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SUMMARY

Consideration of catenary, semi-taut or taut mooring systems in the stability assessments of floating offshore wind turbine structures (FOWTs) required by various rules and regulations of government authorities and classification societies is reviewed. This consideration is categorised into four different levels of mooring line load effects on floating stability from Level 0 as no mooring effect to Level 4 as full mooring effects. Since no commercial ship stability software considers performing stability calculations for a floating body attached to a mooring system, two newly developed stability calculation algorithms are presented to deal with intact and damage stability of FOWTs with catenary/semi-taut/taut mooring systems for stationary or transient design load cases respectively. The results of intact and damage stability analyses for a FOWT in a power production, emergency shutdown and parked conditions show that detrimental effects of mooring system occur at Level 2 or Level 3 with some partial effects, while Level 4 with full effects provides a favourable positive impact. 
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NOMENCLATURE




	ABS

	American Bureau of Shipping




	BV

	Bureau Veritas




	CoB

	Centre of Buoyancy




	CoG

	Centre of Gravity




	DLC

	Design Load Case




	DNV

	Det Norske Veritas




	ESS

	Extreme Sea State




	EWM

	Extreme Wind Model




	FOWT

	Floating Offshore Wind Turbine




	FPSO

	Floating Production Storage Offloading




	GM

	Metacentric height (m)




	IEC

	International Electrotechnical Commission




	IMO

	International Maritime Organisation




	MLIT

	Ministry of Land, Infrastructure, Transport and Tourism




	NK

	Nippon Kaiji Kyokai




	NSS

	Normal Sea State




	NTM

	Normal Turbulence Model




	NWP

	Normal Wind Profile




	SSS

	Severe Sea State




	SWL

	Still Water Level




	UF

	Utilisation Factor




	VCG

	Vertical distance of CoG above keel




	Hs

	Significant wave height (m)




	Vhub

	Wind speed at hub height (m/s)




	βFloater

	Floater yaw angle




	βTurbine

	Turbine yaw angle




	αstart

	Significant roll motion




	φ

	Wind direction




	θ

	Heel/roll







1. INTRODUCTION

The stability of ship and floating offshore structures can be assessed using the concepts of metacentre height (GM) discovered by Bouguer (1746), restoring moment by Euler (1749) and energy balance between environmental work and restoring work by Mosely (1850). These concepts laid the foundation for the intact stability criteria required by International Maritime Organisation (IMO) and classification societies (Francescutto, 2015) and used for the quasi-static stability assessments of these structures. The GM and restoring moments contributed from buoyancy can be calculated with commercial computer programs. Since these programs do not consider mooring stiffness, they cannot be used for moored offshore structures unless the contribution of mooring stiffness to the GM and righting moments can be neglected. This neglection is justifiable for floating production storage and offloading (FPSO) units if the units use turret mooring systems to allow the vessel to align with prevailing weather conditions. For other moored offshore structures, the stability assessments without the consideration of the mooring stiffness may not be acceptable if there is unfavourable impact from mooring systems on stability. The research work shown in the proceedings of international conference on the stability of ships and ocean vehicles from 1975 to 2018 (ShipStab, 2026a) and international ship stability workshop from 1995 to present (ShipStab, 2026b) have not dealt with the mooring effects on stability. However, it is important to demonstrate and understand what mooring effects on the stability of floating offshore wind turbine (FOWT) units are in stability evaluations for class approval.

A FOWT unit, which consists of wind turbine, tower and floating substructure, shall fulfil the requirements of stability in intact and damage scenarios for both temporary and in-place conditions (ABS 2020; BV 2019; DNV 2019; IEC 2019c; NK 2021) with an exception stated in DNV (2019) and IEC (2019c) that the damage stability requirements can be exempted for unmanned units whose failure is unlikely lead to unacceptable consequences such as loss of life, collision with an adjacent structure and environment impacts. However, the damage stability requirements are mandatory for DNV classed units in transit conditions during towing (DNV 2023).

For the stability analysis of a unit in in-place conditions, consideration depending on the rules and regulations of government authority and classification society may be given to the effects of station-keeping system. The mooring effects on the unit’s stability may be categorised into the following levels:








	Level 0.

	No mooring effect on restoring moment as a floating unit free of mooring constraints and heeling moments taken about the centre of lateral pressure of the underwater body of the unit.




	Level 1.

	No mooring effect on restoring moment but heeling moments taken about fairleads.




	Level 2.

	Initial vertical mooring loads applied at the fairleads as lumped weights, the heeling moments taken about the fairleads, but no mooring effect on restoring moment.




	Level 3.

	Mooring line tensions considered in the unit’s floating attributes (draught, heel and trim) but their restoring effects not included in the restoring moment.




	Level 4.

	Full mooring effects considered.







Since IEC (2019c) follows the intact stability requirements from IMO for ships (IMO, 2008), it may be assumed that IEC adopts no mooring effects on stability stated in Level 0 above. ABS (2020) states that the floating unit is to be free of mooring restraints as Level 0 for the purpose of determining compliance with the stability requirements. However, detrimental effects of mooring system are to be considered (ABS, 2020) as Level greater than 0.

DNV (2019) states that the restoring moment shall be calculated free of mooring constraints and the heeling moment shall be taken from either the centre of lateral pressure of the underwater body of the unit or the mooring line attachment points, whichever is unfavourable. This is equivalent to Level 0 or 1.

Both MLIT (2020) and NK (2021) state that it is necessary to consider conditions in which there is no impact from the mooring system and conditions in which there is impact from the mooring system, and to base calculations of stability on whichever is unfavourable. The impact from the mooring system depends on the level of the mooring effects on intact and damage stability. MLIT (2020) also states that it is necessary to consider mooring forces applied to reduce heeling for damage stability, but NK (2021) states the opposite.

BV (2019) accepts the consideration of the mooring effects on stability, in particular, the heeling moment about fairleads if the mooring lines are considered and the restoring moment dominated by the mooring lines. Furthermore, BV (2019) requires the consideration of one damaged line for the stability restrained by the mooring lines apart from damaged compartment for damage stability assessment.

During the design of a floater unit, design constraints include not only the design limits of a wind turbine such as maximum allowable static and dynamic inclinations, accelerations at hub centre and modal frequencies but also the stability of the unit. Both static inclination and initial stability depend on initial metacentric height (GM), i.e. restoring moment, which is contributed from the buoyancy and mooring stiffness of the unit. If the latter was neglected in the design, the resulting floater having a critical stability would be larger and heavier than that with the mooring effects considered.

Stability evaluation is usually performed to calculate the righting moment and heeling moment against the angle of inclination using commercial ship stability software. Since no existing commercial software deal with the stability of a floating unit connected to a mooring system, two new stability calculation algorithms respectively for stationary and transient DLCs using the Multi-Operational Structural Engineering Simulator have been developed to perform intact and damage stability analyses of floating offshore wind turbine structures with different mooring effects.

This paper presents the intact and damage stability analyses of a floating offshore turbine unit for DLC 1.6 power production, DLC 5.1 emergency shutdown and DLC 6.1 parked conditions (ABS, 2020; BV, 2019; DNV, 2019; IEC, 2019c; NK 2021), with different mooring effects, using the two new stability calculation algorithms. The results of the analyses are compared against intact and damage stability criteria respectively. Conclusions are drawn from the findings of the present study.

2. STABILITY ANALYSIS METHOD

Stability evaluation is usually based on a quasi-static stability method using the curves of the righting moment and heeling moment against the angle of inclination shown in Figure 1 for a floating unit in in-place condition or transit condition subjected to stationary motions (ABS 2020; BV 2019; DNV 2019; IEC 2019c; NK 2021).
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Shown in Figure 1, the first intercept is the static angle of inclination at which the floating unit reaches a static equilibrium for a given heeling moment. The second intercept gives the point for when the heeling moment exceeds the righting moment, which will lead to capsize. The down-flooding angle is the angle at which the first opening that cannot be closed watertight or weathertight gets immersed.

The righting moment is contributed from the buoyancy of the unit as well as from the mooring line tensions in in-place conditions. As mentioned early, the acceptance in the consideration of mooring effects for stability assessment depends on the rules and regulations of government authority or classification society.

Free surface effects of partially filled tanks shall be considered as these effects reduce the righting moment.

The heeling moment is due to wind load on the upper part of the unit above the still water line (SWL) and the turbine thrust. Both the wind load and turbine thrust depend on wind speed, wind profile and wind direction. The pivot point taken for the calculation of the heeling moment is either at the centre of buoyancy (CoB) for a free-floating body or at the mooring attachment point for a moored body.

The requirements of the wind speed at the hub height, Vhub, and sea state depend on the DLCs considered (ABS 2020; BV 2019; DNV 2019; IEC 2019c; MLIT 2020; NK 2021). The power law wind profile shall be used with different values of power index for different wind model such as 0.14 for normal wind profile model (NWP) and normal turbulence model (NTM) and 0.11 for extreme wind speed model (EWM) (IEC 2019a and b; ABS 2020). For extratropical cyclone storm wind conditions or extreme mean speed corresponding to 50-year return or more, the Frøya wind profile shall be used (ABS 2020; MLIT 2020; DNV 2021).

The value of Vhub at maximum turbine thrust in power production shall be considered for intact stability. 

The extreme value of Vhub for idle turbine in parked conditions and extreme sea state (ESS) shall be considered for intact stability. The idle turbine thrust depends on the yaw angle of the turbine with respect to wind direction. Both the minimum idle thrust with unfavourable wind direction and the maximum idle thrust with favourable opposite wind direction shall be considered to find out the worst condition.

In addition to stationary motions, DNV requires intact stability evaluation for transient motions in situations like extreme operating gust, electrical fault, shut down due to exceedance of motion safety limits and emergency shut down (DNV, 2019) in conjunction with available restoring energy against unbalanced energy shown in Figure 2, where αstart is significant roll motion of the unit beyond the first intercept due to maximum turbine thrust before the shutdown. The roll motions of the unit shall be calculated for normal sea state (NSS) condition (DNV, 2019). The maximum heel of the unit triggering shut down should correspond to the maximum limit of inclination for the turbine.
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For damage stability, one damaged compartment shall be considered (ABS 2020; BV 2019; DNV 2019; IEC 2019c; NK 2021). When full mooring effects are considered, one damaged line shall also be considered (BV 2019).

Wind speed used for damage stability evaluation shall be taken as that specified by classification society, where is applicable.

For non-ship shaped FOWT shown in Figure 3, the critical axis of heeling varies with the righting moment and heeling moment. The most critical heeling axis is where the values of governing parameters to meet the stability criteria reaches their lowest values.
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2.1 CO-ORDINATE SYSTEMS

The origin O of the local body O-xyz co-ordinate system for a four-column semi-submersible FOWT with three pontoons shown in Figure 3 is at the intersection of the baseline and the centreline of the centre column. The x-axis points along the centreline of one of the pontoons from the origin to the external column and the z-axis points vertically upwards from the origin.

For stability analysis, the heeling axis is taken as the global X-axis while the yaw angle βFloater of the body x-axis is measured from the global X-axis shown in Figure 3. The heel/roll angle θ of the floater unit about the global X-axis is positive with its direction pointing to the positive X direction in accordance with the right-handed rule convention. When βFloater = 0 and there are zero heel and trim, the local co-ordinate system O-xyz and the global fixed co-ordinate system O-XYZ are coincident with each other.

The yaw angle βTurbine of the turbine and the wind direction φ are positively measured with respect to the global X-axis shown in Figure 4. For maximum power output and maximum thrust in power production, the βTurbine is set in such a way that the φ is normal to the plane of turbine blades, i.e., βTurbine = φ.
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3. STABILITY CALCULATION ALGORITHMS

Within the framework of the stability requirements in Section 2 and the co-ordinate systems in Section 2.1, two new stability calculation algorithms applicable for intact and damage stability analyses of stationary and transient DLCs have been developed respectively. These algorithms with a given loading condition and the values of the Vhub, βFloater, βTurbine and j are outlined below.

3.1 STABILITY ANALYSIS ALGORITHM FOR STATIONARY DLCs

1.Find and store the initial static equilibrium condition of the intact unit at the specified level of the mooring effects without wind.

2.Determine the values of the thrust arm from the fairleads, initial maximum thrust and initial wind speed at 10 m above the SWL from that at the hub height.

3.Determine outer loop number depending on whether the damage stability is considered. If not, it is 1 for the intact stability analysis. Otherwise, it equals to the number of internal compartments or the total number of internal compartments plus mooring lines if one damaged line is considered.

4.For a damage condition, reinstate the initial static equilibrium condition found in Step 1 and find the new initial static equilibrium condition of the damaged unit without wind.

5.Determine the value of minimum freeboard without wind.

6.Any level of the mooring effects can be considered in inner loop starting from the initial heel of the unit to the maximum roll angle of 80o with 0.5o increments.

7.For each angle of roll relative to the initial heel of the unit, repeat the following steps 8 to 21.

8.Find the static equilibrium condition of the unit.

9.Find the minimum height of down-flooding points above the SWL.

10.Find the tensions in the mooring lines if the unit is connected to the lines.

11.Calculate the value of the righting moment due to the buoyancy (and mooring line tensions if considered) including the effects of the weights of the floater, turbine, tower and contents (water ballast).

12.Calculate the value of the righting arm from the righting moment divided by the floater displacement and the area of the righting arm curve from zero roll to the current roll in the inner loop.

13.If the product of previous and present right arms is negative, determine the value of stability range.

14.Calculate the value of Vhub normal to the plane of the blades and the value of the turbine thrust using the coefficients of the 3rd degree polynomial corresponding to either production thrust or idle thrust which is triggered when the heel angle is greater than the maximum turbine inclination limit.

15.Set the wind environment based on the wind speed at 10 m above the SWL and the power index to fit a specific wind profile.

16.Calculate the values of the CoB, wind load on the above-water part of the unit and resulting heeling moment (including the thrust heeling moment) taken about either the CoB or the fairleads.

17.Calculate the values of the heeling arm from the heeling moment divided by the floater displacement and the area of the heeling arm curve from zero roll to the current roll.

18.Calculate the value of the ratio of the righting arm area to the heeling arm area.

19.Determine the values of the roll angles at the first and second intercept between the righting arm curve and the heeling arm curve.

20.Determine the values of minimum down-flooding height above the SWL at the first intercept and the area ratio at the second intercept.

21.If the product of previous and present minimum height of the down-flooding points is negative, determine the roll angle at the down-flooding and the corresponding area ratio.

3.2 STABILITY ANALYSIS ALGORITHM FOR TRANSIENT DLCs

1.Determine the values of the thrust arm from the fairleads, initial maximum production thrust and initial minimum idle thrust and their corresponding wind speeds at 10 m above the SWL from those at the hub height.

2.Determine the mooring stiffness if the specified level of the mooring effects is either 0 or 1.

3.Find and store the initial static equilibrium condition of the intact unit at the specified level of the mooring effects without wind.

4.Set environment with the wind speed at 10 m above the SWL and apply the initial maximum thrust at the hub height.

5.Find and store the static equilibrium condition of the intact unit corresponding to the state at the first intercept.

6.Run a diffraction analysis to obtain hydrodynamic database and a frequency domain motion analysis to determine significant roll motion.

7.Set the value of αstart as that of the significant roll motion.

8.Determine the value of initial minimum freeboard without wind.

9.Any level of the mooring effects can be considered in a loop starting from the minimum roll angle of –80o to the maximum roll angle of 80o with 0.5o increments.

10.For each angle of roll relative to the initial heel of the unit, repeat the following steps 11 to 24.

11.Find the static equilibrium condition of the unit.

12.Find the minimum height of down-flooding points above the SWL.

13.Find the tensions in the mooring lines if the unit is connected to the lines.

14.Calculate the value of righting moment due to the buoyancy (and mooring line tensions if considered) including the effects of the weights of the floater, turbine, tower and contents (water ballast).

15.Calculate the value of the righting arm from the righting moment divided by the floater displacement.

16.If the product of previous and present right arms is negative, determine the value of negative/positive stability range.

17.Calculate the value of the area of the righting arm curve from either negative stability range or negative down-flooding roll to either the current roll or the first intercept roll for shut down, where applicable.

18.Calculate the values of Vhub normal to the plane of the blades using the rated speeds for production and shut down conditions and the values of the production and idle thrusts.

19.Set the wind environment based on the wind speed at 10 m above the SWL and the power index to fit a specific wind profile for shut down.

20.Calculate the values of the CoB, wind load on the above-water part of the unit and resulting heeling moment (including the thrust heeling moment) taken about either the CoB or the fairleads.

21.If the product of previous and present minimum height of the down-flooding points is negative, determine the negative/positive roll angle at the down-flooding.

22.Determine the values of the roll angles at the first intercepts between the righting arm curve and the heeling arm curve for shut down and between the right arm curve and the heeling arm curve for production.

23.Calculate the value of the heeling arm from the heeling moment divided by the floater displacement and the areas of the heeling arm curve from negative stability range to either the current roll or the first intercept roll for shut down, where applicable, and from the negative down-flooding angle to either the current roll or the first intercept roll for shut down, where applicable.

24.Calculate the values of the areas of the righting arm and heeling curves from the first intercept roll for shut down to either the current roll or the maximum turbine inclination limit, where applicable.

4. STABILITY CRITERIA

The following intact and damage stability criteria shall be used in accordance with the designated classification society.

4.1 QUASI-STATIC INTACT STABILITY CRITERIA

Initial GM is not to be less than 0.15 m (BV 2019).

The ratio of the righting moment area (A + B) to the heeling moment area (B + C) from the neutral inclination angle to the smallest of the second intercept or the down-flooding angle shown in Figure 1 for stationary DLCs in in-place conditions is not to be less than 1.3 (ABS, 2020; BV, 2019; DNV, 2019; IEC, 2019c; MLIT, 2020; NK, 2021).

The ratio of the available restoring energy to the unbalanced energy shown in Figure 2 for the transient DLCs is not to be less than 1.3 stated by DNV (2019).

However, both ABS (2020) and BV (2019) consider the transient DLCs for shut down as stationary load cases with production thrust abruptly changed to idle thrust when heeling angle is greater than the maximum turbine inclination limit and still apply the minimum required area ratio of 1.3 for the transient DLCs.

4.2 DAMAGE STABILITY CRITERIA

The unit shall have sufficient reserve stability in damaged condition to withstand the wind heeling imposed from any direction. After flooding in this condition, the unit shall reach a stable equilibrium condition without any down-flooding to occur.

4.2 (a) ABS’s Criteria

The final waterline of the damaged unit (ABS 2020) is to:

•Not exceed the level to which the watertight integrity is to be maintained.

•Not exceed the lowest point of the hull main deck or the top of the buoyant hull, whichever is the lower

•Be at least 1.5 m below any unprotected opening that could lead to further flooding of the hull.

4.2 (b) BV’s Criteria

For operation and parked conditions, the criteria (BV 2019) are:

•The final waterline is to be below the edge of the deck line.

•The area ratio is to be not less than 1.

4.2 (c) DNV’s and NK’s Criteria

The final waterline, after flooding, shall be below the lower edge of any down-flooding opening (DNV, 2019; NK, 2021). The unit shall also have positive stability and sufficient freeboard (NK, 2021).

5. CASE STUDY

The semi-submersible FOWT supporting the IEA 15 MW turbine (Gaertner et al 2020) with maximum turbine inclination limit of 15o shown in Figure 5 was used for a case study. The mooring system considered was a semi-taut mooring system with three pairs of mooring lines, ML1x1…ML3x2, centred 120o apart. Each line was made of fibre rope in its upper part and chain in its lower part. The water depth with respect to mean sea level considered for the present study was 75 m. No active ballast was considered.
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For the worst-case scenario of the unit’s stability in power production, the wind and wave directions and βTurbine are always set to be 90o and perpendicular to the global X-axis as the heeling axis. The maximum production thrust considered was 2776 kN at Vhub = 10.5 m/s. The idle thrust of 14 kN was considered after an emergency shut down.

For the parked conditions, the yaw misalignments of the idle turbine at 30o and 180o with respect to wind direction were considered. The former corresponds to the maximum idle thrust of 3090 kN at –167.7o from the global X-axis while the latter corresponds to the minimum idle thrust of 606 kN at –92.6o from the global X-axis.

DLC 1.6 power production in severe sea state (SSS), DLC 6.1 parked condition in ESS and DLC 5.1 for emergency shut down in NSS were considered as per Table 1. For damage conditions, the wind speed was taken as 25.8 m/s at 10 m above the SWL (IMO 2008; NK 2021).

[image: ]

6. RESULTS

6.1 CRITICAL HEELING AXIS

The FOWT has a symmetrical plane at each pontoon centreline which is 120o apart from each other. As a result, the critical heeling axis occurs at the βFloater of 30o, 150o and 270o with the smallest righting moment curve for stationary DLCs and of 90o, 210o and 330o with the smallest restoring energy and largest unbalanced energy for transient DLCs.

6.2 DLC 1.6 POWER PRODUCTION

Comparisons of the results of the intact stability for the stationary FOWT at the critical βFloater with different levels of the mooring effects for DLC 1.6 are demonstrated in Table 2. They pass the minimum required GM of 0.15 m and the minimum required area ratio of 1.3 for stationary DLCs stated in Section 4.1.
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Level 0 with heeling moments taken about the CoB of the unit yields smaller 1st intercept but higher 2nd intercept than Level 1 with the heeling moments taken at fairleads because the fairleads are usually below the CoB and the heeling arm taken from the CoB is shorter than that taken from the fairleads.

The longer the heeling arm is, the smaller the area ratio will be at the down-flooding and 2nd intercept angles. Thus, the area ratios at these two roll angles obtained in Level 0 are larger than those in Level 1. Thus, Level 1 has more unfavourable effect than Level 0 for intact stability.

When the initial vertical mooring loads are applied at the fairleads as additional constant weights in the unit, Level 1 in effect becomes Level 2 which results in slightly lower vertical distance of the centre of gravity (CoG) of the unit above the baseline (VCG), slightly lower GM and slightly larger draught than Level 1.

Although Level 2 effect yields slightly lower VCG and slightly larger draught than Level 1 effect, the 1st and 2nd intercepts and down-flooding angle with Level 2 effect are slightly smaller than those with Level 1 effect. As a result, Level 2 has smaller area ratios at the down-flooding and 2nd intercept angles than Level 1. Thus, Level 2 has more unfavourable effect than Level 1 for intact stability.

The area ratios at the down-flooding and 2nd intercept angles with Level 2 effect are slightly smaller than those with Level 3 effect for the power production.

The full mooring effects of Level 4 yield larger 2nd intercept, larger area ratios at the down-flooding and 2nd intercept angles, smaller 1st intercept, because the righting moment with the mooring effects is higher than that without it shown in Figure 6. It is observed that Level 4 has significantly more favourable effects. The maximum factored utilisation factors (UFs) of the mooring lines at the down-flooding and 2nd intercept are 0.37 and 0.58 respectively and are significantly less than 1. No anchor uplift occurs.
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6.3 DLC 5.1 EMERGENCY SHUT DOWN

Table 3 shows that the results of the intact stability at the critical βFloater with different levels of the mooring effects for stationary DLC 5.1 satisfy the minimum required area ratio of 1.3 for stationary DLCs as per ABS (2020) and BV (2019) requirement stated in Section 4.1.
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As shown in Figure 7, the heeling arm is abruptly dropped and the area ratio is abruptly increased, when the roll angle relative to initial heel is greater than 16.16o as the turbine is stopped. As idle thrust is significantly less than production thrust, the consideration of the idle thrust for the roll angle greater than the maximum inclination limit of the turbine has a positive impact on the intact stability of the stationary floater for shut-down conditions.
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As far as the ratio of available restoring righting arm area calculated from negative righting arm curve under negative rolls to unbalanced restoring righting arm area calculated from positive righting arm curve above positive rolls is concerned and shown in Table 4 for the results of the intact stability at the critical βFloater with different levels of the mooring effects for transient DLC 5.1, Level 3 yields the least ratio when compared with other levels of the mooring effects.
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Since the full mooring effects on the righting arm curve are not significant when the roll angle is between the negative down-flooding angle of –21.24o and the maximum turbine inclination limit of 15o illustrated in Figure 8, the value of the minimum available restoring arm area to the unbalanced righting arm area with Level 4 effect is similar to that of 1.70 with Level 2 effect given in Table 4. The maximum factored UF of the mooring lines at the down-flooding angle is 0.36 and no anchor uplift takes place.
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6.4 DLC 6.1 PARKED CONDITIONS

Tables 5 and 6 respectively provide the comparisons of the intact stability results at the critical βFloater with different levels of the mooring effects and subject to the extreme wind speed of 66.4 m/s at the hub height with the maximum idle thrust of 3090 kN and the minimum idle thrust of 606 kN. They pass the minimum required area ratio of 1.3 for stationary DLCs and Level 3 yields the least area ratio. The maximum mooring line factored UFs at the down-flooding and 2nd intercept angles are 0.37 and 0.6 respectively for the maximum idle thrust and 0.37 and 0.57 respectively for the minimum idle thrust. No anchor uplift is found in these parked conditions.
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Since the minimum idle thrust with nearly same wind direction can be more critical than the maximum idle thrust with nearly opposite wind direction, both scenarios should be considered for the intact stability in parked conditions.

6.5 ONE COMPARTMENT DAMAGED

Comparisons of the results of one compartment damaged stability at the critical βFloater with different levels of the mooring effects are demonstrated in Table 7.
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When the area ratios at the down-flooding and 2nd intercept angles are considered for part of damage stability criteria (BV 2019), Level 2 also has more unfavourable effect than Level 1.

Although Level 2 effect yields lower 1st intercept than Level 3 effect, the minimum freeboard and opening height above the SWL with Level 3 effect are slightly smaller than those with Level 2 effect. Furthermore, the area ratios at the down-flooding and 2nd intercept angles with Level 3 effect are also smaller than those with Level 2 effect. Thus, Level 3 has more unfavourable effect than Level 2 for damage stability. When the righting moment due to mooring tensions are considered as Level 4, it has a positive impact on one compartment damage stability. The maximum factored mooring line UFs at the down-flooding angle and 2nd intercept are 0.35 and 0.38 respectively without anchor uplift.

6.6 ONE LINE DAMAGED

The results of one-line damaged stability for the FOWT at the critical βFloater with Level 4 of the mooring effects are demonstrated in Table 8 and satisfy the damage stability criteria. The maximum factored UF of the mooring lines is 0.82 at the 2nd intercept without anchor uplift.
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7. CONCLUSIONS

The review on the consideration of the mooring effects on the stability of FOWTs required by the government authorities and classification societies shows that three out of four classification societies take a conservative approach that only adverse mooring effects are to be considered. The adverse mooring effects can be found with the newly developed stability calculation algorithms presented. If no anchor uplift occurs and the maximum factored UF of the mooring lines and horizontal forces on the anchors are acceptable in both intact and damage conditions, the full favourable mooring effects on the stability of FOWTs should also be acceptable.
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‘Table 4. Intact stability results for transient DLC 5.1 at
critical B, With different mooring effects

Mooring Level 0 1 2 3 4
Subilityrange —H83 —H83 4476 466 ~
© 6509 6508 6522 6564 7619
Itintercept! () 0.18 019 019 007 017
Itintercept () 811 835 827 815 751
Downflooding 2147 2147 2127 2124 2124
© 4669 4670 4531 4472 4472
Energyrafio 167 168 170 165 170

Notes: 1. Idle turbine. 2. Power production.
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Table 5. Intact stability results for DLC 6.1 At cnitical Sg.,
with maximum idle thrust and different mooring effects

Mooring Level 0 1 2 3 4
GM (m) 1530 1530 1528 1530 1698
Iintercept () 598 608 603 605 548
Downflooding 2248 2248 2219 2215 2215
©
2intercept () 4279 4270 4229 4227 5989
Arearatic! 195 192 190 189 210
Arearati' 218 214 212 211 253

Notes: 1. At down-flooding. 2. At

intercept.
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‘Table 6. Intact stability results for DLC 6.1 At cnitical Sy,
with minimum idle thrust and different mooring effects

Mooring Level 0 1 2 3 4
GM (m) 1533 1533 1531 1533 17.00

Iintercept () 538 566 562 573 510

Downflooding 2148 2148 2128 2125 2125

©
2intercept () 39.26 3877 3855 3839 5016
Area ratio! 204 192 191 189 212
Area ratio? 214 202 201 199 228

Notes: 1. At down-flooding. 2. At 2% mntercept.
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Table 7. One compartment damaged stability results for
critical Bz, with different mooring effects

Mooring Level 0 1 2 3 4
GM (m) 1687 1686 1677 1647 18.05
Freeboard! (m) 100 093 086 079 176

Opening height' ~ 582 577 564 559 628
(m)
intercept () 112 119 118 217 111
Downflooding () 834 834 818 907 9.07
2% intercept () 1125 1112 1084 1161 1636

Area ratio? 257 241 235 198 320
Area atio® 237 224 218 190 288

Notes: 1. At 1¢ intercept. 2. At down-flooding. 3. At 2 intercept.





OPS/images/t8.jpg
‘Table 8. One line damaged stabihity results or critical
Pz With level 4 of mooring effects

Line damaged ML1 ML2 ML3
GM (m) 1665 16.65 1645
Freeboard? (m) 1226 1226 1242
Opening height* 1419 1419 1430
(m)
1* intercept (%) 131 131 132
Down-flooding () 21.29 2129 2137
2% intercept (9 5138 5138 5174
Area ratio® 833 833 833
Area ratio* 847 847 8.45

Notes: 1. One of liae paie. 2. At 1*intercept. 3. At dovn-flooding. 4. At
294 jntercept.
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Figure 3. A four-column semi-submersible FOWT,
saipem STAR-1 (top — plan, bottom — elevation. tower
and turbine are omitted)
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Figure 4. Turbine yaw angle §, . and wind direction o
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Figure 5. Model of FOWT with semi-taut mooring system





OPS/images/f6.jpg
fresesss Righting Arm 2
5 | o | mgningama

Hoaing Am2
6| x Hoolingama

Rt 1
& T e 122
€ E
E W
£, 00 3
os
2
o
: x o2
o o

005 W oBm oW B oW W s W oH e
RollAngle %)

Figure 6. Curves of righting and heeling arms and area
ratio of FOWT with level 2 and 4 of mooring effects for
DIC16
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Figure 7. Curves of righting and heeling arms and area
ratio of FOWT with level 2 and 4 of mooring effects for
DICS1
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Figure 8. Curves of righting and heeling arms of FOWT
with level 2 and 4 of mooring effects for transient
DICS 1
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Table 2. Intact stability results for DLC 1.6 at critical
Broue With different mooring effects

Mooring Level 0 1 2 3 4

GM (m) 1531 1531 1529 1531 17.00
Iintercept () 811 835 827 815 752
Down-flooding () 2407 2407 2361 2357 2357
intercept () 4269 4220 4147 4164 5449
Area ratio 151 146 14 146 160
Area ratio? 167 162 159 161 183

Note: 1. At down-flooding. 2. At 2= intercept.
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Table 3. Intact stability results for stationary DLC 5.1 at
critical B With different mooring effects

0 1 2 3 4

2357

Mooring Level

Downflooding 2407 2407 2361 2357
©

intercept () 4995 4994 4942 4959 =80

203 205 225

Area ratio! 217 210
Area ratio? 390 378 368 372 =5
Notes: 1. At down-flooding. 2. At 2* intercept.






