to 
order unity here) and, equally, extending across the flow distances of order five times the ridge length 
(also scaled to order unity). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
The interface displacement for marginally subcritical 

two-equal-layer flow over a short ridge. 
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2. EXPERIMENTAL RESULTS 

Experiments were carried out in the CNRM-GAME stratified water flume (Toulouse, France). The 
flume was used in a towing tank configuration, with net dimensions Ht × Wt × Lt = 1 m × 3 m × 22 m. 
This unique facility is indeed very pertinent for such a study, in particular due to its ability to generate 
density stratified flow at high Reynolds numbers with low confinement effect. 

Two different axi-symmetric obstacles with a gaussian shape, a diameter of about 100cm, and a 
height of 8.0cm and 12.5cm were towed upside-down at uniform velocity in a two density layer fluid. 
The layers were 15cm deep with a density difference of 0.06. The towing speed varied from about 
5cm/s to more than 30cm/s, leading to a Froude number range of 0.2-1.6.   Interface was seeded with 
particles and its displacement measured using a non intrusive technique developed at IMFT based on a 
stereoscopic optical system. Drag measurements were also done using a technique developped at 
CNRM-GAME. 

Figure 2 shows the two-dimensional interface pattern just after the obstace left the field of view, 
and Figure 3 shows profiles of the interface behind the obstacle in the same experiment (Froude 
number is 1.08).  The lee wave train has a wavelength of order 2.5m, approximately five times the 
obstacle radius. The cross-stream structure shows that interface profile along the centerline persists for 
some tenth of centimeters away in the cross-flow direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. 
The two-dimensional interface displacement pattern in the tank for an experiment 
with Fr=1.08, just after the obstacle left the field of view. X-axis is along the flow 

(and flume main axis, center of the obstacle is close to X~130cm, below the figure Y-axis). 
Y-axis is perpendicular to the flow (center of the obstacle and flume axis are close to Y~135cm). 

Flow is going from the bottom to the top. 
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Figure 3. 
The interface displacements a behind the towed obstacle plotted in a frame moving 

with the obstacle in the same experiment than Figure 2 (Fr=1.08).  This figure, similar to Figure 1  
(but for a different Froude number), is computed from about 40 two-dimensional interface fields 

including the one shown Figure 2. Z is the interface displacement expressed in cm from the 
measurement disposal, i.e. it increases when the interface is moving away from the obstacle.  

Y is the distance from the flume (and obstacle) axis along a line perpendicular to the flow. X is the 
distance along the flume axis from the center of the obstacle (located on the left side, at X=0cm). 
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A new concept for offshore offloading in ice-infested waters is tested in the Large Ice Tank at 
the Hamburg Ship Model Basin. The model includes an offloading icebreaking moored on a 
turret, and a tanker moored in tandem. Thanks to a dry mooring arrangement, simulations of 
interactions with variable ice drift and ice ridges were performed. The extensive monitoring of 
the tests led to new results in various fields: 
 Response of  tandem moored vessels to ice ridge interactions, 
 Response of tandem moored vessels to ice drift changes in level ice, 
 Response of a single moored vessel to ice drift changes in level ice, 
 Observation of sub-surface ice transport and measurement of sub-surface ice actions under 

a moored vessel. 
 
1. THE ARCTIC TANDEM OFFLOADING TERMINAL (ATOT) 

A new concept for offshore offloading in ice-infested waters was tested in the Large Ice Tank at the 
Hamburg Ship Model Basin during the summer 2007. The concept, Arctic Tandem Offloading 
Terminal (ATOT), comprises two units (see Figure 1): a turret moored offloading icebreaker (OIB) 
and an shuttle tanker moored in tandem at the OIB aft. The OIB is interacting with the incoming ice 
which may be intact or managed. The loading tanker is moored at the aft of the OIB in tandem, at a 
distance of 60 m in open water (distant tow) or inside a notch at the OIB stern in ice conditions (close 
tow as shown in Figure 1). See Jensen et al. (2008) for more details on the concept. 

 
Figure 1 The tested Arctic Tandem Offloading Terminal (ATOT) in close loading mode in ice. 
 
To ensure a proper operability rate for the concept, the downtime due to severe ice conditions or 

ice events should be limited. The OIB design basis is that it should be able to withstand the interaction 
from severe ice conditions, such as unmanaged deep ice ridges in straight drift, or thick level ice in 
variable ice drift. The operational strategy is that the tanker may disconnect and reconnect to the OIB 
if required by the ice conditions, but that the OIB should be able to remain moored as long as possible. 

The OIB is thus moored on a strong mooring via a sub-surface loading buoy connected inside a 
turret. The OIB is optimized for icebreaking with in particular a spoon icebreaking bow. Reamers on 
the side of the OIB increase its manoeuvrability in ice and break a wider channel to reduce the ice 
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forces on the tanker. The OIB is equipped with 4 strong azimuth thrusters, 2 at the bow and 2 at the 
aft. 
 
2. ICE BASIN TESTING SETUP 

The testing program included testing of the two vessels, the OIB and the shuttle tanker moored in 
close tow. The OIB was moored on the main carriage of the ice tank and pulled through the testing 
area to simulate different ice drift scenarios. 

The chosen model scale was 1:24 (Froude scaling). Four ice sheets were produced in a similar 
manner, all included a long part of level ice (about 1 m thick - full scale) followed by an embedded 
ridge (9 - 15 m deep - full scale).  

An innovative dry mooring set-up was designed for the test campaign (see Figure 2). A mooring 
frame was fixed to the transverse carriage. A vertical column is restrained in horizontal motions by a 
sets of springs of given stiffness. The vessel is fixed to the column via a connection allowing rotation 
in all degrees of freedom and also heave. Some advantages of this system are: 

 Possibility to simulate variable ice drift changes as the mooring system is fixed to the transverse 
carriage, 

 Good control of the mooring stiffness characteristics in all directions and all offsets. 
Further details on the test setup can be found in Bonnemaire et al. (2008a), and Aksnes et al. 

(2008). 
Thanks to this setup, simulations of ice drift heading changes could be performed by the combined 

use of the main (longitudinal) carriage, and the transverse carriage. 
 

a) b) 

Figure 2 a) View of the dry mooring frame, b) The dry mooring mounted 
on the transverse carriage and connected to the OIB 

 
3. RESPONSE TO ICE RIDGE INTERACTIONS 

The response of the moored vessel(s) to ice ridge interactions were particularly analysed (see 
Bonnemaire et al., 2008a). Some main observations are summarized herein: 

 The level of the mooring loads on the turret moored OIB during the ice ridge interactions was 
often set by the transverse loads. In reality, those will depend on the embedment of the ridge. The 
max total mooring load was on average 30 % higher than the max longitudinal mooring load. 

 The OIB mooring load increase due to the interaction between the ice ridge and the tanker 
moored in close tow is delayed in time and do not cumulate with the OIB turret mooring peak 
loads.  

 The effect of the propellers milling the incoming ice and having a thrust directed backwards 
reduced slightly the mooring loads during the ridge interactions (14 % on average), but the 
thrusters efficiency was largely reduced due to the ice interactions on the propellers. 

 The comparison of the measured mooring loads with simple numerical mooring load estimates 
showed a good fit for the longitudinal mooring loads in ice ridges. However, the estimations do 
not account for the side mooring loads that are highly dependent on the boundary conditions 
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Figure 3 The OIB penetrating a ridge, with the tanker moored in close tow in the background 

 
4. TANDEM MOORING LOADS BETWEEN THE 2 VESSELS 

One particularity of this test campaign was the testing of a tandem mooring system in variable ice 
drift, and in ice ridges. The 2 vessels are connected via 2 mooring lines which are stored on 2 winches 
at the stern of the OIB. If the tandem mooring loads exceed the winched braking load, these start to 
pay out. Details of the analysis can be found in Aksnes et al. (2008), but some main points are 
summarized herein: 

 The ice ridge interactions caused a tandem mooring load increase when the bow of the tanker 
penetrated the ridge. During one interaction the capacity of the winches was overloaded. The 
maximal relative distance between the vessels during this incident was 3.7 m. The tanker bow 
came back to the stern of the OIB while the tanker still was in the ridge, i.e. the disconnection 
procedure would not have been initiated in full scale. 

 The OIB pitched significantly in the ridges lifting the reamers at the bow. Their effect was 
reduced, causing high tandem mooring forces during ridge interaction. 

 During interactions in variable ice drift in level ice, the tanker vaned efficiently when there was a 
slow change of ice drift direction, but over-steered the OIB before they aligned. 

 
5. BEHAVIOUR OF A MOORED SHIP IN VARIABLE ICE DRIFT 

The tests involving the moored OIB alone in variable ice drift (level ice) showed that the response of 
the vessel and the mooring forces depended significantly on changes in ice drift direction. Aksnes and 
Bonnemaire (2009) present a more detailed analysis, which main conclusions are: 

 Mooring forces depended on vessel motions, which further depended on the distribution of failure 
modes of ice along the hull, 

 The failure modes were triggered by the hull geometry and partly by vessel response, 
 Turret position, waterline geometry of the hull and helmsman actions were decisive parameters 

for the horizontal stability and the mooring forces, 
 The transverse mooring force determined the total mooring force during changes in ice drift 

direction, 
 The magnitude of the peak mooring force caused by level ice with varying drift direction was 

comparable to the peak mooring force caused by a large first-year ice ridge. Actions by drifting 
level ice should therefore be considered as a possible design mooring load for moored ships in 
certain areas. 

 
6. SUBSURFACE ICE INTERACTIONS 

Finally, special focus was given on sub-surface ice transport during the ice tank testing of the ATOT. 
The concept itself was designed to limit this effect in order to reduce the risks of ice interaction in the 
turret area. The main observations are (see Bonnemaire et al., 2008b for further details): 

 The wedge under the vessel bow was efficient in level ice to deviate ice from the turret area, but 
its capacity was exceeded in ice ridges, 

 The bow propellers were efficient in milling and clearing the ice, reducing probably the ice 
interactions on the turret. However, it is difficult to have control on the bridge of the efficiency of 
the ice management by propeller wash, 
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 The dummy turret representing the offloading buoy was instrumented with a load cell. Ice loads 
up to 460 kN were measured due to interaction with ice rubble on the loading buoy.  

 The measured loads are in the same range as simple numerical estimations and as load 
estimations from ice impact simulations found in the literature. 

The reported load levels (less than 500 kN) may not be a high design concern for the loading buoy 
in comparison with the expected mooring loads that will apply on this buoy. However, this might be a 
threat to the flow lines if they are subjected to this kind of transverse load level. 

a) b) 

Figure 4 a) Subsurface view of the Offloading Icebreaker (OIB) moored on its loading buoy. b) 
Underwater view of the bow propellers clearing ice drifting under the vessel hull 
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Model tests on the Shoulder Ice Barrier (SIB) were performed in the large ice tank of the 
Hamburg Ship Model Basin (HSVA) during July 2007 as part of HYDRALAB III. The main 
goal was to investigate the conceptual design of the SIB and assess ice forces and ice rubble 
build-up. Model test results showed that the SIB potentially could be utilized as ice protection 
structure for future shallow water application. Based on performed model tests a computational 
model for simulating ice-SIB interactions was developed. This computational ice-structure 
interaction model involves the simulation of ice rubble accumulations and accordingly the 
exerted ice forces to the structure. The computational model is developed within the 
framework of finite elements, in which characteristic fracture of failing ice is handled by the 
cohesive zone approach. We compare the computational results with the ones obtained during 
the model testing. 

 
1. INTRODUCTION 

Ice barriers may be employed for the purpose of protecting offshore installations in shallow water or 
providing an additional shelter for harbours against moving ice. Gürtner et al. (2006) presented a 
concept of ice protection for shallow water drilling. This concept, which, in relation with its 
characteristic shoulder section, was termed the Shoulder Ice Barrier (SIB) was tested in model scale in 
the large ice tank of the Hamburg Ship Model Basin (HSVA) during July 2007. The main goal of the 
SIB design was to activate effective ice breaking on the structure and to promote the generation of 
upstream ice rubble, which, at least partly, should be stabilized on the SIB itself. The detailed outcome 
of the model tests campaign is presented elsewhere (Gürtner and Gudmestad, 2008; Gürtner et al., 
2008). 

Full-scale experience with structures in ice is sparse. Therefore, model tests are performed to 
assess a new structure in ice. However, model tests may also be utilized as a basis for development of 
numerical ice-structure interaction models which then could apply in more general and to varying 
boundary conditions or to different structural layouts. The advantage of using model tests as reference 
for developing numerical ice-structure interaction models, instead of full scale data, is that model tests 
are performed in a controlled environment where modelling parameters and ice properties are known. 
Herein model test results were utilized in an inverse analysis to develop a new ice-structure interaction 
model. The computational model is developed within the framework of finite elements. Characteristic 
fracture of failing ice is handled by the cohesive zone approach, in which finite elements are allowed 
to separate based on a pre-defined fracture law, i.e. the traction-separation law.  

 
2. RESULTS 

The present paper presents results of the numerical simulations of ice-SIB interaction by means of the 
newly developed ice-structure interaction model. Model tests yield as a reference and comparison to 
this modelling results. Initial level ice braking on the SIB during model tests is shown in Fig. 1a, while 
Fig. 1b depicts ice rubble accumulations. Model tests revealed a close dependence of the measured ice 
force in relation to ice breaking and the extent of the upstream ice rubble. Hence, both ice 
accumulation processes and accordingly ice forces on the SIB are essential parts in the numerical 
simulation. The numerical simulations are carried out at the scale of the model in the ice tanks and, 
hence, a Froude scaling factor 1:20 applies to full-scale values. 
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Figure 1. a) Model test observation of initial flexural failure of the level ice sheet;  
and b) model test observation of rubble accumulation on the SIB. 

 
In the framework of conventional finite elements, the bulk ice mass, representing the level ice 

sheet, is firstly discretized by finite elements and thereafter cohesive elements are placed along all 
internal element boundaries as interfacial elements. Fig. 2 a) shows the set-up of the finite element 
model. Fig. 2 b) shows a close-up of the discretized ice, where cohesive elements are shown to divide 
the bulk ice mass in the horizontal and vertical directions. Bulk elements account for the constitutive 
behaviour of the ice in terms of stress and strain, whereas the cohesive elements track the traction as a 
function of the crack-opening displacement in terms of a material specific traction-separation law. The 
area under this curve equals the fracture energy. Water is modelled by an Eulerian grid in which the 
material flows through a mesh fixed in space and, consequently, results in correct buoyancy forces for 
the floating ice sheet together with inertia and damping terms. Ice submergence and up-lift may thus 
consistently be modelled. The SIB is considered being rigid and, as in the model tests, the SIB impacts 
the level ice with a constant velocity of 0.11 m/s. The ice thickness investigated herein is 0.03 m, 
whereas the shoulder inclination is 10°. As in the model test, ice forces are indirectly measured at the 
supports between SIB bottom and the moving carriage, here idealized by a moving plate.  
 

 
Figure 2 a) Set-up of the finite element boundary value problem including the SIB, water and ice; and 
b) close-up of the ice revealing bulk elements bordered by vertical and horizontal cohesive elements. 

 
Fig. 3 shows a side view snap-shot of the ice-SIB simulation. Ice is seen to approach the SIB from 

left and fail against the inclined SIB surface whereafter the ice is pushed up the slope and shoulder. 
During this interaction an ice rubble pile develops upstream which partly submerges due its own 
weight. The bouncy of this rubble pile supports ice up riding. Fig. 4 compares the experimentally 
obtained horizontal ice force from model tests with the ones resulting from numerical simulations as a 
consequence of the initial interaction process onto the SIB. Some deviation between model test ice 
force compared to the simulated ice force is seen. That is, the simulated ice force exceeds the 
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experimental force after about 13 seconds. The simulated force is rather stationary after about 20 s. 
The high load peak in model tests could not be attained by numerical simulations. The differences are 
accordingly expressed by the 95-percentiles with a relative deviation of about 170 N.  

 

Figure 3. Side-view into the centre of the 
upstream ice rubble accumulation. 

Figure 4. Experimental and simulated ice force 
comparison. 

 
Even though the numerical model needs considerable further development in order to predict and 

hindcast ice-structure interactions in detail and with true accuracy and precision, it, so far, already 
shows some interesting features which could be numerically modelled by combining conventional 
finite elements with the cohesive zone approach. Namely i) ice breaking, ii) rubble pile build up by ice 
submergence and uplift, and iii) time varying interface forces. In particular, a coupled interaction 
model capable of modelling of ice breaking as a result of exceeding certain fracture energy, resulting 
in abrupt interface force drops (see. Fig. 4), is considered to be a considerable achievement of this new 
model. 

 
3.  CONCLUSIONS 

On basis of model tests of the Shoulder Ice Barrier in the large ice tank of the HSVA a new ice-
structure interaction model has been developed. This numerical model was able to hindcast the 
physical scale model results with regards to ice breaking and the physical processes in general and to 
some minor extend the measured interaction ice forces. The numerical model shows to have 
considerable engineering potentials for further development. 
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The extent of ice cover in the Arctic Ocean has been reducing rapidly in recent years. 
According to future predictions the extent of open-water at the end of the melt season will 
continue to increase. How will the increase of open-water impact the sea ice formation 
regime?  Will the Arctic move more towards an Antarctic system of ice formation?  If so this 
will significantly change the evolution process of sea ice, its rate of growth as well as its 
influence on the structure of the surrounding water column through increased rate of the 
expulsion of brine during ice formation.  These important questions are difficult to address 
completely through dedicated field campaigns, in part due to logistical difficulties.  Many of 
the challenges of a field campaign can be avoided by conducting focused experiments in a 
purpose-built temperature-controlled laboratory.  These facilities allow insight into the basic 
physical processes by providing control over environmental variability which can not be 
done in the field.  This paper presents an overview of the experiments performed in the 
Arctic Environmental Test Basin that were aimed at answering these questions. 

 
 
1. INTRODUCTION 

In recent years it has become clear that the Arctic sea ice is undergoing a fundamental change.  Over 
the past fifty years, the Arctic Ocean has experienced a progressive decrease in the extent of sea ice, in 
the thickness of sea ice (Rothrock et al., 1999) and in the amount of perennial ice (Maslanik et al., 
2007).  More recently, the rate of retreat has increased rapidly.  In the last 10 years, the rates of decline 
in the extent and area of both seasonal and perennial sea ice over the entire Arctic region have shifted 
from about 2.5% per decade to over 10% per decade (Comiso et al., 2008).   

As the rate of retreat has accelerated, the gulf between satellite observations and the ensemble 
mean ice extent predicted by the IPCC models (Stroeve et al., 2007) has grown.  With the summer 
2007 minimum ice cover of just 4.1 million square kilometres (Stroeve et al., 2008), observations are 
now more than two standard deviations lower than the predictions of the latest IPCC report (IPCC, 
2007). While this might partly be explained by the very high internal variability of the Arctic climate 
system, the magnitude of the deviations strongly suggest that the existing coupled climate models are 
unable to adequately parameterise the Arctic sea-ice cycle and associated feedback mechanisms.  In 
this article, we present an overview of a series of laboratory experiments that focused on improving 
the representation of new ice formation in such models, especially with respect to the change in the 
growth regime that sea ice will be experiencing in an Arctic ocean with a much reduced ice cover.  
 
2. BACKGROUND 

In order to understand why the Arctic Ocean might be moving into a different ice growth regime, it is 
useful to briefly outline the feedbacks between sea ice, atmosphere and ocean waves.  Wind blowing 
across the ocean surface produces waves; whether it is in the form of small wind ripples or ocean 
swell.  The amplitude, speed and period of these waves is a function of the direction, strength and 
duration of the wind as well as the distance of open water the wind blows over (the fetch).  Sea ice is 
very efficient at damping high frequency waves, such that even a thin layer of frazil will eliminate 
surface ripples.  In the past, the fetch in the Arctic Ocean has been limited due to the presence of a 
perennial ice cover, and consequently the waves generated have been skewed towards the higher end 
of the frequency spectrum (Wadhams, 2000).  These higher-frequency waves are quickly attenuated 
by the small so-called frazil ice crystals that form in the open water at the onset of freezing, leaving a 
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quiescent ocean surface, which facilitates the freezing together of frazil crystals into a continuous ice 
sheet, forming a rather smooth, continuous sheet of so-called columnar sea ice. This unbroken ice 
sheet forms an insulating barrier between the ocean and atmosphere and subsequent ice growth 
continues more slowly. Until recently the area of open water within the Arctic Ocean was limited, with 
a considerable region being ice covered even during the summer months.  However this picture is 
changing and the amount of open water present at the onset freeze-up is increasing.  These changes are 
likely to influence the processes that control the formation of Arctic sea ice and its evolution in to a 
solid ice cover.  It is essential to understand the processes behind these changes and their influence on 
the ocean, atmosphere and cryosphere if we are to accurately model ice formation processes with in 
the Arctic Ocean.  

In the Antarctic a different ice formation process is dominant, the frazil-pancake ice-ice sheet 
cycle, due to differences in the ocean wave field impinging on the ice edge.  The fetch in the Southern 
Ocean is large and therefore higher amplitude waves with longer periods are generated.  Whilst the 
higher frequency waves are still attenuated soon after entering sea ice, the longer period waves are 
able to propagate many hundreds of kilometres into an ice field.  Under the motion of these longer 
period waves, frazil can not consolidate into a continuous ice sheet but coalesces together to form 
small, rounded ice pieces known as pancake ice (Lange et al., 1989).  It is assumed that pancake ice 
size is a function of the wave length and amplitude of highest frequency present in the incoming 
spectrum. As a result, the diameter of a pancake increases with distance from the ice edge.  
Furthermore, the duration of each stage in this cycle, (frazil, pancake and ice sheet), is dependent on 
the amount of energy within the wave spectrum.  The reduction of ice within the Arctic has led to 
greater fetch, which suggests that the system should be moving away from ice generation via the 
frazil-ice sheet process and towards the frazil-pancake-ice sheet process. 

In a future Arctic Ocean with a much reduced ice cover, the fetch will become much larger, 
generating higher amplitude waves with longer periods. Whilst higher frequency waves are still 
attenuated soon after entering sea ice, the longer period waves are able to propagate many hundreds of 
kilometres into an ice field. The frazil crystals can no longer consolidate into a single closed ice sheet, 
but rather form pancake ice. Up to now, only relatively little is known about the detailed physics of 
pancake formation, as well as about their impact on feedbacks between the ice and the ocean. The 
reason for this lies mostly in the fact that it is extremely difficult, if not impossible, to obtain detailed 
insights through dedicated field campaigns; environmental challenges and the logistical costs would be 
prohibitive. Therefore, we carried out focused experiments in a purpose built temperature controlled 
laboratory, examining what the impact of the transition from a frazil–ice-sheet cycle to a frazil–
pancake–ice-sheet cycle will be in a future Arctic Ocean.  The experiments allow us to gain insight 
into a large variety of questions relating to the different regimes of ice formation: 

 
Ice Growth: Wind-wave induced frazil ice formation produces greater volumes of ice than ice grown 

under quiescent conditions.  What are the expected growth rates of each new ice type? 
Brine Drainage:  The natural result of enhanced ice formation will be enhanced salt release into the 

underlying ocean, which will influence the stability of the mixed layer.  Fieldwork suggests 
that additionally pancake ice lose salt much more rapidly than conventional ice sheets, 
dropping to 5-7 psu within days of being formed.  What are the brine expulsion rates for each 
ice type? 

Pancake-ice formation: What are the factors that control the evolution of frazil to pancake and what 
controls the size of the pancakes? And how will this influence the albedo of the ice sheet and 
the exchange of gas, heat and momentum between the ocean and the atmosphere? 

Mechanical strength:  An ice sheet formed from pancake ice will have a different crystal structure 
(randomly oriented due to its origin being a thick frazil layer) to that formed from ice grown 
under calm conditions (elongated columnar crystals).  How will this different crystal structure 
influence the strength and hence stability of the ice sheet in its initial stages? 

Wave attenuation:  Increase in open water will lead to change in the wave spectra which will influence 
both new ice formation and the enhanced break-up of ice in the melt season.  How will the 
change in the wave field influence the new ice formation regime? 
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3. THE FACILITY 

To answer these questions, we carried out a series of experiments in one of the world’s largest 
refrigerated Arctic Environmental Test Basin (AETB, length: 30m, width: 6m), situated in Hamburg, 
Germany (www.hsva.de). Access to this facility was provided by the European Commission’s 
Integrated Infrastructure Initiative. Some of the projects previously performed at HSVA have 
concentrated on sea ice processes (e.g. Eicken et al., 1998; Haas et al., 1999) and as such the facility 
and their staff are familiar with the needs of the scientific community.   
 
4. THE EXPERIMENTAL LAYOUT 

In order to understand the influence a change in the ice formation regime may bring about, an 
experimental layout that simultaneously encompasses both quiescent ice growth (frazil−ice sheet 
cycle) and wave-induced ice growth (frazil−pancake−ice sheet cycle) was needed.  To provide for 
these scenarios, the AETB was subdivided into 3 separate tanks.  The first tank, Tank 1, was a 
turbulence-free zone which represents the formation of sea ice in a quiescent environment.  The other 
two tanks, Tanks 2 and 3 represented the possible new formation scenario, i.e. ice formation under a 
wave-dominated environment.  These two tanks were identical in size, but each had a separate wave 
maker and ended in a raised beach in order to limit the wave reflections.  All tanks were isolated from 
each other by sealed wooden barriers.  A schematic of the tanks can be seen in figure 1. Within each 
tank a number of different sensors were placed and simultaneous measurements obtained.  These 
included  

• oceanographic sensors: temperature, salinity, turbulence and wave field;  
• meteorological sensors: air temperature, humidity and air pressure;  
• cryospheric sensors: ice thickness, concentration, crystal structure, salinity and brine content, 

optical properties and ice strength.  
 
5. MEASUREMENT PROGRAMME 

A comprehensive automated measurement programme enabled the atmospheric, oceanographic and 
cryospheric parameters to be constantly sampled throughout the experimental programme.  These 
automated measurements were amended by a thorough hand-sampling programme.  The measurement 
programme in both Phase 1 and Phase 2 is summarized in Table 1. 
 

Figure 1.  Experimental layout of the AETB for the 
RECARO research programme. Examples of 
measurements made include a) Infrared image of 
developing pancake ice, b) measuring the frazil ice 
layer, c) Ultrasonic sensors (circled) over pancake ice, 
d) movable CTD, e) optical experiment in the 
quiescent tank (Tank 1), f) in-tank CTD.  
 

Table 1. Summary of the measurements in 
both Phase 1 and Phase 2 of RECARO 

 Phase 1 Phase 2 
Tank 1 Oceanographic 

• Salinity and temperature  
• Temperature chain 
• Turbulence  

Cryospheric 
• Ice thickness draft and freeboard  
• Sea ice salinity  
• Crystal structure  
• Bending strength 

Irradiance 
• 4 sunlight-lamps. 
• 3 TriOS spectral sensors.  

 

Oceanographic 
• Salinity and temperature  
• Temperature chain 
Cryospheric 
• Ice thickness draft and freeboard  
• Sea ice salinity  
• Crystal structure  
• Bending strength 
Irradiance 
• 4 sunlight-lamps. 
• 3 TriOS spectral sensors.  
 

Tank 2 Oceanographic 
• Salinity and temperature  
• Temperature chain 

Cryospheric 
• Ice thickness, draft and freeboard  
• Sea ice salinity  
• Crystal structure  
• Bending strength 
• Infra-red Camera 

Wave field 
• Pressure transducers 

 

Oceanographic 
• Salinity and temperature  

Cryospheric 
• Ice thickness, draft and freeboard 
• Sea ice salinity  
• Crystal structure  
• Bending strength 

Wave field 
• Pressure transducers 

 

Tank 3 Oceanographic 
• Salinity and temperature  

Cyrospheric 
• Ice thickness, draft and freeboard  
• Sea ice salinity  
• Crystal structure  
• Bending strength 

Wave field 
• Pressure transducers 

 

Oceanographic 
• Salinity and temperature  

Cyrospheric 
• Ice thickness, draft and freeboard 
• Sea ice salinity  
• Crystal structure  
• Bending strength 
• Infra-red Camer 

Wave field 
• Pressure transducers 
• Ultra-sonic sensors 

 
Atmospheric Wind speed and direction, humidity, air 

temperature 
Humidity, air temperature 
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6. FUTURE DIRECTIONS 

From these series of experiments we have the data available to improve our understanding of the 
processes behind the two different ice formation regimes as well as their respective influences on the 
ocean and atmosphere.  Whilst we cannot expect to understand all aspects of these regimes the 
knowledge gained should lead to a better understanding of the development of sea ice in the Arctic 
Ocean during freeze-up, especially the optical and physical properties of new ice types, the associated 
brine drainage, and sea ice wave dynamics.  The knowledge gained from these experiments, we hope, 
will lead to the incorporation of these ice regimes and associated parameters into future coupled 
models.  When the first results were published (Wilkinson et al., 2009) they were picked up by a 
reporter from the scientific journal Nature. This resulted in a scientific article being published, 
(http://www.nature.com/news/2009/090323/full/news.2009.183.html), in which the RECARO’s 
findings were highlighted to the global community. Consequently this led to numerous media articles 
and blogs being published which also highlighted this change in sea ice types. 
 
THE RECARO TEAM 

Our project ‘Understanding the impact of a REduced ice Cover in the ARctic Ocean’ (RECARO) 
involved over 20 partners from 10 European countries, Japan and the USA.  It consisted of a two week 
experiment programme performed in November 2007 (Phase 1) and a one-week experiment campaign 
in February 2008 (Phase 2).  The team were: J.P.Wilkinson, G.DeCarolis, M.Doble, I.Ehlert, K.-
U.Evers, R.Ezraty, D.Hayes, S.Gerland, N.Hughes, P.Jochmann, I.Jonsdottir, T.Ogasawara, S.Kern, 
M.Nicolaus, D.Notz, P.Olla, A.Orlando F.Parmiggiani, S.delaRosa, S.Sakai, M.Sasamoto H.Shen, 
L.Smedsrud, L.Valdettaro, P.Wadhams, R.Wang , P.Wadke and N.Wilkens 
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Laboratory tests were conducted to study dynamic interaction processes between a drifting ice 
sheet and a conical offshore structure. Conventional test techniques were used to study the ice 
failure process due to upward and downward breaking cones. In addition, a novel motion 
capture system was applied to measure the bending deflections of the ice sheet. Test results 
will be used to calibrate models on ice loads on fixed and compliant cones. The main reason 
for this kind of modeling is the field observation that conical structures may vibrate in some 
conditions while vibrations are not a problem in other conditions. In addition, new data was 
collected to clarify the speed effect, which is under discussion among experts on ice loading. It 
has been proposed the speed effect arises due to dynamic ice-water interaction. Therefore, 
extensive experiments were done on this phenomenon In addition, the feasibility or a new 
technique for ice load mitigation can be assessed by the new data acquired.  
 

1. BACKGROUND AND OBJECTIVES 

This paper addresses offshore structures that have a cone at the waterline to reduce static and dynamic 
ice actions. Quasi-static and dynamic tests were conducted in the HSVA Arcteclab under the project 
HYIII-HSVA-G4. The general objective was to collect new data for the design of such structures. 
Four specific objectives are described as follows.  

Dynamic ice actions on conical offshore structures are not fully understood at present. Structures 
with narrow cones experience vibrations in the Bohai Sea (Yue et al. 2006, Dalane et al. 2008) while 
other structures with wider cones have behaved better in the Baltic Sea and in the Canadian arctic 
waters. Therefore, the first specific objective was to study how the width of the cone influences the 
dynamic ice actions. Both up- and downward breaking cones were considered.  

The peak values of time-varying ice actions are believed to depend on the ice speed (Dempsey et 
al. 1999; ISO/DIS 19906). It has been proposed that speed effects may arise due to three-dimensional 
hydrodynamic effects in shallow waters. A theoretical model is being developed for this phenomenon 
(Lubbad et al. 2008). Accordingly, the second specific objective was to obtain data for the 
development of such a model. Another explanation for the speed effect relates to the ice-ride-up 
process. Data for this option was also collected.  

The third specific objective was to study the possibility of mitigating ice actions by using a 
compliant cone. The idea here is to create mechanical compliance between the structure and the cone, 
such that the motion of the cone enhances the failure of ice sheet acting on the structure (Mróz, et al. 
2008).  

Finally, the research team also needed data about ice actions on floating structures that have a 
downward breaking shape at the waterline. The test set-up with a compliant cone was used for this 
purpose.  
 
2. TEST PROGRAMME 

Tests were carried in the large ice basin of HSVA Arcteclab. Three different cone models were used in 
these tests. The first tests were conducted with a small, upward breaking cone. This cone had a 
waterline diameter of 0.61 m and the cone angle was 60o from the horizontal (Fig. 1). Figure 1 shows  
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reflecting sensors installed in a grid at the ice surface. These sensors are a part of an optical motion 
capture system, Qualisis, hat was used to measure the vertical deflections of the ice sheet.  

 

 
Figure 1.  Ice failure on a narrow model cone. 

 
Time-varying deflections and the associated propagation of bending waves were measured to 

provide data for models of dynamic ice-water interaction. The reflecting sensors were installed on a 
plastic sheet that was moving on the ice sheet at the same speed as the carriage, which was used to 
push the cone against the ice sheet. In addition, six pressure sensors were installed on a frame, which 
also was fixed onto the carriage, under the water surface. Accordingly, the pressure sensors were 
moving underneath the ice sheet to measure pressure fluctuations arising due to the ice-water 
interaction.  

Figure 2 shows a wide cone model interacting with the ice sheet. The waterline diameter of this 
cone was 1.36 m and the cone angle was 60o.  

 

 
Figure 2. Ice failure process on a wide model cone. 

 
Mróz et al. (2008) propose that performance of a cone can be enhanced by making it compliant in 

a specific way. This option was studied by a downward breaking cone that is shown in Fig. 3. In this 
case, an additional compliant element was installed between the cone and the carriage.  
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Figure 2. Compliant cone acting on an ice sheet. Waterline diameter 1.36 m 

and the cone angle 60o, downward breaking.  
 
Tests were conducted on six ice sheets that were grown from salt water using the standard 

procedures of the HSVA Arcteclab.  The target values of the ice thickness and flexural strength were 
30 mm and 50 kPa, respectively.  

 
3. RESULTS 

The test laboratory had recently acquired a new data acquisition system that can be used to perform 
wireless measurements on moving objects. This project made extensive use of this system by 
measuring the deflections of the ice sheet. Practical difficulties were first encountered as the data 
acquisition facility was brand new. However, very useful results on the hydrodynamic ice-water 
interaction were obtained due to sequential improvements in the test set-up.  

Tests were done at several indentation speeds. The raw data on ice loads shows that the peaks of 
the ice action increase strongly with the speed. Calibration data of the test set-up were acquired so that 
the contributions due to water drag and the dynamic magnification can subsequently be considered.  

The time signals on ice load and the cone response were supplemented with video records and 
photos, which show all details of the ice failure process as well as the ice ride-up and clearing.  

Tests with the wide downward breaking cone showed that the ice loads were significantly lower 
than predicted by the well-known model by Ralston. This result will probably call for modifications in 
the model concerned. During the tests the low level of ice actions posed problems for the tests with the 
compliant cone. The project solved this problem by increasing the buoyancy forces on the test 
structure. Accordingly, successful results were obtained also for the compliant cone.  

Video records and plenty of photos were taken of the ice failure process. An initial analysis of 
these results indicates that bending failure often occurred only partially along the ice-structure contract 
region. This is in contrast with the main assumption of many calculation models. Namely, those 
models usually assume a complete and simultaneous bending failure occurs in front of the cone. 
Accordingly, we have a tentative explanation for the difference between model predictions and the 
force measurement.  
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Experiments to investigate the loads from ridge keels on structures have been performed at 
Hamburgische Schiffbau-Versuchsanstalt (HSVA) in Germany in scale 1:20. Four ice ridges 
were built and tests were performed with ice temperature and interaction speed as variables. 
The structures included two 0.7 m by 0.7 m underwater cubes and one 62°-sloped cone with a 
water line diameter of 0.6 m. The results indicate that colder ridges exerted higher loads on the 
structures for slow interaction speeds, but this effect disappears at higher speed. The horizontal 
loads on the sub sea structures reached a steady state and correlated to the keel profiles. Side 
tests comprised of seven punch tests, retaining wall tests, oedometer tests and two piling tests 
were also performed to characterize the mechanical properties of the rubble. A wedge 
extrusion was observed in the retaining wall test and the time series showed that the plate load 
seemed to be correlated to the penetration speed. The oedometer test showed the typical 
behaviour of a loose soil and the compaction behaviour was characterized.  

 
1. INTRODUCTION 

Gudmestad and Liferov (2007) discussed the use of sub-sea technology in the ice-covered waters. The 
design to resist ice actions requires knowledge about the loads that ice ridge keels can exert on 
bottom-based structures. It is often assumed that the limiting load from ridge keels is associated with 
either local or global failure. Liferov and Høyland (2004) reported medium scale keel interactions with 
a solid nearly vertical object. They observed that the keel failure was progressive, occurring while the 
ice ridge moved forward. 

Analytical and numerical models exist, or can be developed, to calculate keel loads on structures. 
Ice model basin testing is believed to be the first mean to provide input for validation of these models. 
For a number of reasons, physical-mechanical properties of the model keels are rarely well 
documented. This negatively affects the confidence in the obtained load values. Therefore, the 
following objectives were targeted during the present research test campaign at HSVA: Investigate 
and document ridge behaviour and keel failure mechanisms during the interaction with structures and 
measure physical and mechanical properties of the keels by different supplementary methods. 
 
2. EXPERIMENTAL SETUP 

The HSVA ice tank is 78 m long, 10 m wide and 2.5 m deep. A 5 m deep section of 10 m by 12 m is 
located at the end of the tank. For the purpose of modeling shallow water conditions bottom elements 
(false bottom) were inserted into the tank to reduce the water depth. The structures were fixed on the 
false bottom, which was displaced along the tank by a motor driven carriage able to provide a 
maximum towing load of 50 kN. The dimensions of the structures, the level ice thickness, the drift 
speeds and the keel depths were scaled with a Froude scaling of 1:20. Two types of structures were 
studied: cubical shape for sub-surface keel interaction and simple conical for surface ridge interaction. 
A plan view of the testing procedure is shown in Figure 1. The principal dimensions of the structures 
are given in  
Figure 2.  
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Figure 1. Test set-up, plan view. 

 

 
Figure 2. Dimensions of the structures.       

 
Four ice sheets (corresponding to test series 1000, 2000, 3000 and 4000) were produced with one 

ice ridge per ice sheet. The ridges 2000 and 4000 were built from colder ice and tested soon after their 
production, with very little consolidation (degradation) time allowed. Ridges 3000 and 4000 were 
tested with an interaction speed of 0.22 m/s, whereas the interaction speed was 0.045 m/s for the 
ridges 1000 and 2000.  

The retaining wall test was proposed to test ice rubble behaviour in the keel under controlled 
boundary conditions. A general illustration of the retaining wall box seen from below is given in 
Figure 3. A velocity-controlled piston displaced the pushing plate over a 790 mm course. There was a 
10 mm gap between the pushing plate and the inner sides of the retaining wall box. Wheels attached to 
the pushing plate helped guiding it into the box. The cross section dimensions of the box were 700 * 
700 mm, with 15 mm thick walls. The box was 2176 mm long and there was 1670 mm from the initial 
position of the pushing plate to the end of the box. Figure 4 is a picture of the retaining wall box being 
lowered into the ice ridge. 

 

 

Figure 3. Retaining wall testing box seen    
from below.    

 

Figure 4. Retaining wall box lowered into 
the ridge. 

 
The oedometer test was performed to test the properties of the model rubble ice in compaction. It 

was performed in a cyclic way (loading-unloading-reloading) with a load level increasing for each 
step. Figure 5 shows the oedometer machine being constructed. Figure 6 shows an illustration of the 
volumetric box containing the rubble and covered with the velocity-controlled piston. The volumetric 
box was a steel cylinder of 520 mm diameter and 500 mm high. The bottom of the box was closed and 
the bottom of the side was drilled with water evacuation holes. The piston was pressing onto a 500 
mm diameter wooden plate sliding in the box. 
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Figure 5. Oedometer machine 
under construction. 

 
 

 

Figure 6. Volumetric box. 

 

 Figure 7. Rubble ice being tested. 

 
3. MAIN RESULTS AND CONCLUSION 

Figure 8 shows the ridge profiles and the loads acting on the portside cube plotted against the position 
of the front face of the structure, for the test series 1000 and 4000 respectively. The same plots were 
generated for each interaction event with the cubes. In a general case, the x-loads seemed to correlate 
to the keel profile. They decreased before the valleys of the keel and increased in the vicinity of the 
peaks. This can be observed in Figure 8 (b). However, some particularities contradicted the previous 
affirmation, i.e. the final x-load peak in Figure 8 (a). On the underwater video, this peak load occurred 
at the beginning of a 0.2 m increase of the depth of the rubble mound in front of the structure.  

 

 

Figure 8. Ridge profile, rubble mound and actions on the portside structure plotted against the position 
of the structure’s front, test series 1000 (a) and 4000 (b). 

 
The effect of the ridge temperature on the effective pressure was investigated (Table 1). The 

effective pressure was here defined as the x-keel load divided by the area of interaction. The x-keel 
load is equal to the x-total load for the cubes, and to the x-bottom load for the cone. For the cubes, the 
area of interaction is computed as the product of the cube width and the distance from the roof to the 
average keel depth (Table 1). For the cone, the area of interaction is the projected area of the cone 
interacting with the keel (average keel depth). It appears that a temperature effect is visible for the 
slow interaction tests (1000 and 2000), where the colder ridge produces a higher effective pressure. At 
higher interaction speed, no temperature effect could be observed.  

Table 1. Effective pressure. 

 Portside cube (average) Starboard Cube (average) Cone bottom (maximum) 
Test series 1000 1630 Pa 1530 Pa 2840 Pa 
Test series 2000 4760 Pa 4760 Pa 4210 Pa 
Test series 3000 4285 Pa / 4210 Pa 
Test series 4000 4120 Pa / 4207 Pa 
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The underwater video of the retaining wall test showed a wedge failure mode of the rubble as 
indicated in Figure 9. The force time series also showed an increasing effective pressure (from 1100 to 
5200 Pa) for a decreasing plate penetration speed (from 7 to 1 mm/s). 

Figure 10 presents a typical curve derived from the oedometer test. The pressure is plotted against 
the volumetric strain. The time series gave a good indication of the effect of the compaction on the 
volumetric hardening of model rubble ice. For each one of the cycles shown in Figure 10 the steep 
linear part corresponded to the elastic domain. Upon loading, the stress reached a critical value 
(isotropic yield stress) where the slope of the curve suddenly changed. From that point the stress path 
becomes different upon unloading, the plastic domain was reached. Figure 10 showed that the yield 
stress and the size of the elastic domain were depending on the volumetric strain.  

A closer look at Figure 10 shows that the slope of the elastic part of each cycle is increasing with 
the compression of the rubble. The bulk modulus was estimated to be 0.6 MPa for the first cycle and 
1.14 for the last one. The corresponding Young modulus of the rubble was computed with 
equation (1). 

3 (1 2 )E K ν= ⋅ −   (1) 

where E is the Young’s modulus, K is the bulk modulus and ν is the Poisson’s ratio, selected as 0.3, a 
typical value for granular materials. The Young modulus of the rubble for the first and last cycle was 
computed to be respectively 0.7 and 1.14 MPa. The estimated range of the Young’s modulus of 
HSVA’s rubble ice was in good agreement with the Young modulus estimated by Liferov et al (2003).  

 

Figure 9. Wedge extrusion during run 1000. 

 

Figure 10. Oedometer test, pressure against 
volumetric strain, run 2100. 
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A series of experiments to study freeze-bond strength in model ice were performed in the 
Hamburg Ship Model Basin (HSVA) during November 2008 and April 2009. Freeze-bond 
strength in direct shear was measured as a function of initial ice temperature, available time to 
develop the freeze-bond and normal stress applied to the freeze-bonded samples. The variation 
of freeze-bond strength with increasing normal stress showed a linear increasing tendency. The 
freeze-bond strength diminished when the submersion time increases, and there was no special 
trend with the initial ice temperature. 

 
1. INTRODUCTION 

Ice ridges may represent the design load for ships, coastal, and offshore structures in many arctic and 
subarctic marine waters. Several authors argue that the initial failure of ice rubble is reached when 
freeze bonds between ice blocks fail (Ettema and Urroz, 1989, Surkov and Truskov, 1993, Surkov et 
al., 2001, Shafrova et al., 2004 and Liferov, 2005). Moreover Liferov and Bonnemaire (2005) discuss 
that this initial failure of the rubble may correspond to the peak load. Thereafter, the study of freeze 
bonds is of vital importance when dealing with ice ridge loads on structures. This paper presents part 
of the results from experiments where the strength of artificially created freeze-bonds made from 
model ice was tested on direct shear. The freeze-bonding process has been studied by Shafrova and 
Høyland (2007) in sea ice in field and laboratory conditions, by Ettema and Schaefer (1986) for fresh 
water ice and by Marchenko and Chenot (2009) for sea ice freeze-bonds made in air in field 
conditions. This paper presents the results of a detailed analysis on the freeze-bond shear strength (τc) 
in model ice as function of initial ice temperature (Ti), available time to develop the freeze-bond 
(submersion time, Δt) and normal stress applied to the freeze bond samples (σ). The experiments were 
performed during November 2008 and April 2009 in the Hamburg Ship Model Basin (HSVA). 

 
2. EXPERIMENTAL METHOD AND SET UP 

A direct shear testing device was designed for the 2008 experiments based on the experimental set-up 
proposed by Ettema and Schaefer (1986). In 2009 the fixing system of the bottom frame was 
improved. Figure 1 depicts their basic design. The experimental procedure consisted in cutting 
samples from the ice sheet from the large ice tank with dimensions 14 cm x 14 cm x 3 cm and storage 
them at -20 oC. The samples were then put in shelves in a cold room with a certain air temperature 
(Tair) until the samples were in thermal equilibrium with the air, at the desired initial ice temperature 
(Ti). At that time, two samples were placed together one on top of the other and submerged in a 
secondary tank containing saline water from the large ice tank (salinity around 7 ppt) with a weight on 
top to account for the required normal confinement. After a certain submersion time (Δt) the samples 
were taken out from the secondary basin and tested in shear using the same normal confinement used 
while they was submerged. Table 1 presents the test matrix of the experiments.  
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Figure 1. Experimental set-up used in 2008 and 2009 experiments. 
 
 

Table 1. 
Parameters used in the experiments: initial temperature of the ice (Ti), air temperature when 

making and testing the freeze bonds (Tair), normal stress applied while making the freeze-bond 
and while testing them (σ), number of samples used (n), time of submersion of the samples (Δt), 

ice salinity (Si) and salinity (Sw) and temperature (Tw) of the water where the samples were 
submerged. 

  Series Ti [oC ] Tair [oC ] σ [Pa] n Δt [hr] hi [mm] SI [ppt] Sw [ppt] Tw [oC] 
125 4 
637 3 

1205 3 

10.7 -0.8 
10110 -7.5 -7.5 

2040 3 

20 30 ± 10 3.2 ± 0.3 

12 -0.83 
125 1 
637 2 

1205 2 

10.3 -0.79 
10120 -14 -12 

2040 2 

20 30 ± 10 3.2 ± 0.3 

12.2 -0.83 
147 3 
295 3 
637 3 

10130 -1.2 -1.6 

2040 3 

20 30 ± 10 3.2 ± 0.3 13.0 -0.85 

3 1 
3 4.5 10210 -7.5 -7.5 637 

2 10 

30 ± 10 3.2 ± 0.3 12 -0.83 

2 1 
2 4.5 

20
08

 

10220 -12 -14 637 

3 10 

30 ± 10 3.2 ± 0.3 12.2 -0.83 

170 5 
660 5 

1075 6 
1000 -7.5 -7.5 

2000 6 

20 24 ± 3 2.9 ± 0.7 7.7 -0.52 

7 1 
7 4,5 2000 -7.5 -7.5 660 

7 9,5 

35 ± 2 3.2 ± 0.1 8.1 -0.58 

5 0.017 (1 min) 
5 0.083 (5 min) 

20
09

 

3000 -7.5 -7.5 660 

7 0.33 (20 min) 

35 ± 2 3.2 ± 0.1 8.4 -0.62 
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3.  RESULTS 

Two different failure modes were observed during testing. Ductile-like failure was predominant during 
2008 experiments (80 %) while brittle-like failure was predominant during 2009 experiments (93 %). 
Brittle-like failure was associated with higher strengths, sudden drops in the force after failure and 
higher loading and unloading slopes. Figures 2 to 5 show the obtained results. The results are 
presented in plots were all the data from each series is considered (All dada) and with only the ductile-
like samples are considered (Ductile-like). The data from 2009 experiments can be regarded as brittle-
like since only 4 out of 60 samples were ductile-like. Each data point corresponds to the average value 
of the n tested samples (Table 1) plus/minus the standard deviation. 

 
 

Figure 2. Results of freeze-bond shear strength vs. normal confinement. 
 

 
Figure 3. Results of freeze-bond shear strength vs. submersion time for Δt > 1 hour. 

 

 
Figure 4. Results of freeze-bond shear strength 
vs. submersion time including series 3000 
(short submersion times). 

Figure 5. Results of freeze-bond shear 
strength vs. initial ice temperature. 
 

 
 

233



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

 
4.  DISCUSSION 

Increasing linear trends were observed when plotting τc vs. σ (Figure 2) while exponential decay 
trends were observed when plotting τc vs. Δt for Δt > 1 hour (Figure 3). A bell-shaped curve 
(lognormal type of trend) was observed when the results for short Δt are incorporated (Figure 4), as 
predicted by Shafrova and Høyland (2009). The influence of the initial ice temperature vanishes for Δt 
= 20 hours (no particular trend was found when plotting τc vs. Ti). In general it can be seen that the 
data becomes smoother when the brittle-like data is extracted from the 2008 results. 
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A series of double-shear experiments were undertaken in the Environmental Test Basin at the 
Hamburgische Schiffbau-Versuchsanstalt (HSVA) in Hamburg. The aim of these experiments 
was to improve understanding of transient behaviour in sea ice friction. To this end we have 
fitted our experimental results to a rate- and state- dependent model of friction, which allows 
us to incorporate non-steady-state behaviour into a relatively simple (three parameter) friction 
law. In a further series of experiments we investigated the nature of granular flows in sea ice: 
here we are studying not just two parallel frictional contacts, but an anisotropic array. We have 
compared the ice tank results to smaller-scale laboratory results and modelling to give insights 
into applicability to engineering- and basin-scale problems. 
 

1. INTRODUCTION 

The modern understanding of dry friction begins with Leonardo Da Vinci, and was codified by 
Amonton and Coulomb in the 17th and 18th centuries. Ice friction is more complicated than dry 
friction, due to processes of melting and solidifying at the frictional interface, as first interpreted by 
Bowden and Tabor (1939). Since these beginnings much progress has been made on understanding ice 
friction, for both freshwater and saline ice (e.g. Oksanen and Keinonen, 1982; Jones et al., 1991; 
Kennedy et al., 2000; Maeno and Arakawa, 2003). Research has focussed on both empirical 
determination of friction coefficients, and attempts at physical understanding of the lubrication, 
freezing, sintering and fracture which control ice friction. However, most large-scale modelling of sea 
ice processes uses a simple dry friction law, and often the friction coefficient μ is used as a tuning 
parameter rather than seen as a physical property (e.g. Hopkins, 1996). In this work we try, by analogy 
with rock physics, to introduce a simple 3-parameter model which incorporates many of the effects of 
the complicated physical processes underlying ice friction, but which is simple enough to be easily 
incorporated into, for example, discrete element models (DEMs) of ice dynamics. 
 
2. EXPERIMENTAL SETUP 

In order to experimentally measure friction, we use a simple double-shear configuration, with one 
square moving ice block sandwiched under load between two parallel ice blocks. The scale of the 
HSVA facility allows us to use a 2m floating block as the central slider, and also allows us to closely 
mimic typical Arctic conditions, with columnar ice frozen from, and floating on, saline water. 
Environmental conditions are shown in table 1. 
 

Table 1: Environmental conditions 

Ice thickness 0.25m 

Temperature -10oC 

Water Salinity 33ppt 

Bulk Ice Salinity 7.3ppt 

Ice density 931 kg m-3 
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Figure 1 is a photograph which gives an indication of the scale and configuration of the 

experiment. The normal load here is provided by hydraulic pusher frames, visible in the bottom left of 
figure 1. The frictional shear force is provided 
by a cantilever beam attached to the bottom of a 
controllable mechanical carriage, visible in the 
background of figure 1. Both the normal load 
frames and the shear load beam were fitted with 
calibrated load cells. The speed at which the ice 
was pushed was controlled by a relatively crude 
control on the carriage, but was accurately 
measured using calibrated displacement 
transducers. The effective friction coefficient μ 
is then given as half the shear load divided by 
the normal load (the factor of two occurs since 
there are two sliding edges.) 
 
3.  RESULTS 

We ran two separate suites of experiments, following a procedure for interpreting transient friction 
first investigated by Dieterich (1979). Throughout these experiments we use a constant side load of 
5kN. In the first group of experiments, we investigate the rate-dependence of ice friction, by pushing 
the central ice blocks at a variety of constant speeds. At low speed (1-10 mms-1), stick-slip friction is 
often observed, while at higher speeds the motion is smooth. These results show some experimental 
scatter, but overall a log-linear fit of friction to speed can be made, as shown on the LHS of figure 2. 
We note that this log-linear fit is somewhat simplistic compared to, e.g. the multi-regime interpretation 
of Hatton et al (2009): but simplicity is our aim. In the second group of experiments we hold the 
central slider still under normal load for a series of ‘hold time’ ranging from 10 to 1000 seconds, and 
then investigate the friction spike on the resumption of motion. The values of this friction spike are 
shown on the RHS of figure 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: an experimental determination of the rate-dependence of friction (L) and of 
the peak friction coefficient on resumption of sliding following a static contact under load (R). 

 
Following the methodology of Dieterich (1979) for rock friction, and the interpretation of Ruina 

(1983), we can then combine these results into a single rate and state model of ice friction, in which a 
single state variable is introduced to cover the various physical processes, discussed above, which lead 
to memory effects in friction. An explanation of this model, and our empirically determined parameter 
values, are given in Lishman et al. (2009). We find that this model successfully predicts non-steady-
state behaviour during cyclic-velocity sliding in laboratory experiments (Lishman et al., in prep.). 

Figure 1: photograph of experimental setup. 
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4.  FURTHER WORK 

While these double shear experiments provide useful and quantifiable information on the nature of sea 
ice friction, the overall aim of the project is to better describe sea ice dynamics on aggregate. To this 
end we have also undertaken a series of experiments looking at ensemble flows of small (~50cm) 
diamond shaped floes, with the aim of representing the anisotropy observed in satellite imagery of the 
Arctic. In particular, we are interested in quantifying the edge-edge sliding between floes (the 
frictional dissipation in this sliding can be represented by the rate and state model described above.) 
This work is ongoing, but figure 3 shows the configuration in the ice tank and in a discrete element 
model of the same. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: granular flows, in the ice tank (L) and in a discrete element model (R). 
 

 
5.   CONCLUSIONS 

We have undertaken a series of large-scale ice friction experiments in the Environmental Test Basin at 
HSVA. These experiments provide us with a full set of parameter values for a rate and state model of 
ice friction, which allows transient memory effects to be incorporated into friction laws for large-scale 
modelling without a great increase in complexity.  
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This is a report of activities from the INTERICE 4 project that ran at the Arctic Environment 
Test basin in September and October 2009. A team of 20 researchers (from Belgium, 
Denmark, Finland, Germany, Norway & U.K.) came together for a 2 phased experiment in 
which fundamental questions on the biogeochemistry of carbon during ice formation were 
addressed. In Phase 1 the formation of calcium carbonate and the influence of ice sheets on 
carbon dioxide fluxes into and out of growing sea ice was investigated. In phase 2 the effects 
of sea ice formation on dissolved organic matter was investigated in parallel with 
measurements of bacterial activity. The preliminary results of this work will be presented 
alongside a general discussion of how appropriate it is to use ice basin facilities for complex 
experimentation such as these. 

 
1. INTERICE 4 - PHASE 1 

The interaction between the marine and atmospheric carbon cycle is a critical factor in understanding 
climate change. The polar oceans play an important role in mediating the Earth's climate, for example, 
by providing an appreciable part of the global carbon sink in their surface waters and up to 80% of 
reflection of solar radiation by polar ice. Although the interplay between biology and climate change is 
a major focus of current studies, less attention has been paid to abiotic drivers that may influence 
carbon cycling and sequestration. Carbonate minerals and their production in sea ice is an unquantified 
component of the polar carbon cycle, and key aspects of their dynamics need to be studied before a 
true appreciation of their role can be assessed.  

Seawater begins to freeze at -1.85ºC, leaving its salts in the water (brine) that remains. At -10ºC 
the brine is four times saltier than seawater. Thermodynamic principles predict that under these 
conditions minerals (such as calcium carbonate) should precipitate, and there is some indirect evidence 
to support this from laboratory experiments. The consequences of carbonate formation and its 
subsequent dissolution are complex and may have a strong bearing on the carbon cycle in polar 
oceans. For example, it has been estimated that 720,000,000 t of carbon may be removed from surface 
to deep polar waters as a consequence of carbonate mineral formation in sea ice. Until recently, these 
estimates have remained subjective and speculative, because neither carbonate minerals nor their 
mineral form had been described, while the effects of physical-chemical properties on their 
precipitation and dissolution in sea ice was unknown. The recent discovery of ikaite, a metastable 
phase of hydrated CaCO3 (CaCO3.6H2O), has confirmed the presence and form of the carbonate 
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mineral in sea ice but has left us unable to assess the significance of its role in carbon cycling in polar 
oceans because controls on its production and dissolution in sea ice are unknown.  

Our aim was to perform laboratory experiments that will determine 1] whether previous 
thermodynamic modelling of ikaite formation correctly describes the onset and rate of precipitation 
and dissolution of this mineral from brine solutions typical of sea ice; 2] whether the confined 
conditions found in the brine channels of sea ice affect the manner and rate at which these processes 
occur. Our second aim was to use the stable isotopic composition of ikaite crystals to reconstruct some 
of the conditions under which the mineral precipitates in sea ice. This is currently impossible in the 
natural environment because we cannot probe individual brine pockets to derive the information that 
we need directly. A combination of oxygen and carbon isotopic measurements of CaCO3.6H2O will 
allow us to record the temperature and the properties of the brine at the scale of the brine pocket. 

Our overall aim was to try and set up conditions during freezing that represent a low pCO2 and 
high pCO2 settings. The hypothesis being tested was that low pCO2 would promote ikaite precipitation 
at all temperatures i.e. ikaite should precipitate throughout the ice and high pCO2 would inhibit ikaite 
precipitation except at the coldest temperatures i.e. maybe less mass throughout the core or maybe 
only precipitation in the upper ice layers. 

With CaCO3 precipitation/dissolution processes goes strong variability of pCO2 in sea ice, which, 
in turns, when it is permeable (autumn and spring), results in fluxes either “in” or “from” the sea ice 
with regard to the atmosphere or the ocean. This physico-chemical process concurs with other physical 
or biological processes to control the potential net CO2 sink into the ocean, which is of crucial 
importance in the anthropogenic perspective of rising atmospheric CO2 and its influence on climate. 
This experiment has thus included a close follow-up of pCO2 concentrations in ice, water and brines 
together with chamber-type fluxes measurements at the ice-air interface to try unravelling the 
dynamics of these processes in relation to calcium carbonate precipitation. 

 
2. INTERICE 4 - PHASE 2 

The pool of oceanic dissolved organic matter (DOM) is derived by biogenic sources such as algal and 
bacterial exudation, viral lysis, grazing and excretion by-products, and is removed by microbial 
heterotrophic activity and through uptake by algae capable of heterotrophic growth and metazoans. 
DOM, depending on its nature, may therefore be an available substrate to trophic flows in the food 
web, supporting the communities found within sea-ice (including bacteria, protozoa, microalgae and 
small metazoans). The supply of DOM has been argued as a more important factor in regulating rates 
of bacterial growth in the Barents Sea than temperature per se. It has also been suggested that DOM 
can affect the penetration of light and the exchange of gases at the sea surface). During sea-ice 
formation ice crystals aggregate in a matrix and the formed brine, containing the dissolved 
constituents of seawater, is expelled in a network of channels. 

It has been determined that sea ice diatoms and bacteria produced large amounts of extracellular 
polymeric substances (EPS) or mucilages, that fill the brine channels.  These mucilages are thought to 
help the diatoms to survive in the harsh conditions of the sea ice channels. The cells that remain 
metabolically active in this hypersaline brine at ultra low temperatures are living in an environment of 
such reduced free energy that the system is virtually locked up at the molecular level. It is suggested 
that the extracellular polymeric substances (EPS) may confer general benefits to ice diatoms, such as 
cryoprotection, salinity barriers and a localized microclimate. Recently it was found that brines have 
high proportion of higher molecular weight EPS. There was also evidence of increased “EPS matrix 
complexity” in the higher molecular weight fractions and in the upper part of ice cores. Such 
differences may reflect the combined effect of the production of specific EPS that could act as osmotic 
or temperature protectants, and differential loss processes (e.g. microbial degradation) within the brine 
channel environment. 

The objective of our work was to determine whether DOM and EPS behaves conservatively during 
brine exclusion caused by sea-ice formation, and the degree to which fractionation of DOM 
constituents takes place and the effects that such processes may have of bacterial activity and bacterial 
species diversity.  
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The tank model tests of iceberg towing have been carried out in scale 1:40 in the ice tank at 
Hamburg Ship Model Basin (HSVA), Germany. Two different iceberg models were used and 
each towed in four different ice concentrations. From all tests, tow line forces, iceberg 
displacements and rotations were recorded. It was concluded that towing in 5/10 (=50 %) sea 
ice concentrations and higher were not realistic due to high resistance. During the tows in high 
concentrations, ice was breaking in flexural mode, crushing, rafting and ridging continuously 
in front of the iceberg models. With respect to the tow line, the line was fully extended and 
lifted up from the water/ice. In real operations this may increase the risk for tow line rupture 
and subsequent “snapping”. In 5/10 ice concentration, total loads in the tow line will most of 
the time be lower than maximum bollard pull for powerful diesel electric icebreakers 
indicating that towing up to this concentration may be feasible. However, tow lines will have 
to resist even the highest peak loads during a tow and it is unclear whether sufficiently strong 
tow lines can be produced. With respect to tows in 2/10 concentration and open water, loads 
are significantly lower indicating that towing in low ice concentrations should be feasible.  
Measured loads seem to be reasonable well described by a log-normal distribution. The 
concentrations of surrounding sea ice is found to be most important for the load magnitude 
while variations in speed, acceleration, course and iceberg shape seem to be less important.  
A log-normal distribution, in which the parameters are functions of the sea ice concentration, 
has been fitted to recorded data. Combined with information regarding expected tow length, 
this distribution may be applied in order to provide crude estimate on extreme loads during an 
iceberg tow. By performing additional model tows in different ice conditions and with larger 
variations in iceberg size, this model may be further developed to be applicable in a wide range 
of scenarios. 

 
1. INTRODUCTION 

Icebergs may cause a threat to installations, vessels and operations in a number of Arctic and Antarctic 
regions. If icebergs are detected and considered to be a threat, it has been documented that they can be 
deflected into a safe direction in approximately 75% of the events (Rudkin et al., 2005). The preferred 
method for iceberg deflection is single vessel tow rope ( 
 
Figure 1). 

While all successful iceberg towing operations so far has taken place in open water, future oil and 
gas developments are expected to take place in regions with occurrence of icebergs embedded in sea 
ice. The possibility to manage icebergs in such conditions will contribute to increased safety in future 
operations. The potential for handling icebergs in sea ice may also directly influence the design of 
offshore structures in Arctic waters.  

In order to investigate the feasibility for iceberg towing both in open waters and in waters prone to 
sea ice, a number of iceberg tow tests were carried out in the large tank of the Hamburg Ship Model 
Basin (HSVA). This paper present a brief description of the test set up and highlights the most 
important results.  
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Figure 1. Illustration of a single vessel, iceberg tow operation (after McClintock et al., 2007) 
 

2. MODEL TESTS 

The model tests were conducted with a geometrical scaling of 1:40. In order to ensure correct ratio 
between inertia forces and gravity forces, Froude scaling was applied: 
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where vm and vf is the velocity in model scale and full scale respectively, g is the gravity and Lm 

and Lf  is the iceberg length (diameter) in model and full scale. It should be noted that it was not 
possible at the same time to achieve the same Reynolds number in model and full scale. 

Two iceberg models were made by building wooden shapes (rectangular and cylindrical) and 
filling these with fresh water ice pellets. These shapes were thereafter filled with fresh water and 
stored in the ice tank for a few days. When the ice was frozen into solid blocks, the wooden forms 
were removed and the models were ready for use. Table 1 show the model specifications. 

In total, three ice sheets were prepared during the test period. Tests were conducted with both 
models in 8/10, 5/10 and 2/10 ice concentrations plus open water. The average ice thickness was 30 
mm corresponding to 1.2 m in full scale.  

A 4 mm Liros Dyneema TM rope corresponding to 16 cm in diameter in full scale was used as the 
main part of the tow rope. The other part was consisting of a 3 mm steel cable simulating a 12 cm 
diameter steel hawser in full scale. Load cells were attached both at the tank carriage and at each of the 
two tow line branches (Figure 1). Iceberg motions were recorded by a QualiSysTM motion system.  

For each iceberg shape and ice concentration, two different tow types were tested; one linear test 
including an acceleration phase and one test were a change in tow course was simulated. 

 
Table 1. Initial volume, mass and density of iceberg models 

Shape Volume [m3] Mass [kg] Density [kg/m3] 
Tabular 1.99 1784.7 898.6 

Cylindrical 1.85 1637.2 887.0 
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3. RESULTS 

The recorded tension in the tow line showed that the loads are highly stochastic (Figure 2). Further, it 
was found that the loads were strongly affected by the sea ice concentrations while other parameters 
such as acceleration, velocity and iceberg shape were of less importance. In 8/10 ice concentrations, 
the resistance a tow vessel has to overcome will be significantly higher than even the most powerful 
icebreakers can manage. In 5/10 ice concentration, the average tow loads are of same magnitude as 
can be provided by the most powerful icebreakers. Towing of icebergs in concentrations up to this 
level might be possible but leads to high peak tensions in the tow lines (11 MN) and is not considered 
as realistic. Tow line loads in lower ice concentrations and open water are significantly lower and 
should be feasible. However, even when the ice concentrations are low, the tow rope will experience 
significant wear caused by the ice floes, and there is an increased risk for tow line rupture. 

 
Figure 2. Time series plot of total loads recorded during tow of cylindrical model in 8/10, 5/10, 2/10 

ice concentration and open water. 
 

With respect to motions, pitch and roll were negligible and stability was not a concern. The static 
friction between tow rope and iceberg was relatively high thus change in the tow direction would also 
cause a yaw motion of the icebergs. With respect to surge, such movements are clearly dependent on 
the sea ice concentrations. Icebergs towed in 8/10 ice concentration will experience very little surge 
movements simply because all drift is rapidly stopped by the surrounding sea ice floes. In open water, 
icebergs will keep a momentum straight ahead even after a course change and the sideways 
displacements (sway) will be more significant than in the sea ice. Heave motions were negligible.  

It was found that tension loads in the tow lines may be well described by a log-normal distribution 
function. Based on the recordings from the tank model tests, empirical expressions for the parameters 
in the log-normal distribution were proposed (Eq. 2). 
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where T is the tension load in the steel hawser [kN] and C is the sea ice concentration in %. μ and 

σ are the mean and standard deviation of the variable’s (T) natural logarithm. Figure 3 shows the 
probability distributions for tension loads in various sea ice concentrations and open water. The 
highest loads during an iceberg tow can be estimated based on the load distributions and expected tow 
durations. This is demonstrated in the following example: 
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2/10 ice concentration, 6 hour tow 

 
From the model tests, it was found that there are 2856 load peaks per hour when towing in 2/10 ice 
concentration. 

( )
N
1TP1 max =−    

h 6 during peaks == 171366·2856N  
Tmax is the maximum load during the tow and since the loads are log-normal distributed with the 
parameters given in Eq. (1), we get: 

( ) ( )
N
1-1)

Tln
(TP max

max =
−

Φ=
σ

μ  (3)

 
where Φ is the standard normal distribution. By using the inverse normal distribution we get: 
( )

85.3
σ

μTln max =
−  

(4)

 
From Eq. (2) with 2/10 ice concentration we get μ = 5.11 and σ = 0.59. 
Solving Eq. (4) with respect to Tmax gives the maximum tow load during the entire tow: 
Tmax = 1 614  [kN] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Smoothed log-normal distributions representing tow loads in various ice concentrations. 
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Dynamic response of moored structures in level ice has been given little attention in the 
literature. Relations between dynamic properties of ice forces acting on the hull and dynamic 
properties of the vessel response are in general not known and it is not clear what kind of 
effects the mooring stiffness and ice drift speed have on the vessel response. Model tests have 
been performed to study these issues. A moored ship with a simplified geometry was towed in 
level ice. The model had only possibility to move in surge, and was moored with a linear 
spring setup. Two different surge natural periods were modelled by using springs with 
different stiffness characteristics. Two ice drift speeds were used. In this way, various dynamic 
properties of the model as well as the drifting ice could be studied. The model was also tested 
with a fixed configuration, to enable a comparison between fixed and moored setups. In this 
paper, dynamic response of the model is investigated and effects from variations in mooring 
stiffness and ice drift speed are identified and analysed.  

 
1. INTRODUCTION 

Moored ships may be feasible concepts for operations in ice infested waters. Potential operations of 
application are exploration drilling, production, storage and offloading. Various ice features and ice 
conditions will be challenging for different concepts. Level ice with variable drift direction is believed 
to be a challenge for moored ships, as they have to vane against the drift direction to minimize 
mooring forces. However, there are no general methods for estimation of ship response in such 
situations. The simplified problem of straight ice drift was investigated in order to better understand 
the interaction between level ice and moored structures. 

 
2. EXPERIMENTAL SETUP 

The model tests were performed at the Large Ice Model Basin at HSVA, which is 72 m long, 10 m 
wide and 2.5 m deep. The so-called trim tank, used for model preparations, occupies the first 12 m of 
the tank, while the remaining 60 m are used for ice preparation and testing. Froude scaling was used 
because of the importance of gravitational and inertial force, with scaling ratio λ=25. All values in this 
paper are scaled to represent full scale data, unless other is mentioned. 

A simple hull was towed through the basin in stationary level ice, simulating drifting ice driven by 
current. The length of the waterline of the hull was 106 m, the beam was 33 m and the draught was 9 
m. The hull was connected to a driving carriage through a spring configuration, modelling a simplified 
mooring system (Fig. 1). Two rails were mounted together with rollers such that the model could 
move in surge direction, restrained by springs. The model was fixed with respect to the other modes of 
motion (sway, heave, roll, pitch and yaw), such that motions in these modes were minimized. A frame 
with six uniaxial load cells was mounted between the upper rail and a column which was fixed to the 
driving carriage. This assembly of load cells measured what will be referred to as mooring or forces 
herein.  
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Figure 1. Cross-sectional view of the model with mounting frame and instrumentation. 
Dimensions are in model scale. 

 
Two different types of springs were used, giving a total stiffness of 250 kN/m and 1125 kN/m, 

respectively. The stiffness was linear through the whole displacement range of the model. Since the 
mass was approximately 28000 tons, the two stiffnesses gave natural periods of 67 and 32 s. It was 
possible to fix the rails, such that the model was hindered to move in any mode of motion. In reality, 
the system was not perfectly stiff and had a surge natural period of 1.5 s with the fixed configuration. 

The bow of the model was segmented into five panels in the waterline and one submerged panel 
(Fig. 2). Each of the five waterline panels was mounted on a triaxial load cell (ME-Meß systeme 
K3D120). The objective of these panels was to measure ice actions near the design waterline. The 
three central panels were aligned and the two outer ones were oriented 45º relative to the central 
panels in the horizontal plane. Each of the waterline panels had dimensions 7.5 by 7.5 m. The main 
objective of the submerged panel was to measure frictional ice forces. The submerged panel was 
mounted to an arrangement of six uniaxial load cells, as was used for the mooring forces. The width of 
the submerged panel was 22.5 m, while its height was 17 m. The lubricated kinetic friction between 
the top surface of the ice and the hull was estimated to be 0.04. 

 

 
 

Figure 2. Segmentation of the bow into five waterline panels and one submerged panel. 
 

Three sheets of level ice were grown naturally from a 0.7% sodium chloride solution. The ice was 
of a fine-grained columnar type and the preparation technique is described thoroughly by (Evers and 
Jochmann, 1993). After the desired thickness was reached, the ice was heated to achieve the target 
flexural strength. Measurements of flexural strength were performed before and after each test by 
means of cantilever beam tests as recommended by (Schwarz et al. 1981). Cantilever beam tests were 
carried out at four different locations in the tank and then averaged. The values for flexural strength 
presented in Table 1 are interpolated values based on measurements before and after the tests. The 
spatial variation of the flexural strength was low, however it typically increased towards the end of the 
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basin. Ice thickness profiles were made in the wake after each test had been performed. The ice 
thicknesses reported in Table 1 are average values from each ice sheet. 
 

Table 1. Ice properties for all ice sheets in full scale values. 
 

Ice sheet Flexural strength [kPa] Ice thickness [m] Elastic modulus [GPa]
Target 625 0.75 NA 
2000 875 0.80 NA 
3000 675 0.73 ≈1.8 
4000 625 0.70 ≈1.3 

 
Three test runs were performed in level ice, one test run with the soft mooring configuration, one 

with the fixed configuration and one with the stiff configuration. A brief description of a test run is as 
follows. The speed was constant at 5 cm/s for about 500 m. The first 100 m gave transient results 
because the model was not completely embedded in ice, and they are not used in the present analysis. 
After about 500 m, the speed of the driving carriage changed abruptly to 25 cm/s. A section of 800 m 
followed, from which the first 100 m were transient due to the change of speed and not included in the 
analysis. After 800 m, the vessel stopped abruptly. In the following analysis only the stable parts of the 
test runs are used, that is, 400 m with ice drift speed 0.05 m/s and 700 m with ice drift speed 0.25 m/s. 
Thus, both the size of the ice sheets and the drift speed were modelled with values relevant for most 
Arctic or ice-infested waters (Løset et al. 1999). The performed test runs are summarized in Table 2. 
 

Table 2. Test matrix for all ice tests. The ice drift speed vi is given in full scale values. 
 

Run # Description vi [m/s] Mooring system 
2100 Towing in level ice 0.05 Soft 
2200 Towing in level ice 0.25 Soft 
3100 Towing in level ice 0.05 Fixed 
3200 Towing in level ice 0.25 Fixed 
4100 Towing in level ice 0.05 Stiff 
4200 Towing in level ice 0.25 Stiff 

 
3. MAIN RESULTS AND CONCLUSIONS 

The mean mooring force for each test run and its standard deviation is plotted in Fig. 3. For stiff and 
fixed mooring configurations, the mean force increased with ice drift speed, while the standard 
deviation was constant. At the lowest ice drift speed, the soft configuration experienced a mean 
mooring force twice as large as the other configurations. The mean force and the standard deviation 
decreased with ice drift speed for the soft configuration. Mean force and standard deviation for the 
three centred waterline panels (2, 3 and 4) are plotted in Fig. 4. The mean force increased with ice drift 
speed for all panels and all mooring configurations. The soft mooring configuration experienced up to 
twice as large panel forces as the other configurations.  
 

 
 

Figure 3. a) Mean, b) standard deviation and c) coefficient of variation of mooring force plotted 
against ice drift speed for all model configurations. 
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Figure 4. Mean force and standard deviation for panels 2, 3 and 4. 
 

The model experienced large oscillations at low speed with the soft mooring system and the 
oscillations were caused by stick-slip friction along the sides of the model. As the model was slightly 
out of course in most test runs, lateral pressure on the sides of the vessel caused friction forces in surge 
direction. (Lishman et al. 2009) investigated ice-ice friction along broken ice edges at HSVA. Their 
results show that this friction coefficient is rate-dependent and decreases with increasing speed. Even 
though one of the surfaces (the hull) was very smooth in our case, it is probable that there was a rate-
dependence also in our case and it may be a reason for why large oscillations occurred only at low ice 
drift speed. For a given ice drift speed, a soft system needs more time to build up spring forces to 
overcome the friction force than a stiff system. During this time, the contact area may increase and 
therefore the friction force will increase as well, given that the lateral pressure is constant. This could 
be one of the reasons for the large oscillations seen with soft springs. 
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This paper presents a summary of the outcomes from a series of experimental tests (zero speed 
roll decays, rolling in beam waves, lateral drifting in calm water) on three GEOSIM models. 
Experiments have been carried out and discussed in the framework of the alternative 
experimental assessment of the Weather criterion as allowed by the recent IMO 
MSC.1/Circ.1200.  

 
1. INTRODUCTION 

The International Maritime Organization (IMO) has recently issued the MSC.1/Circ.1200 - "Interim 
Guidelines for the Alternative Assessment of the Weather Criterion" (IMO, 2006), which contains 
guidelines for conducting experiments aimed at determining, on an experimental basis, the following 
relevant parameters for the assessment of the "Severe wind and rolling criterion (weather criterion)": 

- The wind heeling moments through wind tunnel tests; 
- The moment due to the hydrodynamic reaction during steady lateral drift; 
- The angle of roll due to the action of waves. 
The availability of an experimental alternative to the statutory rules represents a potential for the 

optimization of the design of a ship according to her real(istic) performances at sea. However a very 
limited experience is presently available on the application of MSC.1/Circ.1200. The experimental 
campaign summarised in this paper aimed at investigating some aspects of the experimental approach 
proposed in MSC.1/Circ.1200 and in particular the possible presence of scale effects on roll damping 
estimated from roll decays as well as on roll motion in beam waves, and the characteristics of 
hydrodynamic reaction in steady lateral drift motion. To investigate such aspects, experiments (free 
roll decays, roll tests in regular beam waves and drift tests) have been carried out using three GEOSIM  
models (scales 1:33, 1:50 and 1:65) at "Canal de Experiencias Hidrodinámicas de El Pardo 
(CEHIPAR)". This paper reports a very brief summary of the outcomes, with the exception of results 
from drift tests which, due to some experimental ambiguities, did not allow to reach definite 
conclusions. An extensive analysis can be found in Bulian et al. (2009).  
 
2. HULL FORM 

The hull form used in this study is the CEHIPAR2792, provided by CEHIPAR. The CEHIPAR2792 
does not correspond to any real ship and it was built for the purpose of this research. A 3D view of the 
hull form is available in Figure 1 and main particulars are given in Table 1.  
 

 
Figure 1: CEHIPAR2792. 3D view. 

       Table 1: Ship main particulars 
Reference Length [m] 205.7 

Depth [m] 20.2 
Breadth overall [m] 32.00 

Volume @T=6.6m [m3] 23986 
CB @T=6.6m [nd] 0.587 
KB @T=6.6m [m] 3.794 

BMT @T=6.6m [m] 14.064 
The ship was tested in bare hull condition and with bilge keels, with the projected surface of bilge 

keels corresponding to 1.3% of the product L B⋅ . 
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3. ROLL DECAYS 

The ship roll degree of freedom is likely to be the most important when safety is of concern in intact 
condition. At the same time a correct estimation of roll damping is of key importance for a correct 
estimation of rolling motion in waves. It is therefore clear that the knowledge of ship roll damping 
plays a fundamental role in the estimation of ship safety against capsize, because when strong roll 
dynamics is to be avoided, an efficient energy dissipation through damping is necessary. At zero 
speed, i.e. in the case relevant to the scenario addressed by the Weather Criterion, roll damping is 
mainly due to skin friction, vortex shedding and wave radiation. It is presently not clear, however, 
whether scale effects could play a significant role in full scale damping estimation from model tests. 

In the best authors' knowledge, a sufficiently large family of GEOSIM models has never been 
tested with the scope of addressing roll damping scale effects, or at least, has never been made public. 
Some experimentation on this aspect is nevertheless available (see, e.g., Valle et al. (2000) ; Bertaglia 
et al. (2004)) but considerations on the existence and possible magnitude of scale effects on roll 
damping has mostly been based on theoretical / semi-empirical calculations (e.g. IMO (2006) ; 
Vossers (1962)). According to these premises and taking into account that roll damping is one of the 
relevant parameters in the experimental assessment of the Weather Criterion (IMO 2006, 2007), part 
of this research addressed the analysis of experimentally obtained roll decays. Roll decay tests 
have been carried out for the three model scales with two different metacentric heights (2m and 4m 
full scale) with and without bilge keels. A total of 60 roll decays have been performed. In order to 
increase repeatability, to reduce the influence of parasitic vertical forces, and due to the large required 
inclining moments, in particular in the case of largest model, the initial inclination was given using the 
setup shown in Figure 2. 
 

  
Figure 2: Schematic diagram (left) and actual realization (right) of the experimental arrangement 

used for roll decay tests. 
 

In order to aggregate data from different roll decays the processing of data was based on the analysis 
of roll decrement curve. A typical comparison between tests at different scales is shown in Figure 3 
where the full-scale equivalent linear damping coefficient is shown as a function of the rolling 
amplitude.  

From the experiments and the subsequent analysis it was not possible to identify a clear trend that 
could be associated to scale effects, although some indications have been found of a possible reduction 
of the linear roll damping coefficient as the model dimensions increase (and this was expectable). The 
variation of roll damping associated to scale effects, however, is likely masked by the global 
uncertainty involved in this type of experiments. Indeed, the execution of the experiments proved to be 
more complex than expectable especially for large models. The global level of uncertainty is due to 
components associated to the building of models; to the construction and fitting of bilge keels; to the 
ballasting of the model and setting up of the metacentric height and roll period; to the measuring of 
motions; to the methodology of analysis of the obtained data; to scale effects. In addition part of the 
global epistemic uncertainty is to be ascribed to the "mathematical model uncertainty". The problem of 
extrapolation of damping models to rolling amplitudes significantly larger than the maximum rolling 
amplitude used in roll decay experiments has also been addressed, especially in bare hull condition: 
since the wave steepness required by the Weather Criterion is quite large, it is not uncommon that the 
final rolling amplitude in the reference wave condition is outside the range of amplitude available 
from roll decays. The damping correction as reported by MSC.1/Circ.1200 has been applied, giving 
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quite fuzzy results: a definite conclusion on its suitability cannot be drawn but some of the hypotheses 
on which such correction is based have been criticised. 

 

 
Figure 3: Analysis of decays. GM=4m, bare hull condition. All scales. 

 
 

4. ROLL TESTS IN BEAM WAVES 

Roll tests in beam waves are an important part of the experimental assessment of Weather Criterion 
according to MSC.1/Circ.1200. In the present experimental campaign it was not possible to generate 
waves as steep as required by the Weather Criterion for all model scales, due to limitations in the wave 
generation system. In particular, while waves with high steepness (ratio wave height over wave length) 
can be generated for relatively small models, the same is not possible for large models. This is due to 
the long waves involved, especially if the roll natural period of the ship is large. Such limitations are 
common to the majority of experimental facilities around the world, and this poses some concerns on 
the actual applicability of the direct assessment methodology in MSC.1/Circ.1200 for large scale 
models (as it would be desirable to avoid the problem of scale effects). For the loading condition 
associated to GM=2m (full scale), tests were carried out for all the model scales with a wave steepness 
of 1/80. For the loading condition associated to GM=4m (full scale), tests were carried out for two 
wave steepnesses, namely 1/80 and 1/40. For sake of comparison, the Weather Criterion, for this ship, 
would require a steepness of about 1/17 for GM=4m and 1/27 for GM=2m. The model was free to 
drift and manually controlled (with some difficulties in case of large models) to avoid too large 
heading deviations, as specified in MSC.1/Circ.1200. Generated waves were analysed and tests not 
conforming quality requirements were discarded in the subsequent analysis. The analysis of generated 
waves pointed out the necessity of considering the effect of limited tank's depth in this type of tests 
due to the length of the involved waves when models are large. Two mathematical models have been 
employed for the prediction of roll motion, based respectively on a 1-DOF time domain nonlinear 
approach (roll) and a 3-DOF frequency domain nonlinear approach  (roll-sway-yaw). Nonlinearities 
have been considered in roll damping (with coefficients from experiments) and restoring. Two 
examples of comparison between experiments and numerical predictions are shown in Figure 4.  

Roll amplitude prediction has also been carried out using the methodology in the present Weather 
Criterion. From the obtained results it was possible to arrive at a series of observations. First of all, 
similarly to the case of roll decays, the obtained roll response curves did not show any clear trend that 
could be associated to scale effects. It is however not possible, at this stage, to generalise the obtained 
result for different hull forms. Concerning the behaviour of the roll response curve, in none of the 
tested cases the peak of the response curve was found at an encounter frequency equal to the roll 
natural frequency, due to nonlinearities in the roll restoring: performing tests only at an encounter 
frequency equal to the roll natural frequency is thus likely to lead to severe underestimations of the 
roll motion, especially in case of low metacentric heights. The suitability of the basic Weather 
Criterion formula to predict the roll amplitude in beam regular waves has been assessed, by 
substituting the statutory steepness with the experimental ones. The measured rolling angle was 
usually underestimated by the Weather Criterion formula when the skeg is considered in the 
computation of the roll reduction factor, and better overall performances are obtained omitting the 
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skeg area from the calculation. It was also found that the Weather Criterion underestimates the 
efficiency of bilge keels in reducing the amplitude of roll peak. Very good performances of the 
employed mathematical models have been obtained in case of ship models fitted with bilge keels. In 
bare hull conditions the experimental roll peak was underestimated by the employed mathematical 
models for the largest steepness and this lack of agreement could be due to extrapolation difficulties 
for the roll damping mathematical model employed for the bare hull condition. 
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Figure 4: Experimental and simulated roll response curves. 
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Experiments are carried out in the Ship Hydrodynamics Laboratory of Cehipar with a simple 
model which consists in a 5 m long and 2.3 m high rigid plate, projected from one side of the 
basin. In most tests the plate is located at 100 m from the wavemakers. It is submitted to 
regular waves with wavelengths in the range 1.6 m to 2 m. As time goes by from arrival of the 
wavefront, the envelope of the free surface elevation along the weather side of the plate 
gradually deviates from the prediction of linear theory. RAO values up to 5 are finally attained 
at the plate-wall corner in some cases. These phenomena are attributed to nonlinear (tertiary) 
interactions taking place between the incoming and reflected wave fields. Comparisons are 
made with the predictions from two numerical models, with good agreement. 

 
1. INTRODUCTION 

Recent work by our group has concerned wave interaction with strongly reflective structures. This has 
followed a series of experiments, also at Cehipar, on the roll response of barges in beam seas: very 
high free surface elevations could be observed at mid hull of the barge model, in complete 
disagreement with the predictions of linear theory. Recently similar observations (with an oil tanker 
model) have been reported by Spentza & Swan (2009), in an experimental investigation related to the 
Prestige disaster. 

Following the barge model tests, we carried out several experimental campaigns with simpler 
models in the shape of rigidly held vertical plates. First results are reported in Molin  et al. (2005): a 
1.2 m long plate was set against the wall of a 16 m wide tank (BGO-First in la Seyne-sur-mer), at a 
distance of about 20 m from the wavemaker. This set-up was equivalent to a 2.4 m plate in the middle 
of a 32 m wide basin. The plate was subjected to regular waves of varying periods and amplitudes, 
with wavelengths L ranging from 1 m to 3 m, and wave steepnesses H/L ranging from 2 to 6 %. Very 
high wave elevations were observed on the plate by the wall corner, with Response Amplitude 
Operators (RAOs) taking values up to 5, that is more than twice the values predicted by linearized 
potential flow theory. 

It was advocated that these phenomena are due to tertiary (third-order) interactions between the 
incoming and reflected wave systems: the reflected waves 'slow down' the incoming waves, acting in 
the same way as a shoal, inducing energy focusing effects. Based on the theoretical analysis of 
Longuet-Higgins & Phillips (1962) for plane waves, an approximate numerical model was proposed: 
the space evolution of the complex amplitude of the incoming waves, as they progress toward the plate 
and interact with the reflected wave system, is described by a simple parabolic equation. This equation 
is solved starting some distance ahead of the plate (e.g. the wavemaker line), and over some width 
(e.g. the basin width). Incoming and reflected wave systems are successively updated through an 
iterative process, until convergence is reached. Good agreement was reported between measured and 
calculated free surface profiles along the plate. 

Molin et al. (2006) report another series of experiments, in the same facility, with a longer plate (3 
m) and shorter wavelengths (0.6 m to 2 m). Experimental RAOs of the free surface elevation along the 
plate are compared with numerical results from the parabolic model of Molin et al. (2005), and from a 
fully nonlinear numerical wavetank based on extended Boussinesq equations (Jamois et al. 2006). The 
Boussinesq model closely reproduces the time evolution of the free surface profile along the plate. A 
short-coming of the experiments is that the exploitable time-window is limited, due to multiple 
reflections between the wavemaker and the plate. This duration can be too short for a steady state to be 
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reached. Another concern is that the 20~m distance from the wavemaker to the plate may be too short 
for the nonlinear interactions between the incoming and reflected waves to have fully evolved. As a 
matter of fact numerical runs with the parabolic model suggest that the effective interaction area can 
be very large, especially in the case of small wavelengths and small steepnesses. When the steepness 
increases and/or the wavelength over plate length ratio decreases the iterative scheme fails to 
converge, raising the question of whether or not a steady state can even be reached. When the iterative 
scheme does converge, it may also be wondered whether the obtained solution is unique. 

These questions motivated the present study, which consisted of another experimental campaign 
carried out in the Ship Dynamics Laboratory of Cehipar. This tank is 150 m long and 30 m wide. The 
set-up was similar to the previous ones, a vertical plate, 5 m long, protruding from the wall at a large 
distance from the wavemaker. Tests were carried out in regular and irregular waves.  

 
2. TEST RESULTS AND COMPARISONS WITH COMPUTATIONS 

We give here only a few representative results. The figure below is a photograph of the 
experiments, at a wave period of 1.13 s (wavelength of 2m) and a wave steepness H/L of 4 %. Notice 
the high free surface elevation in the corner by the wall of the basin. Free surface elevations were 
measured at 20 locations along the weather side of the plate and processed via Fourier analysis over 
sliding windows to derive the time evolutions of their RAOs. An example is given in figure 2, which 
refers to a wave period of 1.01 s (1.6 m wavelength) and a steepness H/L of 2 %. The experimental 
free surface RAOs along the plate are shown from shortly after arrival of the wave front until the time 
when re-reflections in-between the plate and the wavemakers start polluting the results. In the figure 
are also shown the RAOs predicted by linearized potential flow theory and by the first numerical 
model that we have developed. This parabolic model calculates a steady state solution in the frequency 
domain. It can be seen that the experimental RAOs slowly evolve from the linearized theory prediction 
to the nonlinear calculation, with a rather good agreement at the last instant shown. At that time the 
free surface RAO in the corner is close to 4, that is twice the value given by linear theory. It is striking 
that so strong nonlinear effects can be seen at such a low wave steepness. This is due to the plate being 
rather long as related to the wavelength, and to the third-order interactions between incoming and 
reflected waves taking place over a very large area on the weather side of the plate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. View of the experiments. 
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Figure 2. Wave period 1.01 s. Steepness H/L 2 %. 
Time evolution of the free surface elevation RAO along the plate, from experiments (circles), 

from linear theory (full line) and from the parabolic model (dash line). 
 

At larger wave steepnesses the time evolution of the experimental RAOs is less monotonic and no 
steady state has been reached by the time re-reflections come into play. This is illustrated in figure 3 
which shows the time evolution of the free surface RAOs at every other gauge, from the plate edge to 
the wall, from the experiments (full line) and from the Boussinesq model (dash line). The wave period 
is 1.13 s and the steepness H/L is 3 %.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Wave period 1.13 s. Steepness H/L 3 %. 
Time evolutions of the measured free surface elevations RAOs at every other gauge, 

from measurements (full line), and from the Boussinesq model (dash line). 
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In the Boussinesq model the Cehipar basin is modelled exactly, except that the distance from the 

plate to the beach is slightly reduced. Figure 4 is a bird view of the numerical simulation. Thanks to a 
selective numerical beach implemented in front of the wave generation zone, the Boussinesq model 
does not suffer from re-reflections and the numerical simulation can be carried on indefinitely. Figure 
3 shows that a steady state is eventually being reached in the considered case. 
 

 
 
 

Figure 4: 
Numerical simulation with the 

Boussinesq model. 
Wave period 1.13 s. 
Wave steepness 3 %. 

 
 
 
 
 
 
 
 
 

 
3.  CONCLUSION 

The CEHIPAR experiments have provided valuable data to validate two numerical models. They have 
confirmed that tertiary interactions between incoming and reflected wave fields can play a major role 
in observed phenomena such as wave runup, and that they need large domains to fully develop. These 
findings have dramatic consequences for model testing practice in coastal and harbor engineering, and 
for the safety of disabled ships in beam seas. 
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Tank tests for a ship model in conditions of parametric rolling were conducted to gain 
experience and collect experimental data for the occurrence of parametric resonance in non-
regular waves. Obtained experimental data were used to define validation tests for relevant 
numerical simulation codes, which was implemented within a recently completed benchmark 
study. The essential results of these studies are herein presented. 

 
1. INTRODUCTION 

While the phenomenon of parametric rolling of ships in regular waves has been extensively 
investigated and solid knowledge about this interesting phenomenon gained in recent years, the 
particular conditions for the occurrence of such resonance in case of irregular waves, which represent 
more realistic sailing conditions, are less clear; this type of investigations, with emphasis on the 
appearance of the phenomenon in head waves, gained significant scientific and practical interest in the 
last decade. 

Sophisticated nonlinear time domain simulation tools for the ship motion in waves used to be 
employed for this type of investigations, while most of them have been systematically validated for 
regular wave conditions and to a lesser degree in irregular waves. This could be partly explained by 
the fact that less experimental data for irregular waves conditions are available in the literature, but 
also due to the complicated nature of the ship behaviour in such conditions which raises difficulties in 
comparative studies. 

The series of ship model tests, which are outlined below, were designed and conducted with the 
aim to generate experimental data for the validation of numerical simulation tools and to gain 
experience on the behaviour of the ship in parametric roll resonance conditions, as necessary for the 
understanding and identification of the specific conditions of ship design and operation that might lead 
to parametric rolling in irregular head waves. 

 
2. PROJECT OVERVIEW 

The tank model tests were designed by the authors on the basis of their longstanding experience in 
related physical model tests and in numerical simulations of ship motions in waves (e.g., Spanos and 
Papanikolaou, 2006, Brunswig, Pereira, 2006); a comprehensive series of tank tests was specified, 
which was finally executed by the Ship Dynamic Laboratory of CEHIPAR (Canal de Experiencias 
Hidrodynamicas de el Pardo, Mardid) in November 2007. The experimental work was organized 
within HYDRALAB III and administrated by CEHIPAR.  

A containership known as ITTC-A1 was selected for the tests. This modern hull form is known to 
be prone to parametric rolling due to the pronounced bow flare combined with a relatively flat stern. 
Furthermore, this ship was already studied within the scientific community (ITTC, 2005), hence the 
present experimental results could be also partly verified in comparison with past data.  
 
3. MODEL EXPERIMENTS 

A key parameter in studying the parametric rolling of ships in waves, particularly in irregular waves, is 
measuring time. It is namely not known in advance of the tests how long the model needs to run in the 
waves until a potential roll resonance is incepted and then it is fully developed. Sometimes the 
resonance development is slow, and one tank length proves not enough. Fortunately the CEHIPAR’S 
basin length (150 m) and the employed model speed range (Fn < 0.16) were at reasonable values that 
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resulted to acceptable effective lengths for reliable tests; only few tests had to be repeated because of 
ambiguity in resonance encountering.    

The ship model (of length 3.76 m) was connected to the experimental carriage with a purposely 
designed restraint device of CEHIPAR that lets the model move in three degrees of freedom, namely 
heave, roll and pitch, while restraining the others. The main advantage of these semi-captive 
seakeeping model tests is the ability to keep the course and speed of the model against the incident 
waves constant, thus to keep the conditions for possible inception of resonance under control; also, 
this type of controlled experimental conditions are ideal for the validation of numerical simulation 
codes.  

When parametric roll resonance was encountered, the ship model was rolling up to some finite roll 
angle (like Figure 2), not exceeding 25-30 degrees, thus it was not so strong to result to model capsize; 
they were not special provisions against model turnover, but a water proof deck installed to prevent 
flooding due to splash water. 

The test program comprised of a series of long crested regular and irregular head waves. Regular 
waves were of single harmonic, whereas the irregular waves were either related to some wave 
spectrum representation or to a set of finite number of harmonics, which defined wave groups. In that 
way a series of model test of increasing irregularity in incident waves was specified, as demonstrated 
in Figure 1. 

 

 

 

 
Figure 1 Tank tests: wave elevation (left) and corresponding frequency analysis (right) 

of three tests, with progressive increased irregularity. 
Regular wave (top), group wave (middle) and spectrum wave (bottom). 

 
In regular waves the wave energy is concentrated in a single harmonic, which, when tuned to 

ship’s (half) natural roll period, caused parametric rolling systematically. In group waves, the wave 
energy is distributed in known wave harmonics, which were again around the (half) roll natural period; 
in such wave conditions and most conducted tests, roll resonance could not develop, except for 
specific conditions. Finally, when the wave energy is distributed wider, according to some wave 
spectrum, no parametric rolling could be observed, at least for the limited records realised in this test 
series. 

On the basis of the above tests it seems that parametric rolling was favourable when ship’s roll 
properties and narrow banded waves were tuned; the wider the wave bandwidth, the most unlikely 
parametric rolling occurred within the testing times. 
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Next Figure 2 demonstrates a recorded roll motion in case of a group wave of low modulation, 
which can be regarded as close to regular wave. For such waves a steady state rolling was recorded of 
some mean roll around 14 deg and an amplitude variance of 2 deg. 

 
T1 = 9.66 sec, T2 = 10.60 sec, T3 = 11.55 sec, H1 = H3 = 1.0 m, H2 = 4.0 m, Head = 180 deg, Fn = 0.10
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Figure 2 Parametric roll in irregular head waves, as measured in the tank test. 

 
An early analysis of the obtained results confirmed the prevailing theoretical considerations on the 

parametric rolling in regular waves. Also, the tests in non-regular waves have demonstrated that the 
roll resonance is sensitive to the irregularity of waves and it could be hardly sustained when deviating 
from the regular waves conditions. This result suggests that the parametric roll resonance is a 
phenomenon related to the tuning with regular wave conditions that could be encountered in reality 
only under specific sea and wind conditions. 
 
4.  FURTHER UTILIZATION OF THE TANK MEASUREMENTS 

The conducted experimental studies within the HYDRALAB III collaborative programme resulted to a 
very valuable set of data that were further utilized for the conduct of an international benchmark study 
(Spanos and Papanikolaou, 2009a, 2009b), which was recently completed within the FP6 E.U. project 
SAFEDOR. In this benchmark study 14 numerical simulation computer codes for the prediction of 
parametric rolling of ships in waves, originating from all over the world, were compared to each other 
and with experimental measurements, which consisted of the present ones and a complementary 2nd 
series of tests funded by SAFEDOR. The number benchmarked codes is considered substantial 
compared to the total number of known codes and active research groups in this field worldwide. 
Hence, the tank measurements could be directly used for the validation of numerical simulation 
methods from a considerably large group of researchers. 

A typical benchmark test and collective set of results are shown in Figure 3 below. There, for some 
test numbered 8, the ship was weakly rolling at some small angle less than 2 deg according to the tank 
measurement, which is shown as method 00 in the left diagram of the figure. Similarly, 5 codes (01, 
03, 04 and 05) have predicted roll response in correlation to the tank measurement. Other 4 predictions 
(02, 06, 07 and 08) were uncorrelated, whereas codes 09 to 13 did not submitted predictions for this 
specific test. 
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Figure 3  Comparison between numerical simulations and the tank measurements, 

from the benchmark study (Spanos & Papanikolaou, 2009) 
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On the basis of a series of similar benchmark tests, the statistical behaviour of the predictions 
could be assessed and comparative results could be derived as those in the right diagram of Figure 3, 
which shows the correlation coefficient together with the standard deviation of the predictions against 
the experimental data, for each code. In that way, well performing methods could be identified against 
those of poor performance, which is a very valuable result for both the scientific community and the 
maritime industry, including maritime administrations. 
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This paper presents results from experiments investigating the drag force of trees and shrubs. 
The plant material were selected and cut from riparian areas in the surrounding of Madrid and 
transported to the CEHIPAR ship canal facility in Madrid, Spain, where the experiments were 
carried out during March and April 2008. In total, 22 fully submerged trees of genera Salix, 
Alnus and Populus were tested over a range of velocities with the force exerted on the trees 
continuously recorded. The contribution of leaves to the overall drag was one of the 
parameters of interest and hence foliated and defoliated conditions were examined. The trees 
were subjected to velocities up to a maximum of 6 m/s. The drag exerted was determined for 
both the foliated and defoliated conditions and the relationship between the drag and tree 
height and volume, main stem diameter, stiffness and foliage mass and volume were studied. 
In this paper, the force-velocity relationships are presented for nine of the Salix trees. Two 
force-velocity zones of behaviour are defined which describe the tree response under flow 
action: a trans-flexing zone and a flexing zone. The approximate velocity at which the tree’s 
behaviour enters into the flexing zone was determined to be 0.5 m/s. For the flexing zone the 
percentage contribution to drag from the presence of foliage was found to vary from 24.4 % to 
54.8 %. 

 
1. INTRODUCTION 

Numerical river modelling is an effective and widely used tool in determining river dynamics, 
particularly in the prediction of high flow events which may endanger life or property. However, the 
modelling of floodplain flows through woodland regions is hampered by a lack of data relating to the 
hydrodynamics of tree and shrubs under fluid action. At a time when the wide-ranging benefits of 
river restoration and reforestation are increasingly recognized in terms of ecological and climatic 
advantages (IPCC, 2007; UN, 2009), it is critical that the understanding of vegetation hydraulics keeps 
pace with the continuous improvements in the numerical modelling of fluid flow. 

The results presented here are part of a wider series of experiments undertaken to investigate the 
drag force of both foliated and defoliated trees and shrubs of the genera Salix.. 

 
2. THEORETICAL BACKGROUND 

From the earliest numerical river models, vegetation has been modelled as an extension of boundary 
skin friction using roughness factors such as Manning's n or the Chezy factor (Chow 1959). The 
limitation is that for vegetation that extends throughout the whole water column, bed boundary 
roughness coefficients such Manning's n become a function of depth (Ree 1958). A more appropriate 
model for representing the hydraulic resistance exerted by an obstacle such as a group of trees or 
shrubs is a hydrodynamic drag model (Li and Shen 1973, Petryk and Bosjiman 1979) which extends 
throughout the water column, the value of which will not vary with depth for a given type of 
vegetation within turbulent flow. In the field of vegetation modelling, this has generally taken the 
form of the classical drag formula for a cylinder where cylindrical vegetation such as reeds or trees 
are assumed to behave as circular cylinders with a drag coefficient ( dC ) of around unity: 
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1 UACF pdd ρ=                                                         (1) 

where dF  is the drag force exerted on the vegetation, dC  is the drag coefficient (in turbulent flows 
this relates to the shape of the obstacle), pA  is the projected area of an individual tree and 0U  is the 
free stream velocity. A limitation of this model is the inability to account for the variation of tree 
projected plant area under flow action. Several authors have determined the drag coefficient of flexing 
trees through direct measurement (Mayhead, 1973; Fathi-Maghadam and Kouwen 1997; Oplatka, 
1998; Freeman et al., 2000; Armanini et al., 2005; Kane and Smiley, 2006; Wilson et al. 2008). 
Oplatka (1998) tested trees of a similar size to this study and notes that at velocities above 1 ms-1, the 
force varies linearly with velocity. This is thought to be due to the significant decrease in projected 
area of the tree as it flexes longitudinally and laterally under flow action. This is in contrast to the 
second order power relationship expected for a rigid body.  However, the linear relationships observed 
have been based on few data points, for example Oplatka (1998) investigated the relationship at force-
velocity relationship at 1 ms-1 and above at increments of 0.5 ms-1. Furthermore, probably due to the 
difficulties involved in measuring the physical parameters of trees and the large population sample 
needed, few researchers have quantified and related the physical parameters to the drag exerted. This 
experimental programme is a first step towards understanding how the physical characteristics of the 
trees relate to the hydrodynamic drag exerted by a single tree and woodland structure.  In this paper, 
we concentrate on presenting the results from tests conducted on the genera Salix where data was 
recorded at velocity increments of 0.06 ms-1 to 0.50 ms-1, allowing examination of the drag-velocity 
relationship in greater detail than previously observed. 
 
3. EXPERIMENTAL METHODOLOGY 

The experiments were carried out at the CEHIPAR ship canal facility in El Pardo, Madrid. The canal 
was 320 m in length, 12.5 m wide and 6.5 m deep. The trees were attached upside-down to a 
dynanometer suspended beneath a carriage located above the canal. The carriage moved along canal-
side railings with the velocity controlled to an accuracy of 1 mm/s. The forces on the dynamometer 
were monitored in real time to an accuracy of 0.0098 N.  To ensure repeatability of results, each 
experiment was carried out twice. Submerged video cameras recorded the tree reconfiguration under 
flow action. 

In order to relate physical characteristics of the trees to the resultant drag, physical properties of 
the woody parts of the trees were measured and documented in quartile heights, including height, 
diameter, mass and volume. Photographs of the trees were taken from the front, side and plan aspects. 
The bending stiffness was determined prior to drag testing using known masses up to 13 kg applied to 
the horizontally suspended tree and measuring the resultant deflection. To determine the contribution 
to drag from the presence of leaves, the foliage mass and volume were also determined, and a sample 
of leaves photographed for selected trees. The experiments were performed during early spring and 
consequently the leaf size and coverage was relatively low compared to later in the season. 
 
4. RESULTS 

The streamwise drag force variation with velocity was obtained for both the foliated and the defoliated 
Salix trees. Figure 1 presents the recorded data for nine different specimens. It can be seen that above a 
velocity of approximately 0.5 m/s, the variation of force with velocity is apparently linear for the 
majority of trees in both the foliated and defoliated conditions.  To determine the velocity threshold at 
which the force-velocity data reached a linear relationship, linear regression analysis was carried out 
with the condition that the coefficient of multiple determination (R2 ) statistical fit should be greater 
than 0.99. The exceptions are Salix 3, which was only tested to a maximum of 0.75 m/s in the foliated 
condition, and Salix 9, where the rate of increase of force with velocity appears to continue to rise until 
3.5 m/s. 

Linear regression was then applied to the force-velocity data above 0.5 m/s, and through 
comparison, the mean contribution to drag from the presence of the foliage for each tree could be 
determined. 
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(a)

(b) 

Figure 1  Variation of drag force with velocity for foliated (a) and defoliated (b) Salix trees 
 

The dry mass fraction of the foliage (the ratio of foliage mass to total tree mass including wood 
and foliage) and the equivalent percentage contribution to drag from foliage is presented in Table 1.  
Tree Salix 3 was not tested at sufficient velocities above 0.5 m/s in the foliated condition and the leaf 
mass for tree Salix 9 was not recorded, so these data could not be included. 

Table 1  Foliage mass fraction and drag contribution due to foliage 

Salix 1 2 4 8 10 11 12 

Foliage mass 
fraction (%) 10.5 18.0 32.0 21.0 7.0 12.8 8.6 

Drag  (%) 28.8 24.7 24.4 54.8 37.8 33.7 27.3 

  

5. DISCUSSION 

The results confirm the experience of previous studies investigating flexing trees, but show an 
increased accuracy and data resolution, due to the high precision equipment used. The relatively large 
number of measurements taken at velocities below 1 m/s, compared to previous studies, demonstrates 
that there are two zones of drag-velocity behaviour. By determining the value of the threshold velocity 
( TU ) beyond which the tree displays a linear variation of force with velocity, the data for any given 
tree can be divided into two zones. The trans-flexing zone is bounded by the very lowest velocities 
tested, when the deflection of the tree is negligible and the tree can be assumed to act as a rigid body, 
until the threshold velocity ( TU ) is reached. In this first zone, there is a gradual transition from the 
tree acting as a rigid body, to one acting as a fully responsive flexing body (see also Schoneboom and 
Aberle 2009). In the flexing zone, which is bounded by the threshold velocity ( TU ) to the maximum 
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velocities tested, the tree streamlines, regardless of the defoliated and foliated states, causing the 
projected tree area to  decrease with increasing velocity. It appears that the linear drag-velocity 
relationship is reached at approximately 0.5 m/s. By determining the gradient of the force variation 
with velocity in the flexing zone, it can be seen that the drag force of any given tree at velocities above 
0.5 m/s can be fully described. 

The contribution to drag force from the presence of leaves varies from 24.4 % to 54.8 %, while the 
equivalent mass fraction of leaves varies from 7 % to 32 %; a larger sample of trees may be needed in 
order for the drag contribution of the leaves to be related to the mass leaf fraction.  
 
6. CONCLUSION AND FUTURE WORK 

The data presented in this paper are the preliminary results from a larger set of experiments. The drag 
force variation with velocity has been presented for both foliated and defoliated trees and it has been 
shown that the presence of foliage can significantly contribute towards the overall drag of a tree.  The 
results obtained show a velocity-dependant variation in the response of the trees under flow action, 
with two zones identifiable, a trans-flexing zone and a flexing zone. The linear drag-velocity 
relationship was reached at approximately 0.5 ms-1. The relationship between the lower bound 
threshold velocity ( TU ) and its correlation with tree physical parameters of stem diameter, height and 
mass may yield functional relationships to determine the resistance of floodplain woodland vegetation 
through non-destructive measurement methods. Further analysis is currently underway to analyse the 
video footage from the experiments in order to understand the contribution of tree form and structure 
to the drag-velocity relationship. Moreover there is a great need to refine the measurement techniques 
and analysis methods outlined in this original programme and the authors are currently pursuing 
opportunities to take this work forward. 
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A series of experiments were carried out to assess the instantaneous hydrodynamic coefficients 
and the parametric rolling characteristics of a C11 class container vessel model. The 
experiments consisted of captive model tests at various heel angles, forced oscillation tests and 
parametric rolling tests. The results obtained from the parametric rolling tests at head seas are 
presented. The effects of wavelength and wave height are briefly discussed. 

 
1. INTRODUCTION 

Parametric rolling has been introduced into the ship motions in the early fifties. Since then, the 
research on the subject has clarified the conditions that lead to large angles of parametric roll. These 
may be summarized as: the natural period of roll being equal to approximately twice the wave 
encounter period, the wavelength being between 0.8 to 1.6 times the ship length, the wave height 
exceeding a critical level and a low roll damping (e.g. Ribeiro e Silva, and Guedes Soares, 2000). 

In order to be able to develop and validate a numerical model, having access to experimental data 
is of high importance. Therefore in the experimental research program it was expected to gather 
reliable data on parametric rolling hydrodynamic characteristics that are to be compared with the 
numerical models.  

This paper presents the experiments carried out on a C11 class container vessel. The results for the 
parametric rolling tests in regular head seas are provided. Unfavorable conditions consisting of the 
sailing speed, wave frequency and the wave height are also pointed out. 

 
2. SCOPE OF THE EXPERIMENTAL WORK 

Parametric rolling is induced by time varying roll-restoring moment in waves and estimating the 
instantaneous values accurately is of paramount importance for the modelling and simulation of the 
phenomenon. It has been widely accepted that Froude-Krylov assumption can explain the wave effect 
on roll-restoring moment as well. Therefore before the parametric roll test runs, preliminary through 
testing of the adopted device was conducted to measure the wave effect on the roll-restoring moment. 

In order to measure the above mentioned value, a dynamometer was used with a heaving rod and a 
hinged mechanism to allow free heave and pitch motions on the model while it had been transversely 
and longitudinally kept aligned into the incoming wave trains. For this reason, surge, sway and yaw 
motions were fixed and magnitudes of their forces were captured by the dynamometer which was 
installed at the same height as the height of the propelled point. 

The fact that a strip theory based calculation routine is easily accessible and requires a relatively 
small computation effort for practical engineering applications has made its use highly favourable. 
However, it is obvious that the theory is pushed far beyond its generally accepted limits, in particular 
with respect to the assumption that the motions are small. The question that was asked for the 
experiments that are described later is whether a good correlation in experimental and computational 
results for the heave and pitch hydrodynamic coefficients (added mass and damping) which are 
calculated using the strip theory will be obtained.  
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To gather sufficient and reliable hydrodynamic data for this purpose, forced oscillation tests of a 
segmented model were carried out. The tests consisted of forcing the model to execute harmonic pitch 
and heave motions while being towed along the tank at several speeds and heeled positions. The main 
objective was to obtain data on radiation forces for the validation of the numerical program that is 
under development to predict and simulate parametric rolling. 

It should be noted that the model had been constructed in several pieces separated by cuts at 
certain stations. The gaps between the pieces were sealed by means of a flexible rubber strip stuck to 
the hull in the inner part. The pieces were held together in position by means of a longitudinal 
backbone, which was made of a continuous metal beam. The beam was fitted with strain gauges at the 
stations to measure the vertical forces and moments. Forces oscillations were produced by means of 
two vertical linear actuators. The aft calculator was clamped to the towing carriage so that it always 
remains vertical. The forward actuator was located at the forward section, and the connection to the 
carriage was made through a hinge allowing a little rotation in the longitudinal vertical plane. This 
allowed the model to pitch about its natural position. A graphical representation of the model is shown 
in figure 1.  
 
 
 
 
 
 
 
 
 
 

Figure 1. The graphical representation of the model, distances are in millimetres. 
 

3.  THE TESTING PROCEDURE 

For the purpose of the study, a ship that is well documented to have been subject to parametric rolling 
(France et al. 2003) has been selected and the model experiments were conducted at the Canal de 
Experiências Hidrodinâmicas de El Pardo (CEHIPAR), Spain. The tank has a length of 150 meters, 
width of 30 meters, and a depth of 5 m and is equipped with a flap type wave maker and an overhead 
towing carriage.  

The model is scaled at 1:65. The main particulars of the vessel are given with the table 1. The 
loading condition adopted corresponds to a displacement of 76,056 tons and the position of centre of 
gravity of the vessel including its cargo leads to a transverse Metacentric height (GMT) of 1.973 m in 
still water. 

Table 1: Main particulars of the container vessel 

Length between Perpendiculars ( LPP ) 262.00 m 
Depth at main deck ( D )   24.40 m 
Breadth, design waterline ( BDWL ) 40.00 m 
Displacement, design waterline ( ΔDWL ) 76056 t 
Block Coefficient ( CB ) 0.66 
Draught at amidships ( TDWL ) 12.34 m 
Transverse Metacentric height, still water ( GMT ) 1.973 m 
Natural roll period, linearized in waves ( T44 )  22.78 s 
Maximum speed ( U ) 20 knots 

 
The experiments were carried out as three groups of activities. The first group had consisted of the 

initial setup along with the hydrostatics and stability tests. To obtain the roll restoring moment captive 
model tests were conducted at two different speeds and 3 different heeled positions (0°, 5° and 10°). 
The second group of activities were the forced oscillation tests. The same heel angles have been 
utilised as well. Finally activity group three had been the parametric rolling tests in longitudinal and 
oblique waves. 
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4.  RESULTS OF THE PARAMETRIC ROLLING EXPERIMENTS 

In the 3rd group of activities, tests were carried out for the vessel in various wave encounter conditions. 
The results obtained from the regular head waves are presented in scope of this paper. A total of 
twelve tests were carried out for the above mentioned condition and the complete list of results is 
summarised in table 2. The first check was made for one specific parametric rolling condition (Tw = 
12.95s, speed = 8 knots) which corresponds to λ/LPP = 1. Later on, frequencies corresponding to 
wavelengths from λ/LPP = 0.8 to λ/LPP = 1.4 were tested at different wave heights at the same speed V. 
Time records of the tests 6, 10 and 14 (see shaded rows in table 2) are shown in figures 2, 3 and 4, 
respectively.  

Table 2. The results for regular waves at 180º heading 

Test Nº 
[--] 

λ/LPP 
[--] 

Hw 
[m] 

Tw 
[s] 

V 
[knots]

Roll Angle 
[°] 

5 0.8 6 11.59 8.0 31.0 
6 1 6 12.95 8.0 23.2 
7 1.2 6 14.19 8.0 2.0 
8 1.4 6 15.33 8.0 0.5 
9 0.8 8 11.59 8.0 32.8 

10 1 8 12.95 8.0 25.0 
11 1.2 8 14.19 8.0 1.7 
12 1.4 8 15.33 8.0 0.8 
13 0.8 10 11.59 8.0 35.7 
14 1 10 12.95 8.0 27.3 
15 1.2 10 14.19 8.0 1.3 
16 1.4 10 15.33 8.0 0.6 

 

As it can be seen, the figure 2 corresponds to the test number six which represents the condition 
where parametric rolling is mostly expected to occur. A roll angle of 23.2 degrees has been obtained. 
Figure 3 presents the same settings with a wave height of 8 meters which has resulted in a 1.8 degree 
increase in the maximum roll angle. Figure 4 corresponds to an even larger wave height of 10 meters 
and a wavelength to ship length ratio of 1.2, where no parametric rolling occurred due to modification 
of the wave period and therefore of the wave encounter conditions. 

Moreover, when the wave length to ship length ratio was kept at unity (tests 6, 10 and 14), 
increasing the wave height has lead to larger roll angles. As confirmed by other experiments, this trend 
would continue until a certain threshold limit is reached. 

 

 
 

Figure 2. Development of parametric rolling in experiments with the regular waves 
(Hw = 6m, Tw = 12.95s, V = 8 knots) 
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Results of the parametric rolling tests under different wavelengths 

Figure 3 on the left  (Hw = 8m, Tw = 12.95s, V = 8 knots) and 
Figure 4 on the right (Hw = 8m, Tw=14.19s, V = 8 knots). 

 
 

5.  CONCLUSION 

The motions of a container vessel under parametric rolling conditions have been studied through 
scaled model tests. The results for regular head waves have been presented and it has been noted that 
the model has exhibited relatively large amplitudes of roll motion up to 30 degrees. The most severe 
case was not found out to be the case in which the wavelength equaled to one, but where the 
wavelength was 0.8. As it can be seen in figure 4, when λ/LPP equals to 1.2 the roll motion has not 
been obtained. This has shown the prominent effect of wavelength to ship length ratio on parametric 
rolling. It has also been shown that the increase in wave height has resulted in an increase in roll angle.
 In order to present a comparison of the hydrodynamic coefficients obtained from the experiments 
and the numerically calculated values, the experimental results from the 1st and 2nd groups of activities, 
consisting of the time series, have to be analyzed in order to obtain the mean values, the amplitude and 
the phase of several harmonics. This is an ongoing process which in fact allows a better understanding 
of the instantaneous hydrodynamic problem for asymmetric cross-sections. 
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Experiments are carried out in the calm water towing tank of CEHIPAR with a flotation 
system of helicopter. The velocity of the carriage, the pressure inside the floater, the trim angle 
and the immersion are controlled. The instrumentation gives : the kinematics of the floater, its 
inner pressure, the efforts in the straps of the floater and the global loads of the assembly. The 
tests conditions simplify the actual configuration of helicopter but we observe some 
phenomena like the correlation between forward speed and inner pressure. 
 

1. INTRODUCTION 

Much research works have been done on the sea-landing of aircraft. If they are theoretical or 
experimental, they treat mainly the case of rigid structures. But in the case of sea-landing of 
helicopters inflatable structures are used in order to both reduce the effects of hydrodynamic impact 
and to provide buoyancy of the aircraft. The pictures below illustrates such devices. 

Figure 1. Examples of helicopters equipped of inflatable flotation system 
 
A first thesis (Malleron, 2009) focused on the case of impact of such structures, with a vertical 

velocity only. An experimental campaign has been carried out in BGO-First (La Seyne/Mer, France, 
2008) focuses on the impact loads during vertical free drop. It gave information for the modelling and 
the simulation of these original fluid-structure interactions. A second thesis is focused on the case of 
the impact with a forward velocity much larger than the vertical one. Indeed dimensioning tests are 
done considering horizontal velocity of 15m/s. 

The access to a towing tank is is a great opportunity to test the flotation system in different 
configurations. 

 
2. EXPERIMENTAL SETUP 

Figure 2 illustrates the setup. The carriage of the calm water towing tank of CEHIPAR can run in a 
large range of velocity (up to 10 m/s). A maximum velocity of 6m/s is reached during the present tests. 
An aluminum rigid plate (3 mm thick) is rigidly fixed on the carriage through a six-component 
dynamometer. Immersion is controlled and imposed for each test. The flotation system is anchored to 
the plate with straps. Six monocomponent load cells are installed between the straps and the plate. 
Three series of holes are done in the plate to change the trim angle of the balloon (0°, 5°, 10°). Three 
pressure sensors are installed inside each of the three compartments of the flotation system. 
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Krypton device is used to measure the six degrees of freedom of the floater. Three video cameras 
are installed in front of the bow, behind the rear and laterally. The sampling rate of 100Hz is used for 
all the acquisitions. Pictures of the setup are presented below. 
 

 
Figure 2. Setup. Left : bow. Middle : side. Right : rear. 

 
3. ILLUSTRATIVE RESULTS 

Four parameters are identified : immersion, trim angle, inner pressure and velocity. A typical time 
variation of the velocity is plotted in Figure 3. The velocity varies from 0 to 4 m/s by successive 
thresholds of 20s at 1,2,3 and 4m/s. 

Figure 3. Typical velocity time variation 
  

Vertical positions correspond to : 1/4 ,  3/8 and 1/2 immersion of the floater with 0° of trim angle. 
The inner pressure of 150 or 200mbar (above the atmosphere pressure) is set approximately in each 
compartment. The pictures below correspond to the 1/2 immersion, with a relative  inner pressure of 
150mbar and 0°trim angle. 

 

(a)    (b)   (c)   (d) 
Figure 4. 1/2 immersion , 150mbar, 0° trim angle.  V= 1,2,3 and 4 m/s from the left to the right. 

 
Here we focus on the sudden change of fluid-structure interaction. This  is  the transition between 

the standard planing of the floater (Figure 4, a and b) and a partial (Figure 4, c) or full (Figure 4, d) 
submergence of the floater.  

272



Proceedings of the HYDRALAB III Joint User Meeting, Hannover, February 2010 
 

 

 

The inner pressure is the main data which can provide us with information on the hydroelastic effects. 
In Figure 5 the time variation of the pressure in the three compartments is plotted. Initial pressure is 
150mbar with 10° trim angle and 1/2 immersion. 
 

 
Figure 5. Inner pressure in the three compartments. Tests conditions : 10° trim angle, 1/2 

immersed. Speed 0,1,2,3,4 and 0 m/s. 
 

It appears that the inner pressure decreases as the velocity increases. Then, when the bow is 
submerged the inner pressure shows large fluctuations which correspond to the thick skim recovering 
the floater. Surprisingly the pressure may slightly decrease at constant velocity as well.  

In order to better understand the variation of the inner pressure we used other imposed velocities 
and accelerations. A velocity of 3.6m/s is reached directly from the position at rest with accelerations 
of 0.04, 0.2 and 0.5 m/s² .  The floater is half immersed and the trim angle is 0°. 

 

Figure 6. Left : velocity profile with time. 
 

 
4. CONCLUSION 

During this experimental campaign in CEHIPAR we focused on the transition between planing phase 
and submergence phase. 

Experimental data from planing condition can be compared with a code like REVA. This code 
developed within potential theory, yields the pressure distribution and the free surface deformation 
around the hull. For the planing phenomenon we develop models of planing applied to non 
conventional shapes. A thorough review on planing hull is provided in Savander(2002). For the 
submergence phase the work is more complicated since we observe strong mixture of fluid at the bow 
part then we face the difficulty of modelling multi phase flow. 
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The problem is even more complicated when considering a strong coupling during fluid structure 
interactions. Actually as a first step we decouple the two problems : hydrodynamic and structural. 
However it remains the problem of modelling inextensible membrane of a floater regarded as a 
structure whose rigidity depends only on its internal pressure.  
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The paper aims at presenting the objectives and some first results of an experimental campaign 

entitled “Measurements of hydrodynamic forces and motions on concentric vertical cylinders” 

that has been carried out in CEHIPAR, Spain, within the HYDRALAB III Transnational 

Access Activities  program supported by the EU. The project contained a series of 

experiments concerning concentric cylinders arrangements. First- and second – order exciting 

wave forces and wave elevations at specific locations around the bodies have been recorded, 

analysed and compared with pertinent numerical predictions. Representative experimental data 

and their comparisons with numerical predictions will be presented in the following, together 

with the description of the experimental program. 

 
1. INTRODUCTION 

The experimental campaign is dealing with the evaluation of the first- and second –order 

hydrodynamic exciting forces and wave run up on single concentric cylinders arrangement as well as 

on arrays of them when they are exposed to the action of mono- and bi-chromatic wave trains. The 

geometric configuration of the single body consists of an exterior partially immersed toroidal structure 

of finite volume supplemented by an interior piston – like, free-surface piercing truncated cylinder, see 

Fig. 1.  

 
 

Fig.1: Schematic representation and physical model of a two concentric cylinders arrangement 

 

In this way, an internal free surface is formed that is totally enclosed between the cylinders and 

open to the exterior fluid domain beneath the bodies. This internal fluid domain, which in the present 

case is of annular form, is usually referred to as “moon pool” and represents a characteristic feature of 

bottomless floating bodies having consequences both from the theoretical and the practical point of 

view. In the last years an increasing interest on such type of structures is reported especially in 

connection with their use as wave energy converters or as oscillating water columns (OWC) devices 

for the extraction of energy from waves (Sykes et al., 2007). Furthermore, in the offshore field of 

applications several types of vessels are frequently constructed with moon pools.  
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The fundamental hydrodynamic properties of isolated truncated hollow cylinders have been 

investigated some time ago (Garrett, 1970; Miloh, 1983; Mavrakos, 1985, 1988) using matched 

axisymmetric eigenfunction expansions. Mavrakos (2004) extended the formulation to the linear 

hydrodynamics of concentric cylinders, whilst Mavrakos et al. (2009) tackled the corresponding 

second – order diffraction problem around this type of structures. All previously mentioned studies 

showed that crucial parameters for the hydrodynamic behavior of concentric cylinders are among 

others the radial extend of the annulus between the internal and the external structure, the draughts of 

the bodies, the shape of the interior body, as well as the wall thickness of the exterior cylinder. Thus, 

scope of the present experimental campaign is to investigate in more details the effect that these 

parameters has on the hydrodynamic behavior of single or multiple interacting arrays of concentric 

cylinders. 

 

2. DESCRIPTION OF THE EXPERIMENTS 

In accordance with the scope of the proposal, seven different configurations of concentric cylinders 

have been tested. The first four concern concentric cylinders of the type shown in Fig.1 The radius b2 

was kept constant, equal to 0.5m, whereas two variants of the internal cylinder radius were chosen, i.e. 

b1 = 0.2m and 0.4m, and two variants also of the external radius of the toroidal body, i.e. b = 0.6m and 

0.7m. The draughts of the internal and external cylinders were kept constants, being equal to 0.4m and 

0.5m, respectively. The next two configurations consist of external torus with the same as previously 

radial dimensions and draughts, but with internal body configured as a compound vertical cylinder 

(Fig.2). It has a small radius at the waterline equal to 0.15m and a large radius at its bottom equal to 

0.30m. The submerged depth of the small cylinder is 0.14m, whereas the height of the submerged 

large diameter cylinder equals also to 0.14m. All the models were constructed at the workshop of 

CEHIPAR. 

 

   
 

Fig. 2: Physical model of the compound cylinder and schematic representation of the 6
th
 configuration 

 

 Finally, a multi – body arrangement of concentric vertical cylinders has been tested. It consisted 

of three piston-like assemblies that have been arranged transversal and quarterly to the direction of the 

incoming waves. The distance of the bodies’ axes were set equal to 2.0m, whereas as individual 

concentric cylinder arrangement was selected the one corresponding to the dimensions of the third 

configuration given above with an internal cylinder radius equal to 0.4m and an external torus radius 

equal to 0.6m.  

 Exciting wave forces and moments, as well as wave run-up have been measured on both external 

and internal cylinders. The recorded data were analysed to obtain first- and second – order components 

of the associated hydrodynamic quantities. The wave run-up was measured at three locations on the 

wetted surface of the external cylinder and three locations on the interior. 

 

3. EXPERIMENTAL RESULTS AND NUMERICAL PREDICTIONS 

Representative experimental results for the first- order exciting wave loads and their comparisons with 

corresponding numerical predictions for the second configuration are given in Figs. 3 and 4. 
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Fig. 3: Horizontal and vertical first – order exciting wave forces on the external torus 
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Fig. 4: Horizontal and vertical first – order exciting wave forces on the internal torus 

 

 A very good comparison between the numerical and experimental data can be obtained. Also the 

wave periods of the resonant fluid motions inside the moon pool, which corresponds to the spikes of 

the curves, are well captured by the numerical predictions.   

Measured and computed mean second-order drift forces in regular waves for the same as above 

configuration are given in Fig. 5. A good correlation between the measured and the computed values 

can be also in this case reported.   
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Fig. 5: Mean second-order forces on the external cylinder, 2

nd
 configuration 

  

Experimental data with their associated numerical predictions for the time-harmonic second-order 

forces on the external cylinder are given in Fig.6. The numerical demonstrate the occurrence of two 

peaks in range of investigation. The first (high wave frequency peak at ω=5.19rad/s) occurs at exactly 

the first-order resonance and obviously affects the second-order contributions. The second peak is 

induced due to the second-order components and occurs at ω=3.69rad/s. The fact that the second peak 

is not excited at exactly the half of the first peak frequency is something that requires further 

investigation. This feature was discussed recently by Mavrakos et al (2009) through extensive 

numerical calculations which exhibited the same behavior. Finally, in Fig. 7 the measured and 
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computed second – order wave run-up on the exterior cylinder is given over several azimuthal 

directions. The results compare also here very well. 

 
Fig. 6: Time-harmonic second-order forces on the external cylinder. 

 
Fig. 7: Second – order wave run-up on the exterior cylinder. 
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