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Summary

The estimation of rare extreme environments is crucial to the design of all offshore structures. We outline the steps in producing response based design conditions for floating systems with particular emphasis on turret moored ships. We review the requirements of the tools employed in each step and list some of the problems likely to be encountered in a response based design study. 

1 Introduction

The loads and responses induced by extreme storms are critical to the reliability of offshore structures. ‘Response based design conditions’ are environmental criteria for design that excite structural responses of chosen return periods. A response based design study consists of: generation of responses corresponding to various return periods; estimating environmental design conditions likely to induce the response of a chosen return period (typically 100 years); and, optionally, estimation of safety (load) factors required to ensure a target reliability. The failure rate, say once in 10,000 years, may be selected by cost benefit analysis and safety considerations. Thus, the environmental design criteria and structural safety factors can be optimised for the economy and safety of the system; the approach will either save money or avoid danger. The most difficult technical steps in response based design are those leading to the long-term statistics of extreme loads and responses. We will review them and the motivation for making use of them in this paper.

Response based design methods were first applied to fixed, space frame, structures [1, 2]. The economic motivation is clear. One hundred year values of wind, wave and current are unlikely to coincide in time or act in the same direction. Any reduction in design load leads directly to a reduction in weight and cost of the sub-structure. Response based design methods have led to cost savings through (1) significantly reduced design conditions, and (2) the use of long term response statistics in a risk based approach to load factors. For steel space frames, the method has been a significant success. Moreover, the reduction in safety is not as much as might be expected. In the response based design methodology, frequency of deck inundation by extreme waves is kept consistent with the target failure rate of the structure. In the more traditional approaches, failure of jackets in severe storms appears to be controlled by the occurrence of large wave loads on the deck.  

In many ways, the need for response based methods for floating structures is even greater. It is essential even without the safety and cost considerations. One might ask how environmental design criteria could be specified by any other means for structures that exhibit large motions? Consider the design condition for the air-gap of a tension leg platform or green water on the deck of a moored ship. It cannot be defined without recourse to the response of the structure since it depends on the elevation of the water surface and the simultaneous vertical displacement of the deck. Quotation of a 100-year crest or 100-year sea-state is not sufficient. In fact, the need for a systematic approach to setting environmental criteria for floaters has been recognised for many years [6].

What are the main ingredients in a response based design study? They include:

· an understanding of the general properties of the structural system and extreme responses of interest;

· a metocean database, usually a hindcast;

· a response model for calculating short term response statistics for particular sea states;

· a general method for generating long term, structural responses corresponding to various return periods using the metocean data and the response model;

· a method for estimating an appropriate set of extreme metocean design conditions from the long term response statistics; and

· expertise to carry out and review the study.

Their relationship is shown in Figure 1. Each of these items are enormous subjects in the their own right. Many of the items have been discussed in other papers at this workshop or the preceding E and P Forum workshop as well as in [3], which also provides extensive references. 

In the following sections, we will cover some of the aspects that are most relevant to response based design of floating systems. We will naturally emphasise difficulties, but the reader should not be discouraged. Though they may not have been problem free, several response based design studies have been completed for tension leg platforms, spars, semi-submersibles and moored ships.

2 Floating structures

We begin our look at structural systems by mentioning aspects common to most types of floaters and then go into more detail using the turret-moored tanker as an example. Though the details may differ from other structure types, the concepts and principles remain valid. More information on spars can be found in a companion paper [4] and on tension leg platforms in [1, 5, 8].

Environmental forces and floating systems

There are many types of floating systems used in offshore developments: ship-shaped, spars, barges, semi-submersibles, and tension leg platforms. All are described in some detail in [3]. Here, we review some features that are important for response based design.

In general, the floating system consists of a hull, a mooring to control its motion, and an arrangement of risers for production and export. The environment exerts global loads on all parts of the system, particularly the hull. The wind exerts drag forces on the hull above water line, a ‘steady’ force (within a sea state) due to the sustained wind and an unsteady force due to turbulent gusts. Current exerts steady drag forces on the hull; it can also produce unsteady loads through vortex shedding. Wave loads arise mainly through diffraction. Linear diffraction produces forces with the same frequencies as the incident waves. Second order diffraction produces steady and slow drift forces via frequency difference effects, Figure 2. Frequency sum effects are important for loading if there is a potential high frequency resonance. They may also be significant in influencing total surface elevation and, thereby, the probability that green water reaches the deck. Diffraction coefficients are sensitive, in some cases very sensitive, to the ratio of incident wavelength to hull dimensions. Most often, the coefficients are calculated for a hull undergoing small oscillations, and do not directly account for large amplitude oscillations of the hull.

The horizontal motions of the hull – surge, sway, yaw – are constrained by a mooring system that is relatively flexible. Thus, steady wind, wave and current forces produce large horizontal offsets. In addition, the natural frequencies of the modes involving mainly horizontal motions are low, well below the wave frequencies. They are excited by waves via second order, difference frequency effects and by turbulent components of the wind. Large horizontal motions can result since these modes are lightly damped. Heave, pitch and roll motions of the hull are in most cases closer to the main wave frequencies and directly excited by them.

Forces in mooring lines and risers arise mainly from the hull motion though fluid loading due to waves and currents have significant effects. The predominance of slow horizontal motions or wave frequency motions in generating forces in moorings and risers depends on water depth. The behaviour of mooring lines and risers are very non-linear.

We can continue this discussion by looking at the particular case of the turret-moored tanker. 

Turret moored tanker

A turret moored tanker provides the classic floating, production, storage and offloading system (FPSO). It has some particular features that arise from the hull shape and the turret mooring. The hull has dimensions of order the wavelengths in severe seas. The hydrodynamic coefficients for wave diffraction forces can be very sensitive to small changes in the periods of incident waves around these wavelengths and, in consequence, the accuracy of the wave periods in the hindcast. The sensitivity of turret offset to the periods of the incident spectrum is illustrated in Figure 3. There is a second question concerning the hydrodynamic coefficients used in most practical studies. We recall that the coefficients are generally derived on a linear or second order spectral basis for a body undergoing small oscillations. Even in a time domain dynamic analysis, in most commercial software, it is possible to account for effects of yaw motion on hydrodynamics in a quasi-static fashion only.

The hull can rotate freely about the turret; the steady components of wind, wave and current forces determine its static orientation and offset, Figure 4. The free rotation serves to reduce at least the static load transferred to the mooring. However, it gives us a lot of problems in analysing the global dynamics. It means the ship is very sensitive to the relative directions of wind, wave and current. A current in-line with the wind and waves has only a small effect on extreme offset or mooring force. Yet, if the current direction is at an angle to the wind and waves, it will tend to rotate the vessel. This increases the exposure to wave and wind load and, thereby, the offset (by ten to forty per cent) and mooring loads. Changes in wind direction have a similar effect.

The derivative of the static environmental yaw moment with respect to yaw angle determines the rotational stiffness of the hull about the turret. The rotational stiffness of the ship comes from the environment! Without this source of stiffness, the ship heading becomes indeterminate, assuming there is no intervention with thrusters. These properties can have important consequences. First, the static heading problem can, under special circumstances, have multiple or arbitrary solutions. The heading of the vessel may depend on that in the previous sea-state (or very weak effects in the present one). As an example, one might consider the evolution of heading as the eye of a hurricane passes over a turret moored ship. In an environment with rapidly changing directions, some care is needed in tracking the evolution of ship heading and there is a possibility of (correctly or in error) finding the ship broadsides to the incident waves. This is illustrated in Figure 5. It raises the possibility of a dangerous interaction between yaw and roll.

The second consequence concerns the horizontal modes of the dynamic motion. There are three horizontal modes: a surge mode and two lateral modes combining sway and yaw motions. The small stiffness of the surge mode comes from the mooring system and the natural period is long, order a minute or longer. The stiffness of the lateral modes comes from the moorings and the environmental yaw stiffness; the natural periods of the lateral modes are even greater, order a few minutes. Because the natural frequencies are so low, below the wave making frequencies of the hull, viscous drag is a major source of damping. Unfortunately, viscous damping is not easy to estimate with very good accuracy. Moreover, since the viscous drag includes a cross term between vessel velocity and the current, a small current can tend to reduce dynamic response!

Extreme responses

All types of floating structure have a range of design limit states; crossing the limit state from the safe side to the unsafe side can be associated with a structural response crossing a prescribed level. In response based design, we estimate a corresponding set of extreme environments that induce that level of response. The concept may be applied for an undamaged system and, usually with some reduction in severity, to a damaged one. It may also be applied for different amounts of stored oil and ballast. The limit states can be broadly classified as stability, structural integrity, station keeping, extreme motion, and green water on deck. We list some examples:

· Stability requires that the platform resists capsize. For the response based design of FPSOs, this may be expressed as a maximum roll. 

· Structural integrity of the hull can be analysed in terms of extreme bending moment in the hull section. Structural integrity of the turret system depends on extreme total mooring force. Structural integrity of a riser depends on maximum offset, extreme stresses and curvature of the riser, interference between the riser and other bodies. Structural integrity of the mooring system depends on extreme total mooring force and tension in individual lines.

· Station keeping is a question of the occurrence of unacceptably large offsets and/or failure of the mooring system.

· Certain extreme motions may cause problems with process or other equipment or unacceptable discomfort to personnel.

· Green water that passes over the bow wall can damage the deck. The relevant variable for study is ocean surface elevation measured relative to the bow, including effects of heave and pitch of the vessel and non-linear effects in incident and scattered waves.

3 Hindcast metocean data

A hindcast database is a numerical simulation of the time series of severe winds, waves and currents for some historical period. It provides significant wave heights, wave directions and spectral information, current amplitude and direction, and wind speed and direction for three-hour, one-hour or twenty minute intervals of storms over a period of twenty to ninety years. It is a far more comprehensive data set than any measured time series. In principle, it contains all the statistical information required for derivation of joint statistics of the environmental variables and performing response based design studies. In practice, there is in general no other complete source of such information. However, hindcasts must be validated, but against what and how? The question of against what is resolved by finding a sufficient quantity of measured data of sufficient quality. We shall not discuss it here. The question of how arises because the overwhelming number of offshore developments have employed fixed steel jackets and our approach to the quality control of hindcasts has inevitably developed in that context. A hindcast that is adequate for a jacket may not be so good for a floater.

Significant wave height can be hindcast with reasonable accuracy. On a point wise basis, there should be little bias and small scatter. However, wave periods may sometimes be biased in older hindcasts and floaters are more sensitive to wave period than are jackets. Similarly, they may be influenced by twin peaked spectra and swell with a different direction from the wind driven sea.

Hindcasting is very difficult for currents that are not either tidal or driven fairly directly by winds. Major features may be captured and the variance may be broadly correct, but point wise comparisons with measurements are often not very good. For fixed structures, it is sufficient that the current in-line with the main wave direction is acceptable. However, for moored ships the direction of the current is very important. Also small currents can be important in introducing viscous damping.

Winds are usually hindcast well. The main issue for floaters concerns the direction. It can have large effects as it departs from the main wave direction. Attention is also required when winds are changing direction rapidly in time or space. The heading of the turret moored tanker may be following (or failing to follow) the change in direction.

4 Response analysis for floating structures

Most practitioners in the field of response based design would probably agree that finding an adequate tool for response analysis is amongst their greatest concerns in extending their methods to floating systems in general and moored ships in particular. 

To perform a response based study, we need a method for estimating the probability distribution of an extreme response (such as turret offset or mooring line tension) for a specified significant wave height, spectrum, wave direction, current speed and direction, and wind speed and direction. A number of tools exist for calculating extreme responses to sea states; they have been developed mainly for conventional design or assessment studies. In general, they can predict first order responses such as heave, pitch and roll very accurately. However, they are less successful in predicting responses that depend on second order or coupled effects, particularly for turret moored ships; this is a very difficult problem. It is for this reason that floating structure design still resorts to model testing. 

There are a number of fundamental difficulties that exist however the problem is treated. As illustrated in Figure 6, resolution of the low frequency modes of response requires the wave spectrum to be discretised into a large number of closely spaced frequencies and the computation of cross terms between them. The computational burden is heavy. 

Our requirements of a response analysis tool for use in producing response based design conditions differ from those for a conventional design or assessment study. We have two general requirements: convenience in use and quality of results. Here, convenience in use implies speed in computation with minimal user intervention; both are essential if several hundred or thousand sea states are to be analysed. Our quality of predictions requirement relates to consistency rather than absolute accuracy. Predicted responses should reflect the correct balance of the effects of the metocean variables: the method must have roughly the correct sensitivity to changes in wave height, period and direction, current speed and direction, and wind speed and direction. We have one specific requirement of the response model: probability distributions of extreme responses can be deduced from the output. The distributions might be specified by the power and scale parameters of a Weibull.

There are several approaches to estimating responses:

· physical model tests;

· spectral (frequency domain) methods;

· time domain analysis;

· probability domain analysis; and

· empirical models calibrated against one or more of the above.

Physical model tests

The physical model test in a three-dimensional wave tank is standard in the design of floating systems. It serves to confirm the design and to calibrate numerical tools for the extreme environments tested. It is established as much as a design recipe as a scientific experiment. It can suffer from all the problems associated with tank tests: huge cost and time; model scaling; instability, non-uniformity and reflections in the wave field; instability and non-uniformity in the current; non-uniformity in the wind field and uncertainty in the spectrum. Moreover, the measurements take the form of time series of random variables. These require very careful post-processing and interpretation to deduce probability distributions of extreme response. 

We recall that statistical uncertainty in the standard deviation of a variable goes roughly as ((Tv/Td) where Tv is a time scale of the variable and Td is the duration of the time series. If Tv is order a few minutes, such as the natural frequencies of the horizontal modes of a floater, then even a duration, Td, of three hours might be considered insufficient. This statistical uncertainty is quite apart from the physical uncertainty in the largest value (extreme value) observed in a time series. The observed extreme should never be interpreted as a deterministic quantity, but rather as a member of the set of peaks. The long natural periods and low damping of the horizontal modes have another consequence. A considerable time, order half an hour, is required for horizontal motion to reach steady state conditions.

Time domain simulation

Numerical analysis in the time domain offers the potential of capturing all the details and non-linearities of moored vessel dynamics, including the effects of large yaw motions. However, as for physical model tests, all the problems of time series analysis come into play. As for all methods of calculating the responses of floaters, it suffers from uncertainty in specifying many of the parameters relevant to modelling low frequency motions. The limited experience of the present authors has been that its accuracy appears to be better for variances than for extremes. For use in a response based design study, the main problem is computation time. Though computer speed continues to increase, time domain simulation is not an interactive process.

Spectral analysis

Even in time domain methods, the hydrodynamic coefficients are from a frequency domain analysis of a hull undergoing small amplitude oscillations. The dynamics can also be treated in a classical, linearised, spectral analysis. The results are means and variances of first order and linearised second order response. ‘Rules’ have to be created and used to combine first and second order responses and to relate extreme values to variances. Such rules are usually based on the results of time domain simulation or tank tests, depending on the application. They will at best be approximations and not validated for the whole range of environmental conditions found in a hindcast. Non-linear spectral methods, for example using “Hermite” models, can overcome many of the problems. However, they can be difficult to apply to some cases and are not widely accessible to practising engineers.

Probability domain analysis

Performing dynamic analysis in the probability domain appears to be a relatively recent development [7]. The calculation involves a first order reliability (FORM) type of calculation using the frequency components of the ocean surface elevation and turbulent wind as the random variables. Its particular disadvantages are difficulties in formulating the problem and in the FORM calculation. There are several advantages. Many non-linearities can be included, particularly in loading. First and second order load effects are combined as part of the calculation without additional interpretation. The results are produced directly as probabilities. The method is much faster than time domain simulation, though, if required, the results can be transformed back into the time domain.

Empirical models

Finally, we mention empirical (or semi-analytical) models that are calibrated against simulations. These can provide a very powerful and efficient approach where the relationship between response and environment is sufficiently straightforward. However, when the relationship is complex, the number of simulations required to calibrate the model may be similar to the number of hindcast sea states to be analysed! We have used this approach and other authors have reported its application to FPSOs [14]. However, with reductions in the computation time required for other methods, the use of empirical models will diminish. 

5 Methods of long term analysis

Long term response analysis is the process by which we establish loads or responses corresponding to various long return periods, 50, 100, 10 000 years. Probably as many approaches have been used for this problem as for the estimation of the 100-year wave height. It can involve fitting joint statistics to all the environmental variables required or generation of responses from the hindcast and fitting of a distribution to response only. The analysis can emphasise either sea states or storms. Note that by storm we intend a continuous period, typically 12 to 36 hours, of severe sea characterised by a development phase during which the severity increases, a peak and a subsequent decay phase in which the sea moderates. 

Below, we briefly discuss some different approaches. Our discussion is intentionally superficial, details can be found in the literature.

Analysis of all sea states

The most obvious approach to generating long term statistics of structural response is to work through all the sea states of the hindcast, or at least all those above some threshold severity. The response model (one of the methods from section 4) is run for each interval. Probability distributions are generated for the short-term variability, the uncertainty in the extreme within the one or three-hour interval, and the long-term variability in the severity of sea states. Convolution of the two produces a probability distribution for the long term for the extreme response of interest. There are at least two disadvantages with this method. Successive intervals of the hindcast are not independent events; yet, they are usually treated as if they were. Neglect of the correlation between successive sea states may lead to errors. It always leads to excess confidence in the probability distribution for the severity of sea states. Finally, this approach is inefficient in terms of effort; it involves the response analysis of many sea states that do not contribute to the final results. It is relatively little used.

Today, there are two approaches that are likely to be used for long term analysis: random storm methods and joint distribution of environmental variables/design contours methods.

Random storms

Details of the various forms of the random storms method can be found in the literature [1, 2, 9]. Here, we provide a very brief summary.

The method begins with the hindcast database. The hindcast time series of environmental variables is broken into storms that are retained for further analysis. Starting with the first storm of the series, the response model is used to calculate statistics of extreme response for its most severe intervals. These are combined to produce a probability distribution of the extreme response for that storm. The process is repeated for the subsequent storms in the database. In turn these probability distributions can be combined to produce a complete probability distribution for long term response. Figure 7 shows the general scheme followed by the present authors.

The random storms method has a number of favourable aspects. Since storms, unlike sea states, are independent events, the combination of their statistics is correct in probability theory. Any number of environmental variables can be included without additional difficulty. Short-term variability can be properly treated. If the evolution of the environment or a structural response is important (for example, rapid changes of direction in tropical cyclones), then the effect can be detected and accounted for. It has one significant disadvantage: it requires the analysis of a large number of sea states. If the numerical response model is slow, this can lead to a large computational effort. The method has been extensively applied within the oil industry.

Contour surface in the space of the joint distribution of environmental variables

A number of papers [10, 11, 12] have been written on this method and related topics, again we restrict ourselves to a summary.

The method begins with the construction of a joint distribution for the relevant environmental variables. Contour surfaces (or lines if there are only two environmental variables) of constant probability of exceedance are constructed most often on the basis of the inverse first order reliability method (IFORM). A return period can be estimated for each contour surface. Response calculations are performed for a selection of sea states on a contour surface to estimate a response level corresponding to the return period and identify the ‘design point.’ Short-term variability is accounted for either by an inflation factor or by adjustments in selecting fractiles; the adjustment is obtained from results from other methods.

Methods based on contour surfaces have some major advantages and major difficulties. Response  analyses are performed for a relatively small number of sea states, saving time and effort. Also the extreme design environment is produced directly without additional processing. Sensitivities to particular variables are highlighted, at least for problems with two environmental variables. The major difficulty with this method is the construction of a joint distribution for the relevant environmental variables. There remains some difficulty in fitting a distribution to one variable, such as wave height, and controversy in using the distribution to extrapolate to extreme values. The problems become greater as we try to fit joint distributions to more variables. Well-studied combinations such as significant wave height, wave period and wind speed may be treatable. Though it is the subject of current research, it remains very difficult to produce with confidence the joint distribution required to generate response based design conditions for a turret moored tanker. Extrapolating multiple, non-linear variables with complex correlations is a minefield. Other difficulties relate to the treatment of short-term variability and the precise estimation of response for a given return period.

6 Estimation of extreme metocean design conditions

Once we know the response corresponding to a 100 year return period, the question is what set of environmental conditions are likely to produce it. Some guidance can be found by reviewing the sea states in the hindcast that produced the largest responses. This should be complemented with a systematic examination of responses over a sensible range of environmental conditions. Account should be taken of the sensitivities of response to the environmental variables, including directions, and limits on the metocean variables, such as wave slope. Particular care should be taken with variables such as wave period, current and directions where the relationship between response and the environmental variable may not be monotonic. For the present, it is difficult to formulate a fixed scheme for defining environmental design conditions: significant wave height, wave spectrum, and direction(s); wind speed and direction; and current speed and direction. However, in practice, it is quite straightforward to identify a set that produce a most probable extreme response equal to the 100-year return value. Plots such as that in Figure 8 help to identify a sensible combination of conditions. Note that the procedure will need to be repeated for each structural response of interest and that each response may require a different set of design conditions!

The 100-year significant wave height is a sensible starting point when looking for the design environment, though milder wave conditions with shorter periods can sometimes produce larger responses. However, most often it is used to specify the waves in the final extreme design condition. Thus, we associate the 100-year response with the 100-year significant wave height. This contrasts with our experience with individual waves. The 100-year wave is more severe (by almost ten per cent) than the most probable extreme wave of a sea with 100-year significant wave height. Does this mean that we should sometimes use a significant wave height greater than the 100-year value in the design conditions? Strictly, the answer is yes. However, in practice, the 100-year response is generally achieved with the 100-year significant wave height by selection of slightly more severe wave period, wind and current conditions.

Before leaving the subject, we mention another aspect of design conditions that is widely accepted, but may not be strictly logical. For dynamically responding structures in general and floating structures in particular, the standard practice is to specify the wave condition by significant wave height, a statistical measure of a random process. As such, the design conditions relate to response in a statistical fashion only. Does this make sense? Should the wave condition not be a deterministic time series of surface elevation, a “designer wave” (as proposed for fixed structures with large dynamical response [13, 7])? At this point, we are not proposing that we should attempt to estimate such time series. However, the potential consequences for design and model testing are significant.

7 Survival conditions, safety and load factors

Once we have obtained a set of extreme environmental conditions that produce 100-year responses, we could rely on them together with the implicit and explicit safety factors in standard design codes to produce a floating system of sufficient but unknown reliability. However, since we have produced long term response statistics, it seems worthwhile to make use of them to control the reliability of the design more precisely. First, it is necessary to select some target level of reliability or return period for failure. This may require consideration of appropriate and acceptable levels of safety and cost/benefit analysis. Once the return period for failure is decided, there are a number of essentially equivalent ways of proceeding. We mention two in very simplified terms.

One approach is to generate another set of environmental conditions, the survival conditions. The survival condition is an environment that induces a response with a return period equal to the target return period for failure. The survival conditions are then used in a second design check on the floating system with all explicit and implicit safety factors removed and known biases eliminated.

An alternative approach is to consider the ratio of the response at the chosen return period for failure to the 100-year response. It is then possible to consider, on a generic basis, what safety factors are required with the 100-year responses to ensure the factored 100-year response reaches this level. The procedure is illustrated in Figure 9.

The choice of approach depends on practicality.

8 Expertise

Expertise was the final ingredient in the recipe for response based design that we listed in the introduction. The previous sections have shown that a response based design study is based on specialist expertise in many areas: meteorology; oceanography; hydrodynamics; probabilistic analysis and statistics; dynamics of structures, lines and rigid bodies; structural analysis; and numerical analysis. As such it is necessary for an engineer to call upon and rely upon the expertise of others. They should be consulted in the planning, performance and review stages of the study.

9 Closing remarks

What do response based design conditions offer? Used wisely, the results of a response based design study allow an optimisation of costs and safety. It is also good engineering practice.

What are the main elements involved? An understanding of the structural system, metocean data, response analysis, generation of long (and short) term statistics, derivation of design conditions (and safety factors), and the expertise to review all the elements.   

What do we need to keep in mind? There are several points for each element.

The structural system – what are its particular sensitivities and non-linearities? Wave period, wave and current directions relative to waves, natural frequencies. Both hydrodynamics and dynamics are influenced by frequency.

Metocean data – floaters have different sensitivities from jackets. Care with wave periods, current and wind directions.

Response analysis – we want something fast, with correct balance in response to environmental variables. 

Long term response analysis – How many environmental variables are involved? For more than two variables, the random storms method is likely to be preferable. How well can you fit joint distributions? Any doubts push the preference to random storms. However, use of contour surfaces provides a very fast route, especially if you have already produced the joint distributions.

Metocean design conditions – Requires a systematic examination of responses over a range of environmental variables.

Safety factor, survival condition – Be sure to identify all the explicit and implicit margins in the design practice. Then find how much more (or less) is required to achieve the target reliability.

Expertise – Make sure you get all the information you need. 
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Figure 6. Resolution of low frequency horizontal modes requires very many (n thousand)

components in the 

discretisation of the wave spectrum.
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Figure 3. Influence of current magnitude and zero-crossing period of the incident waves on







turret offset measured at the turret. Changes in wave period have as much influence as quite







large changes in current. At small values of current, response increases due to reduced viscous







damping.












