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Notice 

This report was prepared by Spencer Hallowell in the course of performing work contracted for and 

sponsored by the National Offshore Wind Research and Development Consortium (NOWRDC), New 

York State Energy Research and Development Authority (NYSERDA), and the U.S. Department of 

Energy (hereafter the ñSponsorsò). The opinions expressed in this report do not necessarily reflect those 

of the Sponsors or the State of New York, and reference to any specific product, service, process, or 

method does not constitute an implied or expressed recommendation or endorsement of it. Further, the 

Sponsors, the State of New York, and the contractor make no warranties or representations, expressed or 

implied, as to the fitness for particular purpose or merchantability of any product, apparatus, or service, or 

the usefulness, completeness, or accuracy of any processes, methods, or other information contained, 

described, disclosed, or referred to in this report. The Sponsors, the State of New York, and the contractor 

make no representation that the use of any product, apparatus, process, method, or other information will 

not infringe privately owned rights and will assume no liability for any loss, injury, or damage resulting 

from, or occurring in connection with, the use of information contained, described, disclosed, or referred 

to in this report. 

NYSERDA makes every effort to provide accurate information about copyright owners and related 

matters in the reports we publish. Contractors are responsible for determining and satisfying copyright or 

other use restrictions regarding the content of reports that they write, in compliance with NYSERDAôs 

policies and federal law. If you are the copyright owner and believe a NYSERDA report has not properly 

attributed your work to you or has used it without permission, please email print@nyserda.ny.gov 

Information contained in this document, such as web page addresses, are current at the time of 

publication. 
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Executive Summary 

The deployment of floating offshore wind turbines in water depths below 75 m is hindered by the 

installation and cost of contemporary mooring systems such as catenary chain systems and fully taut 

moorings. A semi-taut mooring system utilizing buoyant nylon synthetic ropes has been designed to a 

25% Front End Engineering Design (FEED) level to demonstrate the conceptual feasibility for 

deployment in shallow waters off the New York Bight. This report provides a summary of the 

methodology and results of the design of the nylon mooring system, including a Design Basis that details 

assumptions such as site-specific metocean and bathymetric conditions and mooring component 

properties. The results of initial loads analysis loop taken to 25% FEED level and associated Design Load 

Conditions (DLCs) are summarized in this report. Project partners Vryhof (now of Delmar) and Triton 

Anchors provided sizing and cost estimates of drag and helical pile anchors respectively. Atkins provided 

a storyboard summary of an installation methodology specific to the semi-taut nylon configuration. 

Proof of concept of the nylon mooring system was validated at 1:75 scale in the UMaine Harold Alfond 

Wind Wave Basin (W2) to verify the properties of the moorings. The National Renewable Energy 

Laboratory (NREL) performed a numerical model validation using the results of the tank test as well as 

performed a levelized cost of energy (LCOE) analysis to compare an all-steel catenary system with the 

proposed nylon semi-taut on a $/kWhr basis. Subrope and full-scale testing of representative nylon ropes 

was done to further qualify the nylon technology and was witnessed and reviewed by the American 

Bureau of Shipping (ABS) like what would be done in a full-scale FOWT deployment. 

This final report is organized to present a summary of each of the deliverables from this project, with 

tables, figures, and statistics used to highlight the key findings.
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1 Basis of Design 

The Basis of Design serves as the controlling document for the project and includes vital information 

about the site-specific conditions that the proposed mooring system should be designed for. It includes 

controlling design specifications and mooring component properties and outlines the DLCs used in 25% 

FEED. 

1.1 Design Load Cases 

An important part of the Basis of Design of a FOWT mooring system is the selection of Design Load 

Cases to check the design for ultimate, fatigue, and serviceability limit states. The ABS FOWT Guide 

lays out the recommended DLCs in Table 5-2. However, taking into account all of the combinations of 

possible directionality of wind, waves, and current, plus operational states of the turbine, the number 

DLCs listed in the ABS FOWT guide can exceed 40,000 cases.  Therefore, for the 25% FEED level past 

experience and engineering judgement is used to downselect the cases that are known to control the 

design of the mooring system. The chosen cases are listed in Table 1.
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Table 1: DLCs used in 25% FEED 

Turbine 
Condition 

DLC 
ABS/DNV 

Wind 
Condition Waves 

Wind and 
Wave 

Directionality 
Sea 

Currents 
Water 
Level 

Other 
Conditions 

Type of 
Analysis 

Safety 
Factor 

1) Power 
production 

1.2/1.2 
NTM 

VinÒVÒVout 

NSS Joint. 
Prob 

distribution of 
Hs, Tp, Vhub 

MIS, MUL NCM 
NWLR or 
Ó MSL 

 F FDF 

1.6/1.6 
NTM 

VinÒVÒVout 

SSS 

Hs = Hs,SSS 
MIS, MUL NCM NWLR  S N 

6) Parked 
(standing still or 

idling) 

6.1/6.1 

EWM 

Vhub = 
V10min, 50-yr 

ESS 

Hs = Hs,50-yr 
MIS, MUL 

ECM 

50-yr 
currents 

EWLR 50-
yr water 

level 
 S N 

6.2/6.2 

EWM 

Vhub = 
V10min, 50-yr 

ESS 

Hs = Hs,50-yr 
MIS, MUL 

ECM 

50-yr 
currents 

EWLR 50-
yr water 

level 

Loss of electrical 
network 

S A 

6.3/6.2 

EWM 

Vhub = 
V10min, 1-yr 

ESS 

Hs = Hs,1-yr 
MIS, MUL 

ECM 

1-yr 
currents 

NWLR 
Extreme yaw 
misalignment 

S N 

9) Redundancy 
check, power 

production 

9.1/2.6 
NTM 

VinÒVÒVout 

SSS 

Hs = Hs,SSS 
MIS, MUL NCM NWLR 

Transient 
condition between 

intact and 
redundancy check 

S A 

9.2/2.7 
NTM 

VinÒVÒVout 

SSS 

Hs = Hs,SSS 
MIS, MUL NCM NWLR 

Redundancy 
check condition 

S A 

10) 
Redundancy 

check, parked 

10.1/7.3 

EWM 

Vhub = 
V10min, 50-yr 

ESS 

Hs = Hs,50-yr 
MIS, MUL 

ECM 

50-yr 
currents 

EWLR 50-
yr water 

level 

Transient 
condition between 

intact and 
redundancy check 

S A 

10.2/7.4 

EWM 

Vhub = 
V10min, 50-yr 

ESS 

Hs = Hs,50-yr 
MIS, MUL 

ECM 

50-yr 
currents 

EWLR 50-
yr water 

level 

Redundancy 
check condition- 

S A 

Robustness 
Check 

SLC/6.6 

SurWM 

Vhub = 
V10min, 500-yr 

SurSS 

Hs = Hs, 500-yr 
MIS, MUL 

SurCM 
500-yr 

currents 

SurWLR 
500-yr 
Water 
Level 

Survival Load 
Case 

S 1.0 
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1.2 Project Site and Environmental Conditions 

Inputs to the DLCs listed above include the wind, wave, and current conditions that the mooring system is 

expected to see in its lifetime. It is therefore helpful to choose a representative site with the goal being to 

develop environmental conditions that can be input to the DLCs. 

1.2.1 Project Site 

Selection of the project site included looking at a swath of relatively shallow water for FOWT 

deployment with depths ranging from 50-80 m as shown in Figure 1. 

 

Figure 1: East Coast Shallow Water Depths 
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A specific site off the New York Bight was chosen for its relatively shallow water, shallow seafloor slope, 

and sandy soil conditions to reduce the complexity of the anchor design. The chosen site also has close 

proximity to the BOEM designated Wind Energy Areas off the coast of New York. The project site 

coordinates are given in Table 2, and shown in Figure 2. 

Table 2: Project Site Location 

Site Latitude Longitude Depth 

New York Bight WEA Central Bight Area 39.969272° N -72.716692° W 56 m 

 

 

Figure 2: Map of project site with bathymetric contours and BOEM wind Development Areas 

1.2.2 Environmental Conditions 

The environmental conditions for the proposed site are summarized in Table 3 
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Table 3: Representative Environmental Parameters for Project Site 

Wind Design Parameters Units Value Method of Calculation 

Annual Average 10-minute Wind Speed at 150 m ms-1 12.1 

Estimated from WW3 [19], 
sheared and average time 

corrected according to Durst [22], 
extrapolated according to Viselli 

and Winterstein [20,21] 

Extreme 10-minute average 1-year wind speed at 10 m ms-1 23.0 

Extreme 10-minute average 10-year wind speed at 10 m ms-1 25.5 

Extreme 10-minute average 50-year wind speed at 10 m ms-1 26.7 

Extreme 10-minute average 500-year wind speed at 10 
m 

ms-1 27.9 

Extreme 10-minute average 1-year wind speed at hub 
height 

ms-1 33.7 

Extreme 10-minute average 10-year wind speed at hub 
height 

ms-1 37.3 

Extreme 10-minute average 50-year wind speed at hub 
height 

ms-1 39.0 

Extreme 10-minute average 500-year wind speed at hub 
height 

ms-1 40.8 

Normal wind shear power law exponent - 0.14 Estimated from NYSERDA Lidar 
Buoy E06 [15] 

Extreme wind shear power law exponent - 0.14 

    

Metocean Design Parameters    

Mean water depth w.r.t. MWL m 56 NOAA Coastal Bathymetry 
Model [23] 

MHHW w.r.t MWL m 0.45 

Estimated from NCOM [16] 

MLLW w.r.t. MWL m -0.46 

Average tide range m 0.92 

Normal Water Level Range ï 1-year return period m 1.97 

Extreme Water Level Range ï 50-year return period m 2.27 

Survival Water Level Range ï 500-year return period m 2.42 

Average Hs m 1.5 From WW3 [17] and extrapolated 
according to Winterstein [21] 

1-Year significant wave height m 5.6 

10-Year Hs m 7.3 

50-Year Hs m 8.4 

500-year Hs m 10.0 

Tp Associated with 1-year Hs s 8.4-10.8 Estimated from IEC 61400-3 
6.4.4.1 Eq. (11) [4]. 

Tp Associated with 10-year Hs s 9.5-12.3 

Tp Associated with 50-year Hs s 10.2-
13.1 

Tp Associated with 500-year Hs s 10.9-
14.1 

Mean Uc at surface m/s 0.19 Estimated from NCOM [16] and 
extrapolated according to 

Winterstein [21]. 
Extreme 1-Year Uc at surface m/s 0.78 

Extreme 10-Year Uc at surface m/s 1.11 

Extreme 50-Year Uc at surface m/s 1.39 

Extreme 500-Year Uc at surface m/s 1.87 
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1.3 Mooring System Design 

The properties of synthetic mooring ropes depend on the loading history including load amplitude, mean 

load, and load period. Therefore, an iterative technique is deployed called the Static-Dynamic Model as 

given in the ABS Ropes Guide, and summarized in Figure 3 below. 

 

Figure 3: Static-Dynamic Model Flowchart as Explained in ABS Ropes Guide 

The dynamic stiffness of the rope may be calculated as: 

Equation 1    ╚►▀ ♪ ♫╛□ ♬╣ ♯ἴἷἯ╟    

Where Lm is the mean load as a % of MBS, T is the load amplitude as a % of MBS, and P is the loading 

period in seconds. The coefficients ‌ȟ‍ȟ‎ȟὥὲὨ ‏ may be obtained from rope test data. 

Table 4: Dynamic Stiffness Coefficients for Nylon from Bridon Bekaert 

Coefficient Value 

‌ 1.1 

‍ 0.475 

‎ -0.501 

 0.09- ‏

 

The fatigue performance of the nylon rope is determined using T-N curves which describe the expected 

number of cycles to failure for a given rope specimen. An example of T-N curves for nylon is given in , 

Figure 4 alongside the chain and polyester fatigue curves. 
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Figure 4: Fatigue Properties of Nylon Rope 

1.4 Anchor Design 

The geotechnical properties for anchor design were assumed from common values, and broken into two 

different soil types: A light sand and medium clay, representative of both cohesive and non-cohesive 

soils. Two soil types were chosen to understand the sensitivity of anchor sizing to soil type. 

Table 5: Properties for Sandy Soil to be used in 25% FEED 

Soil Property Value 

Effective friction angle, • 33° 

Soil unit weight, ɔ 21 kN/m3 

 

Table 6: Properties for Cohesive Soil to be used in 25% FEED 

Soil Property Value 

Mudline undrained shear strength, su 3.5 kPa 

Slope of su vs. depth 1.5 kPa/m 

Soil unit weight, ɔ 19 kN/m3 
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2 Semi-Taut Mooring Design 

This report provides a summary of the methodology and results of the design of a semi-taut synthetic 

mooring system for floating wind technology in shallow waters. The design follows S-01: Basis of 

Design for Taut-Synthetic Mooring Lines for a 15 MW FOWT in Intermediate Water Depths and follows 

ABS design guidelines. The resulting design reaches 25% FEED level and is comprised of a semi-taut 

configuration in which a nylon synthetic rope stretches between the anchor chain and fairlead chain of a 

FOWT mooring system. 

This report begins with an explanation of how the resulting configuration and choice of synthetic 

materials was finalized and dimensions and details of the mooring system are then laid out. Next, the 

numerical analysis of the mooring system and results of those analyses used in determining the design 

loads used to size the different mooring components are given in detail. A description of anchor designs 

sized specifically for the site of interest and loads produced by the mooring system is given, followed by a 

detailed installation procedure developed specifically for the synthetic mooring system is summarized. 

2.1 Mooring System Design 

2.1.1 Mooring Configuration 

An elevation view of the mooring system configuration is shown in Figure 5. The plan view of the 

mooring configuration and its location within the project site, as well as its alignment with local 

geography are shown in Figure 6.

 

Figure 5: Elevation View of Mooring Configuration 
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Figure 6: Plan View of Mooring Configuration and its Location within the Project Site 
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Table 7: Mooring Configuration Bill of Materials per Line 

Section Component Material Grade 

Diameter 

(mm) 

MBL 

(kN) Qty 

Weight 

per 

Qty (kg) 

Weight 

per 

section 

(kg) 

1 

Anchor 

chain 
Steel R3 165 16,435 76 m 542 41192 

2 Y-link Steel Note a) Note b) 16,435 1 pc. TBD  

3 M-link Steel Note a) Note b) 16,435 1 pc. TBD  

4 

Nylon Superline 

rope 
Nylon Note d) 220 13,168 

159 
m 

44.3 7044 

5 M-link Steel Note a) Note b) 16,435 1 pc. TBD  

6 Y-link Steel Note a) Note b) 16,435 1 pc. TBD  

7 

Fairlead 

chain 
Steel R3 165 16,435 30 m 542 16260 

8 

End 

shackle 
Steel Note a) Note b) 16,435 1 pc. TBD  

9 U-link Steel Note a) Note b) 16,435 1 pc. TBD  

     
Total weight (kg): 64496 

Note a) 

Hardware grade to match 

chain break strength and hardness 
properties 

 Total steel weight (kg): 89% 

Note b) 
Hardware sized to match chain bar 
diameters 

 Total nylon weight (kg): 11% 

Note c) 
List of materials are per mooring line. Three mooring lines per turbine. Tensioning device is not 
included 

Note d) 
Nylon Superline® Rope from Bridon-Bekaert or equivalent. Rope shall included integrated buoyancy 
and polyester UV/Soil Ingress protective layer as per manufacturer specifications. 
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2.1.2 Mooring Tension Design 

The mean tension and tension amplitudes for each environmental combination of each DLC are given in 

Figure 7. The maximum tension would therefore be then sum of the mean and max tensions. The 

associated dynamic stiffness based on Equation 1 is also plotted as contours in Figure 7, with an assumed 

loading period of 15 seconds. 

 

Figure 7: Mean Tensions and Tension Cycle Amplitudes for Select DLCs with Contours of 
Constant Dynamic Stiffness 
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ABS guidance requires designing the mooring components to the ñexpected maximumò tension for a 

given DLC. Therefore, the maximum tension from random seeds of each DLC are used to develop 

probability distributions of extremes, with the 95th mean of the distributions selected as the expected 

maximum. The distributions for the controlling DLCs are given in Figure 8, and presented as box and 

whisker plots in Figure 9 alongside the design tensile capacity of the nylon ropes used.  

 

Figure 8: Distributions of Peak Tensions by DLC 
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Figure 9: Line Tension Statistics for Lines 1-3, Unfactored 
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The design maximum tension and offsets for each DLC are summarized in Table 8. 

Table 8: Maximum Tension and Offsets by DLC 

DLC 

Average 
max 

tension, 
unfactored 

*(kN) 

Average 
max 

tension, 
factored 

*(kN) 

Rope 
utilization 
ratio (%) 

Max 
offset 

(m) 

1.2 3434 4540 34% 13.1 

1.6 2995 5450 41% 14.9 

6.1 6071 11049 84% 9.8 

6.2 4046 7364 56% 16.4 

6.3 2849 5184 39% 13.2 

SLC 7222 7529 57% 10.3 

 

2.1.3 Anchor Design 

Mean and maximum anchor tensions for each DLC are given in Figure 10. 

 

Figure 10: Mean and Max Anchor Tensions from all Simulations 
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Anchor capacities are a function of the ratio of uplift tension to horizontal tension, with drag embedment 

anchors suffering the largest reduction of capacity from vertical uplift. The definition of uplift and 

horizontal departure tension angles is given in Figure 11. 

 
Figure 11: Definition of Anchor Load Angles 

Maximum anchor design tensions are given in Table 9. 

Table 9: Simultaneous Maximum Anchor Loads and Angles 

 

Independent Variable 

Dependent Variable  

╣◄ ꜚ◄ Ᵽ◄ 

DLC 1.6 

Ὕ  4253 7.1 1.2 

‰  4154 7.3 1.1 

—  1242 0.3 2.6 

DLC 6.1 

Ὕ  6042 7.7 1.7 

‰  5131 8.4 1.5 

—  2804 4.3 4.4 

DLC 6.2 

Ὕ  3999 7.2 0.9 

‰  3516 8.1 -1.4 

—  1442 0.0 5.5 

DLC 6.3 

Ὕ  2764 4.4 3.2 

‰  2663 4.7 3.1 

—  2552 3.8 4.0 

SLC 

Ὕ  7019 8.1 2.2 

‰  5890 9.2 1.5 

—  3929 5.6 5.1 

     Controlling DLC 

Overall Maxima 

Ὕ  7019 8.1 2.2 SLC 

‰  1197 13.2 0.6 SLC 

—  1442 0.0 5.5 DLC 6.2 
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Table 9 may be read as follows: Row 2 of column 3 (as highlighted), represents the out of plane angle, — 

at time t, which corresponds to the time at which the maximum uplift angle, ‰ , occurred, is 1.4°. 

These tables are used to generate the maximum loading envelopes for the anchors in detailed design. 

Table 10: Mean Values of tension and Uplift Angle for Important Design Cases 

DLC 

Maximum 
Tension 

(kN) 

Mean Tension 
Associated with 

Max Tension (kN) 

Maximum 
Uplift Angle 

(°) 

Mean Uplift Angle 
Associated with 

Max Tension (kN) 

Azimuth 
Angle 

Range (°) 

1.6 4253 2129 7.3 3.0 +/- 2.1 

6.1 6042 2534 8.4 3.8 +/- 2.5 

SLC 7019 3113 9.2 4.2 +/- 2.9 

10.1/10.2 2884 1261 9.5 6.7 +/- 70 

 

Design loads from the numerical analyses summarized in Section 7.4 and the soil properties from the 

basis of design were used by Vryhof/Delmar to size drag embedment anchors, and Triton to size helical 

pile anchors. Figures showing the drag anchor and helical pile configurations sized for the sandy soil 

profile are given in  Figure 12 and Figure 13, respectively. The detail drawings of anchor configurations 

for all soil types are given in Figure 12 and Figure 13 for the drag anchors and helical piles, respectively. 
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Figure 12: Example of Drag Anchor Sized for Sandy Soils 
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Figure 13: Example of Helical Anchor Sized for Sandy Soils 

A basic installation procedure of the helical anchors is shown in Figure 14. The installation of the 

mooring ropes beyond Step 3 of the helical anchor installation follows the typical procedures laid out for 

a drag embedment anchor. Installation details are given in the following section.

 

Figure 14: Installation Procedure for Helical Anchors 
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2.1.4 Platform Offsets 

Postprocessing of the platform offsets is necessary to account for the static-dynamic method outlined in 

Figure 15. Since the static-dynamic method adjust only the stiffness of the rope keeps pretension constant, 

only the mean platform offset changes between the static and dynamic simulations. Therefore, the mean 

offsets from the dynamic simulations are removed, and the resulting offset amplitudes are added to the 

mean offsets from static simulations of each of the DLC cases run. The maximum platform offsets are 

processed by in the same manner as the maximum platform tensions, where the 10 largest offsets in for a 

given seed are extracted, and combined with like environmental conditions. The design platform offset is 

taken as the mean of the maximum offset from each simulation for a given environmental condition. Note 

that the 95th percentile offset is not used here as it would be an overly conservative estimate of the 

maximum offset due to poor numerical fitting of the GEV distribution. Instead, the mean of the maxima 

across all seeds is used. Figure 15 gives statistics of the peak offsets (full populations) in the form of box 

plots, the target maximum offset allowed for the design represented by a solid black line, as well as the 

design platform offsets shown as filled black circles. 

 

Figure 15: Statistics of Peak Offsets Across ULS DLCs 

The controlling design offset is 16.4 m from DLC 6.2 which corresponds to an environmental condition 

with wind and waves deviated 45° from the lead mooring line, and a yaw error of 20 degrees. This causes 

the mean load to be deviated 65° off from one mooring line. 
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Because the system is designed as redundant, conditions with one line failed have been simulated to gain 

better understanding of what the loads and offsets of the platform might be in these conditions, and to 

inform future discussion of risk and integrity management and operations and maintenance needs for a 3-

line redundant system. Positional traves of the mooring line behavior and resulting tensions in the event 

of a single line failing are shown in Figure 16.

 

Figure 16: Positional Traces of Mooring Line Positions in 1-Line Damaged Case and 0° 
Environment 
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2.2 Installation Procedure 

Given the novel nature of using nylon ropes in a taut-synthetic configuration for a FOWT, an installation 

procedure for the mooring system has been outlined by HOE and is summarized here. A detailed 

installation package is given in the Appendix, which illustrates the procedure. The synthetic rope portion 

of the mooring line must be pre-stretched to bring the mooring line tension near the expected tension of 

the 50-year storm such that permanent elongation of the rope in the mooring lifetime is minimized. The 

parameters of the mooring rope and tension properties is given in Table 11. 

Table 11: Polyester Length Management Parameters for Rope Installation 

Parameter Unit Value 

Rope Size mm 220 

Rope MBL kN 13,100 

Installation Tension 
% MBL 20% 

kN 2620 

Installation Stretch % 10% 

Permanent Elongation m TBD 

New Quasi-Static Stiffness 
x MBL 2 

kN 26200 

Installed Tension 
% MBL 10% 

kN 1369 

Installed Stretch 
% 5.2% 

m 8.3 

Original Length m TBD 

Working Length m 159 

Preceding Highest Working Tension 
MBL 20% 

kN 2620 

DLC 6.1 Highest Working Tension 
% MBL 19.7% 

kN 2583 

 

The DLC 6.1 Highest Working Tension in Table 11 represents the largest mean load from the DLC 6.1 

simulations sustained over a duration of 1-hour. The preceding highest working tension (which in this 

case is the installation tension), is sized to be just above the DLC 6.1 Highest Working Tension such that 

if DLC 6.1 conditions occur that they will produce minimal permanent elongation in the synthetic ropes. 

Other durations of sustained tensions may need to be investigated during detailed design to ensure that 

permanent elongation after storm events is minimized. 
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The installation tolerances for anchor deployment is dependent on anchor type, geotechnical and 

bathymetric conditions. In general, the Triton screw pile anchor will have smaller installation tolerances 

than the Vryhof drag anchors, however, installation tolerances have not been provided for the 25% FEED. 

Mooring line tensions are maintained regardless of anchor tolerance by performing mooring line 

tensioning after the anchors have been positioned. When the anchor chain is installed, it includes an extra 

tail of chain that may be pulled out and cut to the appropriate length if the anchor installation is out of 

tolerance. After all mooring line components have been installed the line is pretensioned to the 

appropriate values. 

A detailed step by step installation procedure and associated story board illustrating the hookup and 

installation is given in the Appendix. Decommissioning is achieved by reversing the installation 

procedure. If the FOWT installation is to be disconnected such that the FOWT may be towed away from 

the site, special design consideration must be taken to maintain the mooring line positions and 

recoverability. This is typically achieved through the use of floatation modules, whose position and sizing 

are to be handled during detailed design.
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3 1:75 Scale Model Testing 

The Phase I test objectives are: 

1. Conduct a 1:70 scale model test of the IEA 15 MW floating offshore wind turbine (FOWT) in the 

Alfond Wind-Wave Testing Basin. 

2. Measure the mooring line load and the six degrees of motion of the FOWT using an active 

mooring system tuned to behave with the non-linear properties of nylon synthetic rope. 

3. Evaluate the behavior the FOWT with nylon synthetic rope under wind loading using a drag disk 

to represent the turbine. 

4. Determine the FOWTôs response amplitude operators (RAOs) by measuring the response of the 

FOWT to first-order wave kinematics. 

5. Compare numerical model results from OpenFAST to confirm the behavior of the floater. 

3.1 Model Properties and Basin Setup 

The model hull is built of PVC pipes to form the central and radial columns, and PVC sheets to form the 

bottom beams. Closed-cell foam is used to fill empty spaces in the hull and prevent leaking, and lead 

ballast weights are placed in specific locations to correct the mass properties of the hull. Table 12 below 

shows a comparison of target and as built parameters for the hull. 

Table 12 Comparison of model and full-scale parameters of interest for the system. 

Parameter Full Scale Model Scale Target Model Scale as Built % Diff 

Total Mass (kg) 19590675 57.12 57.02 0.00 

Vertical Center of Gravity (m) -14.94 -0.21 0.00 100 

Pitch Inertia (kgϽά ) 4.26E+10 24.71 25.59 3.55 

Roll Inertia (kgϽά ) 4.72E+10 27.38 28.33 3.47 

 

3.1.1 Turbine 

Due to the focus on mooring characteristics, a drag disk was used in lieu of a performance-matched model 

of the IEA 15 MW turbine. The drag disk was sized such that the full-scale thrust and model-scale thrust 

were matched. 
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3.1.2 Tower 

The primary objective of this test campaign was not to determine the towerôs ultimate and fatigue loads 

for design. For this reason, a model-scale tower fabricated from aluminum pipe segments and connected 

to the hull via a six degree of freedom load cell. The load cell was sized such that the stiffness ensured 

that the first natural frequency of the tower was outside the towerôs 3P excitation range. 

3.2 Mooring 

A common approach to model testing when faced with the size limitations of a wave basin is to use 

linearized springs which have been chosen to match the full-scale mooring system linearized about an 

operating point. For the Phase 1 test this method was chosen to model the leeward mooring lines due to 

their near 0 stiffness but was deemed insufficient for modeling of the forward line due to the highly 

nonlinear behavior of nylon synthetics. Therefore, a linear actuator-controlled system with a 

monofilament line was used in lieu of a standard linear spring. Due to the geometric similitude of the 

basin and the model, the full nonlinear stiffness curve representative of the characteristics of nylon 

synthetic could be implemented1. A LinMot PS02 linear actuator, shown in Figure 17  with 

accompanying hardware, was driven with a force control loop which utilized the nonlinear quasi-static 

stiffness curve shown in Figure 18 below and the tension in the forward line in order to match the 

mooring characteristic of the full scale system. Figure 18 was generated by applying the manufacturer 

specific mooring characteristics for static stiffness (as opposed to dynamic stiffness) to the OpenFAST 

numerical model, and then comparing the output of the surge displacement to the manufacturer defined 

characteristics. The nonlinear quasi-static stiffness curve was used to calibrate the actuator model since 

static stiffnesses are typically used to when obtaining the offsets of platforms. This may pose a limitation 

in predicting maximum mooring tensions used in design, however, dynamic stiffnesses of nylon ropes for 

the given ranges of mean tensions and tension amplitudes often drop below the quasi-static stiffness as 

modeled here. Therefore, using the quasi-static stiffness can lead to conservative values in maximum 

tension. Surge displacement was used in lieu of mooring line displacement due to the horizontal mounting 

of the basin mooring lines. The force control loop uses the linear actuator to pull or let out the 

monofilament such that the tension in the line matches a setpoint which is determined by the stiffness 

curve and excited by the surge displacement of the model. 

 

1 McGlynn et al. 2022. Model Testing of Non-Linear Mooring System Using an Active Mooring Simulator 
for Floating Offshore Wind Systems," in Proceedings of the ASME 2022 International Offshore Wind 
Technical Conference, 2022. Awaiting Publication. 
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Figure 17: The linear actuator and hardware used for the original set of benchtop tests and 

originally designated for the active mooring system basin tests. 

 

Figure 18: Scaled manufacturer data versus simulated performance. The black line shows 
manufacturer provided quasi static stiffness characteristics, the red line shows the simulated 

tension versus displacement from the full scale OpenFAST model.    
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3.3 Experimental Design 

3.3.3 Basin layout 

The test area was restricted by the position of the wind generator and the tow carriage, which was used as 

the instrumentation bridge. The model was positioned approximately 2.3m downwind from the wind 

generator and the three mooring lines were horizontally mounted to termination points located on the 

wind generator and the basin sides. Figure 19 below shows a photo from model testing with labels for the 

active mooring system, center of gravity (COG), and positive directions for surge and heave motion. 

Figure 20 below shows the locations of the wind wall, the center of the model, the tow carriage, and the 

mooring anchor points in terms of the global coordinate system. The monofilament used for the active 

mooring system, highlighted in red in Figure 19, was run through a pully at the southern mooring anchor 

point in Figure 20 and then attached to the linear actuator. The stiffnesses for the mooring lines are given 

in Table 13 for the fully linear, and active mooring test with the non-linear stiffness curve. The spring 

stiffnesses for the Linear moorings 1-3, and Non-Linear moorings 2-3 given in Table 13 were derived by 

fitting an exponential function to the surge offset vs. tension curves from the OpenFAST model used in 

mooring design and taking the numerical derivative of that curve about the mean tensions from DLC 6.1 

without current. 

Table 13: Spring stiffness for full linear and active mooring model tests. 

Mode Mooring Number Stiffness (N/m) 

Linear 

1 48.42 

2 
6.23 

3 

Non-Linear 

1 Variable  (From Figure 5) 

2 29.53 

3 30.15 

 

3.3.4 Instrumentation 

The phase 1 model instrumentation consisted of sensors capable of measuring displacement, acceleration, 

force, moment, and mooring line load. A National Instruments CompactRIO chassis was used as the data 

acquisition system for the wave probes, accelerometer, and load cells. The rigid body motions of the 

system were measured by placing reflective markers on the hull and using multiple Qualisys Miqus 

cameras to track the motion, and then post-processed the motion capture data using Qualisysô proprietary 

QTM software. Table 14 lists the instrumentation for the model. For more detailed information about the 
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instrumentation and sensor accuracy, see the attached instrumentation report. Figure 19 shows a 

photograph of the basin test, and Figure 20 gives the dimensions of the test basin. 

Table 14: Instrumentation List. 

Channel Sensor Make/Model 

Coordinate 

System 

Wave Elevation Capacitive Wave Prove Akamina AWP-24-3 Global 

Wind Speed Hotfilm Anemometer TSI 8455/8465 Global 

Hull Rigid Body Motion Motion Capture Qualisys Hull 

Hull Acceleration Triaxial Accelerometer PCB 3713F112G Tower Base 

Tower Base Bending Moment 6 DOF Load Cell ATI Mini58 IP68  Tower Base 

Mooring Line 1 Tension 5-lb Load Cell Futek LSB210 Fairlead 1 

Mooring Line 2 Tension 5-lb Load Cell Futek LSB210 Fairlead 2 

Mooring Line 3 Tension 10-lb Load Cell Interface WMC-45N Fairlead 3 
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Figure 19: Photo from testing showing the aft mooring line layout (red), location of the COG (target), and labeled directions for positive 
surge and heave.
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Figure 20: Diagram of the layout of the basin and instrumentation bridge. The COG is marked on the body of the model with a black 
circle and positive directions of surge and sway marked with red arrows and mooring lines marked with red lines. Note there are four 

wave staffs and four Qualisys Tracker Origins.
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3.4 Test Campaign Results 

3.4.5 Free Decays 

The natural period and damping were estimated from the free decay tests using the log decrement method. 

Due to the nature of the active mooring system, it has difficulty performing in free decay tests and can 

cause an apparent increase in damping. Figure 21 shows a comparison between the basin tests and the 

scaled OpenFAST model. It can be seen that there is generally good agreement between the linear basin 

system and the linearized OpenFAST model, though there is an offset in heave and the OpenFAST 

system is less damped than the experiment. Further, the influence of the active mooring system can be 

seen in the damping and the natural periods of the nonlinear system, especially in the surge direction. A 

breakdown of these values can be seen in Table 15 and Table 16. 

 

Figure 21: Experimental free decay data compared to the numerical model. 
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Table 15: Measured and estimated natural periods. 

Mode DOF 

Natural Period 

Target (s) Experimental (s) % Difference 

Linear 

Surge 8.42 8.66 2.85 

Heave 2.45 2.52 2.85 

Pitch 3.42 3.57 4.36 

Non-Linear 

Surge 4.13 5.90 42.98 

Heave 2.43 2.53 3.92 

Pitch 3.20 3.53 10.39 

 

Table 16: Measured and estimated damping coefficients. 

Mode DOF 

Damping Coefficient 

Target Experimental % Difference 

Linear 

Surge 0.042 0.059 39.12 

Heave 0.011 0.014 29.88 

Pitch 0.023 0.050 154.99 

Non-Linear 

Surge 0.045 0.16 242.28 

Heave 0.020 0.046 131.59 

Pitch 0.023 0.060 155.61 

 

3.4.6 RAOs 

Response amplitude operators are used in naval architecture and the design of FOWT to determine the 

response of the system under a wide variety of excitation frequencies. They provide insight into the likely 

behavior of the system at various wave frequencies and can thought of as akin to a transfer function 

between the wave loading and the response of the system. RAOs in conjunction with environmental data 

can give engineers an idea of how the FOWT will respond and what steps can be taken to improve the 

stability and improve the overall performance of the FOWT. The RAOs can be seen in Figure 22. It 

should be noted that the frequencies along the x-axis in Figure 21 only cover the range of frequencies that 

contain substantial energy, as seen in Figure 22.  
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Figure 22: First order RAOs in surge, heave, and pitch generated from a pink noise spectra. 
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3.4.7 Numerical Model Comparison 

Figure 23 shows a series of box and whisker charts for different measurements. The top and bottom of 

each box represent the 25th and 75th percentiles respectively and the red line inside each box represents the 

median value. Black whiskers extend to the most extreme values not considered outliers, and outliers are 

shown with red marks. As can be seen from Figure 23, there was good agreement between the OpenFAST 

model and the 1:70 scale model test. Specifically, the 25th percentiles, 75th percentiles, and the median 

values for the aft mooing were in strong agreement, and the median values for surge were within 5%. The 

pitch median values were also within acceptable ranges from the model test when compared to the 

OpenFAST model. Due to the nature of the tuning of the system, the two leeward lines were at a higher 

pretension and thus higher mean tension than the OpenFAST model, but again they were within 

acceptable ranges. It can also be seen from Figure 23 that the OpenFAST model has a larger spread, 

especially in the aft mooring tension. This is due to the fact that 24 random seeds were run for each 

combination of wind and waves in OpenFAST, leading to more variability in the numerical model data 

when compared to the experimental data. Despite discrepancies in pitch, the general behavior of the 

heave, the surge and the lead line tensions agree, and the basin test data lies generally within the bounds 

of the numerical model statistics. This provides confidence in our model test and our numerical model, as 

well as the experimental setup.
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Figure 23: A comparison of the scaled numerical model data and the experimental data.
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The red line in each box represents the median value observed, while the bottom and top blue lines of 

each box represent the 25th and 75th percentiles respectively. The whiskers extend to the most extreme 

values not considered outliers, and the red marks represent statistical outliers. Figure 24 shows the 

hysteresis of the surge displacement as both a point cloud and a line trace. Both plots show the points 

where the linear actuator drops to its 0 position, but the recovery and occasional overcorrection can be 

clearly seen in the line traces. These plots demonstrate the differences in load and unloading behavior of 

the model and demonstrates the importance of expanding the active mooring system to be able to capture 

this behavior more appropriately, especially for nylon synthetics where the stiffness is highly nonlinear 

and strongly coupled to the loading time history. 

 

Figure 24: Hysteresis behavior of the active mooring system during irregular wave cases. 
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Numerical Model Validation 

Numerical validation of the semi-taut synthetic system as implemented in OpenFAST for the design 

phase (Section 2 of this report) was validated by NREL. This includes validating the numerical model 

implemented in MoorDyn to utilize nonlinear lookup tables, and comparing the model with the basin test 

results (Section 3 of this report). The following sections are taken directly from the validation report by 

NREL. 

3.5 Introduction to Model Validation as Performed by NREL 

As part of the National Offshore Wind Research and Development Consortium (NOWRDC) project 

ñDesign, Validation and Certification of Taut-synthetic Mooring Line Systems for Floating Wind 

Turbines in Water Depths 45-80m to Unlock 450 GW of Inaccessible Wind Resource off the US Coast 

Near Dense Population Centersò led by the University of Maine (UMaine), the National Renewable 

Energy Laboratory (NREL) has been tasked with: 

¶ Advising on upgrades to the numerical model, OpenFAST, to include shallow water synthetic 

moorings, 

¶ Validating the augmented numerical model, and 

This draft report covers the portion of verification/validation activities of the augmented numerical model. 

It includes a review of the UMaine implementation of the nonlinear extensional stiffness augmentation to 

OpenFAST, and a validation process report outlining the experimental test cases for the new augmented 

OpenFAST. 

In their effort to make floating offshore wind power more feasible and competitive, UMaine is developing 

taut mooring system designs using synthetic fiber rope for shallow water areas. These mooring systems 

offer potential cost and footprint reductions, making the technology attractive both for economic reasons 

and for reducing potential displacements of fishing activities. Synthetic ropes are known to have 

nonlinear elastic characteristics. However, most existing models for floating wind turbine mooring 

systems assume a linear tension-strain relationship. To enable more accurate evaluation of synthetic rope 

mooring systems, UMaine implemented a nonlinear mooring line extensional stiffness capability into the 

numerical modeling tool they used to design and test taut-synthetic mooring systems for floating wind 

turbines. Specifically, the UMaine design efforts use OpenFAST, the open-source wind turbine 

simulation tool developed by NREL. Within OpenFAST, the mooring module MoorDyn provides the 
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mooring dynamics modeling and is the part of the code that required augmentation. One of the goals of 

the present project is to validate the numerical implementation of this augmentation to MoorDyn. 

Some validation of the MoorDyn augmentation has been done previously by UMaine as part of other 

projects. West et al. (2021) explains the modifications made to OpenFAST to allow for nonlinear elastic 

mooring materials in the numerical tool, and compares the OpenFAST simulation results with a 1:52-

scale model test (West et al. 2021). The study also details the description of the experiment, including the 

environmental loading, turbine properties, tower properties, floating platform properties, and mooring 

system properties. The mooring system static offsets, free decay testing, and design load case tests show 

good correlation between the experimental and numerical results. 

Separately, NREL developed a similar feature for nonlinear elasticity characteristics in a newer version of 

MoorDyn, MoorDyn v2 (Hall 2020), which is currently available as part of the latest OpenFAST release. 

That capability has been verified against OrcaFlex results (Lozon et al. 2022). 

Key processes to check the accuracy of any new numerical modeling technique are verification and 

validation. Verification refers to ensuring that the model correctly fulfills its intended function in general 

by comparing against other model results or known analytical results. Validation refers to ensuring that 

the model produces accurate resultsðespecially for a given scenarioðby comparing against experimental 

results of that scenario. These experimental results can be at full scale or a scaled down model. The key 

feature of validation is that real physics are involved so that any effects of phenomena not captured by the 

numerical model can be accounted for. 

3.6 Numerical Validation Approach 

The main objective of this report is to validate UMaineôs nonlinear stiffness implementation to MoorDyn 

using the experimental test results performed by UMaine in the wave basin. Validation, in this report, is 

defined as a process of determining if a model implementation accurately corresponds to experimental 

results, and verification is defined as a process of determining if a model implementation corresponds 

accurately to another numerical model implementation. In this project, the verification of the OpenFAST 

augmentation is performed with existing, verified versions of OpenFAST, and the validation is performed 

by comparing with results from experimental model tests. 

To verify the UMaine augmentation of MoorDyn, NRELôs own nonlinear tension-strain augmentation in 

a newer version of MoorDyn is used as a baseline. NRELôs implementation has also been verified against 
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equivalent OrcaFlex results in other studies (Lozon et al. 2022), showing good correlation between the 

two numerical tools. This verification effort includes various types of mooring system designs that are 

compared between the UMaine augmentation to MoorDyn and existing, verified versions of MoorDyn. 

For the validation effort in the present project, UMaine ran wave-basin tests at the Advanced Structures & 

Composites Centerôs (ASCC) Alfond W2 wind-wave basin (Figure 25), similar to the tests of West et al. 

(2021), to gather experimental data to validate results from numerical model simulations using the 

MoorDyn augmentation. Details on the turbine, platform, and general experimental setup can be found in 

(West et al. 2021) and (Clark 2022). However, the mooring system setup is detailed in this report again, 

as it relates to the following validation efforts. 

 

Figure 25: View of the ASCC wind-wave basin at the University of Maine used for experimental 
testing 

Mooring systems in experimental model tests can be represented as scaled-down equivalents, or simply as 

linearized springs, to match the full-scale mooring system stiffness linearized about an operating point. In 

UMaineôs testing effort, linearized spring representations were used for the downwind, or leeward, 

mooring lines. However, to accurately model the nonlinearity of different mooring materials, these linear 

mooring system representations are insufficient. The effect of these nonlinear materials is greatest for the 

upwind mooring line, which has the highest tensions. For the upwind line in the experiment, UMaine used 
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a linear actuator-controlled system with a monofilament line instead of a standard linear spring to 

represent the nonlinearity of mooring lines (Error! Reference source not found.). The full nonlinear 

stiffness curve of the mooring material can be programmed into the actuator and the system can represent 

the nonlinearity of the input mooring material. Simulated OpenFAST fairlead tensions, using the same 

nonlinear mooring line stiffness curve, over a range of platform displacements were compared to the 

manufacturer data of the linear actuator-controlled system using the same nonlinear stiffness curve (Clark 

2022), which showed that the actuator system can accurately create the expected fairlead tensions for 

varying platform surge offsets. 

 

Figure 26: Linear actuator setup for upwind mooring line in the wave basin 

NRELôs approach to the validation effort starts with a verification effort, to ensure that UMaineôs 

OpenFAST augmentation with nonlinear stiffness capabilities is performing how it should. This model 

comparison is presented in Section 3.9. Once the augmentation is verified, the OpenFAST results are then 

validated against the experimental wave basin results. Overall conclusions from the verification and 

validation study are presented in Section 3.11.  

3.7 Model Properties and Basin Setup 

 This section details the verification of UMaineôs modified version of OpenFAST (using their executable 

titled ñOpenFAST v2.6.0-WWestò) with published versions of OpenFAST (versions 3.3.0 and 2.6.0). The 

UMaine-modified version of OpenFAST studied in this work consists of OpenFAST v2.6.0 with a set of 

modifications UMaine made to MoorDyn. These modifications cause MoorDyn to read in a separate file 
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containing tension-strain data points to output mooring line tensions at each time step as a function of 

strain, or displacement, rather than using a constant stiffness coefficient (Ὁὃ). This allows the nonlinear 

material properties of ropes to be approximated in OpenFAST simulations, and is the same method 

UMaine used when developing the mooring designs in this project. 

Verification of the OpenFAST augmentation is done in three separate test cases: a simple one-line 

mooring model to verify the nonlinear extensional stiffness of the mooring system, a simple three-line 

mooring model using only linear mooring line types to ensure that basic physics are preserved in other 

areas of the numerical model, and a more detailed three-line mooring model to verify the physical system 

parameters using nonlinear mooring line types. The verification cases include either static offset tests or 

free decay tests and measure mooring line tensions and platform motions using the IEA 15 MW (Gaertner 

et al. 2020) wind turbine on the VolturnUS-S floating platform (Allen et al. 2020) with no wind or waves.  

3.7.8 Basic One-Line Nonlinear Mooring Model 

A simple mooring model using only one line attached to the VolturnUS-S floating wind platform is first 

used to verify the nonlinear extensional stiffness implementation in OpenFAST (Figure 27). 

 
Figure 27: Graphical representation of the simple one-line verification test setup 

The new OpenFAST augmentation is verified against the public version of OpenFAST that includes the 

nonlinear extensional stiffness capabilities. Both OpenFAST versions are simulated using the parameters 

listed in Table 17. 
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Table 17: First Verification Case Test Parameters 

 OpenFAST v2.6.0-WWest OpenFAST v3.3.0 

Model Parameters   
MoorDyn Version v1 v2 

Platform Allowable DOFs Surge Surge 

Mooring System Parameters   
Anchor Position (m) [100, 0, -2] [100, 0, -2] 

Fairlead Position (m) [0, 0, -2] [0, 0, -2] 

Line Headings (deg) [180] [180] 

Line Length (m) 100 100 

Line Type (-) ñNylonSuperline_Nonlinearò ñNylonSuperline_Nonlinearò 

Line Volumetric Diameter (mm) 276.18 276.18 

Line Displacement (kg/m) 61.4042 61.4042 

Line Mass (kg/m) 61.4042 61.4042 

Line Extensional Stiffness (EA) (N) Nonlinear Nonlinear 

Line BA/-zeta (Ns/-) -0.8 629,398 

Line Added Mass Coefficients (-) [0.0, 1.0] (Can, Cat) [0.0, 1.0] (Ca, CaAx) 

Line Drag Coefficients (-) [1.8, 0.0] (Cdn, Cdt) [1.8, 0.0] (Cd, CdAx) 

 

Static offset tests were simulated in both versions of OpenFAST using both of these model setups, and the 

fairlead tensions are plotted in Figure 28 against the input nonlinear tension-strain curve to both 

OpenFAST models. 

 
Figure 28: Static offset test cases comparing fairlead tensions between the two OpenFAST 

versions and the input nonlinear tension-strain curve 
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As seen in Figure 28, the measured fairlead tensions at each static offset test match the tension expected 

for each strain, or surge displacement of the platform, for both OpenFAST versions. This verifies that the 

numerical augmentation of OpenFAST performed by UMaine matches the input nonlinear tension-strain 

curve, as well as the latest released version of OpenFAST. 

A couple important modeling considerations should be noted: 

¶ The MoorDyn solver options were adjusted to produce static fairlead tensions that did not 

oscillate over time due to the dynamic relaxation of MoorDyn lumped-mass nodes. 

¶ Line types include an option for a damping ratio (‒) or an internal damping value (ὄὃ) to damp 

motions between mooring line nodes in the lumped-mass representation. Due to the 

implementation in MoorDyn version 2, which corresponds to OpenFAST version 3.3.0 or later, 

line types cannot have a damping ratio input when a nonlinear stiffness input is referenced; only 

a positive internal damping value can be used when modeling a line with a nonlinear stiffness, 

which also has to be set to a sufficiently high value. 

¶ Also, in the MoorDyn version 2 implementation, the tension-strain input file used to describe 

nonlinear mooring lines can only have a maximum of 30 tension strain inputs. If there are more 

than 30, any calculated strain higher than the 30th tension input will output the tension of the 

30th strain value. 

3.7.9 Basic Three-Line Linear Mooring Model 

A simple mooring model using three chain lines attached to the VolturnUS-S floating wind platform is 

used to ensure that basic physics are preserved in the augmented OpenFAST version (Figure 29). 

 
Figure 29: Graphical representation of the simple three-line verification test setup 

The new OpenFAST augmentation is verified against the public version of OpenFAST that does not yet 

include the nonlinear extensional stiffness capabilities to ensure the new augmentation did not alter other 

aspects of the numerical model. Both OpenFAST versions are simulated using the parameters listed in 

Table 18. 
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Table 18: Second Verification Case Test Parameters 

 OpenFAST v2.6.0-WWest OpenFAST v2.6.0 

Model Parameters   

MoorDyn Version v1 v1 

Platform Allowable DOFs Surge Surge 

Mooring System Parameters   

Anchor Position (m) [300, 0, -56] [300, 0, -56] 

Fairlead Position (m) [58, 0, -14] [58, 0, -14] 

Line Headings (deg) [60, 180, 300] [60, 180, 300] 

Line Length (m) 250 250 

Line Type (-) Chain Chain 

Line Volumetric Diameter (mm) 200 200 

Line Displacement (kg/m) 32.2013 32.2013 

Line Mass (kg/m) 796.0 796.0 

Line Extensional Stiffness (EA) 
(N) 

3.416e9 3.416e9 

Line BA/-zeta (Ns/-) -0.8 -0.8 

Line Added Mass Coefficients 
(-) 

[0.0, 1.0] (Can, Cat) [0.0, 1.0] (Can, Cat) 

Line Drag Coefficients (-) [1.8, 0.0] (Cdn, Cdt) [1.8, 0.0] (Cdn, Cdt) 

Static offset tests and surge free decay tests were simulated in both versions of OpenFAST using both of 

these model setups, and the fairlead tensions of all three lines are plotted between each version of 

OpenFAST for varying surge offsets (Figure 30a) and the surge displacement of the platform in free 

decay is plotted against time for each version of OpenFAST (Figure 30b). 

  
Figure 30: Static offset test cases (a) and surge free decay tests (b) of the second verification 

test comparing results between the augmented OpenFAST version and OpenFAST v2.6.0 

As seen in Figure 30, the measured fairlead tensions at each static offset test, and the measured surge 

displacement in free decay, are exactly the same between the two OpenFAST versions. This verifies that 
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the numerical augmentation of OpenFAST performed by UMaine did not alter the main physics of 

platform and mooring behavior. 

A couple important modeling considerations should be noted. 

¶ The MoorDyn solver options were adjusted to produce static fairlead tensions that did not 

oscillate over time due to the dynamic relaxation of MoorDyn lumped-mass nodes. 

¶ In the new OpenFAST augmentation, there needs to be an additional section in the MoorDyn 

input file titled ñForce Displacement Relationshipsò listing the stiffness curve input files for 

each line type in the system, regardless of whether the line type has a nonlinear or linear 

extensional stiffness. 

3.7.10 Advanced Three-Line Nonlinear Mooring Model 

A more advanced mooring model using three mooring lines consisting of a bottom section of chain, a 

middle section of nylon with a nonlinear stiffness, and a top section of chain attached to the VolturnUS-S 

floating wind platform is used to verify the nonlinear extensional stiffness implementation in OpenFAST 

for a complete mooring system (Figure 31). 

 
Figure 31: Graphical representation of the more advanced three-line verification test setup 

The new OpenFAST augmentation is verified against the public version of OpenFAST that includes the 

nonlinear extensional stiffness capabilities to ensure the new augmentation properly models the nonlinear 

stiffness of mooring lines in a complete three-line system. Both OpenFAST versions are simulated using 

the parameters listed in Table 19. 
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Table 19: Third Verification Case Test Parameters 

 OpenFAST v2.6.0-WWest OpenFAST v3.3.0 

Model Parameters   

MoorDyn Version v1 v2 

Platform Allowable DOFs Surge Surge 

Mooring System Parameters   

Anchor Position (m) [300, 0, -56] [300, 0, -56] 

Fairlead Position (m) [58, 0, -14] [58, 0, -14] 

Line Headings (deg) [60, 180, 300] [60, 180, 300] 

Line Lengths (m) 50 ï 250 ï 50 50 ï 250 ï 50 

Line Type (-) Chain ï NylonSuperline ï Chain  Chain ï NylonSuperline ï Chain  

Line Volumetric Diameter (mm) 292.73 ï 276.18 ï 292.73 292.73 ï 276.18 ï 292.73 

Line Displacement (kg/m) 68.984 ï 61.404 ï 68.984 68.984 ï 61.404 ï 68.984 

Line Mass (kg/m) 541.78 ï 44.31 ï 541.78 541.78 ï 44.31 ï 541.78 

Line Extensional Stiffness (EA) (N) 2.33e9 ï Nonlinear ï 2.33e9  2.33e9 ï Nonlinear ï 2.33e9  

Line BA/-zeta (Ns/-) -0.8 ï -0.8 ï -0.8  -0.8 ï 629,398 ï -0.8 

Line Added Mass Coefficients (-) 
[0.0, 2.6] ï [0.0, 1.0] ï [0.0, 2.6] 

(Can, Cat) 
[0.0, 2.6] ï [0.0, 1.0] ï [0.0, 2.6] 

(Ca, CaAx) 

Line Drag Coefficients (-) 
[3.2, 0.6] ï [1.8, 0.0] ï [3.2, 0.6] 

(Cdn, Cdt) 
[3.2, 0.6] ï [1.8, 0.0] ï [3.2, 0.6] 

(Cd, CdAx) 

 

Static offset tests and surge free decay tests were simulated in both versions of OpenFAST using both of 

these model setups, and the fairlead tensions of all three lines are plotted between each version of 

OpenFAST for varying surge offsets (Figure 32a), the surge displacement of the platform in free decay 

(Figure 32b), and the fairlead tensions in surge free decay are plotted against time for each version of 

OpenFAST (Figure 32c). 
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(a) 

 
Time (s) 

(b) 

 
(c) 

Figure 32: Static offset test cases (a) and surge free decay tests (b, c) of the third verification 
test comparing results between the augmented OpenFAST version and the OpenFAST v3.3.0 
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As seen in Figure 32, the measured fairlead tensions at each static offset line up closely between the two 

OpenFAST versions, and the surge displacement and fairlead tensions in free decay also line up closely 

between the two versions. However, there is a small difference between results that can likely be 

attributed to the fact that the MoorDyn version 2 implementation in the public version of OpenFAST can 

only take a maximum of 30 tension-strain relationship inputs, whereas the UMaine augmentation can take 

a larger number. This decrease in discretization could likely produce slightly different tensions in the 

mooring lines when interpolating between strain values. Otherwise, differences between results could also 

come from inaccurate initial fairlead tension readings due to transients in the fairlead tensions from the 

dynamic relaxation process in MoorDyn. Regardless, the closeness of results between the two versions 

verifies the numerical augmentation of OpenFAST performed by UMaine with the published version of 

OpenFAST. 

3.8 Numerical Model Validation with Basin Testing 

3.8.11 Linear Model 

Recreating the linear experimental mooring system model in OpenFAST and comparing numerical and 

experimental results was first done to verify the method of replicating the experimental model in 

OpenFAST for future validation of the nonlinear mooring system model. No OpenFAST model was 

provided using the linear experimental mooring system model, so NREL developed an equivalent linear 

OpenFAST model. The recreated model consists of three, single-type mooring lines that each have a 

different line length and axial stiffness that create a stiffness and a pretension on the platform that match 

the experimental model properties. The model scale pretensions are collected from baseline wave basin 

data sets (Figure 33) and time series averages in Table 20. 
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Figure 33: Mooring line tension time series in linear baseline test 
 

Table 20: Mooring line average pretensions used for the linear model 

Test Type Mooring Line Pretension (N) 

Linear 

South 10.298 

Northwest 9.676 

Northeast 9.794 

The calculated unstretched line lengths and axial stiffnesses of each line are tabulated in Table 21. 

Table 21: Unstretched line lengths and EAs of Linear Numerical Model 

 Unstretched Line Length (m) EA (N) 

 Model Scale Full Scale Model Scale Full Scale 

Mooring Line 1 (Northwest) 2.828 197.954 17.62 6,042,936.47 

Mooring Line 2 (Northeast) 2.774 194.156 17.28 5,927,013.80 

Mooring Line 3 (South) 1.314 91.970 63.62 21,820,615.75 

These full scale values, as well as the full scale positions of the fairlead and anchor were input to the 

MoorDyn file in OpenFAST. The masses and diameters of the MoorDyn mooring lines were set to 

arbitrary low values to not contribute unnecessary weight, buoyancy, or hydrodynamic effects to the 

numerical simulation. The completed MoorDyn numerical mooring system model was simulated in 

OpenFAST using the OpenFAST executable provided by UMaine under still water conditions. The 

calculated static mooring line fairlead tensions in this baseline simulation are overlayed on the linear 
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experimental mooring model baseline data (scaled up) in Figure 34, showing good agreement in the mean 

values. Significant fluctuations and noise levels in the experimental data are indicative of limitations in 

the experimental setup and execution and are not considered detrimental to the present comparison, since 

the focus is on the response to a steady offset. 

 

Figure 34: Verification of the linear mooring pretensions between wave basin baseline data 
(ñWB") and OpenFAST results (ñOFò) 

This comparison verifies that the method of recreating the experimental model setup in OpenFAST can 

produce similar steady results between models, which can be used to later validate the nonlinear mooring 

system model. Further verification of the linear mooring system model (such as static offset tests and free 

decay tests) is shown in the Validation section.  
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3.8.12 Nonlinear Model 

Recreating the nonlinear mooring system experimental model in MoorDyn is similar to that of the linear 

mooring system, except that the southern mooring line has a nonlinear stiffness. UMaine did provide an 

existing OpenFAST model of the nonlinear mooring system with more realistic values for anchor spacing 

and water depth, but the approach of replicating the experimental model was still taken for the nonlinear 

mooring system. The recreated model also consists of three, single-type mooring lines that each have a 

different line length and axial stiffness, where the southern mooring line has a lookup table for axial 

stiffness based on the tension-strain curve. Each line also creates a stiffness and a pretension on the 

platform that matches the experimental model properties, except that the stiffness of the nonlinear 

mooring line varies depending on the strain of the line. Model scale line stiffnesses are provided in Table 

21 and model scale pretensions are collected from baseline wave basin data sets (Figure 35) and time 

series averages in Table 22. 

 

Figure 35: Mooring line tension time series in nonlinear baseline test 
 

Table 22: Mooring line average pretensions used for the nonlinear model 

Test Type Mooring Line Pretension (N) 

Linear 

South 13.652 

Northwest 10.820 

Northeast 10.875 

The nonlinear mooring system model assumes the same geometry and dimensions of the linear mooring 

system model, so the fairlead and anchor positions to the same points as the linear model. The northwest 
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and northeast mooring line lengths and axial stiffnesses can be calculated the same as the linear mooring 

system model, with values shown in Table 23. 

Table 23: Unstretched line lengths and EAs of Nonlinear Numerical Model 

 Unstretched Line Length (m) EA (N) 

 Model Scale Full Scale Model Scale Full Scale 

Mooring Line 1 (Northwest) 4.015 281.024 118.55 40663397.63 

Mooring Line 2 (Northeast) 3.985 278.947 120.15 41210182.27 

Mooring Line 3 (South) 1.109 77.658 DLC Dependent 

A new method was derived to calculate the southern mooring line length that would produce the 

measured tensions from the experimental data in the undisplaced position, and the first static offset test 

position. This method solves for the change in line length (ɝὒ) that produces the proper tensions and 

applies that ɝὒ to the existing mooring system geometry. However, this new line length corresponds to a 

new strain (‭ = ɝὒ/ὒ) but produces the same tension on the platform as the old strain. Therefore, a new 

tension-strain relationship was developed to relate values of strain to platform displacement, which is 

what the original curve was a function of in Clark (2022). The calculated southern mooring line length 

using this new method is 77.658 m. 

Now, the newly calculated southern mooring line length and the adjusted tension-strain curve, as well as 

the full -scale positions of the fairlead and anchor points can be used as input to the MoorDyn file in 

OpenFAST. Again, the masses and diameters of the MoorDyn mooring lines were set to arbitrary low 

values to not contribute unnecessary weight, buoyancy, or hydrodynamic effects to the numerical 

simulation. The completed MoorDyn numerical mooring system model was simulated in OpenFAST 

using the OpenFAST executable with the nonlinear stiffness augmentation provided by UMaine. Under 

still water conditions, the calculated static mooring line fairlead tensions in this baseline simulation are 

overlayed on the experimental mooring model baseline data (scaled up) in Figure 36, showing less than 

0.3% difference between average values. 
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Figure 36: Verification of the nonlinear mooring pretensions between wave basin baseline data 
and OpenFAST results 

With this baseline nonlinear mooring system established, more comparison tests can be made, such as 

static offset tests and free decay tests, between the experimental data and numerical data to validate 

UMaineôs nonlinear stiffness augmentation to OpenFAST. 

3.9 Linear Model Validation Results 

The validation results from the NREL report are summarized here. 

3.9.13 Static Offset 

A snapshot of the linear offset for a positive surge test is given in Figure 37. 
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Figure 37: Representative results from positive surge test. 

Following are observations gathered from the above results: 

¶ Using assumed offset values during estimated time frames, all OpenFAST fairlead tensions in 

the linear static offset tests were within 10.35% of the experimental wave basin fairlead 

tensions. 

¶ The addition of offsets from all six degrees of freedom (especially yaw) produced fairlead 

tensions that were much more comparable for all mooring lines. 

¶ The assumption of making one numerical mooring system model for all linear static offset tests 

meant that the initial position of the baseline test influenced the setting of the OpenFAST offset 

values for each static offset test. Theoretically, each static offset test would have its own 

Linear Static Offset Test 1 (Positive Surge) 

 
Time (s): [75, 85] 

OpenFAST Offsets relative to Natural Offset 
Surge (m) 20.64 

Sway (m) -0.20 

Heave (m) -0.24 

Roll (deg) 0.16 

Pitch (deg) -0.38 

Yaw (deg) -0.30 
 

 
Figure 1: Linear static offset test 1 (positive surge) fairlead tension comparison 

Table 1: Linear static offset test 1 (positive surge) fairlead tension comparison 

 Basin Test Fairlead 

Tension - Scaled 

(MN) 

OpenFAST Fairlead 

Tension (MN) 
% Diff  

 

Mooring Line 1 (Northwest) 2.315 2.282 1.26 

Mooring Line 2 (Northeast) 3.011 3.014 0.09 

Mooring Line 3 (South) 8.212 8.447 6.67 
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numerical mooring system model based on the initial pretension and platform position, which 

would have likely yielded better results. 

¶ The measured fairlead tensions of the southern mooring line in the negative surge tests were 

much higher than the simulated fairlead tensions from OpenFAST (Figure 23 ïFigure 24, Table 

14 ï Table 15). This makes sense in OpenFAST, given that the initial stretched length of 

106.857 m minus the offset of 22.0 m is 84 m, with the unstretched line length at 91.97 m. 

Therefore, the mooring line in OpenFAST is completely slack, producing a near-zero tension, 

but the experimental basin data still showed higher values. 

¶ The sway offset that was used in OpenFAST for all sway tests was the negative of the measured 

offset from the experimental position data (Figure 25 ï Figure 28, Table 16 ïTable 19). For 

example, in the linear static offset test 5 (Figure 25, Table 16), the provided data shows the 

platform was offset positive 37.09 m in sway, but the y-offset that was used in OpenFAST was -

37.09 m. This is also reflected in the magnitude of fairlead tensions. In the same test, the 

northeast mooring line loses tension while the northwest line gains tension, suggesting the 

platform moved in negative sway. 

 

3.9.14 Free Decay 

There were a total of 24 free decay data sets for the linear mooring system model in the wave basinðfour 

repeated tests of each degree of freedom (surge, sway, heave, roll, pitch, yaw). Only the first tests for each 

degree of freedom is included in this report and are used to compare results between the wave basin tests 

and OpenFAST tests. The platform motion time series of the provided wave basin data and the equivalent 

OpenFAST simulation are shown below (Figure 38), as well as a numerical comparison between the 

damped period of oscillation and damping ratio between the two models (Table 24). 

As a side note, OpenFAST can only allow yaw offset of the platform of up to 15 degrees, whereas the 

wave basin data for yaw had an initial offset of -16.45 degrees for the yaw free decay test. This starting 

value was adjusted to 15.0 degrees, which is reflected in the data. 
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Figure 38: Free decay test time series data of the linear mooring system model in the wave 
basin and in OpenFAST. 

Table 24: Free decay test comparison metrics for the linear mooring system model 

 Wave Basin OpenFAST Percent Difference 

 ╣▀ (s) ⱡ◌╫ (%) ╣▀ (s) ⱡ▫█ (%) ╣▀ (%) ⱡ (%) 

Surge 73.43 0.338 69.61 0.302 5.21 10.65 

Pitch 30.07 0.176 26.56 0.022 11.67 87.50 

Yaw 50.26 0.179 50.36 0.124 0.19 30.73 

Heave 20.96 0.424 20.46 0.217 2.37 48.82 

Sway 128.07 0.600 124.43 0.587 2.84 2.17 

Roll 28.65 0.036 27.19 0.007 5.08 80.56 
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Following are observations gathered from the above results: 

¶ Overall, the free decay test results of the linear system showed reasonable agreement between 

the wave basin data and the OpenFAST simulation in most degrees of freedom. The heave free 

decay test showed the best comparison of frequency of oscillation (2.37%), and the sway free 

decay test showed the best comparison of damping rate (2.17%). The largest discrepancy in 

results is in the pitch free decay test, with significantly different periods of oscillation (11.67 %) 

and damping rates (87.50%). 

3.9.15 DLC 6.1 

The following figure and table compares the fairlead tensions and platform positions observed in the 

wave basin and the OpenFAST simulations under DLC 6.1 for the Linear mooring model. 

 

Figure 39: DLC 6.1 Linear test #1 fairlead tension time series snapshots and histograms 
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Table 25: DLC 6.1 Linear test #1 fairlead tension metrics and comparison 

 Statistic Wave Basin (MN) OpenFAST (MN) % Diff 

Mooring Line 1 
(Northwest) 

Mean 3.300 3.285 0.43 

Min 3.201 3.191 0.32 

Max 3.373 3.367 0.19 

St Dev 0.022 0.028 29.28 

Mooring Line 2 
(Northeast) 

Mean 3.353 3.301 1.55 

Min 3.243 3.214 0.88 

Max 3.424 3.393 0.92 

St Dev 0.021 0.027 0.28 

Mooring Line 3 (South) 

Mean 3.655 4.262 16.61 

Min 2.674 3.053 14.17 

Max 5.120 5.394 5.36 

St Dev 0.310 0.326 5.12 
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Figure 40: DLC 6.1 Linear test #1 platform motion time series snapshots and histograms 

 

Table 26: DLC 6.1 Linear test #1 platform motion metrics and comparison 

 Statistic Wave Basin (MN) OpenFAST (MN) % Diff 

Surge 
Mean 1.322 3.157 - 

St Dev 1.456 1.305 10.35 

Sway 
Mean -0.197 -0.455 - 

St Dev 0.130 0.707 445.15 

Heave 
Mean -2.432 1.548 - 

St Dev 1.072 1.059 1.19 

Roll 
Mean 0.273 -0.081 - 

St Dev 0.045 0.076 68.47 

Pitch 
Mean -0.393 0.474 - 

St Dev 0.487 0.735 50.96 

Yaw 
Mean -1.274 -0.303 - 

St Dev 0.081 0.146 80.11 
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Following are observations gathered from the above results: 

¶ Comparing the wave basin data to equivalent OpenFAST data in the Linear model should 

theoretically set a ñbaselineò of the relative differences between models with no linear actuation 

in the mooring lines. Ideally, this comparison would be nearly identical, and any fluctuations in 

the nonlinear tests would determine the validity of the actuation system. However, this is the 

wave basin data that was provided for the linear DLC 6.1 tests, and the equivalent OpenFAST 

results using the same mooring system as the previous tests and the wave kinematics present in 

the wave basin data. 

o The two leeward mooring lines are relatively close in statistics. The northeast mooring line 

appears to have significantly different means, but they are still close in magnitude, resulting 

in a close percent different. The northwest mooring line, however, has a high difference in 

standard deviation, but close means, minimums, and maximums. 

o The southern mooring line has significantly different mean values between the wave basin 

and OpenFAST, but reasonable differences in standard deviation, suggesting there may only 

be a numerical modeling assumption error. 

¶ Differences in data may be attributed to the fact that the system was tuned for the nonlinear 

active mooring system, where the focus was not on the linear model. The recreation of the linear 

model in OpenFAST could have made some assumptions that did not carry through to the DLC 

6.1 tests. 

¶ Also, the data above was recreated in OpenFAST using the data from wave probe #1 in 

HydroDyn, since the data from the other wave probes was not consistent. This would likely 

only affect the phasing between the two sets of data. 

¶ Otherwise, this was the only set of Linear DLC 6.1 test data provided. 

¶ There is decent agreement between platform surge motion in the wave basin to equivalent 

OpenFAST results. 

o The system was only forced in the surge direction, which is why all other degrees of freedom 

have lower relative magnitudes to surge. 

o Heave motion had a very low percent difference between models. 

¶ The mean wave basin platform positions in the Linear DLC 6.1 test are similar to the natural 

offsets 

o Previous tests in the wave basin to the Linear DLC 6.1 test may have altered the natural 

platform offset, which could have been changed to the mean platform positions seen in Table 

26. 
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3.10 Nonlinear Model Validation Results 

The results of the nonlinear validation effort are summarized below. 

3.10.16 Static Offsets 

Similar to the linear model, a total of eight sets of static offset test data were provided for the nonlinear 

mooring system model. Two tests of a positive surge offset, two tests of a negative surge offset, two tests 

of a positive sway offset, and two tests of a negative sway offset. The fairlead tensions of these sets of 

data are plotted against the fairlead tensions of equivalent OpenFAST simulations with the estimated 

initial offset and all platform degree of freedoms turned off in the simulation. A summary of select results 

is given below. 

 

Figure 41: Results of static offset tests for the linear model. 

Nonlinear Static Offset Test 1 (Positive Surge) 

 
Time (s): [50, 70] 

OpenFAST Offsets relative to Natural Offset 
Surge (m) 13.50 

Sway (m) 0.74 

Heave (m) -0.13 

Roll (deg) 0.18 

Pitch (deg) 0.32 

Yaw (deg) 0.58 
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Table 27: Nonlinear static offset test 1 (positive surge) fairlead tension comparison 

 Basin Test Fairlead Tension 
- Scaled (MN) 

OpenFAST Fairlead 
Tension (MN) 

% Diff 
 

Mooring Line 1 (Northwest) 2.850 2.662 5.06 

Mooring Line 2 (Northeast) 2.637 2.896 7.00 

Mooring Line 3 (South) 13.737 13.690 1.01 

Following are observations gathered from the above results: 

¶ Using assumed offset values during estimated time frames, all OpenFAST fairlead tensions in 

the nonlinear static offset tests are within 12% of the experimental wave basin fairlead tensions, 

and all OpenFAST fairlead tensions in the positive and negative surge static offset tests are 

within 7.5% of the wave basin tensions. 

o The active mooring system for the southern mooring line was tuned to match only surge 

motion, as opposed to other DOFs like sway. While the sway test results can still be useful, 

they may not represent an appropriate comparison for validation of the nonlinear mooring 

line. 

¶ The addition of offsets from all six degrees of freedom (especially yaw) produced fairlead 

tensions that were much more comparable for all mooring lines. 

¶ The assumption of making one numerical mooring system model for all nonlinear static offset 

tests meant that the initial position of the baseline test influenced the setting of the OpenFAST 

offset values for each static offset test. Theoretically, each static offset test would have its own 

numerical mooring system model based on the initial pretension and platform position, which 

would have likely yielded better results. 

¶ The measured fairlead tensions of the slack, northwest and northeast mooring lines (which are 

still linear mooring lines without any nonlinear actuation) in sway tests  were higher than the 

simulated fairlead tensions from OpenFAST. Looking at the offset magnitudes and the stretched 

lengths of the lines, it makes sense that the OpenFAST tensions would be low, since the lines 

are nearly slack. This discrepancy likely contributes to the higher percent differences between 

fairlead tensions for these tests. 

¶ Again, the sway offset that was used in OpenFAST for all sway was the negative of the 

measured offset from the experimental position data. For example, in the nonlinear static offset 

test 5, the provided data shows the platform was offset positive 39.5 m in sway, but the y-offset 

that was used in OpenFAST was -39.5 m. This is also reflected in the fairlead tension data. In 

the same test, the northeast mooring line loses tension while the northwest line gains tension, 

suggesting the platform moved in negative sway. 

¶ The yaw offset that was used in OpenFAST for all sway tests was the negative of the measured 

offset from the experimental position data. For example, in the nonlinear static offset test 5, the 

provided data shows the platform was offset a positive 4.36 deg in sway from the natural offset 

of -1.29 deg, but the yaw offset that was used in OpenFAST was -4.36. m. This leads to believe 

that there was a similar sign or channel error in yaw when collecting the data. 
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3.10.17 Free Decay 

Unlike the linear model, data for only surge, pitch, and heave free decay tests were provided. Four 

repeated tests were performed in the wave basin for those three degrees of freedom (except for the surge 

tests, where only three repeated tests were provided), for a total of 11 free decay tests, and all were 

analyzed. The platform motion time series of the provided wave basin data and the equivalent OpenFAST 

simulation are shown below, as well as a comparison between the damped period of oscillation and 

damping ratio between the two models and their averages. Figure 42 presents the platform surge motion 

comparison plots and Table 28 presents a quantitative comparison of the surge frequency of oscillation 

and damping ratio. Some sample results of free decay tests are given below. 

 

Figure 42: Surge free decay time series of the nonlinear model over three repeated tests. 

 



 

63 
 

Table 28: Surge free decay test comparison metrics for the nonlinear mooring system model 

 Wave Basin OpenFAST Percent Difference 

 ╣▀ (s) ⱡ◌╫ (%) ╣▀ (s) ⱡ▫█ (%) ╣▀ (%) ⱡ (%) 

Surge R1 45.90 3.878 52.06 0.665 13.41 82.85 

Surge R2 - - - - - - 

Surge R3 47.16 4.045 52.07 0.683 10.41 83.11 

Surge R4 45.79 4.075 52.07 0.675 13.70 83.44 

Average 46.28 3.999 52.07 0.674 12.51 83.13 

Following are observations gathered from the above results: 

¶ All repeated tests show reasonable agreement between each other, highlighting the repeatability 

of the test setup. 

¶ The results provide evidence of significantly different damping rates in surge and pitch between 

the wave basin tests and the OpenFAST simulations. 

¶ The pitch free decay tests of the nonlinear model show the worst comparison, with an average 

percent difference of periods of 13.93% and an average percent difference of damping ratios of 

94.82% between the wave basin results and OpenFAST results.  

¶ The heave free decay tests of the nonlinear model show the best comparison, with an average 

percent difference of periods of 2.51% and an average percent difference of damping ratios of 

48.05% between the wave basin results and OpenFAST results. 

¶ The wave basin data of the surge free decay tests settled after only two or three oscillations, 

while the pitch and heave free decay tests showed at least five visible oscillations. 

3.10.18 DLC 6.1 

An example of the nonlinear model tests for the DLC 6.1 case with wind and waves are given below. The 

results of all the DLC 6.1 tests follow. 
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Figure 43: DLC 6.1 Nonlinear test #2 fairlead tension time series snapshots and histograms 

Table 29: DLC 6.1 Nonlinear test #2 fairlead tension metrics and comparison 

 Statistic Wave Basin (MN) OpenFAST (MN) % Diff 

Mooring Line 1 (Northwest) 

Mean 3.689 3.724 0.94 

Min 3.279 3.341 1.89 

Max 4.052 4.120 1.69 

St Dev 0.100 0.112 11.58 

Mooring Line 2 (Northeast) 

Mean 3.718 3.716 0.05 

Min 3.322 3.356 1.03 

Max 4.122 4.170 1.16 

St Dev 0.102 0.113 10.02 

Mooring Line 3 (South) 

Mean 4.896 4.737 3.26 

Min 0.838 2.751 228.2 

Max 9.047 7.370 18.54 

St Dev 0.946 0.666 29.58 
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Figure 44: DLC 6.1 Nonlinear test #2 platform motion time series snapshots and histograms 

Table 30: DLC 6.1 Nonlinear test #2 platform motion metrics and comparison 

 Statistic Wave Basin (MN) OpenFAST (MN) % Diff 

Surge 
Mean -0.115 0.141 - 

St Dev 1.299 1.287 0.90 

Sway 
Mean -0.271 -0.091 - 

St Dev 0.074 0.413 461.11 

Heave 
Mean -2.218 1.547 - 

St Dev 1.082 1.078 0.30 

Roll 
Mean -0.188 -0.068 - 

St Dev 0.044 0.089 101.33 

Pitch 
Mean 1.033 0.466 - 

St Dev 0.499 0.812 62.62 

Yaw 
Mean -1.321 -0.248 - 

St Dev 0.073 0.171 134.85 
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Following are observations gathered from the above results: 

¶ Overall, there is reasonably good agreement between fairlead tension data in the wave basin to 

equivalent OpenFAST results, for cases with and without wind. 

o For the leeward mooring lines, their means with wind were all within 1% of each other, and 

within 4% without wind. Their minimums and maximums were all within 7% of each other 

with and without wind. Their standard deviations were all within 12% of each other with 

wind, and only within 6% of each other without wind. These results suggest that the addition 

of wind sets a better mean tension of the leeward lines but adds more variability to the 

results. 

o For the nonlinear mooring line, their means were all within 5% of each other with wind, but 

only within 20% of each other without wind. Their minimums were skewed due to the break 

in wave basin data showing low tensions, but their maximums were all within 30% of each 

other with wind and 34% without wind. Their standard deviations were all within 35% of 

each other with wind, and 41% of each other without wind. These results suggest that in 

general, the nonlinear upwind mooring line shows generally good agreement, and the 

addition of wind greatly improves the mean values. 

¶ The mean tension values of all tests showed great agreement between the wave basin data and 

the OpenFAST data for cases with wind, but slightly worse agreement without wind. The 

standard deviations of all mooring lines, however, showed worse agreement with wind, but 

great agreement without wind. 

o For cases with wind, the OpenFAST data showed higher standard deviations than the wave 

basin data for the leeward lines, meaning a higher fluctuation about the mean, relatively. 

This could be attributed to the OpenFAST mooring system setup, or the input aerodynamic 

and inflow wind setup. For cases without wind, the standard deviations between the wave 

basin data and OpenFAST showed great agreement. 

o In contrast, the OpenFAST data for the southern mooring line showed lower standard 

deviations than the wave basin data, but the maximums were also significantly lower than 

the wave basin data. In general, the nonlinear mooring line underpredicts the fairlead tension 

response in all DLC 6.1 tests, but still has a similar mean (especially in cases with the wind). 

This could be because of the mooring system setup, the tuning of the linear actuation system 

to match strain and surge properties of the system, or the aerodynamic and inflow wind 

modeling. 

o The main question is how to qualify the validity of the nonlinear mooring system modeling 

approach. With all standard deviation differences of the nonlinear mooring line under 35% 

with wind (and 41% without wind), we can say they have ñreasonableò agreement, but not 

ñgreatò agreement. 

¶ There are noticeable, and unexpected ñjumpsò in the nonlinear mooring line tension data. 
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o It is reported by UMaine that these jumps in the data are due to the response time of the 

control system reacting to changes in the load cell. It is a factor of the rate of change in line 

tension, and the tuning of the system. 

o This could potentially contribute to the wide differences in maximums and standard 

deviations between the wave basin and OpenFAST data, but would not likely bring the 

percent differences to zero, meaning there can be other factors that are still contributing to 

the differences. 

¶ Overall, there is reasonably good agreement between platform surge motion in the wave basin 

to equivalent OpenFAST results. 

o The differences in standard deviations between the wave basin data and OpenFAST results 

all fall under 4% percent, except for two tests (#5 and #6) 

o The mean surge position values in the wave basin range from -0.1 to -1.1 m, while the mean 

surge position values in OpenFAST range do not vary far from -2.0 m without wind, and do 

not vary far from 0.14 m with wind. 

o Relative to the maximum and minimum values of surge motion, these mean values are 

similar, but still show possible differences in the mooring system models. The wave basin 

model pulls the platform closer to the wind generator more than the OpenFAST model for 

cases with wind, but the OpenFAST model is pulled closer to the wind generator for cases 

without wind. 

¶ The mean wave basin platform positions of the first Nonlinear DLC 6.1 test are very close to the 

natural offsets. 

o All subsequent Nonlinear DLC 6.1 wave basin tests have mean platform positions like the 

natural offsets, but not as close to the first test. This suggests that the natural offsets 

calculated in the baseline tests are similar to the mean platform positions of the first DLC 6.1 

test. Then, in subsequent tests, the experimental model setup may have been influenced by 

the previous DLC 6.1 test and altered the mean platform positions. 

o The OpenFAST mooring system was derived using pretensions of the baseline test, at the 

natural offsets which showed good agreement in the static offset tests when initially offset 

by the natural offsets. However, the OpenFAST model developed its own mean platform 

position values when all platform degrees of freedom were turned on, suggesting there are 

differences in the mooring system models. This is the reason for the distinct differences in 

platform mean positions between the wave basin and OpenFAST, other than surge. 

¶ The standard deviations of all other platform motions (besides heave) did not show good 

agreement between the wave basin data and OpenFAST results, relative to the surge data. 

o The system was only forced in the surge direction, resulting in surge motions ranging on the 

order of meters, while all other degrees of freedom magnitudes only ranged on the order of 

tenths of meters. These other degrees of freedom are likely residual from the surge behavior. 

Regardless, their standard deviations were significantly different, but not as critical to the 

overall comparison of motions in a DLC 6.1 environment. 
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o The heave platform motion showed excellent agreement of standard deviation, if the means 

are subtracted from each time series. The differences in standard deviation are low (all under 

4.2%). 

o Sway, roll, and yaw OpenFAST statistics for all test comparisons had nearly the exact same 

values (for cases with or without wind), even with different wave elevation time series inputs 

across all OpenFAST models. 

o Standard deviation differences were an order of magnitude better for sway, roll, and yaw in 

cases without wind, but an order of magnitude worse for pitch. 

3.11 Conclusions 

Validation of UMaineôs nonlinear stiffness augmentation to MoorDyn with a nonlinear mooring system 

model in UMaineôs ASCC wind-wave basin proved to be an interesting comparison. UMaine used a 

linear actuation control system to model a nonlinear-stiff mooring line that could be programmed with a 

tension-strain curve to produce tensions in the line based on the equivalent strain on the line. This report 

detailed the approach taken to replicate the experimental mooring system, with a nonlinear mooring line, 

in OpenFAST using the same tension-strain curve and a comparison of the OpenFAST results and wave 

basin data. The main question is how to qualitatively assess the validity between the two models. Based 

on the results in the previous section, there is reasonable agreement between the numerical and 

experimental models; not great agreement, but not poor agreement. There are likely assumptions made in 

the validation approach that could be improved to show even better agreement. 

The verification of UMaineôs nonlinear mooring line stiffness augmentation to MoorDyn can be 

concluded with a high level of certainty. Over the three different mooring system models evaluated, 

UMaineôs OpenFAST executable matched up with published versions of OpenFAST very well, proving 

that their augmentation is verified against well-tested numerical tools. The only potential difference 

between the two is the limitation of the published version of OpenFAST only being able to accept 30 

tension-strain inputs, whereas UMaineôs augmentation can reference up to 100 tension-strain inputs for a 

well-rounded tension-strain curve. 

The validation of UMaineôs nonlinear mooring line stiffness augmentation to MoorDyn was less-certain 

than the verification, but overall, was able to fall within reasonable degrees of certainty. Using the 

validation methodology described in this report, the nonlinear mooring system static offset tests showed 

fairlead tensions of the experimental data and numerical data within 15% of each other, normalized by 

their pretensions. For all static offset tests except for the negative sway tests, the upwind, nonlinear 

mooring line tensions were within 6% of each other. Discrepancies in the negative sway tests can likely 
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be attributed to the fact that the active mooring system linear actuator was only calibrated for surge 

motion.   

The nonlinear mooring system free decay tests show modest agreement in frequency of oscillation, but 

unfavorable agreement in damping. The heave free decay tests show 2.51% error in frequency of 

oscillation between models, but the pitch free decay tests show 94.82% error in damping ratio. However, 

UMaine primarily focused on the fairlead tensions in the experimental tests, which can be better captured 

from the DLC 6.1 tests. In these tests, the mean fairlead tensions of the nonlinear mooring line between 

OpenFAST and the wave basin data, for cases including wind, were within 5% of each other, their 

maximums were all within 30% of each other, and their standard deviations were all within 35% of each 

other. For cases without wind, the differences in means were higher (within 20%) and the differences in 

standard deviations were slightly higher (within 41%), also showing that the addition of wind to the 

model improved the mean tension comparisons. In general, the OpenFAST fairlead tensions matched the 

shape and trend of the wave basin fairlead tensions, but noticeably underpredicted the peak tensions, 

which is reflected in the differences in maximum values and standard deviations. 

The platform motions in the DLC 6.1 tests also provided useful information, showing good agreement in 

the standard deviation (less than 6.1%) of surge motion between the nonlinear wave basin data and 

OpenFAST results, but not necessarily the mean values. Interestingly, the first Nonlinear DLC 6.1 test 

had mean platform positions that were nearly identical to the natural platform offsets calculated in the 

baseline tests, and all subsequent Nonlinear tests had mean platform positions similar to, but not as close 

to, the natural offsets. This suggests that it could be likely that the first Nonlinear DLC 6.1 test was run 

immediately after the baseline test, and each subsequent DLC 6.1 test altered the natural platform offsets, 

thus influencing the comparison and validation. 

The differences between wave basin data and OpenFAST results can likely be attributed to a 

misassumption in the OpenFAST model development, or physical limitations of the experimental tests. 

Some other caveats, or sources of uncertainty, that could have influenced the validation results are listed 

here: 

¶ The numerical model development approach ï that the linear and nonlinear numerical mooring 

system models were created to replicate the experimental models, scaled-up, rather than model 

a more realistic mooring system, with a proper water depth and anchoring radius, for example. 

¶ The method to calculate the nonlinear unstretched line length ï that the tension-strain 

relationship curve was adjusted to match platform surge displacement and mooring line strain. 
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¶ The natural offset position of the experimental model ï that these offsets were used as the initial 

position of the platform, which were not always accounted for in the OpenFAST simulations, 

due to the formulation of the numerical models. 

¶ The aerodynamic and inflow wind assumptions ï that the above-water load contributions may 

not equate between experimental and numerical models. 

¶ The linear actuator control system ï that the response time of the control system was too slow 

for high rates of change in mooring line tension, especially in the DLC 6.1 tests. 

Any of these caveats could contribute to the differences in results. An investigation into these sources of 

uncertainty would require a further research effort. 

Overall, using the experimental information provided by UMaine, and the numerical model development 

approach, the nonlinear stiffness augmentation to MoorDyn is well-verified against published versions of 

MoorDyn, and is ñreasonablyò validated against the experimental model tests. UMaineôs experimental 

control system can be used for future nonlinear mooring system studies, but a knowledge of these 

differences in wave basin and OpenFAST results, and the potential sources of uncertainty, would be 

required before drawing any conclusions. 
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4 Levelized Cost of Energy 

A key outcome of this research is proof of economic viability of a semi-taut nylon mooring system. A 

levelized cost of energy analysis was conducted by NREL and summarized in its own report. The report is 

reproduced here in its entirety. 

4.1 Introduction 

The University of Maine (UMaine), in collaboration with the National Renewable Energy Laboratory 

(NREL), is leading a project under the National Offshore Wind Research Consortium (NOWRDC). The 

project aims to unlock 450 GW of untapped wind resources in water depths ranging from 45 to 80 meters 

off the US coast, specifically near densely populated areas. As part of this endeavor, NREL has been 

assigned several tasks, which include: 

¶ Advising on upgrades to the numerical model, OpenFAST, to include shallow water synthetic 

moorings, 

¶ Validating the augmented numerical model, and 

¶ Leading a cost analysis for the new mooring systems for comparison to conventional catenary 

chain systems. 

This report presents a comprehensive analysis of the levelized cost of energy (LCOE) for two different 

wind farms with different mooring systems: a conventional catenary mooring system design consisting of 

chain and a proposed semi-taut mooring system design with nylon rope. The report gives a brief 

description of the methodology employed to conduct the LCOE comparison, including a description of 

the underlying assumptions. Then, results are presented with a compilation of key findings. 

4.2 Approach 

The intent is to compare the costs and performance of two wind farms at intermediate water depths (80 

m), each with 40 15-MW wind turbines using the VolturnUS platform, three mooring lines per platform, 

three medium sand drag anchors per platform, and the same turbine spacing. The only difference between 

the two farms is the mooring system designs: a conventional catenary mooring system with chain, and a 

semi-taut mooring system with nylon rope, both using medium sand drag anchors. These two wind farms 

have been labeled as the ñCatenary Chain Wind Farmò and the ñNylon Semi-Taut Wind Farmò 

throughout the report. Figure 1 illustrates the characteristics of both wind farms. 
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Figure 45: Wind farm characteristics 

NREL has analyzed both wind farms using a coupled suite of open-source models, including: 

¶ ORBIT: Balance-of-system and installation costs and logistics  

¶ WOMBAT: Operations and maintenance costs, wind farm availability, and logistics 

¶ FLORIS: Annual energy production and wake losses 

 
ORBIT provides medium fidelity modeling of installation logistics and the associated costs using discrete 

event simulation that accounts for weather delays (ORBIT, 2020). Costs and sizing of offshore wind 

components are either calculated using a suite of engineering design modules or taken as inputs. 

Underlying cost data used by ORBIT is maintained by NREL using industry and market trends. With the 

capabilities offered by ORBIT, we can compare the Capital Expenditures (CapEx) of two wind farms that 

employ different mooring system components and installation sequences. 

WOMBAT is a scenario-based tool that uses a discrete event simulation framework that calculates the 

costs associated with component failures, scheduled maintenance tasks, and mobilization of equipment to 

carry out repairs (WOMBAT, 2022). WOMBAT does not seek to optimize O&M costs or performance 

but provides users with quantifiable impacts of new technologies, maintenance strategies, and site 

conditions on the costs of operating a wind power plant. We input major failure and replacement costs 

into WOMBAT to quantify the impacts of the unit cost reduction of the Nylon Semi-Taut design 

compared to conventional Catenary Chain mooring system.  




































