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Abstract 

New boundaries in the offshore natural gas industry – as an important alternative in 

energy transition – have been pushed by the floating liquefied natural gas (FLNG) 

technology, in particular for developing remote offshore gas fields. Water intake riser 

(WIR), which is used to convey cooling seawater for the liquefaction of natural gas, is 

key to the implementation of FLNG technology. As a new concept, WIRs are distinct 

from conventional marine risers. They typically consist of nine free-hanging risers 

flexibly attached to the FLNG facility via rubber joints. To convey enough volume of 

cold seawater, a large diameter (𝐷𝐷 > 1 m) is required. Helical strakes are installed on 

some of the risers to suppress vortex-induced vibrations. The fatigue damage of WIRs 

arises primarily from the resonant vibrations triggered by wave-induced vessel motions 

and the response amplitude is limited by the hydrodynamic damping. The small motion 

amplitude (𝐴𝐴) and the large diameter lead to a low Keulegan-Carpenter (𝐾𝐾𝐾𝐾 = 2𝜋𝜋𝐴𝐴/𝐷𝐷) 

flow regime, e.g., 𝐾𝐾𝐾𝐾 < 5.  

It has been an engineering practice to adopt the relative velocity version of the Morison 

equation to estimate the hydrodynamic damping on risers. However, the application of 

the relative velocity Morison equation at low 𝐾𝐾𝐾𝐾 flow regime has been challenged by 

design guidelines, such as DNVGL-RP-C205 and ISO-19902, which indicate that 

hydrodynamic damping and corresponding fatigue life may be overestimated. It 

therefore necessitates the understanding of the hydrodynamic damping of risers at low 

𝐾𝐾𝐾𝐾 flow regime and the accurate estimate of fatigue damage to risers. 

The hydrodynamic damping of a riser with and without helical strakes is investigated at 

𝐾𝐾𝐾𝐾 < 5 and Reynolds numbers (𝑅𝑅𝑅𝑅) from 103 to 105 under forced oscillations of an 

elastically mounted cylinder. Experiments are conducted with the smooth cylinder 

oscillating in otherwise still water, in-line or cross steady currents and the straked 

cylinder oscillating in in-line or cross steady currents. For the smooth cylinder, the 

measured drag coefficients in the still water condition match well the published results 

and the theoretical solution of Stokes and Wang at small 𝐾𝐾𝐾𝐾 values. The hydrodynamic 

damping increases with the in-line steady current whereas it remains almost constant 

with small cross currents and increases remarkably when the cross current velocity is 

large. For the straked cylinder, the measured drag coefficients are found to correlate 

with the ratio between the oscillating velocity amplitude and the steady current velocity. 
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This phenomenon is further confirmed by computational fluid dynamics using large-

eddy simulations. 

To predict the hydrodynamic damping with in-line steady current, the performance of 

the Morison equation based on the relative and independent velocity is explored, 

respectively. The latter model, which has two drag coefficients, shows a better fit to the 

drag force for both the smooth and the straked cylinders. The relative velocity model 

proves to be still valid for the flow regime of 𝐾𝐾𝐾𝐾 < 5, provided that the drag coefficient 

is appropriately determined. Based on the experimental data, empirical formulae are 

proposed for the determination of drag coefficients for design.  

The hydrodynamic damping at low 𝐾𝐾𝐾𝐾 largely depends on the motion amplitudes of 

WIRs, as a result of the coupling effect between the hydrodynamic damping and 

structural motions. A hybrid frequency-time domain fatigue analysis method is 

proposed to account for this coupling effect through a nonlinear stress function. The 

mutual dependency between the drag coefficients and motion amplitudes is found to be 

important for the fatigue estimation of WIRs. It is demonstrated that a constant drag 

coefficient could be sufficient for the fatigue estimation provided that the coefficient is 

appropriately selected. 

Finally, the dynamic characteristics of the WIR bundle are investigated by analyzing the 

first time ever full-scale measurement data. The 2nd lateral vibration mode is confirmed 

to dominate the vibrations and contributes the most to the fatigue damage to the WIRs. 

A fatigue analysis method is proposed to evaluate the accumulated fatigue damage to 

the WIRs in operation based on field measurement data. 

This thesis provides significant insight into the understanding of hydrodynamic 

damping and the estimation of fatigue life of WIRs, which feature with the low KC flow 

regime. Recommendations on how to accurately predict hydrodynamic damping for 

fatigue design are provided. Fatigue analysis methods for WIRs are proposed to 

facilitate design practice and methods on how to best use the field measurement data are 

developed.  
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Research motivation 

Natural gas is one of the energy sources with fast-growing demand during the energy 

transition process. While it is forecasted that coal and oil usage is to decrease as a 

proportion of global energy supply (Fig 1-1(a)), natural gas is likely to see a large 

increase in demand. It is estimated that natural gas will increase by nearly 50% with an 

average rate of 1.7% p.a. and meet about a quarter of the global energy demand by 

2040, as shown in Fig. 1-1 (b) (BP, 2019). 

 
(a)       (b) 

Figure 1-1. The gradual transition of the primary energy consumption (a) Primary 

energy consumption and (b) Shares of primary energy (BP, 2019). 

However, a large proportion of the natural gas reserves are located offshore remotely. 

To explore such remote offshore gas resources, Floating Liquefied Natural Gas (FLNG) 

technology has been developed recently, which allows for the production, liquefaction, 

storage and offloading of liquefied natural gas (LNG) at sea by combining onshore 

LNG and offshore technologies (Edwin and Sunday, 2013; Zhao et al., 2018). FLNG 

offers great flexibility in development options for remote and stranded offshore gas 

fields. Compared with alternatives that require the construction of long pipelines and 

onshore LNG plants, FLNG potentially provides a more economical solution (White 

and Longley, 2009). Besides, FLNG generally has a smaller influence on the 

environment due to its reduced scope of the facility. 
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Figure 1-2. PFLNG 1 (courtesy of Petronas). 

There are several FLNG facilities in operation, under construction and planned. On 5th 

December 2016, PETRONAS’ FLNG ‘PFLNG1’ (Fig. 1-2) successfully produced the 

first LNG drop in the Kanowit field offshore Sarawak, Malaysia and became the 

world’s first commercial FLNG. Shell’s FLNG ‘Prelude’ (Fig. 1-3), which is deployed 

at the field off the northwest coast of Australia, is the largest floating production facility 

ever built in the world. It is the world’s largest FLNG facility in terms of production, 

featuring a processing capability of 5.3 MTPA (million tonnes per annum). Other 

FLNG facilities include Golar's FLNG ‘Hilli Episeyo’ operated in Cameroon, Petronas’ 

second FLNG ‘PFLNG2’ under construction, Delfin’s FLNG planned, and so on. 

 
Figure 1-3. Prelude FLNG (courtesy of Shell) 

The liquefaction of natural gas requires large volumes of cooling water to ensure 

processing efficiency. As a key component, water intake riser (WIR) is designed as a 
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novel concept (Efthymiou, 2015) to convey the seawater from a certain depth below the 

sea level to the FLNG facility. Compared to the conventional risers such as top 

tensioned riser and steel catenary riser, WIRs are distinct in features. To guarantee the 

large volumes of cooling water, multiple risers with large diameter (𝐷𝐷 > 1m) and high 

internal flow rates are essential. The lower end of the WIR is free hanging, while the top 

end is flexibly attached to FLNG keel via rubber joints and chains. To reach the 

seawater with a sufficiently low temperature, the length of the WIR may range from 

100m to 500m, which depends on the seawater temperature profile of the in-situ 

location (Kuiper et al., 2007). To avoid collisions between risers and minimize the 

layout footprint, the multiple risers are configured in a bundle with a square 

arrangement. To suppress vortex-induced vibration (VIV), helical strakes are equipped 

at corner risers of the WIR bundle. The design of the Prelude FLNG WIRs is shown in 

Fig. 1-4. 

Helical 
strakesSeabed

Water Intake 
Risers

B B B-B

FLNG

Rubber joint 
and chain

Spacers

Current

x
y

z

A A

A-A

 

Figure 1-4. Demonstration of water intake risers of Prelude FLNG. 

As a new concept, there is limited research available on WIRs. Luppi and Mayau (2014) 

introduced some design details for WIRs including riser hull interface, flexible joints at 

the top end and the inlet screen at the lower end of the WIR. Two configuration types 

for the multiple WIRs, stand-alone and bundled, were also compared in terms of “pros 

& cons” for each type. For Shell’s Prelude FLNG, the bundled configuration is adopted 

with a 3×3 square configuration (Efthymiou, 2015), as shown in Fig. 1-4. The dynamic 

instability of the WIR due to the speed of the internal cooling water was investigated 

using numerical simulations (Kuiper et al., 2004) and experiments (Kuiper et al., 2007) 



General introduction  

4 

and it is found that a critical velocity of water convection through the riser exists, over 

which the riser becomes unstable. It is recognised that risers tend to experience vortex 

induced vibrations (VIV), and readers can find some comprehensive studies on the VIV 

phenomenon, for example, in Fu et al. (2013) and Wang et al. (2017). To investigate the 

relevance of VIV to the WIR bundle, two experiments with a scale of 1:50 were 

conducted at Shell’s Westhollow Research Centre in Houston (Pek and Efthymiou, 

2011). It is reported that the VIV of the WIR bundle can be virtually suppressed by 

equipping helical strakes only on the four corner risers of the WIR bundle. As a result, 

VIV is of little concern and not considered within the scope of this study due to the 

special configuration of the WIR bundle. 

Similar to conventional risers, the fatigue life of the WIR is one of the key design 

considerations. By measuring the response of a flexible WIR under the floater motions 

in a model test, Xiang et al. (2015) found that low bending vibration modes of the WIR 

tend to be excited dynamically at resonance in the typical wave energy zone since the 

first several natural periods of the WIR are close to the wave periods. Thus, wave-

induced vessel motions may trigger resonant vibrations at low bending modes, causing 

fatigue damage to WIRs. At resonance, the response amplitude of the risers is limited 

by the damping applied to the risers, in which the hydrodynamic damping dominates. 

As a result, the hydrodynamic damping is key to the prediction of the riser response and 

fatigue life. It has been an engineering practice to use the semi-empirical Morison 

equation (Morison et al., 1950) with a relative velocity formulation for estimating the 

hydrodynamic force on a riser. 

A Keulegan-Carpenter number 𝐾𝐾𝐾𝐾 (= 2𝜋𝜋𝐴𝐴/𝐷𝐷) (Keulegan and Carpenter, 1958) under 5 

is relevant to the WIRs as the riser motion amplitude 𝐴𝐴 is smaller than the diameter 𝐷𝐷 

(Pek and Efthymiou, 2011). Concerns are raised by the industry guidelines when 

applying the relative velocity Morison model in predicting the hydrodynamic damping 

in fatigue design of such risers at the low 𝐾𝐾𝐾𝐾 flow regime. For example, The DNV-GL 

rule (DNVGL-RP-C205, 2017) and international standard (ISO-19902, 2007) suggest 

that the relative velocity Morison model may overestimate the hydrodynamic damping 

for such risers, leading to a significant overestimation of fatigue life. The fatigue life 

prediction of WIRs is one of the key aspects associated with the successful 

implementation of the FLNG technology. Thus, the hydrodynamic damping and fatigue 
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features of WIRs need to be better understood and the suitability of the current industry 

standards needs to be evaluated.  

1.2 Hydrodynamic damping 

To predict the riser motions, it is essential to estimate the hydrodynamic damping 

accurately. The recent development of hydrodynamic damping is reviewed in this 

section for both smooth and straked risers.  

1.2.1 Hydrodynamic damping of a smooth riser 

The hydrodynamic damping of a riser is a specific example of fluid-structure interaction 

problems. In its simplest form, it is a problem of the oscillatory flow around a circular 

cylinder (or a cylinder oscillating in still water). The hydrodynamic damping force, 

acting in anti-phase with the velocity, originates from the skin friction and normal 

pressure caused by oscillating boundary layers. For a fixed circular cylinder in 

oscillatory flow or a cylinder oscillating in still fluid with oscillatory velocity amplitude 

𝑈𝑈 , the governing parameters are 𝐾𝐾𝐾𝐾  number and Reynolds number 𝑅𝑅𝑅𝑅  ( = 𝑈𝑈𝐷𝐷/𝜈𝜈 ) 

number, where 𝜈𝜈 is the kinematic viscosity of the fluid. Alternatively, the 𝑅𝑅𝑅𝑅 number 

can be replaced by the Stokes number i.e., 𝛽𝛽 = 𝑅𝑅𝑅𝑅/𝐾𝐾𝐾𝐾 (Sarpkaya, 2005). Physically, 𝛽𝛽 

and 𝑅𝑅𝑅𝑅 reflect the relative importance of the viscosity of the fluid, and 𝐾𝐾𝐾𝐾 describes the 

relative importance of the drag forces over the inertia forces. If a steady current with the 

velocity of 𝑈𝑈𝑐𝑐exists, the reduced velocity 𝑉𝑉𝑟𝑟 = 𝑈𝑈𝑐𝑐𝑇𝑇/𝐷𝐷 (where 𝑇𝑇 is the oscillating period 

of the cylinder or the flow) is introduced to reflect the current effect.  

Stokes (1851) offered a linearized solution for the fluid force acting on a two-

dimensional circular cylinder oscillating in fluid with small amplitudes based on the 

laminar flow without separation. These Stokes’ classical solutions were then extended 

to include higher-order terms by Wang (1968). The Stokes and Wang’s solutions are 

valid only for the sinusoidal oscillating, unseparated, stable, and laminar flow around a 

smooth cylinder. However, the flow in industrial problems is usually unsteady with 

turbulence and separation, producing vortex shedding in the wake behind the cylinder.  

To understand the flow around a circular cylinder, quite a few experiments have 

focused on flow visualization to analyze the oscillating flow structures around a 

cylinder, especially for the separation and vortices. For example, Honji (1981) 

visualized the flow around a transversely oscillating cylinder in an otherwise quiescent 
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fluid. It was found that for a given 𝑅𝑅𝑅𝑅, no separation occurs when 𝐾𝐾𝐾𝐾 is very small. But 

when 𝐾𝐾𝐾𝐾 reaches a certain value, the purely two-dimensional flow over the cylinder 

surface breaks into a three-dimensional flow and nearly regular spaced, mushroom-

shaped, three-dimensional vortices are observed. This phenomenon was well known as 

“the Honji instability”. Subsequently, Hall (1984) analyzed the Honji instability in the 

high 𝛽𝛽 limit and obtained a “Hall line”, which represents the critical 𝐾𝐾𝐾𝐾 number where 

the Honji instability occurs. By concentrating on the two-dimensional features of flow 

instabilities at 𝛽𝛽 = 255 and 𝐾𝐾𝐾𝐾 ≤ 35, Williamson (1985) completed an identification 

work for the different vortex shedding regimes based on the different 𝐾𝐾𝐾𝐾  number 

ranges. More recently, Sarpkaya (2002; 2006) extended the work of Honji (1981) and 

Hall (1984) to much higher 𝛽𝛽 numbers. By examining the structures of separation on a 

smooth circular cylinder immersed in a sinusoidal oscillating flow with more advanced 

flow visualization skills, it was observed that separation of the flow is three-

dimensional, time-dependent and often turbulent.  

With the rapid development of computer science, computational fluid dynamics (CFD) 

technology shows some promise in solving the hydrodynamic damping problems for 

circular cylinders. With direct numerical simulations (DNS), which are solving the 

Navier–Stokes equations directly, the flow structures and physics of the motion of the 

fluid can be investigated in detail as well as hydrodynamic forces. In the past decades, 

extensive efforts with DNS have been made. For example, Justesen (1991) solved the 

Navier-Stokes equations for the flow around a circular cylinder in planar oscillating 

flow with 0 < 𝐾𝐾𝐾𝐾  < 26 and 𝛽𝛽  = 196 by an Eulerian finite difference method. The 

hydrodynamic forces and flow structures from laminar, steady flow to incipient 

separation and instability flow with asymmetrical vortex shedding were investigated. 

Zhang and Dalton (1999) carried out direct numerical simulations to investigate the 

three-dimensional oscillating flow around a cylinder at 𝛽𝛽 = 196 and 1 ≤ 𝐾𝐾𝐾𝐾 ≤ 4. The 

transition process from two-dimensional laminar flow to three-dimensional turbulent 

flow was successfully reproduced and the instability of the flow structures was 

observed. An et al. (2011) conducted a DNS for oscillating flow around a circular 

cylinder at 𝐾𝐾𝐾𝐾 =2 and 100 ≤ 𝛽𝛽 ≤ 600, investigating the spacing between vortices and 

proposed an empirical relationship between 𝐾𝐾𝐾𝐾  and the spacing between adjacent 

vortices.  
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It is clear that DNS sheds more light on the physical characteristics of flow (e.g., 

separation), but the 𝑅𝑅𝑅𝑅 in the majority of the simulations has been constrained to low 

values due to the requirement for grid elements near the boundary layer for accurate 

predictions of pressure and velocity. Dong and Karniadakis (2005) have reached up to 

𝑅𝑅𝑅𝑅  = 10,000 with DNS for turbulent flows past a stationary or oscillating circular 

cylinder. However, there is still a gap between simulations and engineering practice. 

Large eddy simulation (LES), as a compromise between accuracy and computing 

resources, shows some promising potential for reasonable engineering solutions with 

high Re number. For example, Cheng et al. (2017) advanced the state of numerical 

simulations for flow over a smooth circular cylinder to 𝑅𝑅𝑅𝑅 up to 8.5×105, and the 

hydrodynamic forces agree well with the available experiments with the drag force 

crisis being well captured. It is known that LES for complex engineering problems is 

still very time-consuming. 

A tremendous amount of research, including analytical, experimental and numerical 

work, has been carried out in the past decades, but a complete and accurate description 

and resolution of the problems in the industrial practice is still beyond our ability. This 

is mainly due to the huge parameter space encountered in the actual environment. For 

example, in the real sea states, the oscillating flow produced by waves, the currents and 

structural motions are usually combined with different directions, increasing the 

complexity, in addition to the fundamental complexity of turbulence, flow separation 

and marine growth effect.  

1.2.2 Best engineering practice in estimating hydrodynamic damping for risers 

In engineering practice, the prediction of the hydrodynamic forces of risers usually 

relies on the semi-empirical models which require hydrodynamic force coefficients, 

e.g., Morison’s equation (Morison et al., 1950). In Morison’s equation, the in-line 

hydrodynamic force per unit length of a vertical circular oscillating in otherwise still 

water is given as: 

𝐹𝐹ℎ =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(−�̇�𝑥)|−�̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥)  (1-2.1) 

where 𝜌𝜌  is water density, 𝑥𝑥̇ and 𝑥𝑥̈ are the velocity and acceleration of the cylinder, 

respectively. 𝐾𝐾𝑑𝑑 is the drag coefficient and 𝐾𝐾𝑎𝑎 is the added mass coefficient. The first 
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term on the right-hand side of Eq. (1-2.1) refers to the contribution from the viscous 

drag force, which is the hydrodynamic damping for the riser vibration under forced 

oscillation by the external force. The second term is the inertia force, which can change 

the natural period of the flexible riser due to the added mass effect (Sumer, 2006). 

To consider the constant current flow, Morison’s equation as its extended form below is 

widely used, which is usually called the relative velocity Morison model. 

𝐹𝐹ℎ =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥)  (1-2.2) 

in which 𝑈𝑈𝑐𝑐 is the current velocity. Here, a linear superposition between the fluid flow 

and structural motion is assumed in the relative velocity model, and the relative velocity 

between the fluid particle and the structure is used to predict the hydrodynamic drag 

force. 

To evaluate the hydrodynamic damping coefficients, considerable experiments with 

periodic oscillating flow around a cylinder have been conducted over the decades, such 

as Ballengee and Chen (1971), Sarpkaya (1976), Justesen (1989), Obasaju et al. (1991), 

Chaplin (2000) and Barrero-Gil (2011). However, the existing experimental results still 

cannot cover the full major flow regimes for the oscillating flow around the circular 

cylinder to meet the industrial applications. Based on 𝐾𝐾𝐾𝐾 numbers, the oscillating flow 

around a circular cylinder can be divided into three regimes (Zhou and Graham, 2000):  

(1) 𝐾𝐾𝐾𝐾 > 25, drag force dominates;  

(2) 5< 𝐾𝐾𝐾𝐾 <25, both the drag and inertia forces are comparable;  

(3) 𝐾𝐾𝐾𝐾 < 5, inertia force dominates.  

𝐾𝐾𝐾𝐾 < 5 is the flow regime where the WIRs are located since the motion amplitudes are 

smaller than one diameter (Pek and Efthymiou, 2011). In this flow regime, inertia force 

is much larger than drag force, but the drag force (though is small) plays a significant 

role in the structural responses of the risers since the drag force acts as a damping force, 

which affects the fatigue life of the riser. 

While most of the literature focus on medium to high 𝐾𝐾𝐾𝐾 and small 𝑅𝑅𝑅𝑅 (or 𝛽𝛽) values, 

few experiments have been reported for the flow regime of 𝐾𝐾𝐾𝐾 < 5 at large 𝛽𝛽. Anaturk 

(1991) investigated the hydrodynamic forces of smooth and rough circular cylinders 
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oscillating at small amplitudes and high frequencies, where 𝐾𝐾𝐾𝐾 is in the range of 0.1 – 

10 and 𝛽𝛽  is from 29000 to 136000. Troesch and Kim (1991) measured the 

hydrodynamic forces resulting from small-amplitude harmonic oscillations of a smooth 

circular cylinder in otherwise still water, where 𝐾𝐾𝐾𝐾  ranges from 0.07 to 0.8 with 𝛽𝛽 

being kept as 23200 or 48600. Bearman and Mackwood (1992) investigated the 

hydrodynamic damping of smooth and rough circular cylinders at small 𝐾𝐾𝐾𝐾 (0.1 – 3) 

and high 𝛽𝛽 (up to 30000) values using decay tests with the circular cylinder mounted on 

a pendulum suspension system. For the influence of steady current on the 

hydrodynamic loading of oscillating structures at low 𝐾𝐾𝐾𝐾, which is considered by the 

relative velocity Morison model in practice, even fewer studies can be found, focusing 

on medium to high 𝐾𝐾𝐾𝐾 at relatively small 𝑅𝑅𝑅𝑅 such as Moe and Verley (1980), Sarpkaya 

and Storm (1985) and Sumer et al. (1992). There is therefore little discussion on the 

applicability of the hydrodynamic damping models for cylinder oscillations at small 𝐾𝐾𝐾𝐾 

in the presence of currents. 

To the author’s knowledge, commercial riser design software (e.g., OrcaFlex, Flexcom 

and Riflex) adopts the relative velocity Morison’s equation only to consider the 

hydrodynamic loading in time-domain dynamic analysis. 

However, design guidelines suggest that the relative velocity Morison’s equation may 

not be appropriate at low 𝐾𝐾𝐾𝐾  number. The DNV-GL guideline (DNVGL-RP-C205, 

2017) suggests that the use of relative velocity Morison’s equation for the drag force in 

the flow regime of 𝐾𝐾𝐾𝐾 < 6.3 is valid only when reduced velocity 𝑉𝑉𝑟𝑟is larger than 20. 

Otherwise, it may lead to an overestimation of the hydrodynamic damping. Similarly, 

the international standard (ISO-19902, 2007) also advises that the relative velocity 

formulation of Morison’s equation may cause implicit hydrodynamic damping with 

drag actions. To the author’s best knowledge, there is no clear answer on how to predict 

hydrodynamic damping of risers at low 𝐾𝐾𝐾𝐾 in the presence of steady currents. 

1.2.3 Hydrodynamic damping of a riser with helical strakes 

Helical strakes, which were invented by Scruton and Walshe (1957), are now widely 

used to suppress VIV. Extensive research has been conducted to investigate the 

efficiency of helical strakes. For instance, by testing a flexible riser with and without 

strakes, Trim et al. (2005) found that the triple-start helical strakes are effective in 

mitigating VIV, though the performance is dependent on the geometry of the strakes. 
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Allen et al. (2004) performed a series of experiments to evaluate the influence of strake 

geometry, surface roughness, coverage length, and interference effects on the 

suppression efficiency. Other literature about the efficiency of helical strakes on VIV 

suppression can be found in, e.g., Bearman and Branković (2004), Ding et al. (2004) 

Vandiver et al. (2006), Boubenider et al. (2008), Quen et al. (2014), Gao et al. (2016), 

Ren et al. (2019) and so on. To explore the mechanism of the suppression, some 

experiments e.g., Korkischko et al. (2007) and Zhou et al. (2011), and numerical 

simulations e.g., Constantinides and Oakley (2006) have also been conducted. It is 

found that the helical strakes prevent the vortex shedding from forming the spanwise 

correlation rather than suppress the vortex shedding, and the three-dimensionality is 

introduced in the separating flow breaking the regular vortex shedding.  

For Prelude FLNG, the four corner risers of the WIR bundle are partially covered with 

helical strakes as shown in Fig. 1-4, and the VIV is virtually eliminated, evidenced by 

the experimental study in (Pek and Efthymiou, 2011). Therefore, there is little fatigue 

damage due to VIV. As discussed in Section 1-1, the hydrodynamic damping of the 

WIR is critical to the resonant response of the WIR caused by the wave-induced vessel 

motion. The effect of the helical strakes on the hydrodynamic damping needs to be 

investigated, as it is expected to be significantly different from that of a smooth riser. 

Despite considerable literature on the suppression efficiency of helical strakes on VIV, 

there are very limited studies on the hydrodynamic damping of the riser with helical 

strakes, such as Mikta et al. (2003) and Senga and Larsen (2017). The limited data of 

hydrodynamic coefficients under oscillatory flow are mainly for the regime of medium 

𝐾𝐾𝐾𝐾 values. However, the flow regime of 𝐾𝐾𝐾𝐾 < 5 is more relevant in the fatigue design 

of WIRs. Thus, there is a need to investigate the hydrodynamic damping of a riser with 

helical strakes. 

1.3 Fatigue analysis of a WIR considering hydrodynamic damping effect 

The experimental results show that the drag coefficients change significantly with 𝐾𝐾𝐾𝐾 

(or the motion amplitudes) in the flow regime of 𝐾𝐾𝐾𝐾 < 5, while the riser motions 

depend on the hydrodynamic damping. This indicates a coupling effect between the 

hydrodynamic damping and the structural motions. However, the industry practice for 

predicting the hydrodynamic damping in fatigue analysis is to use a constant drag 

coefficient, which is independent of the riser response in the structural dynamic 
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analysis. This assumption may not be appropriate for the fatigue analysis of WIRs, 

which are in the flow regime of 𝐾𝐾𝐾𝐾 < 5. Thus, the influence of the hydrodynamic 

damping at low 𝐾𝐾𝐾𝐾  on the dynamics and the fatigue life of WIRs needs to be 

investigated. To consider mutual dependence between hydrodynamic damping and the 

riser response, new fatigue analysis procedures need to be established since the existing 

methods only allow for the use of constant drag coefficients, which fail to capture the 

coupling between the hydrodynamic damping and structural dynamics. Such a new 

fatigue analysis method based on numerical simulations is important for the 

improvement of both accuracy and efficiency in the fatigue design phase.  

1.4 Fatigue analysis of WIRs based on field measurement data 

It is known that modelling, from both model tests and numerical simulations, is an 

effective way to investigate the hydrodynamics and structural responses for offshore 

structures. However, uncertainties may occur because of the scaling effect from the 

model scale to full-scale and the assumptions made in the numerical simulations. Field 

measurement data provide a reliable and direct way to investigate its structural 

performance.  

For the WIRs of Prelude FLNG, the accelerations and rotations at two locations along 

the length of the WIR bundle are measured. These full-scale measurements provide 

valuable data for the WIR response in operation. The characteristics of the WIR 

motions at field are investigated based on the full-scale measured data. The 

accumulated fatigue damage is estimated as well, where the bending stresses along the 

WIR are obtained from the measured rotations of the two locations.  

The analysis of these full-scale measurement data will not only serve as benchmark for 

future design, but also lead to a better understanding of the structural integrity of the 

Prelude FLNG WIRs in operation.  

1.5 Aims 

The main objectives of this thesis are: 

(1) To explore the nature of the hydrodynamic damping for a riser with and without 

helical strakes at low 𝐾𝐾𝐾𝐾 flow regime. 
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(2) To identify an appropriate hydrodynamic damping model to estimate the drag force 

of risers at low 𝐾𝐾𝐾𝐾 flow regime, with application in the fatigue analysis of WIRs. 

(3) To establish an appropriate fatigue analysis method based on the identified 

hydrodynamic damping model. 

(4) Use the full-scale measurement data to investigate the dynamic response 

characteristics of the WIR bundle and provide guidance for future design of WIRs in 

fatigue analysis. 

1.6 Outline of the thesis 

The thesis comprises six chapters. Following this Introduction, Chapter 2 provides a 

detailed description of the experimental and numerical models used in this study. 

Chapter 3 (published), Chapter 4 (under review) and Chapter 5 (accepted) contain a 

series of journal papers, where a summary of the main contents is provided in the 

prologue of each chapter. Chapter 6 analyzes the field measurement data from the 

Prelude FLNG facility. Chapter 7 provides the concluding remarks. A brief of each 

chapter of the thesis is given below: 

Chapter 1 (the present one) provides a brief introduction, in which the recent 

development on hydrodynamic damping of risers at low 𝐾𝐾𝐾𝐾  is reviewed and 

motivations and aims for this study are introduced.  

Chapter 2 describes the models and experimental and numerical set-up, which are used 

in this study. 

Chapter 3 presents the experimental study on the hydrodynamic damping of a smooth 

riser at flow regime 𝐾𝐾𝐾𝐾 < 5, in which an elastically mounted smooth cylinder is forced 

to oscillate in still water, in-line steady current and cross current. The appropriateness of 

different hydrodynamic damping models is explored, leading to recommendations for 

the prediction of hydrodynamic damping in fatigue analysis.  

Chapter 4 shows the experimental and numerical studies on the hydrodynamic damping 

of a riser with helical strakes at 𝐾𝐾𝐾𝐾 < 3. Recommendations are given for the prediction 

of hydrodynamic damping of the straked riser in the design of WIRs. 
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Chapter 5 investigates the fatigue life of the WIR based on the findings in Chapter 3 and 

Chapter 4. The effect of the hydrodynamic damping on the fatigue life is examined and 

a hybrid frequency-time domain fatigue analysis method for WIRs is proposed. 

Chapter 6 analyzes the full-scale measurement motion data of the WIRs. A fatigue 

analysis method based on the field measurement rotations at two locations of the WIR is 

proposed to estimate the accumulated fatigue damage of the WIR bundle in operation.  

Chapter 7 summarizes this study, where the main findings are reported, and future 

research work is recommended.  
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CHAPTER 2. EXPERIMENTAL AND NUMERICAL MODELS 

This chapter provides the details of the models which are used to investigate the 

hydrodynamic damping and fatigue life of WIRs in subsequent chapters. These include 

both the experimental set-up for the determination of the hydrodynamic damping 

characteristics of risers at low 𝐾𝐾𝐾𝐾 and CFD modelling for a better understanding of the 

local flow field. The proposed fatigue analysis method is introduced as well. 

2.1 Introduction of water intake risers 

A brief demonstration of water intake risers has been given in Fig. 1-4 in Chapter 1. 

Given that the whole study is motivated by the interesting physics induced by this new 

concept, which is distinct from conventional marine risers, we provide a more detailed 

introduction of the water intake risers (WIRs) in this section.   

In reality, there are 3×3 WIRs forming a bundle (Efthymiou, 2015), with each being 

freely-hanging connected to the underside of the vessel hull, as illustrated in Fig. 2-1. 

The WIR bundle consists of one structural WIR in the middle, four WIRs with helical 

strakes at the four corners of the bundle, and four WIRs without helical strakes.  
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Figure 2-1. Schematic of the WIR bundle modeling. Figure is not to scale. 
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There are four spacers along the risers to support the WIR bundle. Motion sensors are 

installed at the locations of Spacer #1 and Spacer #4 to provide field measurement data 

as shown in Fig. 2-1.  

Structural analysis, detailed in Section 6.2, shows that the WIR bundle has the natural 

periods of 32.9 s, 7.0 s and 2.7 s for the first three vibration modes, respectively.  

To provide a clear demonstration, the first three mode shapes of a single riser are given 

in Fig. 2-2.  
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Figure 2-2. The first three modal shapes: d refers to water depth. 

One can see that the first vibration mode is a pendulum mode and thus stress-free for 

the steel part of WIR. The deformation and fatigue of the rubber joints are out of the 

scope of the present study. Furthermore, its natural period is out of the wave energy 

periods (typically from 6 s to 20 s for peak periods (Shell, 2010)), and thus the fatigue 

damage from the first vibration mode is negligible. By analogy, the natural period of the 

3rd vibration mode is also out of the wave energy range, which leads to an insignificant 

influence on the fatigue damage as well.  

The 2nd vibration period 7.0 s is well located within the range of the wave energy. The 

wave-induced vessel motions, in particular the wave-frequency sway motions, though 

very small (smaller than 0.8 diameter of a single riser), will induce resonant responses 

of the risers. This leads to the flow 𝐾𝐾𝐾𝐾 flow regimes 𝐾𝐾𝐾𝐾 = 2𝜋𝜋𝐴𝐴/𝐷𝐷 < 2𝜋𝜋 ∙ 0.8𝐷𝐷/𝐷𝐷 ≈

5. As discussed in Chapter 1, the nature of the hydrodynamic damping at this flow 
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regime is unclear and two design guidelines in the offshore industry provide warning 

against the use of the common practice of relative velocity Morison model. This 

necessitates the experimental and numerical studies here.  

It is worth mentioning that the hydrodynamic interference (DNVGL-RP-F203, 2019) 

may be significant for the risers in a bundle. However, this is out of the scope of the 

thesis, and the present experiments focus on the hydrdynamic dmaping of a single riser. 

The effect of riser interference on the hydrodynamic damping needes to be investigated 

in the future study. Thus, the application of the present experimental results in a 

situation of risers in a bundle may need to be corrected to consider the hydrodynamic 

interference effect. 

2.2 Experimental study 

2.2.1 Experimental design 

A straightforward option for the experiment design is to test a scaled flexible riser in a 

basin. However, this is not easy to be achieved due to the limitation of available basin 

size and capability of test equipment. As the length of the WIR prototype is about 150 

m, even a scaling factor of 10 leads to a length of 15 m for the flexible riser model, 

making it hard to be tested with steady current produced along such depth. Besides, a 

large scaling factor will result in too small 𝑅𝑅𝑅𝑅 values, increasing the scaling effect. 

After evaluating the available testing capability and the maximum 𝑅𝑅𝑅𝑅  values to be 

achieved, a section of the riser, which is modelled by a rigid circular cylinder with a 

length of 0.880 m, is selected for the experiment.  

The scaling factor for the riser diameter is 7.11, leading to a diameter of 0.15 m for the 

rigid cylinder model with or without helical strakes. The 𝐾𝐾𝐾𝐾  number and reduced 

velocity are kept the same for both the prototype and the model, while the 𝑅𝑅𝑅𝑅 number of 

the model is from 103 to 105. By applying forced oscillations, the hydrodynamic 

damping at 𝐾𝐾𝐾𝐾 <  5 is measured with the smooth cylinder oscillating in still water, in-

line or cross steady currents and the straked cylinder oscillating in in-line or cross 

steady currents. 

2.2.2 Basin description 
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The BGO FIRST basin in France, where the experiments were performed, is 40 m long 

and 16 m wide. The depth of the basin can be adjusted from 0 m up to 5 m with a 

movable bottom. Steady currents can be produced covering the full width of the basin, 

giving a uniform current profile along the depth and width of the basin. For this 

experiment, the water depth was selected to be 1.275 m. At the central area of the basin 

where the test facility is located, a rectangular flat plate of 4.50 m × 4.59 m is installed 

0.37 m above the basin bottom to encourage the two-dimensional vortex shedding 

(Morse and Williamson, 2009) and reduce the boundary layer effect from the basin 

bottom. This scantling of the flat plate and the gap of 0.03 m between the flat plate and 

the free end of the cylinder are selected as a result of the balance between encouraging 

two-dimensional vortex shedding and avoiding the effect of boundary layers from both 

the flat plate and the basin bottom.  

2.2.3 Experimental set-up 

The test set-up is illustrated in Fig. 2-3. A hexapod with a rigid supporting beam rail is 

used to impose the forced oscillation, and a trolley with four rollers can move along the 

support beam rail freely. Two springs are used to attach the trolley with both ends of the 

support beam, and the total stiffness of the springs is 1060 N/m. The stiffness of the 

springs is selected such that the natural period of the system equals the period of the 

second vibration mode for the WIR. 

Table 2-1 The parameters of the cylinder in the experiment 

Cylinder type Parameters Values 

Smooth cylinder 

Diameter 0.15 m 

Total length 0.880 m 

Length immersed in water 0.875 m 

Cylinder with helical strakes 

Diameter 0.15 m 

Total length 0.880 m 

Length immersed in water 0.875 m 

Pitch of helical strakes 2.625 m 

Height of helical strakes 0.03 m 
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The smooth or straked cylinder is watertight at both ends and fixed to the trolley via a 

load sensor. The parameters of the cylinder in the experiment are listed in Table 2-1. 

The cylinder is made of aluminum with a diameter of 0.15 m and a length of 0.880 m. 

The top end of the cylinder is 0.005 m above the surface of still water, giving an 

immersed length of 0.875 m. The bottom end of the cylinder is 0.003 m above the flat 

plate to minimize the end effect. It has been designed to make sure that the total mass of 

the moving structure (including the cylinder, trolley and force sensor) is equal to the 

buoyancy experienced by the cylinder, so a neutrally buoyant cylinder in water. It 

means that the mass ratio, which is the ratio between the mass of the moving structure 

and the mass of the displaced water by the cylinder, is 1.0. The selection of such a mass 

ratio is to reduce the structural damping of the test setup since the structrual damping 

mainly comes from the friction between the rollers and the support beam rail. For the 

straked cylinder, the three-start helical strakes with a pitch (𝑝𝑝) of 17.5𝐷𝐷 (= 2.625 m) and 

a height (ℎ) of 0.2𝐷𝐷 (= 0.03 m) are made of rigid rubber. The dimensions of the helical 

strakes are based on the prototype of the WIRs of Prelude FLNG (Efthymiou, 2015), 

where only this type of helical strakes is used. Thus, only this type of helical strakes is 

tested in the experiment. 

Forced motion

Current

HexapodSprings

Support beam

(a) (b)

Smooth or 
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Figure 2-3. Experimental setup: (a) Schematic diagram; (b) Detailed drawing (unit in 

mm). 

2.2.4 Testing matrix 

In the experiment, harmonic horizontal motions were applied through the hexapod to 

trigger the motion of the trolley together with the cylinder via the springs. The period of 

the forced motion is equal to the natural period 𝑇𝑇  of the spring-moored cylinder 

determined by a free decay test in still water, which is 1.074 s for the smooth cylinder 

and 1.25 s for the straked cylinder. Correspondingly, the Stokes number, which is 

defined as 𝛽𝛽  =  𝐷𝐷2/𝜈𝜈𝑇𝑇 (where ν is the kinematic viscosity of water), is 20950 for the 
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smooth cylinder and 18000 for the straked cylinder. As seen in the test matrix shown in 

Table 2-2, the input hexapod motion amplitudes for the smooth cylinder in still water 

are 1, 2, 3, 4, 5, 8, 16 and 30 mm. In the presence of currents, the current velocities of 

0.1, 0.2, 0.3 and 0.4 m/s were adopted for all cases except for that of the straked 

cylinder in cross current, in which 0.1 and 0.2 m/s were used. The input hexapod 

motion amplitudes are 2, 4, 8, 16 and 30 mm. Free decay test in air was performed to 

determine the structural damping and free decay test in still water was also conducted to 

measure the natural period and total damping of the test setup. For the forced motion 

tests in water, a time interval of 30 s between each test was adopted to reduce the effect 

of disturbances generated in the previous test. 

 
Table 2-2 Test matrix 

 
 

Current velocity 

(m/s) 

Input hexapod motion 

amplitude (mm) 

Smooth cylinder in 

still water  – 1, 2, 3, 4, 5, 8, 16, 30 

Smooth cylinder 

with in-line current  
0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

Smooth cylinder 

with cross current  
0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

Straked cylinder 

with in-line current  
0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

Straked cylinder 

with cross current  
0.1, 0.2 2, 4, 8, 16, 30 

 

2.2.5 Data collection 

A SCHILTKNECHT Doppler propeller current-meter was used to measure the steady 

current velocity. The displacements of the cylinder and the support beam were 

measured using KRYPTON RODYM DMM System, which is a contactless aerial 

tracking system based on infrared cameras aiming at infrared active markers located on 
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the trolley and on the support beam. A 2-D load sensor, which connects the cylinder and 

the trolley, was used to measure the horizontal in-line and the transverse loads on the 

cylinder. All the data were measured at a sampling rate of 1000 Hz. 

Based on the measurements of loads at the top end of the moving riser and the riser 

displacements, the drag coefficients (𝐾𝐾𝑑𝑑) and the added mass coefficients (𝐾𝐾𝑎𝑎) can be 

obtained, which is in the same way with the typical forced oscillation experiments. Thus, 

the measured drag and added mass coefficients do not depend on the dynamic 

characteristics of the present test setup (e.g., whether resonance occur or not). However, 

the present test setup provides opportunities to obtain the dynamic amplification factor 

(DAF), i.e., the ratio between the motion amplitude of the riser and that of the input 

displacement, directly from the experiments. These measured DAF values can be used 

for validating the measured hydrodynamic coefficients based on the different 

hydrodynamic damping models in the dynamic analysis of the riser responses. 

2.3 CFD modelling for the straked cylinder 

For the smooth cylinder, the measured hydrodynamic damping in still water matches 

well the published data, which provides much confidence for the present measurements. 

In contrast to the extensive studies for the smooth cylinder, the literature on the 

hydrodynamic damping of the straked cylinder is scarce. In the present experiments, the 

measured drag coefficients for the straked cylinder are found to correlate well with the 

velocity ratio between the cylinder oscillating velocity amplitude and steady current 

velocity, which may be observed for the first time. Thus, to further confirm this 

interesting phenomenon and explore the possible underlying physics, the present CFD 

modelling focuses on the straked cylinder.  

CFD simulations based on large-eddy simulation (LES) are performed for a fixed 

straked cylinder with a combined oscillatory and steady flow to simulate the test cases 

where the straked cylinder oscillates with in-line current. The oscillatory flow around a 

fixed cylinder is equivalent to the flow field where the cylinder oscillates in still water 

with only a difference of the Froude-Krylov force (Sumer, 2006), which is related to the 

inertia coefficient 𝐾𝐾𝑚𝑚  (= 𝐾𝐾𝑎𝑎 + 1). It was found in previous studies (Sarpkaya, 2010; 

Korkischko et al., 2007) that the drag coefficients of a straked cylinder in steady flow 

are nearly independent of Reynold number (𝑅𝑅𝑅𝑅). To avoid the prohibitive computational 

cost, lower 𝑅𝑅𝑅𝑅 values compared to those in the experiments are used. Based on the 
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steady current velocity 𝑈𝑈𝑐𝑐, the values of 𝑅𝑅𝑅𝑅𝑐𝑐 (= 𝑈𝑈𝑐𝑐𝐷𝐷/ν) range from 400 to 1600, while 

for the oscillatory flow, the Stokes number 𝛽𝛽 is 480 with 𝐾𝐾𝐾𝐾 from 0.33 to 1.67, giving 

the oscillatory flow 𝑅𝑅𝑅𝑅𝑜𝑜 values from 160 to 800 (𝑅𝑅𝑅𝑅𝑜𝑜  =  𝐾𝐾𝐾𝐾 ∙  𝛽𝛽).  

In the numerical simulations, the same geometry of the cylinder and helical strakes as in 

the experiments is used except for the length of the cylinder. A length of 4𝐷𝐷 is used in 

the numerical simulation (instead of 5.8𝐷𝐷 as in the experiment). This length is believed 

to be appropriate considering the disruption effect on the vortex correlation by helical 

strakes. In a previous study (An et al., 2011), a span length of 4𝐷𝐷 for a smooth circular 

cylinder at the same KC and Re ranges was used. The computation domain is 50𝐷𝐷 ×

 40𝐷𝐷 × 4𝐷𝐷 as shown in Fig. 2-2. The flow is in the x-axis direction. To facilitate the 

modelling of helical strakes, the overset mesh approach, which was benchmarked for 

flow around a fixed cylinder (Ye and Wan, 2017), is adopted. The radius of the overset 

domain is 3𝐷𝐷. For the boundary condition, the inlet flow velocity is one-dimensional 

and specified as �𝑢𝑢𝑥𝑥,  𝑢𝑢𝑦𝑦,  𝑢𝑢𝑧𝑧� = �𝑈𝑈𝑚𝑚 sin �2𝜋𝜋𝜋𝜋
𝑇𝑇
� + 𝑈𝑈𝑐𝑐, 0, 0�. 

xx

yy
zz

Background domain 
50D×40D×4D

Background domain 
50D×40D×4D

Overset domain 
R = 3D

Straked cylinder

Inlet

Outlet

 
Figure 2-4. The basic coordinate system and computational domain for LES. 

Periodic conditions are specified on the two boundaries perpendicular to the z-axis, and 

free-slip conditions are imposed on the two boundaries perpendicular to the y-axis. For 

the outlet, the velocity gradients in the x-direction and the pressure are both set as zero. 

The mesh details of the straked cylinder surface and the plane mesh for the overset 

region are shown in Fig. 2-3. Hexahedral elements are used to discretize the entire 

computational domain. To resolve the boundary layer, the average non-dimensional 
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distance 𝑦𝑦+ is approximately 0.5 (𝑦𝑦+ = 𝑢𝑢𝑓𝑓𝑦𝑦1/𝜈𝜈, where 𝑢𝑢𝑓𝑓  is the friction velocity and 𝑦𝑦1 

is the first layer mesh size to the cylinder surface). A dynamically adjustable time step 

is used to guarantee a Courant number of less than 0.5. For the sub-grid-scale flow 

modelling in LES, the wall adapting local eddy viscosity model (Nicoud and Ducros, 

1999) is adopted. 

 
                                       (a)                                          (b) 

Figure 2-5. Details of the computational mesh: (a) The mesh of the straked cylinder 

surface; (b) The top view of the mesh of the overset region. 

2.4 Numerical modelling for fatigue analysis 

The experimental and numerical studies on the hydrodynamic damping suggest that the 

drag coefficients change significantly with 𝐾𝐾𝐾𝐾  (or motion amplitude) at 𝐾𝐾𝐾𝐾 < 5 , 

indicating the coupling effect between the hydrodynamic damping and structural 

motion. This may be important for the fatigue analysis but cannot be accounted for by 

the existing fatigue analysis methods. To investigate this coupling effect on fatigue life, 

a new fatigue analysis method needs to be developed. 

In Chapter 5, a hybrid frequency-time domain method with a nonlinear stress transfer 

function (NSTF) is proposed for fatigue analysis. In this hybrid method, NSTF is 

obtained first in time domain, which will then be used to obtain the stress spectra in 

frequency domain. The stress spectra will then be converted to time histories so that 

fatigue damage is calculated in time domain via the rain flow count method based on 

the S-N curve.  
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To demonstrate the hybrid frequency-time domain fatigue method, a single WIR finite 

element model is developed in Abaqus as illustrated in Fig. 2-6. The WIR is modelled 

with the 2-node linear Timoshenko beam elements. The buoyancy, added mass and 

inner fluid mass of the WIR are all taken into consideration in the analysis. The 

hydrodynamic damping is modelled based on the findings from experimental studies.  

Flexible joint

Steel riser
Current

x

yz

FLNG

 

Figure 2-6. Schematic of a single WIR model. 

2.4.1 Basic dynamic equation and fatigue theory 

The dynamics of the WIR under the forced motions of FLNG and current is given by 

the equation below  

[𝑀𝑀]{�̈�𝑥} + [𝐾𝐾]{�̇�𝑥} + [𝐾𝐾]{𝑥𝑥} = {𝐹𝐹𝑠𝑠(𝑡𝑡)} + {𝐹𝐹ℎ(𝑡𝑡)}  (2-4.1) 

where [𝑀𝑀], [𝐾𝐾] and [𝐾𝐾]are mass, structural damping and stiffness matrices of the riser, 

respectively. {𝑥𝑥}, {�̇�𝑥} and {�̈�𝑥} are the displacement, velocity and acceleration vectors of 

the risers, respectively. {𝐹𝐹𝑠𝑠(𝑡𝑡)} is the reaction force vector, which has the only non-zero 

value for the node at the interface between the FLNG and the WIR; {𝐹𝐹ℎ(𝑡𝑡)} is the 

hydrodynamic force vector on the WIR, which is investigated in Chapters 3 and 4. In 

the hybrid method, Eq. (2-4.1) is solved in time domain to obtain the NSTF, which can 

consider all the nonlinear effects including the dependency between the hydrodynamic 

damping and the structural motion. 

For fatigue damage calculation in time domain, the method based on S-N curves has 

been widely used in structural design. It is assumed that the fatigue damage of a 

material can be described by an S-N equation given as 
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𝑁𝑁 = 𝑎𝑎(Δ𝜎𝜎)−𝑚𝑚  (2-4.2) 

where 𝑁𝑁 is the allowable number of cycles to failure for stress range Δ𝜎𝜎, and 𝑚𝑚 and 𝑎𝑎 

are material constants, which are determined from fatigue tests.  

With the S-N curve fatigue approach, the fatigue life can be calculated based on the 

Palmgren-Miner rule (Miner, 1945), which assumes that cumulative fatigue damage is a 

linear summation of the individual damage from all the considered stress range 

intervals, i.e. 

𝐷𝐷𝑏𝑏 = �
𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑏𝑏

𝑖𝑖=1

  (2-4.3) 

where 𝐷𝐷𝑏𝑏 is the accumulated fatigue damage; 𝑏𝑏 is the number of stress blocks; 𝑛𝑛𝑖𝑖 is the 

number of stress cycles in stress block 𝑖𝑖 and 𝑁𝑁𝑖𝑖  is the number of cycles to failure at 

constant stress range 𝛥𝛥𝜎𝜎𝑖𝑖.  

For the irregular stress time history, cycle counting is needed to identify the number of 

cycles for various stress ranges and the definition of a cycle varies with the methods of 

counting, which includes peak counting, range counting, level-cross counting, rain flow 

counting and so on. Among these methods, the rain flow counting method (Matsuishi 

and Endo, 1968), is considered to be the preferred practice (Amzallag et al., 1994; 

Socie, 1992). In the present analysis, the standardized rain flow counting algorithms in 

ASTM E 1049-85 (2017) is used. 

2.4.2 Hybrid frequency-time domain fatigue analysis method 

The detailed procedure of the proposed hybrid frequency-time domain method is shown 

in Fig. 2-7. Firstly, the motion spectrum of the FLNG vessel can be obtained with the 

wave spectrum and the vessel motion response amplitude operator (RAO) as 

𝑆𝑆𝑚𝑚(ω) = |𝐻𝐻(ω)|2𝑆𝑆𝑤𝑤(ω)  (2-4.4) 

where 𝜔𝜔 is circular frequency, 𝑆𝑆𝑤𝑤(𝜔𝜔) is the wave spectrum and |𝐻𝐻(𝜔𝜔)| is the vessel 

motion RAO. 

The calculation of the NSTF is conducted in time domain, in which the coupling effect 

can be considered using an algorithm introduced in Section 5.3.2. The NSTF represents 
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the stress amplitude for a WIR node achieved by the forced excitation amplitude at the 

riser top and is a function of both period and excitation amplitude, which can be 

expressed as  

𝐻𝐻𝑁𝑁𝑁𝑁(𝐴𝐴,ω) =
σ𝑐𝑐(𝐴𝐴𝐹𝐹,ω)

𝐴𝐴𝐹𝐹
  (2-4.5) 

where 𝐴𝐴𝐹𝐹 is the forced harmonic motion amplitude applied at the top of the WIR, and 

𝜎𝜎𝑐𝑐(𝐴𝐴𝐹𝐹 ,𝜔𝜔) is the stress amplitude of the combined bending and axial stresses. Different 

WIR nodes have different NSTFs. By calculating the NSTF for each node, all the hot 

spots can be identified in the fatigue analysis. 

Cases of forced 
regular motions with 
different amplitudes 

and frequencies

Stress transfer 
function 

considering 
nonlinearity

Wave spectra

Stress spectra

Motion spectra

Stress time history

Motion RAO

Dynamic analysis 
with coupling 
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Frequency 
domain to 

time domain

Stress ranges and 
cycle numbers

Damage and 
fatigue life

Rainflow 
count method

S-N curve, 
Palmgren-
Miner Rule

Frequency domain Time domain

 
Figure 2-7. Flowchart for procedures of the hybrid frequency-time domain fatigue 

analysis method. 

For a given sea state, the vessel motion spectrum, which is obtained with Eq. (2-4.5), is 

used to calculate the significant vessel motion amplitude 

𝐴𝐴𝑠𝑠 = 2σ𝑚𝑚  (2-4.6) 
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where 𝜎𝜎𝑚𝑚 is the standard deviation of the vessel motion, which can be obtained through 

the motion spectrum  

σ𝑚𝑚2 = � 𝑆𝑆𝑚𝑚(ω)
∞

0
𝑑𝑑ω  (2-4.7) 

To get the stress spectrum, the significant vessel motion amplitude, which is a measure 

of response energy, is adopted as an input index to identify the corresponding stress 

transfer function 𝐺𝐺(𝜔𝜔). The nonlinearity of the stress transfer function is accounted for 

when the significant vessel motion amplitude is changed.  

Thus, the stress spectrum can be calculated as 

𝑆𝑆𝑠𝑠(ω) = |𝐺𝐺(ω)|2𝑆𝑆𝑚𝑚(ω)  (2-4.8) 

For the stress spectrum, a conversion from frequency domain to time domain is 

conducted to get the time realization of stress from the stress spectrum since an irregular 

stress time history can be considered as a sum of regular stress time series with different 

amplitudes and frequencies.  

σ(𝑡𝑡) = �σ𝑖𝑖

𝑁𝑁

𝑖𝑖=1

sin(2πω𝑖𝑖𝑡𝑡 + ϵ𝑖𝑖)  (2-4.9) 

where 𝜎𝜎𝑖𝑖 , 𝜔𝜔𝑖𝑖  and 𝜖𝜖𝑖𝑖  are the amplitude, circular frequency and phase angle of the 𝑖𝑖 th 

stress component, respectively. Here, a random phase angle between 0 to 2𝜋𝜋 is selected 

for each stress component. The relation between 𝜎𝜎𝑖𝑖 and 𝑆𝑆𝑠𝑠(𝜔𝜔𝑖𝑖) is  

1
2
σ𝑖𝑖2 = 𝑆𝑆𝑠𝑠(ω𝑖𝑖)Δ𝜔𝜔  (2-4.10) 

where 𝛥𝛥𝜔𝜔 is the discretization spacing for frequency.  

When converting the stress spectrum to the stress time history, a geometric progression 

discretization method is used to avoid the repeat period of the time realization. The 

stress component frequencies are selected with a constant ratio for successive ones.  

ω𝑖𝑖+1 = ω𝑖𝑖(1 + κ)  (2-4.11) 
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where 𝜅𝜅 is the geometric progression factor, and a value of 0.02 is used in the present 

analysis. 

For the stress history of every node, the rain flow count method is applied to obtain the 

stress range and occurrence cycle numbers. Finally, the fatigue damage and life can be 

assessed based on the S-N curve and the Palmgren-Miner rule. 

Compared to the time domain fatigue analysis method, the present hybrid frequency-

time domain method needs only a limited number of nonlinear analyses based on 

dynamic analysis of the riser subjected to forced regular motion at the top end with 

different excitation amplitudes and periods to determine the NSTF. This can reduce the 

computation cost significantly, while the NSTF allows for the consideration of the 

coupling between the hydrodynamic damping and the structural motion. 
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CHAPTER 3. HYDRODYNAMIC DAMPING OF A CIRCULAR CYLINDER AT 

LOW 𝑲𝑲𝑲𝑲: EXPERIMENTS AND AN ASSOCIATED MODEL 

Prologue 

The context of Chapter 3 has been published in Marine Structures as the reference 

below.  

Gao, Z., Efthymiou, M., Cheng, L., Zhou, T., Minguez, M. & Zhao, W., 2020. 

Hydrodynamic damping of a circular cylinder at low 𝐾𝐾𝐾𝐾 : Experiments and an 

associated model. Marine Structures, 72, 102777. 

Below is a brief of this chapter (paper).  

The hydrodynamic damping of a smooth riser at low 𝐾𝐾𝐾𝐾, which is critical to the fatigue 

prediction of WIRs, is not well understood, and the application of relative velocity 

Morison equation for predicting hydrodynamic damping at low 𝐾𝐾𝐾𝐾 (< 5) is challenged 

by existing guidelines such as DNVGL-RP-C205 and ISO-19902.  

 
Figure 3-1. Smooth cylinder model for the experiments. 

In this chapter, the hydrodynamic damping of a smooth riser in the flow regime of 𝐾𝐾𝐾𝐾 < 

5 and 𝑅𝑅𝑅𝑅  from 103 – 105 is investigated experimentally. In the experiments, an 

elastically mounted smooth circular cylinder (Fig. 3-1) was forced to oscillate in still 

water, and in steady current from in-line or cross direction, respectively. The 

hydrodynamic forces on the cylinder as well as the cylinder motions are measured, 

which are then used to obtain the drag and added mass coefficients and to investigate 

the influence of the in-line and cross currents on the hydrodynamic damping. The drag 
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coefficients in still water match well the published data and Stokes and Wang 

theoretical solution at low 𝐾𝐾𝐾𝐾  values. The in-line current is found to increase the 

hydrodynamic damping while the cross current effect is not remarkable until the current 

velocity is large.  

The Morison equations with relative velocity and independent velocity formulations are 

investigated for the application at low 𝐾𝐾𝐾𝐾. The independent velocity model tends to 

provide a better fit, which is not surprising given the more flexibility offered by two 

independent drag coefficients. However, the two drag coefficients vary with both 𝐾𝐾𝐾𝐾 

and the current velocity, adding complexity in the design practice. In contrast, the 

relative velocity model is still preferable due to its simplicity of using only one constant 

drag coefficient at different current velocities, provided that this drag coefficient is 

appropriately selected.  

Based on the experimental data, it is recommended to determine the drag coefficients, 

in fatigue analysis of smooth risers at 𝐾𝐾𝐾𝐾 < 5, using the following equation.  

𝐾𝐾𝑑𝑑 =
9𝜋𝜋3

5𝐾𝐾𝐾𝐾
1

�𝜋𝜋𝛽𝛽
+

2𝐾𝐾𝐾𝐾
9𝜋𝜋

   

It is emphasized that the recommended equation above is also verified against 

experimental data and recommendations for predicting the hydrodynamic damping in 

fatigue analysis of smooth risers at low 𝐾𝐾𝐾𝐾 are provided for design practice. 
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Abstract 

This paper investigates the hydrodynamic damping of an elastically mounted smooth 

circular cylinder undergoing forced oscillations at Keulegan-Carpenter (KC) numbers 

smaller than 5 and Reynolds (Re) numbers from 103–105 with and without background 

steady currents. A series of experiments are conducted with a circular cylinder 

oscillating in still water, in-line currents and cross currents. The measured drag 

coefficients of the smooth cylinder in the still water condition match with the well-

published results and the theoretical solution of Stokes and Wang at very small KC 

numbers. The hydrodynamic damping increases with the in-line steady current whereas 

it remains almost constant at small transverse velocities and increases notably when the 

latter becomes large. To predict the hydrodynamic damping in in-line steady currents, 

the performance of the Morison equation based on relative velocity and independent 

velocity is explored, respectively. The latter model, by separating the drag into two 

independent parts, leads to a better fit of the drag force than the former, which is not 

surprising. However, the former is still a preferable option for engineering design due to 

its simplicity. The experimental data suggest that the existing design guidelines such as 

ISO-19902 or DNVGL-RP-C205 should be used with caution for KC < 5. 

3.1 Introduction 

The recent development of floating liquefied natural gas (FLNG) technology provides a 

novel and economical solution for the exploitation of remote offshore gas fields. To 

improve the liquefaction efficiency of liquefied natural gas (LNG), free hanging water 

intake risers (WIRs) with a large diameter have been used to provide large volume of 

sea water for cooling. As an example, the WIRs for Prelude FLNG have an outer 

diameter of 1.07 m and a length of 150 m (Pek and Efthymiou, 2011; Kuiper et al., 

2007). The WIRs may experience vibrations under the wave-induced ship motions. The 

first vibration mode for such type of risers is a “pendulum mode” with a period of ~ 40 

seconds, while the second mode involves longitudinal bending at a period of ~ 8 

seconds. The wave-induced sway motion of the FLNG facility (approximately 8 

seconds) may lead to resonant response of the risers at the second mode, which may 

further affect the fatigue life of the risers. The response amplitude is mainly dependent 

on the damping of the risers, which is dominated by the hydrodynamic drag force. Thus, 



Hydrodynamic damping of a circular cylinder at low 𝐾𝐾𝐾𝐾: experiments and an associated model 

38 

an accurate estimation of hydrodynamic damping is essential for the fatigue design of 

risers.  

The hydrodynamic force experienced by an oscillating circular cylinder in quiescent 

fluid is characterized by two parameters: the amplitude (𝐴𝐴) and period (𝑇𝑇) of the 

oscillatory motion. The key non-dimensional parameters are then the Keulegan-

Carpenter number (𝐾𝐾𝐾𝐾 = 2𝜋𝜋𝐴𝐴/𝐷𝐷 ) (Keulegan and Carpenter, 1958) and the Stokes 

number (𝛽𝛽 = 𝐷𝐷2/(𝜈𝜈𝑇𝑇)) (Sarpkaya, 1976), in which 𝐷𝐷 is the diameter of the riser and 𝜈𝜈 

is the kinematic viscosity of the fluid. Alternatively, one of the control parameters can 

be replaced by the Reynolds number (𝑅𝑅𝑅𝑅 = 𝐾𝐾𝐾𝐾 ⋅ 𝛽𝛽).  

The engineering practice for estimating the hydrodynamic forces on a cylinder is to use 

the semi-empirical Morison equation (1950) in which two hydrodynamic coefficients, 

drag and added mass coefficients, need to be determined. To evaluate the hydrodynamic 

coefficients, extensive experiments have been conducted, e.g., Sarpkaya (1976) and 

Bearman et al., (1985), focusing on medium to high 𝐾𝐾𝐾𝐾  (typically 5 – 100). Some 

experiments at low 𝐾𝐾𝐾𝐾 have been reported. For instance, Anaturk (1991) investigated 

the hydrodynamic forces of smooth and rough circular cylinders oscillating at small 

amplitudes and high frequencies, where 𝐾𝐾𝐾𝐾 is in the range of 0.1 – 10 and 𝛽𝛽 is from 

29000 to 136000. Troesch and Kim (1991) measured the hydrodynamic forces resulting 

from small-amplitude harmonic oscillations of a smooth circular cylinder in initially 

still water by forced oscillation experiments using a vertical motion mechanism, where 

𝐾𝐾𝐾𝐾 ranges from 0.07 to 0.8 with 𝛽𝛽 kept as 23200 or 48600. Bearman and Mackwood 

(1992) investigated the hydrodynamic damping of smooth and rough circular cylinders 

at small 𝐾𝐾𝐾𝐾 (0.1 – 3) and high 𝛽𝛽 (up to 30000) values. The experimental data were 

obtained from decay tests with the circular cylinder mounted on a pendulum suspension 

system. 

To the authors’ knowledge, little attention has been paid to the influence of steady 

currents on hydrodynamic loading of oscillating offshore structures at low 𝐾𝐾𝐾𝐾. Only a 

small number of studies have been carried out focusing on medium to high 𝐾𝐾𝐾𝐾 with 

relatively small 𝑅𝑅𝑅𝑅 values, e.g., Moe and Verley (1980). Consequently, there is very 

little information on the applicability of the hydrodynamic damping models for cylinder 

oscillations at small 𝐾𝐾𝐾𝐾  in the presence of currents. Though the relative velocity 

Morison model is usually used in design, some of design guidelines advise that this 
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model is inappropriate at low 𝐾𝐾𝐾𝐾. For instance, the DNVGL-RP-C205 (2017) suggests 

that the relative velocity model for the drag force is valid only when reduced velocity 

𝑉𝑉𝑟𝑟 = 𝑈𝑈𝑐𝑐𝑇𝑇/𝐷𝐷 (where 𝑈𝑈𝑐𝑐 is the steady current velocity) is larger than 20 and 𝐾𝐾𝐾𝐾 is less 

than 6.3. Otherwise, it may overestimate the hydrodynamic damping. Similarly, the 

international standard ISO-19902 (2007) advises that the relative velocity formulation 

may cause implicit hydrodynamic damping with drag actions for small 𝐾𝐾𝐾𝐾. 

In light of the above, this paper focuses on the hydrodynamic damping experienced by 

an oscillating smooth circular in the range 𝐾𝐾𝐾𝐾 < 5 with and without background current. 

One of the objectives is to provide improved knowledge that can be potentially applied 

in the design of risers with large diameters. Another focus is to identify a suitable 

hydrodynamic damping model, as the current best engineering practice (based on 

Morison relative velocity) is questionable for small 𝐾𝐾𝐾𝐾  values (as suggested in 

DNVGL-RP-C205 (2017) and ISO-19902 (2007)).  

This paper is organized as follows. Following this introduction, Section 3.2 describes 

the experimental setup. The methodology and theoretical background for the 

experimental data analysis are introduced in Section 3.3. Experimental results for the 

smooth cylinder in the absence of current are reported in Section 3.4, while results with 

a steady in-line and cross current are analyzed in Section 3.5 and Section 3.6, 

respectively. In Section 3.7, recommendations are given for design practice, and major 

conclusions are drawn in Section 3.8.  

3.2 Experiment setup 

The experiments were conducted in the BGO FIRST basin in France, which is 40 m 

long and 16 m wide. Steady currents can be produced covering the full width of the 

basin, giving a uniform current profile along the depth and width of the basin. For this 

experiment, the water depth was selected to be 1.275 m. At the central area of the basin 

where the test facility is located, a rectangular flat plate of 4.50 m × 4.59 m is installed 

0.37 m above the basin bottom to encourage the two-dimensional vortex shedding 

(Morse and Williamson, 2009) and reduce the boundary layer effect from the basin 

bottom. 

As illustrated in Fig. 3-2, a hexapod with a rigid supporting beam rail is used to impose 

the forced oscillation, and a trolley with four rollers can move along the support beam 
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rail freely. Two springs are used to attach the trolley with both ends of the support 

beam, and the total stiffness of the springs is 1060 N/m. The stiffness of the springs is 

selected such that the natural period of the system equals the period of the second 

vibration mode. This provides opportunities for us to obtain the dynamic amplification 

factor (DAF), i.e., ratio between the motion amplitude of the riser and that of the input 

displacement, directly from the experiments. Furthermore, we measured the loads at the 

top end of the moving riser together with its displacement in the experiments, through 

which we obtained the drag coefficient (𝐾𝐾𝑑𝑑) and the added mass coefficient (𝐾𝐾𝑎𝑎). Based 

on these measured 𝐾𝐾𝑑𝑑 and 𝐾𝐾𝑎𝑎 coefficients, DAFs can then be calculated, which are then 

validated against those measured directly in the experiments. 

The smooth cylinder is watertight at both ends and fixed to the trolley via a load sensor. 

It is made of aluminium with a diameter of 0.15 m and a length of 0.880 m. The top end 

of the cylinder is 0.005 m above the surface of still water, giving an immersed length of 

0.875 m. The bottom end of the cylinder is 0.003 m above the flat plate to minimize the 

end effect. It has been designed to make sure that the total mass of the moving structure 

(including the cylinder, trolley and force sensor) is equal to the buoyancy experienced 

by the cylinder, so a neutrally buoyant cylinder in water.  

In the experiment, forced harmonic motion with a period of 1.074 s (equal to the natural 

period of the cylinder motion determined by free decay test in still water) was applied 

by the hexapod to trigger the motion of trolley and cylinder horizontally via the springs. 

As the test matrix shown in Table 3-1, the input hexapod motion amplitudes for the tests 

in still water are 1, 2, 3, 4, 5, 8, 16 and 30 mm. In the presence of currents, the current 

velocities are 0.1, 0.2, 0.3 and 0.4 m/s and the input hexapod motion amplitudes are 2, 

4, 8, 16, 30 mm. Free decay test in air was performed to determine the structural 

damping and free decay test in still water was also conducted to measure the natural 

period and total damping of the test setup. For forced motion tests in water, a time 

interval of 30 s between each test was adopted to reduce the effect of disturbances 

generated in the previous test. 

A SCHILTKNECHT Doppler propeller current-meter was used to measure the steady 

current velocity. The displacements of the cylinder and the support beam were 

measured using KRYPTON RODYM DMM System, which is contactless aerial 

tracking system based on infrared cameras aiming at infrared active markers located on 
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the trolley and on the support beam. A 2-D load sensor, which connects the cylinder and 

the trolley, was used to measure the horizontal in-line and the transverse loads on the 

cylinder. All the data were measured at a sampling rate of 1000 Hz. 

Forced motion

Current

HexapodSprings

Support beam

(a) (b)

Smooth or 
straked cylinder

 
Figure 3-2. Experimental setup: (a) Schematic diagram; (b) Detailed drawing (unit in 

mm). 

Table 3-1. Test matrix 

  
Current velocity 

(m/s) 

Input hexapod motion 

amplitude (mm) 

No current  - 1, 2, 3, 4, 5, 8, 16, 30 

In-line current 
 

0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

Cross current 
 

0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

 

3.3 Methodology and theoretical background 

The equation of the cylinder motion under a forced harmonic excitation in water can be 

expressed as  

𝑚𝑚�̈�𝑥 + 𝑐𝑐�̇�𝑥 + 𝑘𝑘𝑥𝑥 = 𝐹𝐹ℎ(𝑡𝑡) + 𝑘𝑘𝑥𝑥𝐹𝐹 𝑠𝑠𝑖𝑖𝑛𝑛 �
2𝜋𝜋
𝑇𝑇
𝑡𝑡�  (3-3.2) 
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where 𝑥𝑥 , 𝑥𝑥̇  and 𝑥𝑥̈  are the displacement, velocity and acceleration of the cylinder, 

respectively; 𝑚𝑚 is the mass of the cylinder; 𝑐𝑐 is the structural damping coefficient; 𝑘𝑘 is 

the stiffness; 𝑇𝑇  is the forced oscillation period; 𝑥𝑥𝐹𝐹  is the forced input motion amplitude; 

𝐹𝐹ℎ(𝑡𝑡) is the hydrodynamic force acting on the cylinder, which consists of the drag and 

inertia force components. The response of the cylinder depends on a number of 

independent parameters, which can be identified through a dimensional analysis as 

𝑥𝑥/𝐷𝐷 = 𝑓𝑓 �𝐾𝐾𝐾𝐾,  𝛽𝛽,  𝜁𝜁,  
4𝑚𝑚
𝜋𝜋𝜌𝜌𝐷𝐷2 ,  

𝑇𝑇
𝑇𝑇0
�  (3-3.2) 

where 𝑇𝑇0 is the natural period of the system, and 𝜁𝜁 is the structural damping ratio, 𝜁𝜁 =

𝑐𝑐𝑇𝑇0/4𝜋𝜋(𝑚𝑚 + 𝑚𝑚𝑎𝑎), in which 𝑚𝑚𝑎𝑎 is the added mass. For the tests, the structural damping 

mainly comes from the friction between the rollers and the support beam. 

A dynamic amplification factor (DAF) is defined as the ratio of the amplitudes of the 

cylinder motion 𝑥𝑥𝐴𝐴 and the forced input motion 𝑥𝑥𝐹𝐹  , i.e., 𝐷𝐷𝐷𝐷𝐹𝐹 = 𝑥𝑥𝐴𝐴/𝑥𝑥𝐹𝐹 . 

The structural damping was determined through the free decay test in air. The damping 

ratio 𝜁𝜁, which is the ratio of structural damping to critical damping of the system, is 

extracted by 

𝜁𝜁 =
1

2𝜋𝜋
𝑙𝑙𝑛𝑛 �

𝑋𝑋𝑛𝑛
𝑋𝑋𝑛𝑛+1

�  (3-3.3) 

where 𝑋𝑋𝑛𝑛 and 𝑋𝑋𝑛𝑛+1 are two successive amplitudes of the decay time series. Strictly, 

the structural damping determined by the free decay test contains the aerodynamic 

damping. However, the aerodynamic damping is very small (less than 0.02%) and thus 

neglected here. 

For the free decay test in air, the cylinder is ballasted with approximately the same mass 

as the added mass in water (assume that the added mass coefficient is 1.0) so that the 

test setup in air has approximately the same moving mass as the case in water. The 

structural damping ratio of the test setup is measured to be 2.78%. 

Measured from the free decay test in still water, the natural period for the setup in water 

is 1.074 s and the total equivalent linear damping ratio is 9.08%. The total damping here 

includes structural damping, wave radiation damping and viscous damping. As the 
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upper end of the cylinder is 0.005 m above the still water level, this setup will inevitably 

generate surface waves during the test, so wave radiation damping is induced. To 

evaluate the wave radiation damping, numerical simulations are also conducted based 

on the linear potential flow solver WADAM (DNV-GL, 2015). The damping coefficient 

is calculated to be 𝐵𝐵 = 6.44 kg/s at the period of 1.074 s and the corresponding damping 

ratio is 1.78%. This value is considered to be small compared to the viscous 

contribution for the tests in this study, and its contribution is subtracted from the 

measured total hydrodynamic force. 

The hydrodynamic force 𝐹𝐹ℎ(𝑡𝑡)is obtained by subtracting the structural inertia force and 

the wave radiation damping force, 

𝐹𝐹ℎ(𝑡𝑡) = 𝑚𝑚�̈�𝑥 − 𝐹𝐹𝑚𝑚(𝑡𝑡) − 𝐵𝐵(−�̇�𝑥)  (3-3.4) 

where 𝐹𝐹𝑚𝑚(𝑡𝑡)is the force measured by the load cell on the top of the cylinder. 

To check the goodness of fit with different hydrodynamic models for each component, 

the inertia force and the drag force need to be decomposed. Here the method described 

by Santo et al. (2014) is adopted. It is noted that this method and the Fourier average 

method described by Sarpkaya and Storm (1985) lead to similar results. 

From the measured time traces of 𝐹𝐹ℎ(𝑡𝑡), five stable oscillation periods are selected for 

post-processing. The time of force record 𝐹𝐹ℎ(𝑡𝑡) is shifted so that the cylinder velocity is 

maximum at the zero time and is a function of cos(2𝜋𝜋𝑡𝑡/𝑇𝑇).  

𝐹𝐹ℎ(𝑡𝑡) = 𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷(𝑡𝑡) + 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝑟𝑟𝜋𝜋𝑖𝑖𝑎𝑎(𝑡𝑡)  (3-3.5) 

Thus,  

𝐹𝐹ℎ(−𝑡𝑡) = 𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷(−𝑡𝑡) + 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝑟𝑟𝜋𝜋𝑖𝑖𝑎𝑎(−𝑡𝑡)  (3-3.6) 

By assuming that drag force 𝐹𝐹𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 is in phase with the velocity profile and the inertia 

force 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝐷𝐷𝐼𝐼𝐼𝐼𝑎𝑎 is out of phase by 90° from the drag force, 𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷 is an even function of 𝑡𝑡 

and 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝑟𝑟𝜋𝜋𝑖𝑖𝑎𝑎 is an odd function of 𝑡𝑡. 

The drag and inertia components can be extracted by combining Eq. (3-3.5) and Eq. (3-

3.6), which gives the following relationships 
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𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝑟𝑟𝜋𝜋𝑖𝑖𝑎𝑎 =
1
2

[𝐹𝐹ℎ(𝑡𝑡) − 𝐹𝐹ℎ(−𝑡𝑡)]  (3-3.7) 

𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷 =
1
2

[𝐹𝐹ℎ(𝑡𝑡) + 𝐹𝐹ℎ(−𝑡𝑡)]  (3-3.8) 

This method does not need to assume that the drag term is proportional to cos|cos| and 

the inertia term to −sin as in the Morison equation. An example of this decomposition 

into 𝐹𝐹𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 and 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝐷𝐷𝐼𝐼𝐼𝐼𝑎𝑎 is presented in Fig. 3-3. The velocity is obtained based on the 

measured cylinder motion. Note that the inertia component is the fluid inertia loading 

only, and the structural inertia contribution of the cylinder has been removed. It is found 

the drag force is out of phase by 180° from the cylinder velocity, meaning it is in phase 

with the flow velocity due to the relativity of movement between the cylinder and the 

flow, while the inertia force is out of phase by 90° from the drag force as expected. 

 
Figure 3-3. Decomposition of the total hydrodynamic force: (a) Solid line for total force, 

dashed line for drag force, and dot-dashed line for inertia force; (b) Cylinder velocity. 

3.4 Hydrodynamic damping of a smooth cylinder without current 

3.4.1 Hydrodynamic damping based on Morison equation 

For a cylinder oscillating in still water, the total hydrodynamic force per unit length of 

the cylinder is usually approximated by the Morison equation (Morison et al., 1950) as 
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𝐹𝐹 =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(−�̇�𝑥)|−�̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥)  (3-4.1) 

where 𝜌𝜌 is the density of water; Cd is the drag force coefficient; and Ca is the added 

mass coefficient. 

In the present experiment, the Stokes number β is 20950 for all the test cases since the 

period of input motion is selected to coincide with the natural period 1.074 s of the 

cylinder motion. The 𝐾𝐾𝐾𝐾 value depends on the amplitude of the cylinder motion, which 

is in the range from 0.04 to 5.13. 

The velocity �̇�𝑥 and acceleration �̈�𝑥 of the cylinder for each test are obtained from the 

measured time history of the displacement. Least squares curve fitting is performed on 

each measured inertia and drag time history to give the mean squared error 

minimization by taking 𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷  as 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(−�̇�𝑥)|−�̇�𝑥| and 𝐹𝐹𝐼𝐼𝑛𝑛𝐼𝐼𝑟𝑟𝜋𝜋𝑖𝑖𝑎𝑎  as 𝜋𝜋

4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥). The 

drag coefficient 𝐾𝐾𝑑𝑑 and added mass coefficient 𝐾𝐾𝑎𝑎 are inferred for each case from the 

curve fitting and the results are shown in Fig. 3-4 and Fig. 3-6. The corresponding 

values are listed in Table 3-2 of the Appendix.  

 
Figure 3-4. Drag coefficients of a smooth oscillating cylinder in still water against KC. 

Stokes (1851) derived an analytical solution for the hydrodynamic force acting on a 

circular cylinder oscillating in fluid with an attached two-dimensional laminar boundary 

layer. This classical solution was later extended to include higher-order terms by Wang 
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(1968), where the drag and inertia coefficients based on the Morison equation are 

estimated as 

𝐾𝐾𝑑𝑑 =
3𝜋𝜋3

2𝐾𝐾𝐾𝐾
�(𝜋𝜋𝛽𝛽)−1/2 + (𝜋𝜋𝛽𝛽)−1 −

1
4

(𝜋𝜋𝛽𝛽)−3/2 + ⋯�  (3-4.2) 

𝐾𝐾𝑎𝑎 = 1 + 4(𝜋𝜋𝛽𝛽)−1/2 + (𝜋𝜋𝛽𝛽)−3/2 + ⋯  (3-4.3) 

These expressions are valid only for relatively small 𝐾𝐾𝐾𝐾 and large 𝛽𝛽 values. 

The comparison of 𝐾𝐾𝑑𝑑 values measured in different experiments for a smooth cylinder 

without current is shown in Fig. 3-4. There is, as expected, some scatter in the measured 

data. The present experimental data are well within the scatter of other measurements 

and extending the range of 𝐾𝐾𝐾𝐾 down to 𝐾𝐾𝐾𝐾 = 0.04. The present measured values are 

smaller than those in Sarpkaya (1986), which is not surprising given the significant 

different 𝛽𝛽 values. It is seen that as 𝐾𝐾𝐾𝐾 reduces to less than 1.0 the drag coefficient 𝐾𝐾𝑑𝑑 

begins an upward trend which is very similar to the Stokes-Wang’s solution although 

somewhat larger. At 𝐾𝐾𝐾𝐾 = 0.04 the measured 𝐾𝐾𝑑𝑑 is close to 20. This is consistent with 

Sarpkaya’s observation (2001) that the measured drag coefficients for smooth cylinders 

are always larger than those predicted from Stokes-Wang’s solution in the region of its 

applicability. This may be attributed to various experimental uncertainties, such as free 

surface effect and wall-proximity effect, which are inevitable. Basically, it is found that 

the flow pattern around the cylinder changes dramatically with increasing 𝐾𝐾𝐾𝐾  as 

indicated by the (KC-𝛽𝛽) stability map in Fig. 3-5. Three flow regimes are separated by a 

𝐾𝐾𝑐𝑐𝑟𝑟 line (𝐾𝐾𝐾𝐾𝛽𝛽2/5 = 12.5) and a 𝐾𝐾ℎ line (also called Hall line, 𝐾𝐾𝐾𝐾𝛽𝛽1/4 = 5.78), which 

were proposed by Sarpkaya (2001) and Hall (1984), respectively. In the region 𝐾𝐾𝐾𝐾 < 

𝐾𝐾𝑐𝑐𝑟𝑟, the flow is laminar, attached and stable, and the drag coefficient decreases with 

increasing 𝐾𝐾𝐾𝐾. In the region 𝐾𝐾𝑐𝑐𝑟𝑟 < 𝐾𝐾𝐾𝐾 < 𝐾𝐾ℎ, quasi-coherent structures (Sarpkaya, 2002) 

on the cylinder surface begin to appear in the entire motion cycle, and each 𝐾𝐾𝐾𝐾 on the 

Hall line corresponds to a critical 𝐾𝐾𝐾𝐾  where the Honji instability (1981) with the 

mushroom-shaped structures occurs. As 𝐾𝐾𝐾𝐾  further increases, flow separation and 

turbulence will occur followed by vortex shedding. In this region, it can be found that 

the drag coefficient further decreases until reaching a minimum, and then starts 

increasing with 𝐾𝐾𝐾𝐾. Bearman (1985) attributed this increase of drag coefficient to the 

onset of flow separation and vortex shedding, suggesting that the Stokes-Wang’s 

laminar solution is not valid any more after the onset of the separation. It is not 
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surprising to see the transition of flow regime with increasing 𝐾𝐾𝐾𝐾 since the increasing 

of KC indicates the increasing of Re for a constant 𝛽𝛽. The present experiments cover the 

flow regimes from the stable laminar flow regime through to the regime where 

turbulence and separation occur and the measured drag coefficients show consistent 

trends with those from Anaturk (1991) and Bearman and Mackwood (1992).  

 
Figure 3-5. The current experimental data in the (KC, β) stability map. Kcr and Kh lines 

are from Sarpkaya (2006a). 

 
Figure 3-6. Added mass coefficients of a smooth oscillating cylinder in still water 

against KC. 

3.4.2 Dynamic amplification factor 

The DAF for the smooth cylinder without current is shown in Fig. 3-7. Interestingly, the 

measured DAF values (circles) drop sharply when 𝐾𝐾𝐾𝐾  ≤ 1.0, which is in distinct 

contrast with the trend shown by the DAF values predicted using Eq. (3-3.1) (curve 

with triangles) based on the constant added mass and drag coefficients (𝐾𝐾𝑎𝑎 = 1.0 and 
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𝐾𝐾𝑑𝑑 = 1.0). This indicates that the Morison’s equation with constant hydrodynamic 

coefficients (as listed above) overestimates the DAF values and thus cylinder responses 

for 𝐾𝐾𝐾𝐾 ≤ 1. Another two sets of predictions based on Eq. (3-3.1) are conducted using 

both the measured value of 𝐾𝐾𝑑𝑑  with constant 𝐾𝐾𝑎𝑎  = 1.0 and the measured values of 

𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎. The results (curves with squares and crosses) are also included in Fig. 3-7, 

and the two curves with a slight difference show a similar trend with the measured DAF 

curve. The slight difference is only due to the difference of added mass coefficients. 

Actually, when 𝐾𝐾𝐾𝐾 is smaller than 1.0, 𝐾𝐾𝑎𝑎 almost keeps the same value as 1.0 as shown 

in Fig. 3-6, which means that the natural period of the test setup does not change much. 

However, 𝐾𝐾𝑑𝑑 increases dramatically with decreasing 𝐾𝐾𝐾𝐾 as shown in Fig. 3-4, thus the 

DAF is significantly reduced. This observation is further supported by the prediction 

(curve with diamonds) with both 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎  from Stokes-Wang solution. This is also 

consistent with the result that the largest DAF value in Fig.6 and the smallest 𝐾𝐾𝑑𝑑 value 

in Fig. 3-4 occur at the same 𝐾𝐾𝐾𝐾 value (𝐾𝐾𝐾𝐾 is about 1.0). 

 
Figure 3-7. DAF for a smooth cylinder without current. Wave radiation damping and 

structural damping are incorporated in the three predicted curves. 

3.5 Hydrodynamic damping for a smooth cylinder with in-line current 

3.5.1 Hydrodynamic damping based on the relative velocity model 

When a cylinder oscillates in line with steady current, the conventional method to 

consider the current effect is to superpose the current velocity profile on the oscillating 

flow velocity field, leading to the well-known relative velocity Morison model where 

the total force per unit length is given as 



Hydrodynamic damping of a circular cylinder at low 𝐾𝐾𝐾𝐾: experiments and an associated model 

49 

𝐹𝐹 =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥)  (3-5.1) 

After separated from the measured total hydrodynamic force with the method 

introduced in Section 3.3, the drag force is fitted with the term 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| 

in the relative velocity model. The drag coefficients based on this model are shown in 

Fig. 3-8 together with the 𝐾𝐾𝑑𝑑 values without current. It is found that for 𝐾𝐾𝐾𝐾 > 1.0, 𝐾𝐾𝑑𝑑 

values with different 𝑉𝑉𝑟𝑟 collapse to the 𝐾𝐾𝑑𝑑 curve without current, while for 𝐾𝐾𝐾𝐾 < 1.0, 𝐾𝐾𝑑𝑑 

values with in-line current are smaller than those without current. The inferred values of 

𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎 are listed in Table 3-3 of the Appendix.  

 
Figure 3-8. Drag coefficients for a smooth cylinder with in-line current based on the 

relative velocity model. 

3.5.2 Hydrodynamic damping based on the independent velocity model 

Another model to consider the in-line steady current is to use the independent velocity 

model proposed by Moe and Verley (1980). In this model the total force per unit length 

is given as 

𝐹𝐹 =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑠𝑠𝑈𝑈𝑐𝑐|𝑈𝑈𝑐𝑐| +

1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑜𝑜(−�̇�𝑥)|−�̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥)  (3-5.2) 

where 𝐾𝐾𝑑𝑑𝑠𝑠 is the steady drag coefficient for a uniform flow around a fixed cylinder with 

a constant velocity 𝑈𝑈𝑐𝑐 , and 𝐾𝐾𝑑𝑑𝑜𝑜  is the oscillatory drag coefficient resulting from a 

harmonic oscillation of the cylinder in still water. 

Curve fitting of the measured drag force based on the independent velocity model is 

also conducted. In the fitting, the mean value of the measured drag force �̄�𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷 is 
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assumed to be 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑠𝑠𝑈𝑈𝑐𝑐|𝑈𝑈𝑐𝑐|, and 𝐹𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷 − �̄�𝐹𝐷𝐷𝑟𝑟𝑎𝑎𝐷𝐷 is taken as 1

2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑜𝑜(−�̇�𝑥)|−�̇�𝑥|. The 

oscillatory drag coefficient 𝐾𝐾𝑑𝑑𝑜𝑜  and the steady drag coefficient 𝐾𝐾𝑑𝑑𝑠𝑠  are obtained (see 

Fig. 3-9) by minimizing the squared error. 

The 𝐾𝐾𝑑𝑑𝑜𝑜  values for different 𝑉𝑉𝑟𝑟  show a similar trend as the 𝐾𝐾𝑑𝑑  values without current 

(Fig. 3-9 (a)). For a given 𝐾𝐾𝐾𝐾, 𝐾𝐾𝑑𝑑𝑜𝑜 increases with the in-line steady current velocity, 

suggesting that the in-line current increases the hydrodynamic damping. In Fig. 3-9 (b), 

the 𝐾𝐾𝑑𝑑𝑠𝑠 values with different 𝑉𝑉𝑟𝑟 converge for 𝐾𝐾𝐾𝐾 > 3.0.  

 
Figure 3-9. Drag coefficients for a smooth cylinder with in-line current based on the 

independent velocity model: (a) Oscillatory drag coefficient; (b) Steady drag coefficient. 

It is worth noting that the independent velocity model assumes that the steady flow field 

and the oscillating flow field can be fully separated. For this assumption to be valid, the 

oscillatory drag coefficient 𝐾𝐾𝑑𝑑𝑜𝑜 should be independent of the magnitude of the steady 

current. However, Fig. 3-9 shows that 𝐾𝐾𝑑𝑑𝑜𝑜  depends on 𝑉𝑉𝑟𝑟  for a given 𝐾𝐾𝐾𝐾  and 

𝐾𝐾𝑑𝑑𝑠𝑠 changes with 𝐾𝐾𝐾𝐾 for a given 𝑉𝑉𝑟𝑟. This indicates that the two flow fields interact with 

each other and hence the basic premise of the independent velocity model is violated.  

3.5.3 Comparison of the relative velocity model and the independent velocity 

model 

To examine the relative importance of the oscillating flow and the steady current on 

drag force, a non-dimensional parameter r is defined as 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐, where 𝑈𝑈𝑚𝑚 is the 

velocity amplitude of the oscillating flow. For 𝑟𝑟 < 1, the flow is always in the same 

direction as that of the steady current and no flow reversal occurs, while when 𝑟𝑟 > 1, 

flow reversal occurs, and the oscillating gradually dominates as r increases.  
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Figure 3-10. Fitting to the measured drag for in-line current cases with the relative and 

the independent velocity models at Vr = 0.72: (a) 𝐾𝐾𝐾𝐾 = 1.24, 𝑟𝑟 = 1.73; (b) 𝐾𝐾𝐾𝐾 = 2.21, 𝑟𝑟 

= 3.09; (c) 𝐾𝐾𝐾𝐾 = 3.43, 𝑟𝑟 = 4.80; (d) 𝐾𝐾𝐾𝐾 = 4.90, 𝑟𝑟 = 6.85. 

 
Figure 3-11. Fitting to the measured drag for in-line current cases with the relative and 

independent velocity models at Vr = 1.43: (a) 𝐾𝐾𝐾𝐾 = 1.01, 𝑟𝑟 = 0.71; (b) 𝐾𝐾𝐾𝐾 = 1.88, 

𝑟𝑟 =1.31; (c) 𝐾𝐾𝐾𝐾 = 3.05, 𝑟𝑟 = 2.13; (d) 𝐾𝐾𝐾𝐾 = 4.70, 𝑟𝑟 = 3.28. 
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Figure 3-12. Fitting to the measured drag for in-line current cases with the relative and 

independent velocity models at Vr = 2.15: (a) 𝐾𝐾𝐾𝐾 = 0.88, 𝑟𝑟 = 0.41; (b) 𝐾𝐾𝐾𝐾 = 1.60, 𝑟𝑟 = 

0.75; (c) 𝐾𝐾𝐾𝐾 = 2.64, 𝑟𝑟 = 1.23; (d) 𝐾𝐾𝐾𝐾 = 4.06, 𝑟𝑟 = 1.89. 

 
Figure 3-13. Fitting to the measured drag for in-line current cases with the relative and 

independent velocity models at Vr = 2.86: (a) 𝐾𝐾𝐾𝐾 = 0.24, 𝑟𝑟 = 0.09; (b) 𝐾𝐾𝐾𝐾 = 1.14, 𝑟𝑟 = 

0.40; (c) 𝐾𝐾𝐾𝐾 = 2.29, 𝑟𝑟 = 0.80; (d) 𝐾𝐾𝐾𝐾 = 3.54, 𝑟𝑟 = 1.24. 

The fitted curves for drag force with both the relative velocity model and the 

independent velocity model are shown in Figs. 3-10 ~ 3-13. Generally, the independent 
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velocity model performs a better fit for cases with in-line current. It is found that the 

goodness of fit for both models depends on 𝑟𝑟, especially for the relative velocity model. 

When 𝑟𝑟 > 1, the independent velocity model works well in reproducing the drag force 

with better fit in the drag troughs compared to crests. This is relevant to the fact that the 

steady current has a bias effect on the flow field, and thus produces asymmetry between 

the crests and troughs. As the crests are a little flatter than the troughs, the independent 

velocity model overpredicts the crests. When fitting with relative velocity model, the 

drag crests are always overestimated, while the troughs are sometimes underestimated. 

The predicted troughs are usually flatter than the measured drag troughs.  

When 0 < 𝑟𝑟 < 1, the independent velocity model usually gives a satisfactory fit for the 

drag force at both crests and troughs, while the relative velocity model produces a fit to 

the drag force with a significant shift of the average drag force. Here when fitting with 

the relative velocity model, the mean squared error minimization is achieved for the 

oscillating component of the drag force instead of the mean drag force to truly reflect 

the hydrodynamic damping. If the mean drag force is well predicted, then an 

overestimation of the hydrodynamic damping will occur. The phenomenon arises 

because the steady current dominates the flow field when 0 < 𝑟𝑟 < 1, and the mean drag 

force is larger than the oscillating part of the drag force. In such situations, the relative 

velocity model fails to predict the mean drag force and the oscillating component of the 

drag force simultaneously since it has only one drag coefficient, while the two drag 

coefficients in the independent velocity model are able to cover both the mean and the 

oscillating drag components. As a result, the independent model performs better in 

reproducing the drag force. 

3.5.4 Applicability of the relative and independent velocity models 

It is shown that the independent velocity model is able to better fit the drag force when 

in-line current is involved. However, two drag coefficients need to be determined, and 

the assumption of two independent flow fields is unphysical. For instance, neither the 

𝐾𝐾𝑑𝑑𝑜𝑜  values nor the 𝐾𝐾𝑑𝑑𝑠𝑠  values are identical to those obtained for a strictly harmonic 

oscillating flow field and a uniform flow at the constant velocity 𝑈𝑈𝑐𝑐 , respectively. 

Furthermore, the 𝐾𝐾𝑑𝑑𝑜𝑜  and 𝐾𝐾𝑑𝑑𝑠𝑠  values also depend on 𝐾𝐾𝐾𝐾 and 𝑉𝑉𝑟𝑟  as shown in Fig. 3-9.  

Another issue about the independent velocity model is its generality of application is 

still questionable. It is reported that unrealistic negative 𝐾𝐾𝑑𝑑𝑜𝑜  and 𝐾𝐾𝑑𝑑𝑠𝑠  values may be 
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produced for some cases (Moe and Verley, 1980). This indicates that overfitting may 

occur for the independent velocity model, which may produce poor fitting results in 

some situations. As a result, the application of the independent velocity model in design 

seems to be less practical.  

The relative velocity model, which has been widely used in engineering practice, seems 

to be still suitable for the flow regime of low 𝐾𝐾𝐾𝐾, provided that the 𝐾𝐾𝑑𝑑 coefficients can 

be appropriately selected. As demonstrated in the previous sections, the in-line steady 

current increases the hydrodynamic damping, but the 𝐾𝐾𝑑𝑑 values based on the relative 

velocity model with different 𝑉𝑉𝑟𝑟 remain almost the same as those without current (see 

Fig. 3-8). This indicates that the increased hydrodynamic damping can be 

approximately represented by a constant drag coefficient. 

3.5.5 Added mass coefficients and DAF for a smooth cylinder with in-line current 

The inertia force component is fitted with 𝜋𝜋
4
𝜌𝜌𝐷𝐷2(−�̈�𝑥) . The obtained added mass 

coefficients 𝐾𝐾𝑎𝑎 are shown in Fig. 3-14 together with the 𝐾𝐾𝑎𝑎 curve without current effect. 

It is found that 𝐾𝐾𝑎𝑎 at a given 𝐾𝐾𝐾𝐾 decreases with increasing 𝑉𝑉𝑟𝑟.  

 
Figure 3-14. Added mass coefficients of a smooth cylinder with in-line current. 

The influence of in-line steady current on DAF is demonstrated in Fig. 3-15. Compared 

to DAF in still water, the DAF with an in-line current decreases significantly with 

increasing current velocity. This decrease is attributed to two reasons: (i) higher current 

velocity increases the drag damping; (ii) the natural period of the test setup is changed 

due to the variation in added mass. 
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Figure 3-15. DAF of a smooth cylinder with in-line current. 

3.6. Hydrodynamic damping for a smooth cylinder with cross current 

When a cylinder oscillates perpendicularly to the steady current, the hydrodynamic 

force in line with the oscillations may still be expressed with Morison’s equation if 

vortex induced vibration (VIV) effect is negligible. In the present experiment, the 

Strouhal number 𝑆𝑆𝑡𝑡 for the steady current with velocity in the range of 0.1 m/s ~ 0.4 

m/s (corresponding to 𝑅𝑅𝑅𝑅 in the range of 15000 to 60000) is about 0.2, giving the vortex 

shedding frequency in the range of 0.13 to 0.5 Hz based on the following definition, 

𝑆𝑆𝑡𝑡 = 𝑓𝑓𝑣𝑣𝐷𝐷/𝑈𝑈𝑐𝑐  (3-6.1) 

where 𝑓𝑓𝑣𝑣 is the vortex shedding frequency. The natural frequency of the riser is 0.93 Hz. 

Even taking into account the lock-in range, which is normally in the range of 𝑉𝑉𝑟𝑟 = 4 ~ 

10 (Williamson and Govardhan, 2004), the minimum current needs to be greater than 

0.7 m/s to trigger VIV. Thus, the VIV effect can be neglected in the present 

experiments. It is worth mentioning that in practice the corner risers of the WIR bundle 

have been equipped with helical strakes so as to suppress VIV in scenarios where 

current speeds were larger than 0.7 m/s.   

For the cases with cross current, the measured drag and inertia forces are fitted by 

Morison terms 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(−�̇�𝑥)|−�̇�𝑥| and 𝜋𝜋

4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥), respectively. The fitting curves for 

the drag force with 𝑉𝑉𝑟𝑟 =1.43 are shown in Fig. 3-16 as an example. It is noted that the 

Morison drag term, which is independent of the cross current velocity, can produce a 

satisfactory fit to the measured drag force.  
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The drag coefficients 𝐾𝐾𝑑𝑑 with cross currents are shown in Fig. 3-17 together with those 

obtained from the still water tests. It is found that the in-line 𝐾𝐾𝑑𝑑 values do not change 

much at small cross currents (𝑉𝑉𝑟𝑟 = 0.72 and 𝑉𝑉𝑟𝑟 = 1.43) but increase significantly in the 

flow regime 𝐾𝐾𝐾𝐾 < 3 at large cross currents (𝑉𝑉𝑟𝑟 = 2.148 and 𝑉𝑉𝑟𝑟 = 2.864).  

 
Figure 3-16. Fitting to the measured drag for cross current cases with Morison equation, 

Vr = 1.43: (a) 𝐾𝐾𝐾𝐾 = 0.94; (b) 𝐾𝐾𝐾𝐾 = 1.87; (c) 𝐾𝐾𝐾𝐾 = 3.39; (d) 𝐾𝐾𝐾𝐾 = 5.12. 

 

 
Figure 3-17. Drag coefficient for a smooth cylinder with cross currents. 

The added mass coefficients 𝐾𝐾𝑎𝑎  with cross current are illustrated in Fig. 3-18. 

Compared with results of 𝐾𝐾𝑎𝑎 without current, small steady cross currents (𝑉𝑉𝑟𝑟 = 0.72 and 

𝑉𝑉𝑟𝑟 = 1.43) have no significant influence on 𝐾𝐾𝑎𝑎. However, for large steady cross currents 
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(𝑉𝑉𝑟𝑟 = 2.15 and 𝑉𝑉𝑟𝑟 = 2.86), Ca is dramatically changed, giving a trend of first decreasing 

and then increasing with 𝐾𝐾𝐾𝐾  instead of the decreasing trend for a smooth cylinder 

without current. 

 
Figure 3-18. Added mass coefficient for a smooth cylinder with cross currents. 

 
Figure 3-19. DAF for a smooth cylinder with cross currents. 

The DAF results with cross currents are shown in Fig. 3-19. As the effect of small cross 

currents on drag and added mass coefficients is very small, the DAF values for 𝑉𝑉𝑟𝑟 = 

0.72 and 𝑉𝑉𝑟𝑟 = 1.43 are of similar magnitudes with those of no current cases. When the 

cross current velocity is large, both 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎  are changed, and 𝐾𝐾𝑑𝑑  increases 

significantly for 𝐾𝐾𝐾𝐾  < 3. Thus, DAF drops dramatically compared with those of no 

current cases due to the increase of hydrodynamic damping and the shift of the natural 

period resulting from the change of added mass. 

 
3.7 Recommendations for design practice  
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The present experiments show that the Morison relative velocity formulation is valid 

with in-line current (or no current) for 𝐾𝐾𝐾𝐾 < 5. Drag coefficients for a smooth circular 

cylinder without current are applicable when in-line current is considered based on the 

relative velocity Morison formulation. Compared with the independent velocity model, 

the relative velocity model is preferred in practice due to the simplicity of the 

formulation and invariability of the drag coefficient for a given 𝐾𝐾𝐾𝐾. The independent 

velocity model produces a better fit for the drag force but requires to define two drag 

coefficients (𝐾𝐾𝑑𝑑𝑜𝑜  and 𝐾𝐾𝑑𝑑𝑠𝑠) which vary with 𝐾𝐾𝐾𝐾  and current speed. Therefore, such a 

model is considered impracticable.  

Based on the foregoing analysis, to predict the hydrodynamic damping for dynamic 

response and fatigue life of smooth risers for 𝐾𝐾𝐾𝐾 < 5.0, the hydrodynamic coefficients 

can be selected in the following ways. 

(1) The drag coefficients for a smooth cylinder at 𝐾𝐾𝐾𝐾 < 5 can be determined by Eq. (3-

7.1), which is improved based on the formula in (Sarpkaya, 2006b) by fitting to the 

present experimental results (Fig. 3-20).  

𝐾𝐾𝑑𝑑 =
9𝜋𝜋3

5𝐾𝐾𝐾𝐾
1

�𝜋𝜋𝛽𝛽
+

2𝐾𝐾𝐾𝐾
9𝜋𝜋

  (3-7.1) 

The formula given by Sarpkaya (2006b) is 

𝐾𝐾𝑑𝑑 =
3𝜋𝜋3

2𝐾𝐾𝐾𝐾
1

�𝜋𝜋𝛽𝛽
Λ +

𝐾𝐾𝐾𝐾
4𝜋𝜋

  (3-7.2) 

where 3𝜋𝜋
3

2𝐾𝐾𝐾𝐾
1

�𝜋𝜋𝜋𝜋
 in the first term of Eq. (3-7.2) comes from the first term of Stokes-Wang 

solution (Eq. (3-4.2)), and the parameter Λ is a correction factor for the theoretical value 

to match the experimentally measured value. 

The present formula (Eq. (3-7.1)) gives a drag coefficient of 1.2 times the value of 

Stokes-Wang solution (i.e., Λ = 1.2) when KC is smaller than 1.0 and starts to deviate 

from the Stokes-Wang solution for KC > 1.0 since the second term is based on the 

fitting of present experimental results. 

(2) For the added mass coefficients, the value predicted using the potential flow theory, 

which is 𝐾𝐾𝑎𝑎 = 1.0, can be used for 𝐾𝐾𝐾𝐾 < 5 since the variation of 𝐾𝐾𝑎𝑎 in this flow regime 
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is quite small (in the range of 0.8 ~ 1.2). The difference of the DAF values obtained 

with 𝐾𝐾𝑎𝑎  = 1.0 and those with the measured values of 𝐾𝐾𝑎𝑎  is small (see curves with 

squares and crosses in Fig. 3-7), while keeping 𝐾𝐾𝑎𝑎 constant can significantly simplify 

the structural dynamic analysis. Thus, 𝐾𝐾𝑎𝑎 = 1.0 is recommended for the low KC flow 

regime.  

 
Figure 3-20. Drag coefficient fitting for Eq. (3-7.1) (The data point of 𝐾𝐾𝐾𝐾 = 0.04 was 

not considered in the fitting). 

(3) For the in-line current case, the relative velocity Morison formulation can be used 

for 𝐾𝐾𝐾𝐾 < 5.0 with 𝐾𝐾𝑑𝑑 being calculated based on Eq. (3-7.1) and 𝐾𝐾𝑎𝑎 = 1.0. By doing this, 

as shown in Fig. 3-21, reasonably good prediction of DAF results (curves with squares) 

can be achieved in general compared with those (curves with crosses) by using the 

measured 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎  or the measured results (curve with circles). When the in-line 

current velocities are large, slight overestimation may occur, and this is mainly caused 

by the simplification of using 𝐾𝐾𝑎𝑎 = 1.0. 

(4) For the cross current case, its effect on drag coefficient can be neglected until the 

cross current velocity is very large. By neglecting the cross current influence on the in-

line hydrodynamic damping, 𝐾𝐾𝑑𝑑 from Eq. (3-7.1) and 𝐾𝐾𝑎𝑎 = 1.0 can still be used as in the 

case without current to predict structural response in engineering design. As shown in 

Fig. 3-22, the recommended method (𝐾𝐾𝑑𝑑 from Eq. (3-7.1) and 𝐾𝐾𝑎𝑎 = 1.0) performs well 

for DAF predictions (curves with squares) compared with the results (curves with 

crosses) by using measured 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎 or measured values (curves with circles). 

Although some overestimation may occur for 𝐾𝐾𝐾𝐾 < 3 with large cross currents, it will 

lead to a conservative design as a result. 
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Figure 3-21. DAF predictions for a smooth cylinder with in-line current: (a) Vr = 0.72; 

(b) Vr = 1.43; (c) Vr = 2.15; (d) Vr = 2.86. 

 

 

Figure 3-22. DAF predictions for a smooth cylinder with cross current: (a) Vr = 0.72; (b) 

Vr = 1.43; (c) Vr = 2.15; (d) Vr = 2.86. 

3.8 Conclusions 
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Focusing on the low 𝐾𝐾𝐾𝐾 flow regime, a series of experiments have been conducted to 

investigate the hydrodynamic drag and inertia coefficients for a smooth circular 

cylinder oscillating in still water, in steady current from in-line and cross directions, 

respectively.  

In still water, the 𝐾𝐾𝑑𝑑 values obtained from these experiments agree reasonably well with 

the theoretical Stokes-Wang solution before flow separation occurs around 𝐾𝐾𝐾𝐾 = 1. At 

very small 𝐾𝐾𝐾𝐾  values (e.g., 𝐾𝐾𝐾𝐾  = 0.04), the experimentally determined Cd value is 

surprisingly large, while the added mass coefficient is very close to 1.0.  

The independent velocity model tends to be able to provide a better fit for the drag 

force. This is not surprising given that two drag coefficients are introduced. These two 

coefficients are found to vary with 𝐾𝐾𝐾𝐾 and current speed. As a result, it would be too 

complicated to adopt in design practice.  

Instead, the Morison relative velocity formulation which requires only one drag 

coefficient seems to be preferable from the application point of view, and it is proved 

that this model is still suitable for low 𝐾𝐾𝐾𝐾  flow regime with appropriate drag 

coefficients. To be able to use the relative velocity model, we provide some guidance in 

Section 3.7, following which a good prediction can be achieved.  

It is recommended that cautions be exercised when the DNV guideline (DNVGL-RP-

C205, 2017) and the international standard (ISO-19902, 2007), the only design 

guidelines available so far, are followed due to the contradiction of the 

recommendations with the experimental evidence reported in this study. 

Further studies are needed in particular to use field measurement data to validate the 

hydrodynamic damping model developed based on the scaled model tests. 
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Appendix. Tables of inferred Cd and Ca for a smooth cylinder 

Table 3-2. Inferred Cd and Ca without current 

𝐾𝐾𝐾𝐾 𝐾𝐾𝑑𝑑 𝐾𝐾𝑎𝑎 
0.04 19.50 1.27 
0.46 0.77 0.95 
0.95 0.25 0.92 
1.26 0.15 0.91 
1.60 0.18 0.90 
2.27 0.23 0.88 
3.53 0.31 0.83 
5.13 0.46 0.75 

 

 

Table 3-3. Inferred Cd and Ca with in-line currents based on the relative velocity model 

𝑉𝑉𝑟𝑟 𝐾𝐾𝐾𝐾 𝐾𝐾𝑑𝑑 𝐾𝐾𝑎𝑎 

0.716 

0.46 0.15 0.95 
1.24 0.15 0.90 
2.21 0.23 0.87 
3.43 0.33 0.81 
4.90 0.47 0.73 

1.432 

0.34 0.33 0.96 
1.01 0.16 0.88 
1.88 0.32 0.82 
3.05 0.37 0.75 
4.70 0.45 0.68 

2.148 

0.88 0.17 0.80 
1.60 0.16 0.74 
2.64 0.41 0.66 
4.06 0.49 0.57 

2.864 

0.24 0.37 0.51 
1.14 0.18 0.63 
2.29 0.23 0.57 
3.54 0.55 0.46 
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CHAPTER 4. TOWARDS A MODEL OF HYDRODYNAMIC DAMPING FOR A 

CIRCULAR CYLINDER WITH HELICAL STRAKES AT LOW 𝑲𝑲𝑲𝑲 

Prologue 

The context of Chapter 4 has been submitted to Marine Structures as the reference 

below. 

Gao, Z., Efthymiou, M., Cheng, L., Zhou, T., Minguez, M. & Zhao, W. 2020. Towards 

a model of hydrodynamic damping for a circular cylinder with helical strakes at 

low 𝐾𝐾𝐾𝐾. Marine Structures. Accepted. 

Below is a brief of this chapter (paper).  

Little attention has been paid to the hydrodynamic damping of a riser with helical 

strakes at a low 𝐾𝐾𝐾𝐾 flow regime, which is key to the prediction of fatigue life for WIRs.  

 
Figure 4-1. Straked cylinder model for the experiments 

This chapter investigates the hydrodynamic damping experienced by an oscillating 

circular cylinder with helical strakes (Fig. 4-1). Experiments were conducted by forcing 

the cylinder to oscillate in steady in-line or cross background current with 𝐾𝐾𝐾𝐾 under 3. 

The 𝑅𝑅𝑅𝑅 values based on the cylinder motion amplitude in the experiments are in the 

range of 1260 – 54000. The measured drag coefficients are found to correlate well with 

the velocity ratio 𝑟𝑟 between the oscillating velocity amplitude and the steady current 

velocity. By performing the computational fluid dynamics using large-eddy simulations 

for the cases with in-line current, this correlation is further confirmed, and this 
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phenomenon may be attributed to the fixed flow separation locations due to the effect of 

helical strakes.  

The independent velocity and relative velocity Morison models are compared for the 

fitting goodness to the measured drag force. A better fit can be achieved with the 

independent velocity model as a result of the flexibility with two drag coefficients, 

while the relative velocity is still applicable in this low 𝐾𝐾𝐾𝐾 flow regime.  

Empirical formulae for hydrodynamic damping coefficients are proposed based on the 

correlation between the drag coefficients and velocity ratio 𝑟𝑟.  

𝐾𝐾𝑑𝑑𝑜𝑜 =
3.65
𝑟𝑟

+ 2.82 √𝑟𝑟   

𝐾𝐾𝑑𝑑𝑠𝑠 =
6.90

1 + 𝑅𝑅1.28−0.57𝑟𝑟   

where 𝐾𝐾𝑑𝑑𝑜𝑜  and 𝐾𝐾𝑑𝑑𝑠𝑠  are the oscillatory and steady drag coefficients based on the 

independent velocity model, respectively; 𝑟𝑟 is the velocity ratio between the oscillating 

velocity amplitude (𝑈𝑈𝑚𝑚) and the steady current velocity (𝑈𝑈𝑐𝑐), i.e., 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐.  

To facilitate the prediction of hydrodynamic damping for fatigue design of WIRs with 

helical strakes, some recommendations are provided, in which the drag coefficients are 

to be determined by the proposed empirical formulae and the added mass coefficients 

are based on the potential theory values.  
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Abstract 

This paper investigates the hydrodynamic damping of a circular cylinder with helical 

strakes at Keulegan-Carpenter (𝐾𝐾𝐾𝐾) number from 0.07 to 3 in the presence of steady 

currents. Experiments were performed with a straked cylinder oscillating in either in-

line or cross currents over Reynolds number (based on the oscillating velocity 

amplitude) varying from 1260 to 54000. With in-line current being present, the 

measured drag coefficients of the straked cylinder are found to depend on the ratio 

between the oscillating velocity amplitude and the steady current velocity. This 

phenomenon is further confirmed by computational fluid dynamics using large-eddy 

simulations. The drag coefficients obtained from the numerical simulations agree well 

with the experimentally determined values. Similar phenomenon is observed for the 

cases with cross background current. Based on the experimental data, empirical 

formulae are proposed to evaluate drag coefficients. These results are of importance in 

estimating the resonant motion and the fatigue life of risers, e.g., water intake risers, in 

the flow regime of low 𝐾𝐾𝐾𝐾. Finally, recommendations are provided for fatigue analysis 

of risers with helical strakes from the perspective of engineering practice. 

4.1. Introduction 

In the development of floating liquefied natural gas (FLNG) technology (Pek and 

Efthymiou, 2011; Zhao et al., 2011), water intake risers (WIRs) - as a novel concept 

(Kuiper et al., 2004) - was invented to convey cooling water for the liquefaction of 

natural gas. WIR is featured with a free hanging configuration, a large diameter to 

provide large volume of seawater, and a length of more than 100 meters to ensure 

access to seawater with required low temperature. Taking Prelude FLNG as an example, 

it is equipped with nine WIRs in a bundle, with each single riser being 150 m long and 

1.07 m in diameter (Efthymiou, 2015). Fig. 4-2 shows a sketch of the risers and the 

connection with a floating system. These risers are arranged in a 3×3 square 

configuration in which the risers at the four corners are equipped with helical strakes. 

The nine risers in a bundle move as a whole, and vortex induced vibration (VIV) of the 

risers is virtually eliminated through the introduction of helical strakes at the four 

corners (Pek and Efthymiou, 2011). Therefore, the fatigue damage due to VIV and the 

suppression of VIV by helical strakes are not within the scope of the present study.  
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Figure 4-2. Sketch of water intake risers connecting to a floating vessel (figure not to 

scale). The risers formed a 3×3 squared bundle, with strakes being equipped to the four 

risers at the corners. 

Riser vibrations will be triggered due to the wave-induced vessel motions, in particular 

the vessel’s sway motions, through the top of the risers. The natural period of the 

second vibration mode of these risers falls within the range of wave periods, leading to 

resonant responses of risers. At resonance, the response amplitude is limited by the 

damping, in particular the hydrodynamic damping, which further affects the fatigue life. 

Therefore, an accurate prediction of the hydrodynamic damping is essential for the 

fatigue design of WIRs. The hydrodynamic damping applied to risers has been widely 

investigated, such as Otter (1990), Troesch and Kim (1991) and Chaplin (2000). 

However, it remains unclear what kind of model can best represent the nature of the 

hydrodynamic damping at low 𝐾𝐾𝐾𝐾  (𝐾𝐾𝐾𝐾  = 2𝜋𝜋𝐴𝐴/𝐷𝐷  (Keulegan and Carpenter, 1958), 

where 𝐴𝐴 is motion amplitude and 𝐷𝐷 is the riser diameter) flow regime, which is of most 

concern for the fatigue analysis of WIRs. Based on experimental data, Gao et al. (2020) 

developed an empirical model for the estimation of the hydrodynamic damping for 

smooth risers, where a detailed review of the literature on hydrodynamic damping of 

risers is provided and thus not repeated here. In this study, the focus is put on risers with 

helical strakes. 

There have been rich studies on the effect of helical strakes, with the majority focusing 

on VIV suppression. For instance, Trim et al. (2005) investigated the suppression of 

VIV for a flexible riser and found that the triple-start helical strakes are effective in 



Towards a model of hydrodynamic damping for a circular cylinder with helical strakes at low 𝐾𝐾𝐾𝐾 

69 

mitigating VIV, though the performance is dependent on the geometry of the strakes. 

Allen et al. (2004) performed a series of tests to evaluate the influence of strake 

geometry, surface roughness, coverage length and interference effects on the 

suppression efficiency. More similar studies on the efficiency of helical strakes can be 

found, for example, Bearman and Branković (2004), Ding et al. (2004), Quen et al. 

(2014), Vandiver et al. (2006), Boubenider et al. (2008) and Gao et al. (2016). Further 

studies, e.g., Korkischko et al. (2007), Zhou et al. (2011) and Constantinides and 

Oakley (2006), revealed that the helical strakes prevent the vortex shedding from 

forming the spanwise correlation rather than suppress the vortex shedding phenomenon, 

and the three-dimensionality introduced in the separating flow avoids the regular 

formation of vortex shedding. 

In spite of extensive studies on the suppression effect of helical strakes, hydrodynamic 

coefficients of a straked riser under oscillatory flow were rarely examined. The limited 

data of the hydrodynamic coefficients under oscillatory flows are mainly for the flow 

regime of medium 𝐾𝐾𝐾𝐾 values, e.g., Mikta et al. (2003) and Senga and Larsen (2017). In 

practical applications for the fatigue design of WIRs, the flow regime with 𝐾𝐾𝐾𝐾 < 3 is 

more relevant. Such small 𝐾𝐾𝐾𝐾  values are a result of the small wave-induced vessel 

motion under operational conditions and the large diameter of the WIRs. To the 

authors’ knowledge, little attention has been paid to the hydrodynamic damping of a 

straked cylinder oscillating at low 𝐾𝐾𝐾𝐾. 

To investigate the hydrodynamic damping experienced by an oscillating circular 

cylinder with helical strakes, experiments were conducted under steady in-line or cross 

currents in the flow regime of 𝐾𝐾𝐾𝐾 < 3. The Reynolds number (𝑅𝑅𝑅𝑅𝑜𝑜 = 𝑈𝑈𝑚𝑚𝐷𝐷/𝜈𝜈) based on 

the cylinder motion velocity amplitude 𝑈𝑈𝑚𝑚 in the tests is from 1260 to 54000, where 𝜈𝜈 

is the kinematic viscosity of water. It is worth mentioning that the 𝑅𝑅𝑅𝑅 values used in this 

study are lower than those in the field, the measurements are expected to be applicable 

in design since the hydrodynamic damping of the straked cylinder is less sensitive to 𝑅𝑅𝑅𝑅 

(Korkischko et al., 2007; Mikta et al. 2003). The Morison equations with relative and 

independent velocity formulae are compared in terms of the goodness of fitting to the 

drag force with in-line current. To shed light on the correlation between the drag 

coefficients and the ratio of oscillating velocity amplitude and the steady current 

velocity, large-eddy simulation (LES), which is featured with its accuracy for modelling 

the complex unsteady behavior of separated flows post bluff bodies (Lehmkuhl et al., 
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2014; Cheng et al., 2017), has been conducted using open-source computational fluid 

dynamics (CFD) code OpenFOAM®. Empirical formulae are developed based on the 

measured data and recommendations for design implementation are made. 

This paper is organized as follows. The experimental setup and data analysis method are 

briefly described in Section 4.2. The experimental results and the LES investigation for 

the straked cylinder with in-line current are presented in Section 4.3 and Section 4.4, 

respectively, while the experimental results with cross current are analyzed in Section 

4.5. In Section 4.6, empirical formulae and recommendations for design are provided. 

Major conclusions are drawn in Section 4.7. 

4.2 Experiment set-up  

The experiments were conducted in the BGO FIRST basin in France, which has a 

length of 40 m and a width of 16 m. In the present experiment, the water depth was 

selected to be 1.275 m. In the central area of the basin, where the test facility is located, 

a rectangular flat plate of 4.50 m × 4.59 m was installed 0.37 m above the basin bottom 

to reduce the boundary layer effect from the basin bottom. The experimental setup is 

shown in Fig. 4-3. With this apparatus, the cylinder can be forced to oscillate 

horizontally by a hexapod via a trolley-spring system. A support beam is rigidly fixed 

on the hexapod to provide the rail, along which a trolley with four rollers can move. The 

trolley is attached to the hexapod via two springs with the total stiffness of 1060 N/m. 

The cylinder is connected to the trolley via a load sensor. More details of the 

experimental arrangement can be found in the previous study of Gao et al. (2020). 

The cylinder is made of aluminum with a diameter (𝐷𝐷) of 0.15 m and a length of 0.880 

m. The top end of the cylinder is 0.005 m above the still water surface, giving an 

immersed length of 0.875 m. The three-start helical strakes with a pitch (𝑝𝑝) of 17.5𝐷𝐷 (= 

2.625 m) and a height (ℎ) of 0.2𝐷𝐷 (= 0.03 m) are made of rigid rubber. The cylinder 

with strakes is watertight and neutrally buoyant in water. 

In the experiment, harmonic horizontal motion was applied through the hexapod to 

trigger the motion of the trolley together with the cylinder via the springs. The period of 

the forced motion is 𝑇𝑇 =1.25 s, equal to the natural period of the spring-moored 

cylinder determined by a free decay test in still water. The Stokes number is 𝛽𝛽 =

𝐷𝐷2/(𝜈𝜈𝑇𝑇) = 180,000. The input hexapod motion amplitude 𝑥𝑥𝐹𝐹 is 2, 4, 8, 16 and 30 mm. 
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Current velocity 𝑈𝑈𝑐𝑐  = 0.1, 0.2, 0.3 and 0.4 m/s were adopted for the in-line current 

while 0.1 and 0.2 m/s were used in the cross current cases. Table 4-1 shows the details 

of the test matrix. 

Forced motion

Current

HexapodSprings

Support beam

(a) (b)

 
Figure 4-3. Experimental setup: (a) schematic diagram; (b) detailed drawing (unit in 

mm). 

Table 4-1. Test matrix 

 
Current 

direction 

Current velocity 

(m/s) 

Input hexapod motion 

amplitude (mm) 

 
In-line 0.1, 0.2, 0.3, 0.4 2, 4, 8, 16, 30 

 
Cross 0.1, 0.2 2, 4, 8, 16, 30 

 

The displacements of the hexapod and cylinder were measured by non-contact 

transducers. The horizontal forces on the cylinder were measured by a 2-D load sensor, 

which connects the cylinder and the trolley. All the data were sampled with a frequency 

of 1000 Hz.  

The motion of the surface-piercing cylinder will inevitably generate waves, which 

induce radiation damping. To evaluate the wave radiation damping, numerical 

simulations were performed with the linear potential flow solver WADAM (2015). For 

the panel model in the simulations (see Fig. 4-4), the helical strakes are also modelled 

with the same dimensions as in the experiment. The damping coefficient is calculated to 

be 𝐵𝐵 = 5.88 kg/s at the period of 1.25 s. The wave radiation damping is subtracted from 
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the measured total hydrodynamic force, though its contribution is rather small compared 

to the viscous damping for the present tests. 

 

Figure 4-4. The panel model of the cylinder with helical strakes. 

The drag and inertia force components have been decomposed with the same method as 

described by Gao et al. (2020), and curve fitting is performed based on the least square 

method to obtain the drag and added mass coefficients. 

4.3 Hydrodynamic damping of a straked cylinder with in-line current - 

experiments 

4.3.1 Goodness of fit for drag force 

For an oscillating cylinder with in-line steady current, the relative velocity Morison 

equation is usually used to predict the hydrodynamic force (Morison et al., 1950), and 

the total force per unit length is expressed as  

𝐹𝐹 =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥) (4-3.1) 

where 𝐾𝐾𝑑𝑑 and 𝐾𝐾𝑎𝑎 are drag and added mass coefficients, respectively and 𝜌𝜌 is the fluid 

density. 

Another form of the Morison equation, the so-called independent velocity model (Moe 

and Verley, 1980), accounts for the steady current effect independently from the drag 

due to the oscillatory flow. The force per unit length in this form is given as 
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𝐹𝐹 =
1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑠𝑠𝑈𝑈𝑐𝑐|𝑈𝑈𝑐𝑐| +

1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑜𝑜(−�̇�𝑥)|−�̇�𝑥| +

𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥) (4-3.2) 

where 𝐾𝐾𝑑𝑑𝑠𝑠 is the steady drag coefficient for a uniform flow with the velocity 𝑈𝑈𝑐𝑐, and 

𝐾𝐾𝑑𝑑𝑜𝑜 is the oscillatory drag coefficient due to the oscillation of the cylinder in still water. 

The measured drag force has been fitted with both damping models, i.e., 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(𝑈𝑈𝑐𝑐 −

�̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| in the relative velocity model, and 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑠𝑠𝑈𝑈𝑐𝑐|𝑈𝑈𝑐𝑐| for the mean of the drag 

force and 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑜𝑜(−�̇�𝑥)|−�̇�𝑥|  for the oscillatory component of the drag force in the 

independent velocity model. The fitted curves for the drag force are shown in Figs. 4-5 

~ 4-8. It is seen that the independent velocity model always produces a good fitting of 

the drag force while the relative velocity model sometimes underestimates the trough of 

the drag force. 

 
Figure 4-5. Fitting to drag force with relative and independent velocity models for a 

straked cylinder with in-line currents at Vr = 0.83 for different 𝐾𝐾𝐾𝐾 numbers: (a) 𝐾𝐾𝐾𝐾 = 

0.52, 𝑟𝑟 = 0.63; (b) 𝐾𝐾𝐾𝐾 = 0.95, 𝑟𝑟 = 1.14; (c) 𝐾𝐾𝐾𝐾 = 1.59, 𝑟𝑟 = 1.92; (d) 𝐾𝐾𝐾𝐾 = 2.40, 𝑟𝑟 = 2.89. 
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Figure 4-6. Same as in Fig. 4-5 but at Vr = 1.67: (a) 𝐾𝐾𝐾𝐾 = 0.31, 𝑟𝑟 = 0.19; (b) 𝐾𝐾𝐾𝐾 = 0.82, 

𝑟𝑟 = 0.49; (c) 𝐾𝐾𝐾𝐾 = 1.44, 𝑟𝑟 = 0.86; (d) 𝐾𝐾𝐾𝐾 = 2.28, 𝑟𝑟 = 1.37. 

 
Figure 4-7. Same as in Fig. 4-5 but at Vr = 2.50: (a) 𝐾𝐾𝐾𝐾 = 0.22, 𝑟𝑟 = 0.09; (b) 𝐾𝐾𝐾𝐾 = 0.64, 

𝑟𝑟 = 0.26; (c) 𝐾𝐾𝐾𝐾 = 1.35, 𝑟𝑟 = 0.54; (d) 𝐾𝐾𝐾𝐾 = 2.16, 𝑟𝑟 = 0.86. 
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Figure 4-8. Same as in Fig. 4-5 but at Vr = 3.33: (a) 𝐾𝐾𝐾𝐾 = 0.16, 𝑟𝑟 = 0.05; (b) 𝐾𝐾𝐾𝐾 = 0.50, 

𝑟𝑟 = 0.15; (c) 𝐾𝐾𝐾𝐾 = 1.23, 𝑟𝑟 = 0.37; (d) 𝐾𝐾𝐾𝐾 = 2.07, 𝑟𝑟 = 0.62. 

The effect of the steady current is usually represented by the reduced velocity 𝑉𝑉𝑟𝑟 =

𝑈𝑈𝑐𝑐𝑇𝑇/𝐷𝐷. In the present study, to examine the relative importance of the oscillatory flow 

and the steady current, the velocity ratio 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐  is defined, where 𝑈𝑈𝑚𝑚  is the 

amplitude of the oscillating velocity of the cylinder or the flow field. For 𝑟𝑟 < 1, there 

will be no reversal flow as steady current dominates, whereas for 𝑟𝑟 > 1 flow reversal 

will occur as the oscillatory flow dominates. 

To quantify the goodness of fitting, the root-mean-square (RMS) of the residual, which 

is the difference between the measured and fitted drag force, is calculated as  

Δ 𝐹𝐹𝑑𝑑−𝑟𝑟𝑚𝑚s =
2

𝐹𝐹𝑑𝑑−𝑚𝑚𝑎𝑎𝑥𝑥  − 𝐹𝐹𝑑𝑑−𝑚𝑚𝑖𝑖𝑛𝑛 
 �
∑ �𝐹𝐹𝑑𝑑−𝑟𝑟(𝑡𝑡𝑖𝑖) − 𝐹𝐹𝑑𝑑(𝑡𝑡𝑖𝑖)�

2𝑁𝑁
𝑖𝑖=1

𝑁𝑁
(4-3.3) 

where 𝐹𝐹𝑑𝑑(𝑡𝑡𝑖𝑖) and 𝐹𝐹𝑑𝑑−𝑟𝑟(𝑡𝑡𝑖𝑖) are the measured and the fitted drag forces, respectively; 

𝐹𝐹𝑑𝑑−𝑚𝑚𝑎𝑎𝑥𝑥   and 𝐹𝐹𝑑𝑑−𝑚𝑚𝑖𝑖𝑛𝑛   are the maximum and minimum measured drag forces, 

respectively. Here, the RMS residual has been normalized by 𝐹𝐹𝑑𝑑−𝑚𝑚𝑎𝑎𝑥𝑥  − 𝐹𝐹𝑑𝑑−𝑚𝑚𝑖𝑖𝑛𝑛   to 

demonstrate the relative error (Konstantinidis and Bouris, 2017). The variation of error 

in RMS with 𝑟𝑟 is shown in Fig. 4-9. 
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Figure 4-9. The RMS residual between the measured drag force and the fitted drag force. 

It is found that the independent velocity model always produces a similar level of fitting 

error in the tested range of 𝑟𝑟 = 0.02 ~ 3, while the relative velocity model gives a small 

fitting error for 𝑟𝑟 < 0.5 but a large error for 𝑟𝑟 > 0.5. The large fitting error of the 

relative velocity model is due to the underestimation of the drag troughs. This is mainly 

because one drag coefficient limits the flexibility of the relative velocity model while 

two drag coefficients, i.e., in the independent velocity model, offer more flexibility in 

fitting the mean and the oscillating components. 

4.3.2 Drag coefficients for a straked cylinder with in-line current 

To obtain the drag coefficients based on the independent velocity model, curve fitting is 

performed to the measured drag force. In the fitting, the mean value of the measured 

drag force is assumed to be 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑠𝑠𝑈𝑈𝑐𝑐|𝑈𝑈𝑐𝑐| , while the remaining is taken as 

1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑𝑜𝑜(−�̇�𝑥)|−�̇�𝑥|. By minimizing the squared error, the drag coefficients based on the 

independent velocity model are obtained as shown in Fig. 4-10. The steady drag 

coefficient 𝐾𝐾𝑑𝑑𝑠𝑠, as shown in Fig. 4-10 (a), is found to increase with 𝐾𝐾𝐾𝐾 when 𝑉𝑉𝑟𝑟 is fixed. 

The oscillatory drag coefficient 𝐾𝐾𝑑𝑑𝑜𝑜, as shown in Fig 4-10 (b), are large from 5 to 150. 

Compared to the drag coefficients for a smooth cylinder (Gao et al., 2020), the 

hydrodynamic damping increases significantly in the presence of the strakes, which is 

not surprising. For a fixed 𝑉𝑉𝑟𝑟 , the 𝐾𝐾𝑑𝑑𝑜𝑜  value decreases with 𝐾𝐾𝐾𝐾 . For 𝐾𝐾𝐾𝐾  < 1, 𝐾𝐾𝑑𝑑𝑜𝑜 

increases as the steady current velocity increases. 
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Figure 4-10. Variation of drag coefficients against 𝐾𝐾𝐾𝐾 based on the independent 

velocity model for a straked cylinder with in-line current: (a) Steady drag coefficients; 

(b) Oscillatory drag coefficients. 

 
Figure 4-11. Variation of drag coefficients against 𝑟𝑟 based on the independent velocity 

model for a straked cylinder with in-line current: (a) Steady drag coefficients; (b) 

Oscillatory drag coefficients. 

Although both the 𝐾𝐾𝑑𝑑𝑠𝑠 and 𝐾𝐾𝑑𝑑𝑜𝑜values scatter against 𝐾𝐾𝐾𝐾 or 𝑉𝑉𝑟𝑟, it is interesting to note 

that they collapse to the same curve when being plotted against 𝑟𝑟 as shown in Fig. 4-11. 

It can be seen that 𝐾𝐾𝑑𝑑𝑠𝑠  is close to a constant value of 1.5 for 𝑟𝑟 < 0.5 and thereafter 

increases with 𝑟𝑟, while 𝐾𝐾𝑑𝑑𝑜𝑜  decreases with increasing 𝑟𝑟. This phenomenon is further 

explored by CFD simulations in Section 4.4. 

The drag coefficients based on the relative velocity model are shown in Fig. 4-12. 𝐾𝐾𝑑𝑑 

for a straked cylinder with in-line steady current exhibits a different trend compared to 

that for a smooth cylinder without current, as shown in Fig. 4-12 (a). In particular, 𝐾𝐾𝑑𝑑 
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remains close to a constant (about 1.5) with increasing 𝐾𝐾𝐾𝐾 over the range of 0.1 < 𝐾𝐾𝐾𝐾 < 

2. When being plotted against 𝑟𝑟, the 𝐾𝐾𝑑𝑑 values with different 𝑉𝑉𝑟𝑟 also seem to collapse to 

the same curve as shown in Fig. 4-12 (b). 

 
Figure 4-12. Drag coefficients based on the relative velocity model for a straked 

cylinder with in-line currents: (a) Cd curve against 𝐾𝐾𝐾𝐾 (b) Cd curve against r = Um/Uc. 

The comparison between 𝐾𝐾𝑑𝑑  from the relative velocity model and 𝐾𝐾𝑑𝑑𝑠𝑠  from the 

independent velocity model are given in Fig. 4-13. One can see that 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑑𝑑𝑠𝑠  are 

close to identical when 𝑟𝑟 < 1. This seems to suggest that 𝐾𝐾𝑑𝑑  in the relative velocity 

model is dominated by the steady current for small 𝑟𝑟.  

 
Figure 4-13. Cd from relative velocity model and Cds from the independent velocity for a 

straked cylinder with in-line currents. 

4.3.3 Added mass of a straked cylinder with in-line current 

For the added mass coefficient of a circular cylinder with equally distributed multiple 

helical strakes, an analytical potential theory solution was given by Nestegård et al. 
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(2014) based on the two-dimensional analytical formulae derived by Bryson (1954) 

using the conformal mapping technique. 

𝐾𝐾𝑎𝑎𝑁𝑁 = �𝐾𝐾𝑎𝑎, 2𝐷𝐷
𝑁𝑁 − 1� 𝜅𝜅 + 1 (4-3.4) 

where 𝑁𝑁 is the number of helical strakes, and 

𝜅𝜅 =
(𝑝𝑝 / 𝐷𝐷)2

𝜋𝜋2 + (𝑝𝑝 / 𝐷𝐷)2
(4-3.5) 

where 𝑝𝑝 is the pitch of the strake. 𝐾𝐾𝑎𝑎, 2𝐷𝐷
𝑁𝑁  is the two-dimensional added mass coefficient, 

which was given by Nestegård et al. (2014) as 

𝐾𝐾𝑎𝑎, 2𝐷𝐷
𝑁𝑁 =

2
𝛿𝛿2 �

�
1 + 𝛿𝛿𝑁𝑁

2
�
4 / 𝑁𝑁

−
1
2
𝛿𝛿2� (4-3.6) 

𝛿𝛿 =
𝐷𝐷

𝐷𝐷 + 2 ℎ
=

1
1 + 2(ℎ / 𝐷𝐷)

(4-3.7) 

where, ℎ is the height of the strake. These equations are valid for 𝑁𝑁  ≥ 3.  

 
Figure 4-14. Added mass coefficients of a straked cylinder with in-line current. The 

curves are for a straked cylinder, except the one marked with circles. 

The added mass coefficients, which are obtained by fitting the inertia force term 
𝜋𝜋
4
𝜌𝜌𝐷𝐷2𝐾𝐾𝑎𝑎(−�̈�𝑥), are shown in Fig. 4-14 together with the 2D analytical solution from Eq. 

(4-3.4) (𝐾𝐾𝑎𝑎 =1.34) and the 3D potential flow calculation using WADAM (DNV-GL, 

2015) (𝐾𝐾𝑎𝑎 = 1.41). The results of 𝐾𝐾𝑎𝑎 for a smooth cylinder without current (Gao et al., 

2020) is also shown. Not surprisingly, the 𝐾𝐾𝑎𝑎 value for a straked cylinder is larger than 
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that of a smooth cylinder. It is seen from the experimental results that the increasing in-

line steady current induces a decrease of 𝐾𝐾𝑎𝑎 from 1.4 towards 1.2. 

4.4 Numerical simulations for a straked cylinder with in-line steady current 

To further investigate the correlation between the drag coefficients and the velocity 

ratio (𝑟𝑟), CFD simulations based on LES were conducted for a fixed straked cylinder 

with a combined oscillatory and steady flow. The oscillatory flow around a fixed 

cylinder is equivalent to the flow field where the cylinder oscillates in still water with 

only a difference of the Froude-Krylov force (Sumer, 2006), which is related to the 

inertia coefficient 𝐾𝐾𝑚𝑚  (= 𝐾𝐾𝑎𝑎 + 1). It was found in previous studies (Sarpkaya, 2010; 

Korkischko et al., 2007) that the drag coefficients of a straked cylinder in steady flow 

are nearly independent of 𝑅𝑅𝑅𝑅. To avoid the prohibitive computational cost, lower 𝑅𝑅𝑅𝑅 

values compared to those in the experiments are used. For the steady current, the values 

of 𝑅𝑅𝑅𝑅𝑠𝑠 = 𝑈𝑈𝑐𝑐𝐷𝐷/𝜈𝜈 range from 400 to 1600, while for the oscillatory flow, the 𝛽𝛽 value is 

480 with 𝐾𝐾𝐾𝐾 from 0.33 to 1.67, giving the oscillatory flow Reo values from 160 to 800 

(Reo = 𝐾𝐾𝐾𝐾 ∙ 𝛽𝛽). 

4.4.1 Numerical model and verification 

In the numerical simulations, the same geometry of the cylinder and helical strakes as in 

the experiments is used except for the length of the cylinder. A length of 4𝐷𝐷 is used in 

the numerical simulation (instead of 5.8𝐷𝐷 as in the experiment). This length is believed 

to be appropriate considering the disruption effect on the vortex correlation by helical 

strakes. In a previous study (An et al., 2011), a span length of 4𝐷𝐷 for a smooth circular 

cylinder at the same 𝐾𝐾𝐾𝐾 and 𝑅𝑅𝑅𝑅 ranges was used. The computation domain is 50𝐷𝐷 × 

40𝐷𝐷 × 4𝐷𝐷. The flow is in the x-axis direction. To facilitate the modelling of helical 

strakes, the overset mesh approach, which was benchmarked for flow around a fixed 

cylinder (Ye and Wan, 2017), is adopted. The radius of the overset domain is 3𝐷𝐷. The 

structured mesh is used, which is created with the blockMesh utility in OpenFOAM. 

The mesh blocks of the cylinder with helical strakes are created layer by layer from the 

top to the bottom in the spanwise direction with each layer rotating a certain degree to 

form the pitch angle of the strakes. For the boundary condition, the inlet flow velocity is 

one-dimensional and specified as �𝑢𝑢𝑥𝑥,  𝑢𝑢𝑦𝑦,  𝑢𝑢𝑧𝑧� = �𝑈𝑈𝑚𝑚 sin �2𝜋𝜋𝜋𝜋
𝑇𝑇
� + 𝑈𝑈𝑐𝑐, 0, 0�. 
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Periodic conditions are specified on the two boundaries perpendicular to the z-axis, and 

free-slip conditions are imposed on the two boundaries perpendicular to the y-axis. For 

the outlet, the velocity gradients in the x-direction and the pressure are both set as zero. 

Table 4-2 Parameters of mesh independency study 

Mesh No. 𝑁𝑁𝑐𝑐𝑦𝑦𝑐𝑐𝑖𝑖𝑛𝑛𝑑𝑑𝐼𝐼𝑟𝑟 𝑁𝑁𝑠𝑠pan 𝑁𝑁𝜋𝜋𝑜𝑜𝜋𝜋𝑎𝑎𝑐𝑐 Δ𝑧𝑧/𝐷𝐷 𝐾𝐾𝑑𝑑 

1 29520 60 5.05×106 0.067 1.50 

2 39360 60 7.24×106 0.067 1.49 

3 43296 88 10.21×106 0.045 1.49 

Note: 𝑁𝑁𝑐𝑐𝑦𝑦𝑐𝑐𝑖𝑖𝑛𝑛𝑑𝑑𝐼𝐼𝑟𝑟, 𝑁𝑁𝑠𝑠pan and 𝑁𝑁𝜋𝜋𝑜𝑜𝜋𝜋𝑎𝑎𝑐𝑐  denote the element number on the cylinder surface, 

the element number along the span of the cylinder and the total element number in the 

domain, respectively. Δ𝑧𝑧 is the element size along the spanwise direction. 

The mesh details of the straked cylinder surface and the plane mesh for the overset 

region are shown in Fig. 4-15. Hexahedral elements are used to discretize the entire 

computational domain. To resolve the boundary layer, the average non-dimensional 

distance 𝑦𝑦+ is approximately 0.5 (𝑦𝑦+ = 𝑢𝑢𝑓𝑓𝑦𝑦1/𝜈𝜈, where 𝑢𝑢𝑓𝑓 is the friction velocity and 𝑦𝑦1 

is the first layer mesh size to the cylinder surface). A dynamically adjustable time step 

is used to guarantee a Courant number of less than 0.5. For the sub-grid-scale flow 

modelling in LES, the wall adapting local eddy viscosity model (Nicoud and Ducros, 

1999) is adopted. 

To validate the numerical model, a steady flow around the fixed straked cylinder for 𝑅𝑅𝑅𝑅 

= 1600 is simulated with three sets of meshes. The drag coefficients are compared with 

the experimental results from Korkischko et al. (2007), in which the drag coefficients of 

a straked cylinder with different strake heights and pitches at 𝑅𝑅𝑅𝑅 range from 2000 to 

10000 were measured. It was found by Korkischko et al. (2007) that the drag coefficient 

for the straked cylinder strongly depends on the height of the strake height, while little 

on the pitch. For the strake height of 0.2𝐷𝐷, the drag coefficient is ~1.5. In the present 

numerical simulation, the drag coefficient values from the three different mesh sets with 

total mesh numbers of ~5 million, ~7 million and ~10 million are 1.50, 1.49 and 1.49, 

respectively, which can be considered as convergent. The parameters of mesh 

independency study are listed in Table 4-2. The mesh set of ~7 million elements (Mesh 

No. 2) is used for the following cases. 
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                                           (a)                                                      (b) 

Figure 4-15. Details of the computational mesh: (a) The mesh of the straked cylinder 

surface; (b) The top view of the mesh of the overset region. 

4.4.2 Numerical results 

Three cases with different 𝑟𝑟 values are simulated for combined oscillatory and steady 

flows around the fixed straked cylinder. The parameters of the three cases are listed in 

Table 4-3. 

Table 4-3 Numerical simulation cases for the straked cylinder with a steady and an 

oscillatory flow 

Case 𝑟𝑟 𝐾𝐾𝐾𝐾 𝑉𝑉𝑟𝑟 𝑅𝑅𝑅𝑅𝑠𝑠 = 𝑈𝑈𝑐𝑐𝐷𝐷/𝜈𝜈 𝑅𝑅𝑅𝑅𝑜𝑜 = 𝑈𝑈𝑚𝑚𝐷𝐷/𝜈𝜈 𝛽𝛽 

Case 1 0.1 0.33 3.33 1600 160 480 

Case 2 0.6 1.0 1.67 800 480 480 

Case 3 2.0 1.67 0.83 400 800 480 

 

The drag coefficients based on the independent velocity Morison model are obtained 

using the same method as that for the experimental data. The oscillatory and steady drag 

coefficients for the three numerical cases are shown in Fig. 4-16 together with the 

experimental data. Despite the difference of 𝑅𝑅𝑅𝑅  values between the numerical 

simulations and the experiment, the drag coefficients obtained match well. This further 

confirms the correlation between the drag coefficients and the velocity ratio 𝑟𝑟 . 

Furthermore, it is indicated that the effect of 𝑅𝑅𝑅𝑅 on the hydrodynamic damping of a 
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straked cylinder is small, which is similar to the conclusion from the experiment in a 

steady flow. 

 
Figure 4-16. Comparison of numerical results with measured data, both being obtained 

based on the independent velocity model: (a) Steady drag coefficients; (b) Oscillatory 

drag coefficients. 

The vortex structure of the instantaneous flow fields is examined with the second 

negative eigenvalue 𝜆𝜆2 of the tensor of 𝐒𝐒2 + 𝛀𝛀2, where 𝐒𝐒 and 𝛀𝛀 are the symmetric and 

antisymmetric parts of the velocity gradient tensor, and the eigenvalue 𝜆𝜆2 represents the 

location of the vortex core (Jeong and Hussain, 1995). The iso-surface of 𝜆𝜆2 = −0.5 for 

the flow around the straked cylinder at 𝑡𝑡 = 40𝑇𝑇 is shown in Fig. 4-16. The shedding 

vortices with large structures downstream are observed in Fig. 4-17 (a) for Case 1, in 

which the steady current dominates the flow filed. As the oscillatory flow velocity 

amplitude increases and steady current velocity decreases as in Case 2, the vortex 

structures downstream shrink to a short and narrow region as shown in Fig. 4-17 (b). 

For Case 3 in Fig. 4-17 (c), the vortex structures are of similar size both upstream and 

downstream since the oscillatory flow dominates the flow. For all the three cases, it is 

clear that the vortex shedding mainly occurs at the edges of the helical strakes, and the 

vortex structures are quite fragmented without coherence. This may explain the 

dependence of the hydrodynamic damping on the velocity ratio: the hydrodynamic 

damping is dominated by the flow separation at the edges of the strakes and the flow 

direction becomes more important for fixed separation locations. 
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(a) (b) (c)

 
Figure 4-17. The iso-surface of λ2 = − 0.5 for the flow around the straked cylinder at 

𝑡𝑡 = 40𝑇𝑇: (a) Case 1; (b) Case 2; (c) Case 3. 

4.5 Hydrodynamic damping for a straked cylinder in cross current 

When the straked cylinder oscillates in cross steady current, the in-line hydrodynamic 

force can still be expressed with Morison’s equation since the VIV effect is suppressed 

by the helical strakes. To obtain the drag and added mass coefficients, the measured 

drag and inertia forces are fitted by Morison terms 1
2
𝜌𝜌𝐷𝐷𝐾𝐾𝑑𝑑(−�̇�𝑥)|−�̇�𝑥| and 𝜋𝜋

4
𝜌𝜌𝐷𝐷2 𝐾𝐾𝑎𝑎(−�̈�𝑥), 

respectively. The fitted curves for the drag force with the 0.2 m/s cross current are 

shown in Fig. 4-18 and a satisfactory fit to the measured drag force can be achieved 

without considering the steady current velocity in the Morison drag term. 

 
Figure 4-18. Fitting to the measured drag for cross current cases with the Morison 

equation at Vr= 1.67 for different 𝐾𝐾𝐾𝐾 values: (a) 𝐾𝐾𝐾𝐾 = 0.57; (b) 𝐾𝐾𝐾𝐾 = 1.03; (c) 𝐾𝐾𝐾𝐾 = 

1.81; (d) 𝐾𝐾𝐾𝐾 = 2.67. 
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Figure 4-19. Drag coefficients for a straked cylinder with cross current: (a) Cd against 

𝐾𝐾𝐾𝐾; (b) Cd against r = Um/Uc. 

The measured drag coefficients of the straked cylinder under steady cross currents are 

shown in Fig. 4-19. It is found in Fig. 4-19 (a) that the drag coefficient decreases with 

𝐾𝐾𝐾𝐾 and the values are much larger than those for a smooth cylinder without current. If 

these drag coefficients are plotted against r as shown in Fig. 4-19 (b), then the 𝐾𝐾𝑑𝑑 values 

collapse with the 𝐾𝐾𝑑𝑑𝑜𝑜  values with in-line current based on the independent velocity 

model.  

 
Figure 4-20. Added mass coefficients for a straked cylinder under steady cross current. 

The added mass coefficients for the cylinder with helical strakes under cross current are 

shown in Fig. 4-20. Compared with the smooth cylinder without current, the strakes 

increase 𝐾𝐾𝑎𝑎 value significantly which is similar to the cases with in-line steady currents. 

In contrast, the cross current shows less effect on the 𝐾𝐾𝑎𝑎 value. The 𝐾𝐾𝑎𝑎 values obtained 

from the potential flow theory from Wadam (DNV-GL, 2015) (𝐾𝐾𝑎𝑎 = 1.41) and the 
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analytical solution (𝐾𝐾𝑎𝑎 = 1.34 ) based on Eq. (3.4) show 𝐾𝐾𝑎𝑎  values close to those 

measured in the experiment. 

4.6 Recommendations for design practice 

4.6.1 Determination of hydrodynamic coefficients 

The present experimental results show that the measured drag coefficients are related to 

the ratio of oscillating velocity amplitude and the steady current velocity, i.e., 𝑟𝑟 =

𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐. To facilitate the prediction of hydrodynamic damping for cases with helical 

strakes, empirical formulae are proposed by fitting the measured values of the drag 

coefficients against 𝑟𝑟. It is recommended to determine the hydrodynamic coefficients 

following the steps below. 

(1) If the independent velocity Morison model is used to estimate the hydrodynamic 

damping of the straked cylinder with in-line current, the oscillatory drag coefficient 𝐾𝐾𝑑𝑑𝑜𝑜 

and the steady drag coefficient 𝐾𝐾𝑑𝑑𝑠𝑠 can be obtained through Eq. (4-6.1) and Eq. (4-6.2), 

respectively. The two equations are obtained by curve fitting to the measured drag 

coefficients based on the independent velocity Morison model, see Fig. 4-21. When 

𝑟𝑟 approaches 0, the steady current dominates and 𝐾𝐾𝑑𝑑𝑠𝑠 tends to a constant value of 1.5. 

This is consistent with the drag coefficient for a steady flow around the fixed cylinder 

with helical strakes as given by Korkischko et al. (2007) and the present numerical 

simulations.  

𝐾𝐾𝑑𝑑𝑜𝑜 =
3.65
𝑟𝑟

+ 2.82 √𝑟𝑟 (4-6.1) 

𝐾𝐾𝑑𝑑𝑠𝑠 =
6.90

1 + 𝑅𝑅1.28−0.57𝑟𝑟 (4-6.2) 

(2) If the relative velocity Morison model is used, a single drag coefficient can be 

determined simply through 𝐾𝐾𝑑𝑑 = 𝐾𝐾𝑑𝑑𝑠𝑠  where the 𝐾𝐾𝑑𝑑𝑠𝑠  values are obtained from Eq. (4-

6.2). This is because the drag coefficients based on the relative velocity model are close 

to the steady drag coefficients based on the independent velocity model as shown in 

Fig. 4-12. 

(3) To predict the in-line hydrodynamic damping for the cylinder with helical strakes 

under cross current, the basic Morison equation can be selected simply through 𝐾𝐾𝑑𝑑 =
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𝐾𝐾𝑑𝑑𝑜𝑜, where the 𝐾𝐾𝑑𝑑𝑜𝑜 values can be obtained from Eq. (4-6.1). This is based on the data 

converging between the 𝐾𝐾𝑑𝑑 with cross current and the 𝐾𝐾𝑑𝑑𝑜𝑜 with in-line current. Thus, the 

cross current velocity is not involved in the basic Morison drag term. 

 
Figure 4-21. Curve fitting to the measured values: (a) Oscillatory drag coefficients; (b) 

Steady drag coefficients. 

(4) For the added mass coefficients of the cylinder with helical strakes, a constant 𝐾𝐾𝑎𝑎 

value of 1.4 is considered to be adequate, based on potential flow theory and the 

experimental results in this study. 

4.6.2 Validation of the developed model 

In the experiments, both the input hexapod motion and the cylinder motion were 

measured. This provides the opportunity to derive the dynamic amplification factor 

(DAF) of the riser motion directly through the measured data, i.e., DAF = 𝑥𝑥𝐴𝐴/𝑥𝑥𝐹𝐹, where 

𝑥𝑥𝐹𝐹  is the amplitude of the input forced motion and 𝑥𝑥𝐴𝐴  is the amplitude of the riser 

motion. Based on the recommendations listed in Section 4.6.1, DAFs can be predicted 

using the same method used by Gao et al. (2020), which is not repeated here. These 

predicted DAFs are then compared with those measured directly from the experiments.  

Calculations based on the independent velocity Morison model are given in Fig. 4-22. 

One can see that the predicted DAFs based on the recommended coefficients (𝐾𝐾𝑑𝑑𝑜𝑜 from 

Eq. (4.6.1), 𝐾𝐾𝑑𝑑𝑠𝑠 from Eq. (4.6.2) and 𝐾𝐾𝑎𝑎 = 1.4) match well those predicted based on the 

measured coefficients in the experiments and those measured directly from the 

experiments.  
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Figure 4-22. DAFs based on the independent velocity Morison model for the cylinder 

with helical strakes under in-line current at different reduced velocities: (a) Vr = 0.83; (b) 

Vr = 1.67; (c) Vr = 2.50; and (d) Vr = 3.33. 

 
Figure 4-23. Same as in Fig. 4-22 but based on the relative velocity Morison model. 
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Figure 4-24. DAF predictions based on the Morison equation for the cylinder with 

helical strakes under cross current at different reduced velocities: (a) Vr = 0.83; (b) Vr = 

1.67. 

Calculations based on the relative velocity Morison model where 𝐾𝐾𝑑𝑑  is given by Eq. 

(4.6.2) and 𝐾𝐾𝑎𝑎  = 1.4 are given in Fig. 4-23. The predicted DAFs based on the 

recommended coefficients agree well with those obtained using the measured 

hydrodynamic coefficients. One can note that both of these predicted DAFs are higher 

than those measured directly in the experiments. This is simply because the fit to the 

measured drag force with the relative velocity formulation is less satisfactory than that 

with the independent velocity model, as discussed in Section 4.3. However, the relative 

velocity Morison model has been widely used in the design and is likely to remain so 

because of its simplicity in determining the single drag coefficient. For the cases with 

cross current, the recommended hydrodynamic coefficients (𝐾𝐾𝑑𝑑 from Eq. (4.6.1) and 𝐾𝐾𝑎𝑎 

= 1.4) also perform well as shown in Fig. 4-24. 

4.7 Conclusions 

To investigate the hydrodynamic damping of a circular cylinder with helical strakes at 

low 𝐾𝐾𝐾𝐾, a series of experiments have been conducted with the cylinder oscillating in in-

line or cross current. A key observation from these experiments is that the 

hydrodynamic drag coefficients correlate well with the ratio of the oscillating velocity 

amplitude to the steady current velocity. Numerical simulations were performed for the 

combined in-line steady and oscillatory flow around a fixed cylinder with helical strakes 

to further support the experimental observations. 



Towards a model of hydrodynamic damping for a circular cylinder with helical strakes at low 𝐾𝐾𝐾𝐾 

90 

For the straked cylinder with in-line current, the independent velocity Morison model 

with two drag coefficients performs better in fitting the measured drag force than the 

relative velocity Morison model does. This is because only one single drag coefficient 

has been used for the relative velocity formulation, which limits the flexibility in fitting.  

The drag coefficients for the straked cylinder with background steady currents show a 

good correlation to the velocity ratio 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐, where 𝑈𝑈𝑚𝑚 is the oscillating velocity 

amplitude and 𝑈𝑈𝑐𝑐 the steady current velocity. This phenomenon is also backed by the 

CFD simulations at the same range of 𝑟𝑟. Based on the characteristics of the flow field 

from the numerical simulations, the good correlation seems to be relevant to the 

disrupting effect and fixed vortex shedding locations defined by the helical strakes. 

Based on the correlation between the drag coefficients and the velocity ratio r, empirical 

formulae are proposed for hydrodynamic damping coefficients. As the hydrodynamic 

damping of straked cylinders is less sensitive to 𝑅𝑅𝑅𝑅 (Korkischko et al., 2007; Mikta et 

al., 2003), the findings from the experimental and numerical studies based on relatively 

low 𝑅𝑅𝑅𝑅  are expected to hold at full-scale scenario where 𝑅𝑅𝑅𝑅  is much larger. Some 

guidance for design is given for fatigue analysis of WIRs with helical strakes. In 

specification, the drag coefficients are to be determined with the proposed empirical 

formulae and the added mass coefficients are to be given based on the potential flow 

theory prediction. The recommendations in this study are also supported by the good 

agreement with experimental data. 

It is worth mentioning that the validation of Eqs. (4-6.1) and (4-6.2) is warranted when 

they are applied for the present strake geometry (i.e., 𝑝𝑝 = 17.5𝐷𝐷, ℎ = 0.2𝐷𝐷) with 𝑟𝑟 in 

the range from 0.02 to 2.89, which is covered by the present experiments. For other 

strake geometry or range of 𝑟𝑟, the validation of the two equations may need further 

investigation. 
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Appendix. Tables of inferred Cd and Ca for a cylinder with helical strakes 

Table 4-4 Inferred Cd, Cdo, Cd and Ca with in-line currents  

𝑉𝑉𝑟𝑟 𝐾𝐾𝐾𝐾 𝐾𝐾𝑑𝑑 𝐾𝐾𝑑𝑑𝑜𝑜 𝐾𝐾𝑑𝑑𝑠𝑠  𝐾𝐾𝑎𝑎 

0.83 

0.19 1.63 18.71 1.66 1.34 
0.52 1.82 8.83 1.82 1.25 
0.95 2.44 7.38 2.38 1.26 
1.59 2.97 6.05 3.37 1.34 
2.40 3.30 5.14 3.98 1.40 

1.67 

0.07 1.63 107.83 1.63 1.19 
0.31 1.64 21.62 1.65 1.14 
0.82 1.59 8.51 1.69 1.16 
1.44 1.96 6.81 2.08 1.19 
2.28 2.37 5.80 2.73 1.22 

2.50 

0.07 1.56 141.24 1.56 1.09 
0.22 1.59 41.77 1.64 1.26 
0.64 1.55 13.58 1.59 1.21 
1.35 1.59 7.61 1.73 1.15 
2.16 1.85 6.39 2.03 1.07 

3.33 

0.07 1.56 151.88 1.57 1.23 
0.16 1.69 80.29 1.70 1.05 
0.50 1.68 25.12 1.66 1.07 
1.23 1.67 10.66 1.81 1.14 
2.07 1.62 6.49 1.82 1.08 

 

Note: 𝐾𝐾𝑑𝑑 is the drag coefficient based on the relative velocity Morison model; 𝐾𝐾𝑑𝑑𝑜𝑜 and 

𝐾𝐾𝑑𝑑𝑠𝑠 are the drag coefficients based on the independent velocity Morison model. 

 

Table 4-5 Inferred Cd and Ca with cross currents  

𝑉𝑉𝑟𝑟 𝐾𝐾𝐾𝐾 𝐾𝐾𝑑𝑑 𝐾𝐾𝑎𝑎 

0.83 

0.28 11.23 1.35 
0.60 7.28 1.31 
1.08 5.86 1.36 
1.77 4.99 1.43 
2.58 4.75 1.49 

1.67 

0.24 19.92 1.39 
0.57 9.68 1.29 
1.03 6.21 1.31 
1.82 4.63 1.40 
2.66 4.37 1.50 
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CHAPTER 5. FATIGUE ANALYSIS OF WATER INTAKE RISERS: 

HYDRODYNAMIC DAMPING EFFECT AND A HYBRID FREQUENCY-TIME 

DOMAIN METHOD 

Prologue  

The context of Chapter 5 has been published in Marine Structures as the reference 

below. 

Gao, Z., Efthymiou, M., Cheng, L., Zhou, T., Minguez, M. & Zhao, W. 2021. Fatigue 

analysis of water intake risers: hydrodynamic damping effect and a hybrid 

frequency-time domain method. Marine Structures, 75, 102869. 

Below is a brief of this chapter (paper).  

The experimental studies from Chapters 3 and 4 show that when determining the 

response amplitude of risers, the hydrodynamic damping changes significantly with 𝐾𝐾𝐾𝐾 

(and the motion amplitude), which is in turn determined by the hydrodynamic damping. 

This coupling effect between the hydrodynamic damping and the structural motion may 

be important in the fatigue analysis of WIRs but has been ignored by the existing 

fatigue analyses and not been incorporated by commercial software. 

 
Figure 5-1. Nonlinear stress transfer function. ‘Amplitude’ and ‘Period’ refer to the 

amplitude and period of the forced harmonic motion at the riser top end, respectively. 
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In this chapter, a hybrid frequency-time domain fatigue analysis method is proposed to 

consider the above coupling effect, to improve the accuracy in the fatigue analysis of 

WIRs. In this method, the coupling effect is achieved by adopting nonlinear stress 

transfer functions (Fig. 5-1), in which the mutual dependency between the drag 

coefficients and the structural motion amplitudes are accounted for in time domain and 

the variation of the drag coefficients along the WIR is considered. Based on the stress 

transfer function, the stress spectra of the risers are obtained in frequency domain while 

the fatigue damage is calculated in time domain by converting the stress spectra into 

time histories. The hybrid method is more time efficient compared to the conventional 

time domain analysis.  

It is found that the coupling effect, which is accounted for by the variable drag 

coefficients in the analysis, plays an important role in fatigue estimation. By variable, 

we mean the drag coefficient will vary against 𝐾𝐾𝐾𝐾 and thus vary along the length of the 

riser as well as varying during the simulation. Based on the present study, it is plausible 

to find a constant drag coefficient for the whole riser under all load cases, which is 

capable of providing equivalent fatigue damage estimation with that from the hybrid 

method using variable hydrodynamic damping. This is demonstrated to be possible 

through case studies of a single smooth riser and a similar single riser with helical 

strakes.  

Recommendations on how to select such a constant drag coefficient are provided, 

significantly simplifying the fatigue analysis with the coupling effect being accounted 

for. 
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Abstract 

The fatigue performance is key to the design of water intake risers (WIRs), which is a 

novel concept used to convey cooling water for liquefaction of natural gas at sea. To 

estimate the fatigue life, it is crucial to accurately predict the response amplitude of the 

WIRs, which is dominated by hydrodynamic damping. In operational conditions, the 

motion amplitudes of WIRs are usually smaller than their diameter, and thus leading to 

a flow regime of 𝐾𝐾𝐾𝐾 < 5. It is found in this flow regime; the hydrodynamic damping 

largely depends on the motion magnitude of the risers. To consider this coupling effect, 

a hybrid frequency-time domain fatigue analysis method is proposed, where a nonlinear 

stress transfer function is adopted. The hybrid method accounts for the coupling effect 

between the hydrodynamic damping and the structural motion. Significantly reducing 

the computational cost, this method provides results as accurate as that from a time 

domain analysis based on the relative velocity model with a constant drag coefficient. 

Furthermore, recommendations for further simplification of the fatigue analysis 

recognizing the coupling effect are given.  

5.1 Introduction 

Floating liquefied natural gas (FLNG) facility has been developed as an economical 

solution for the exploitation of remote offshore gas fields (Zhao et al., 2011; Pek and 

Efthymiou, 2011). To guarantee the liquefaction efficiency of natural gas, a large 

volume of cooling water is required. Water intake risers (WIRs) are thus designed to 

convey seawater at certain water depth to the FLNG facility. Compared to conventional 

risers such as top tensioned riser or steel catenary riser, WIRs have distinctly different 

design requirements. Basically, the WIRs are free hanging risers, and are featured with 

large diameter (> 1 m) to meet the requirement of large volume of seawater. To reach 

seawater with low enough temperature, the length of the WIR is designed to be 150 to 

500 meters below the sea level, which depends on the in-situ seawater temperature 

profile (Kuiper et al., 2004; Kuiper et al., 2007). The WIRs are usually configured in a 

bundle using spacers and connected to the FLNG facility through both rubber joints and 

chains. The chains are used to carry the axial load, while the rubber joints can eliminate 

the concentrated bending at the interface of the hull and the WIRs. Helical strakes are 

installed on the corner risers (Efthymiou, 2015), and model tests (Pek and Efthymiou, 

2011) suggest that the WIR bundle behaves like one single structure with spacers 
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equipped and that the helical strakes sticked to the WIRs at the four corners completely 

suppressed vortex induced vibrations (VIV) for the bundle (Pek and Efthymiou, 2011). 

For such kind of risers, the considerations when conducting fatigue design of WIRs are 

different from those for conventional risers. The chain connection at the top of the risers 

provide opportunity to prevent the vessel’s motions from triggering severe WIR 

longitudinal vibrations. The fatigue damage of the WIRs arises primarily from the 

lateral vibrations caused by wave-induced vessel motions (mainly sway and surge) as 

the period of one of these vibration modes will inevitably fall in the range of wave 

periods. With the flexible rubber joints attaching the WIRs to the FLNG facility, 

resonant vibrations at the second natural period may be the most damaging as the first 

mode is a “pendulum mode” that is stress-free for the riser, while the second modal 

period well falls into the wave period range. At resonance, the response amplitude is 

dominated by the damping, in which the hydrodynamic damping plays the most 

important role. Thus, the accurate prediction of the hydrodynamic damping is essential 

to the assessment of the fatigue life. 

For structural motions in line with steady current, the relative velocity Morison model is 

widely applied for the prediction of hydrodynamic damping in fatigue design. However, 

the large diameter (𝐷𝐷) and relatively small motion amplitude (𝐴𝐴) of the WIR lead to a 

flow regime of small Keulegan-Carpenter numbers (𝐾𝐾𝐾𝐾 = 2𝜋𝜋𝐴𝐴/𝐷𝐷), and the relative 

velocity model is challenged for the flow regime of low 𝐾𝐾𝐾𝐾. For instance, it is advised 

by DNVGL-RP-C205 (2017) that the hydrodynamic damping may be overestimated 

when the relative velocity model is used for 𝐴𝐴/𝐷𝐷 < 1 with a small reduced velocity 𝑉𝑉𝑟𝑟 

(𝑉𝑉𝑟𝑟 = 𝑈𝑈𝑇𝑇/𝐷𝐷), where 𝑈𝑈 is current velocity and 𝑇𝑇 is the motion period. The international 

standard (ISO-19902, 2007) advises that the relative velocity formulation may 

overestimate hydrodynamic damping for small structural displacements.  

In light of the above, a series of experiments were conducted by with a focus on the 

understanding of the hydrodynamic damping of a smooth riser (Gao et al., 2020a) and a 

riser with helical strakes (Gao et al., 2020b) at low 𝐾𝐾𝐾𝐾 flow regime. The experimental 

results show that the drag coefficients largely depend on the 𝐾𝐾𝐾𝐾 values, suggesting the 

strong coupling between the hydrodynamic damping and the structural motion. As 

hydrodynamic damping is key to the WIR response, the influence of this coupling effect 

on the fatigue life of WIRs needs to be investigated.  
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For the fatigue analysis, there have been a few methods proposed for effective and 

efficient assessment of fatigue damage of risers with particular influence factors 

considered. Low and Langley (2008) proposed a hybrid method for coupled analysis of 

vessel/mooring/riser dynamics to consider the slow-drift response in time domain while 

the wave-frequency dynamics in frequency domain and Low (2011) later extended the 

hybrid method to assess the riser fatigue damage caused by both the slow-drift and 

wave-frequency motion. Du et al. (2015) developed a hybrid method in which the 

structural response spectra are obtained in frequency domain based on the linear stress 

transfer function and the fatigue damage is assessed in time domain by converting the 

stress spectra into stress time histories. By doing so, the assumption of a narrow-banded 

process following the Rayleigh distribution can be circumvented, and the empirically 

determined bandwidth correction factor is not needed. In the present study, a hybrid 

frequency-time domain fatigue analysis method is proposed to account for the coupling 

effect. To well capture the nonlinearity, the concept of nonlinear stress transfer function 

(NSTF), which was first proposed by Jha and Winterstein (2000) for efficient prediction 

of the stochastic accumulation of ship fatigue damage due to nonlinear ship loads in 

random sea states, is used in the present hybrid method. Unlike the linear transfer 

function, which is a function of wave periods, nonlinear transfer function is a function 

of both wave (or excitation) period and amplitude. 

Following this introduction, the remainder of this paper is organized as follows. In 

Section 5.2 the prediction of hydrodynamic damping at low 𝐾𝐾𝐾𝐾 and preliminaries of 

fatigue analysis are introduced. Section 5.3 describes the numerical modelling of the 

WIR and the modeling strategy to account for the coupling effect between the 

hydrodynamic damping and the structure motion. In Section 5.4 a hybrid frequency-

time domain fatigue analysis method is proposed. In Section 5.5 the case studies for a 

smooth WIR and a straked WIR using the proposed method are conducted, respectively. 

Finally, some major conclusions are drawn in Section 5.6. 

5.2 Hydrodynamic damping at low 𝑲𝑲𝑲𝑲 and preliminaries of fatigue analysis 

5.2.1 Dynamic equation and hydrodynamic damping 

For riser vibration under the external forced motion, e.g., FLNG vessel sway motion, 

the basic dynamic equation for lateral motion, x, of the riser is  
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𝑚𝑚�̈�𝑥 + 𝑐𝑐�̇�𝑥 + 𝑘𝑘𝑥𝑥 = 𝐹𝐹𝑠𝑠(𝑡𝑡) + 𝐹𝐹ℎ(𝑡𝑡)  (5-2.1) 

where 𝑚𝑚, 𝑐𝑐 and 𝑘𝑘 are mass, structural damping and stiffness of the riser, respectively; 𝑥𝑥, 

�̇�𝑥  and �̈�𝑥  are lateral displacement, velocity and acceleration of the riser, respectively; 

𝐹𝐹𝑠𝑠(𝑡𝑡) is the force imposed on the top end of the riser due to the ship motion, and 𝐹𝐹ℎ(𝑡𝑡) 

is the hydrodynamic force on the riser. It is worth noting that Equation (5-2.1) 

represents a single degree of freedom system for simplicity, but the modeling in Section 

5.3 is conducted based on a multi-degree of freedom model. 

In the previous study (Gao et al., 2020a), the relative velocity Morison model, i.e., Eq. 

(4-2.2), was found to be still appropriate for the prediction of hydrodynamic damping at 

low 𝐾𝐾𝐾𝐾 with in-line steady current. 

𝐹𝐹ℎ(𝑡𝑡) =
1
2
ρ𝐾𝐾𝑑𝑑𝐷𝐷𝐷𝐷(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| + ρ

π𝐷𝐷2

4
𝐷𝐷𝐾𝐾𝑚𝑚𝑈𝑈�̇�𝑐 − ρ

π𝐷𝐷2

4
𝐷𝐷(𝐾𝐾𝑚𝑚 − 1)�̈�𝑥  (5-2.2) 

where 𝜌𝜌  is the water density; 𝐷𝐷  is the riser length; 𝑈𝑈𝑐𝑐  and 𝑈𝑈�̇�𝑐  are the water particle 

velocity and acceleration. If the current is steady, 𝑈𝑈𝑐𝑐 is a constant and 𝑈𝑈�̇�𝑐 = 0. 𝐾𝐾𝑑𝑑 is the 

drag coefficient and 𝐾𝐾𝑚𝑚 is the inertia coefficient. Note that sometimes the added mass 

coefficient is used as 𝐾𝐾𝑎𝑎  where 𝐾𝐾𝑎𝑎 = 𝐾𝐾𝑚𝑚 − 1. 𝐾𝐾𝑑𝑑  and 𝐾𝐾𝑎𝑎  (or 𝐾𝐾𝑚𝑚) are governed by 𝐾𝐾𝐾𝐾 

and Stokes number 𝛽𝛽 = 𝐷𝐷2/𝜈𝜈𝑇𝑇 , in which 𝜈𝜈  is the kinematic viscosity of the fluid. 

Alternatively, 𝛽𝛽 can be replaced by Reynolds number (𝑅𝑅𝑅𝑅 =  𝐾𝐾𝐾𝐾 ∙ 𝛽𝛽). 

With the relative velocity Morison model, the dynamic equation for the riser becomes, 

�𝑚𝑚 + 𝜌𝜌
𝜋𝜋𝐷𝐷2

4
𝐷𝐷𝐾𝐾𝑎𝑎� �̈�𝑥 −

1
2
ρ𝐾𝐾𝑑𝑑𝐷𝐷𝐷𝐷(𝑈𝑈𝑐𝑐 − �̇�𝑥)|𝑈𝑈𝑐𝑐 − �̇�𝑥| + 𝑐𝑐�̇�𝑥 + 𝑘𝑘𝑥𝑥 = 𝐹𝐹𝑠𝑠(𝑡𝑡)  (5-2.3) 

In equation (5-2.3) the hydrodynamic drag force is a damping term, which reduces the 

riser response while the inertia force produces an added mass, which changes the 

natural period of the structure. 

Based on the relative velocity model, the drag coefficients for a smooth riser in the low 

𝐾𝐾𝐾𝐾 flow regime can be determined by the equation below (Gao et al., 2020a) 

𝐾𝐾𝑑𝑑 =
9𝜋𝜋3

5𝐾𝐾𝐾𝐾
1

�𝜋𝜋β
+

2𝐾𝐾𝐾𝐾
9𝜋𝜋

  (5-2.4) 
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Fig. 5-2 shows the 𝐾𝐾𝑑𝑑  values against 𝐾𝐾𝐾𝐾 values based on Eq. (5-2.4). This has been 

validated against experiments in (Gao et al., 2020a) and the theoretical solution from 

Stokes (1851) and Wang (1968). The drag coefficient strongly depends on 𝐾𝐾𝐾𝐾 in the 

flow regime of low 𝐾𝐾𝐾𝐾, e.g., it can be up to 8 when 𝐾𝐾𝐾𝐾 becomes very small, say 0.01. 

 
Figure 5-2. Drag coefficient curve against 𝐾𝐾𝐾𝐾 based on Eq. (5-2.4), 𝛽𝛽 = 20950 (Gao et 

al., 2020a). 

 
Figure 5-3. Drag coefficient curve for straked riser based on Eq. (5-2.5). 

For a riser equipped with helical strakes, the drag coefficients based on the relative 

velocity model are given by the equation below (Gao et al., 2020b) 

𝐾𝐾𝑑𝑑 =
6.90

1 + 𝑅𝑅1.28−0.57𝑟𝑟  (5-2.5) 

where 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐 = 2𝜋𝜋𝐴𝐴/𝑈𝑈𝑐𝑐𝑇𝑇, with 𝑈𝑈𝑚𝑚 being the riser oscillating velocity amplitude. 

The drag coefficient curve for the straked cylinder with 𝑟𝑟 is shown in Fig. 5-3. This also 
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indicates the reciprocal dependence between the hydrodynamic damping and the 

structural motion. 

For the added mass coefficients, less variations are observed against 𝐾𝐾𝐾𝐾 for the flow 

regime of 𝐾𝐾𝐾𝐾 < 5 as demonstrated by experiments (Sarpkaya, 1976; Nestegård et al., 

2014) and analytical solution by Stokes (1851) and Wang (1968). For the simplicity of 

engineering practice, a constant added mass coefficient is recommended for both 

smooth (Gao et al., 2020a) and straked risers (Gao et al., 2020b), respectively. The 

value of 𝐾𝐾𝑎𝑎 is 1.0 for the smooth riser and is 1.3 for the straked one. 

In contrast to the added mass coefficient, a constant drag coefficient, which is usually 

used in the engineering practice, may be inappropriate to determine the riser response at 

low 𝐾𝐾𝐾𝐾 flow regime since 𝐾𝐾𝑑𝑑 changes significantly with 𝐾𝐾𝐾𝐾 at 𝐾𝐾𝐾𝐾 < 5. In reality, 𝐾𝐾𝐾𝐾 

values vary a lot along the length of the riser due to the different motion amplitudes 

associated with the vibration mode shape (Song et al., 2016). Furthermore, the 

irregularity of the wave-induced ship motion will introduce changes in motion 

amplitudes for the whole riser in a single sea state. Therefore, using varied 𝐾𝐾𝑑𝑑, which 

means considering the effect of interaction between the hydrodynamic damping and the 

structural motion on fatigue life, is necessary. 

It is worth mentioning that the coupling effect in this study refers to the interaction 

between the rigid-body motion and the hydrodynamic damping of the riser. It is 

assumed that the riser is divided into different sections along the length. For each riser 

section, the dependence of the hydrodynamic damping on the riser rigid motion is 

considered, but the interaction of the hydrodynamic damping between different layers is 

neglected. 

5.2.2 Preliminaries of fatigue analysis 

The fatigue analysis method based on S-N curves has been widely used in structural 

design. It is assumed that the fatigue damage of a material can be described by an S-N 

equation given as 

𝑁𝑁 = 𝑎𝑎(Δσ)−𝑚𝑚  (5-2.6) 

where 𝑁𝑁 is the allowable number of cycles to failure for stress range Δσ, and 𝑚𝑚 and 𝑎𝑎 

are material constants, which are determined from fatigue tests.  
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In the present analysis, the DNVGL S-N curve ‘C’ in seawater with cathodic protection 

(DNVGL-RP-C203, 2016) is used, which is a two-segment S-N curve as shown in Fig. 

5-4. To calculate the stress range of the riser, the linear combination of the bending and 

axial stresses is used as fatigue stress according to DNVGL-RP-F204 (2010).  

σ𝑐𝑐 = σ𝑎𝑎 + σ𝑏𝑏  (5-2.7) 

where 𝜎𝜎𝑎𝑎  is the axial stress due to the tension and 𝜎𝜎𝑏𝑏  is the bending stress. For the 

straked WIR, torsional motion may occur due to unsymmetric flow induced by the 

helical strakes. However, the torsion mainly occurs at the rubber joint due to the much 

lower torsional stiffness compared to the steel riser. The fatigue of the rubber joint is 

out of the scope of the present study and the torsional stress of the steel riser is 

neglected. In the present analysis, a stress concentration factor is introduced to give the 

hot spot stress as 𝜎𝜎ℎ = 1.41𝜎𝜎𝑐𝑐. It is worth mentioning that no stress concentration is 

introduced by helical strakes since the helical strakes, which are made of GRP (Glass 

Reinforced Plastic), are clamped rather than welded on the WIR. Both the smooth and 

straked WIRs are free of stress concentrations from the spacers as gaps exist between 

the spacers and the WIRs with/without helical strakes. For the central WIR, more 

detailed fatigue analysis is needed for the welding toes at the four sections where the 

spacers are welded, which is not considered in the present study. 

 
Figure 5-4. S-N curve used in this study (a1 = 1.56 × 1012, m1 = 3, a2 = 2.09 × 1016, m2 

= 5) (DNVGL-RP-C203, 2016). 
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With the S-N curve fatigue approach, the fatigue life can be calculated based on the 

Palmgren-Miner rule (Miner, 1945), which assumes that cumulative fatigue damage is a 

linear summation of the individual damage from all the considered stress range 

intervals, i.e. 

𝐷𝐷𝑏𝑏 = �
𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑏𝑏

𝑖𝑖=1

  (5-2.7) 

where 𝐷𝐷𝑏𝑏 is the accumulated fatigue damage; 𝑏𝑏 is the number of stress blocks; 𝑛𝑛𝑖𝑖 is the 

number of stress cycles in stress block 𝑖𝑖 and 𝑁𝑁𝑖𝑖  is the number of cycles to failure at 

constant stress range 𝛥𝛥𝜎𝜎𝑖𝑖.  

For the irregular stress time history, cycle counting is needed to identify the number of 

cycles for various stress ranges and the definition of a cycle varies with the methods of 

counting, which includes peak counting, range counting, level-cross counting, rain flow 

counting and so on. Among these methods, the rain flow counting method (Matsuishi 

and Endo, 1968), is considered to be the preferred practice (Amzallag et al., 1994; 

Socie, 1992). In the present analysis, the standardized rain flow counting algorithms in 

ASTM E 1049-85 (2017) is used. 

5.3 Numerical modelling  

5.3.1 Numerical model of the WIR 

A single WIR model, which is based on the design parameters for WIRs of ‘Prelude’ 

FLNG facility (Efthymiou, 2015), is developed in the finite element package Abaqus 

for the dynamic analysis as illustrated in Fig. 5-5. The properties of the riser are shown 

in Table 5-1, and the configuration is demonstrated in Fig. 5-6 with detailed parameters 

of the flexible joints listed in Table 5-2. The top end of the WIR can only move in the x-

direction as shown in Fig. 5-5. The steady current direction is the same as the positive x-

direction. The WIR is modelled with a 2-node linear Timoshenko beam element. The 

buoyancy, added mass and inner fluid mass of the WIR are all taken into consideration 

in the analysis. It is worth noting that we did not account for the dynamic effect of the 

inner fluid flow, as it is negligible (Efthymiou, 2015), unless the inner fluid velocity is 

larger than a critical velocity (Kuiper et al., 2007). A steady current with a velocity of 

0.2 m/s is considered to be in line with x-direction.  
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Figure 5-5. Schematic of a single WIR. 

Modal analysis is conducted to obtain the natural periods of the smooth WIR in 

seawater, and the first three modal periods are calculated as 38.75 s, 7.64 s and 2.68 s, 

respectively. The first mode is the pendulum mode which is “stress-free” for the riser, 

while the second natural frequency lies in the wave frequency range and thus the fatigue 

damage is expected to be dominated by this mode. 

 
Figure 5-6. Flexible joints at the top of the WIR. 

Table 5-1 WIR properties 

Dimension Symbol Value 

Outer diameter Do 1.067 m 

Inner diameter Di 1.007 m 

Wall thickness tw 0.030 m 

Length of steel riser L 146.6 m 

Steel density ρs 7850 kg/m3 

Young’s modulus E 2.07e11 N/m2 

Structural damping ζ 0.005 

 Joint 1 Joint 2 Joint C Joint 3 

Flexible joints Steel riser 
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Table 5-2 Parameters of the flexible joints 

Flexible Joint 
Weight in air  

[kg] 

Weight in water 

[kg] 

Length  

[mm] 

Bending stiffness  

[kN∙m2] 

Joint 1 354 268 110 10000 

Joint 2 271 78 310 6000 

Joint 3 121 28 160 3000 

Joint C 696 160 1120 2200 

 

5.3.2 Modelling strategy for the coupling effect  

The dependence between the hydrodynamic damping and the structural motion is 

modelled through a user-defined element, which is compiled in Fortran as a subroutine 

within the Abaqus user element library (UEL). 

To validate the UEL subroutine developed in the study, calculations are conducted 

based on the basic relative velocity Morison model with a constant drag coefficient, in 

which Abaqus has a standard module embedded. A forced harmonic motion of 𝑋𝑋 =

𝐴𝐴𝐹𝐹sin(2𝜋𝜋𝑡𝑡/𝑇𝑇𝐹𝐹) is applied at the top of the WIR. The period of the forced motion 𝑇𝑇𝐹𝐹 is 

chosen to be the second natural period of 7.64 s to trigger the resonant vibration and the 

amplitude 𝐴𝐴𝐹𝐹 is 0.5 m. The displacement and combined (bending and axial) stress time 

histories of nodes along the WIR are obtained based on the developed model and 

Abaqus. The time histories at Node 80 (approximately the middle point of the riser) are 

selected as a representative to validate the developed model. One can see in Fig. 5-7 

that the results between the built-in Morison module and developed UEL agree very 

well. This indicates that the UEL works well for incorporating the relative velocity 

Morison equation with a constant 𝐾𝐾𝑑𝑑 and is ready for further consideration of variable 

𝐾𝐾𝑑𝑑. 

The UEL is further developed to consider the 𝐾𝐾𝑑𝑑 variation due to the change of 𝐾𝐾𝐾𝐾 in 

the dynamic analysis. The calculation procedure for a riser subjected to a sinusoidal 

exciting motion is shown in Fig. 5-8. In this procedure, an initial value of 𝐾𝐾𝑑𝑑 is provided 

to begin the calculation, so as to obtain the displacements of the first half motion cycle 

after solving Eq. (5-2.3) with Abaqus dynamic analysis for the first half motion cycle. 
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The maximum absolute motion displacement of the first half cycle, which is the motion 

amplitude 𝐴𝐴1, is used to calculate the 𝐾𝐾𝐾𝐾 value and consequently the drag coefficient 

𝐾𝐾𝑑𝑑,1  based on Eq. (5-2.4) or Eq. (5-2.5). Then 𝐾𝐾𝑑𝑑,1  is used for solving the dynamic 

equation Eq. (5-2.3) of the next half motion cycle by continuing Abaqus dynamic 

analysis. Similarly, the 𝑖𝑖 th half period of motion is calculated based on the drag 

coefficient 𝐾𝐾𝑑𝑑,𝑖𝑖−1 from the displacement amplitude 𝐴𝐴𝑖𝑖−1 of the 𝑖𝑖-1th half motion period. 

As we are looking at steady state using sinusoidal exciting input, the 𝐾𝐾𝑑𝑑  value and 

motion amplitude will converge to satisfy the relation between 𝐾𝐾𝐾𝐾  and the drag 

coefficient, after sufficient rounds of calculations. In our analysis of a smooth riser, 𝐾𝐾𝑑𝑑 

value is limited to no larger than 10.0 since extremely small 𝐾𝐾𝐾𝐾 value will produce 

extremely large 𝐾𝐾𝑑𝑑 value, which leads to some instability of the solution. 

 
Figure 5-7. Results based on the developed UEL code and the in-built Morison module 

for Node 80: (a) x-displacement; (b) Bending and axial stress. 
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With this modelling strategy, the drag coefficient varies with the motion amplitude, and 

thus different sections of the riser have different hydrodynamic damping. When the 

riser motion reaches a steady state, the hydrodynamic damping and the riser motion 

amplitude match each other due to the coupling effect. In fact, the effect of Stokes 

number 𝛽𝛽  on the hydrodynamic damping can also be considered in the analysis as 

different regular motion periods result in different 𝛽𝛽 values. It is worth emphasizing that 

the above strategy is sufficient to account for the coupling between the hydrodynamic 

damping and the riser’s motion amplitude for sinusoidal excitations. However, 

iterations are needed at each time step for random excitations such as those driven by 

irregular waves.  

 
Figure 5-9. 𝐾𝐾𝐾𝐾 and Cd values along the WIR: (a) 𝐾𝐾𝐾𝐾; (b) Cd. 

 
Figure 5-10. Stress envelopes based on variable and constant Cd values. 
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To provide more direct expression, a case study is conducted for a smooth WIR 

subjected to forced sinusoidal motion with an amplitude of 0.5 m at the top of the riser. 

The 𝐾𝐾𝐾𝐾 and 𝐾𝐾𝑑𝑑  values along the length of WIR are shown in Fig. 5-9. As a further 

validation, 𝐾𝐾𝑑𝑑  values directly from Abaqus output are compared to those calculated 

using Eq. (5-2.4) based on the response amplitudes along the riser (Fig. 5-9 (b)). The 

curves match perfectly, indicating that the coupling effect based on the Eq. (5-2.4) is 

successfully incorporated in the UEL. 

It is found that the 𝐾𝐾𝑑𝑑 value varies from 0.15 to 0.73 for different sections. Furthermore, 

dynamic analysis with constant 𝐾𝐾𝑑𝑑 values (0.15 and 0.73) has been conducted and the 

comparison of stress envelope results from the constant 𝐾𝐾𝑑𝑑 values and variable 𝐾𝐾𝑑𝑑 value 

is shown in Fig. 5-10. A significant difference for stress envelopes can be observed, and 

the stress envelop based on the varied 𝐾𝐾𝑑𝑑 value is between the results from 𝐾𝐾𝑑𝑑 = 0.15 

and 𝐾𝐾𝑑𝑑  = 0.73. In practice, a constant 𝐾𝐾𝑑𝑑  value is usually used. A constant drag 

coefficient may not represent well the relationship between the hydrodynamic damping 

and the structural motion amplitude for the whole riser since the riser motion 

amplitudes vary along the riser due to the vibration modes. Thus, variable drag 

coefficients along the riser may be more appropriate to model the coupling effect 

between the hydrodynamic damping and structural motion. 

 
Figure 5-11. Stress envelopes based on variable Cd. 

To explore which stress component dominates the total stress variation, the stress 

envelopes of both axial stress and bending stress are plotted in Fig. 5-11. The axial 

stress contribution due to tension is small, compared to that from the bending stress. 
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This is not surprising since the tension does not change significantly due to the free 

hanging connection of the WIR to the vessel. 

5.4 Hybrid frequency-time domain fatigue analysis method  

To consider the coupling effect between the hydrodynamic damping and the structural 

motion for a riser under irregular waves, a hybrid frequency-time domain method with a 

NSTF is proposed for fatigue analysis of the WIRs. 

In this hybrid method, NSTF is obtained first, which will then be used to obtain the 

stress spectra in frequency domain. The stress spectra will then be converted to time 

histories, so that fatigue damage is calculated in time domain via the rain flow count 

method. 
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Figure 5-12. Flowchart for procedures of the hybrid frequency-time domain fatigue 

analysis method. 

For the NSTF, a main assumption as given by Jha and Winterstein (2000) and Hansen 

and Winterstein (1995) is that the response may be nonlinear, but essentially 
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memoryless, which means that a regular input 𝜂𝜂(𝑡𝑡) = 𝐴𝐴cos(𝜔𝜔𝑡𝑡) generates a regular 

response 𝑦𝑦(𝑡𝑡) with the same frequency 𝜔𝜔. 

𝑦𝑦(𝑡𝑡) = 𝐻𝐻𝑁𝑁𝑁𝑁(𝐴𝐴,ω)𝐴𝐴 cos(ω𝑡𝑡 + ϕ)  (5-4.1) 

where 𝐻𝐻𝑁𝑁𝑁𝑁(𝜔𝜔,𝐴𝐴)  is the nonlinear transfer function, and 𝜙𝜙  is the phase difference 

between the response and the input. 

The detailed procedure of the proposed hybrid frequency-time domain method is shown 

in Fig. 5-12. Firstly, the motion spectrum of the FLNG vessel can be obtained with the 

wave spectrum and the vessel motion response amplitude operator (RAO) as 

𝑆𝑆𝑚𝑚(ω) = |𝐻𝐻(ω)|2𝑆𝑆𝑤𝑤(ω)  (5-4.2) 

where 𝜔𝜔 is circular frequency, 𝑆𝑆𝑤𝑤(𝜔𝜔) is the wave spectrum and |𝐻𝐻(𝜔𝜔)| is the vessel 

motion RAO. 

The calculation of the NSTF is conducted in time domain, in which the coupling effect 

can be considered using the algorithm introduced in Section 5.3.2. The NSTF represents 

the stress amplitude for a WIR node achieved by the forced excitation amplitude at riser 

top and is a function of both period and excitation amplitude, which can be expressed as  

𝐻𝐻𝑁𝑁𝑁𝑁(𝐴𝐴,ω) =
σ𝑐𝑐(𝐴𝐴𝐹𝐹,ω)

𝐴𝐴𝐹𝐹
  (5-4.3) 

where 𝐴𝐴𝐹𝐹 is the forced harmonic motion amplitude applied at the top of the WIR, and 

𝜎𝜎𝑐𝑐(𝐴𝐴𝐹𝐹 ,𝜔𝜔) is the stress amplitude of the combined bending and axial stresses. 

For a given sea state, the vessel motion spectrum, which is obtained with Eq. (5-4.2), is 

used to calculate the significant vessel motion amplitude 

𝐴𝐴𝑠𝑠 = 2σ𝑚𝑚  (5-4.4) 

where 𝜎𝜎𝑚𝑚 is the standard deviation of the vessel motion, which can be obtained through 

the motion spectrum  

σ𝑚𝑚2 = � 𝑆𝑆𝑚𝑚(ω)
∞

0
𝑑𝑑ω  (5-4.5) 
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To get the stress spectrum, the significant vessel motion amplitude, which is a measure 

of response energy, is adopted as an input index to identify the corresponding stress 

transfer function 𝐺𝐺(𝜔𝜔). The nonlinearity of the stress transfer function is accounted for 

when the significant vessel motion amplitude is changed.  

Thus, the stress spectrum can be calculated as 

𝑆𝑆𝑠𝑠(ω) = |𝐺𝐺(ω)|2𝑆𝑆𝑚𝑚(ω)  (5-4.6) 

For the stress spectrum, a conversion from frequency domain to time domain is 

conducted to get the time realization of stress from the stress spectrum since an irregular 

stress time history can be considered as a sum of regular stress time series with different 

amplitudes and frequencies.  

σ(𝑡𝑡) = �σ𝑖𝑖

𝑁𝑁

𝑖𝑖=1

sin(2πω𝑖𝑖𝑡𝑡 + ϵ𝑖𝑖)  (5-4.7) 

where 𝜎𝜎𝑖𝑖 , 𝜔𝜔𝑖𝑖  and 𝜖𝜖𝑖𝑖  are the amplitude, circular frequency and phase angle of the 𝑖𝑖 th 

stress component, respectively. Here, a random phase angle between 0 to 2𝜋𝜋 is selected 

for each stress component. The relation between 𝜎𝜎𝑖𝑖 and 𝑆𝑆𝑠𝑠(𝜔𝜔𝑖𝑖) is  

1
2
σ𝑖𝑖2 = 𝑆𝑆𝑠𝑠(ω𝑖𝑖)Δ𝜔𝜔  (5-4.8) 

where 𝛥𝛥𝜔𝜔 is the discretization spacing for frequency.  

When converting the stress spectrum to the stress time history, a geometric progression 

discretization method is used to avoid the repeat period of the time realization. The 

stress component frequencies are selected with a constant ratio for successive ones.  

ω𝑖𝑖+1 = ω𝑖𝑖(1 + κ)  (5-4.9) 

where 𝜅𝜅 is the geometric progression factor, and a value of 0.02 is used in the present 

analysis. 

For the stress history of every node, the rain flow count method is applied to obtain the 

stress range and occurrence cycle numbers. Finally, the fatigue damage and life can be 

assessed based on the S-N curve and the Palmgren-Miner rule. 
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Compared to the time domain fatigue analysis method, the present hybrid frequency-

time domain method needs only a limited number of nonlinear analyses based on 

dynamic analysis of the riser subjected to forced regular motion at the top end with 

different excitation amplitudes and periods to determine the NSTF. This can reduce the 

computation cost significantly, while the NSTF allows for the consideration of the 

coupling between the hydrodynamic damping and the structural motion. 

5.5 Fatigue analysis of the WIR using the hybrid frequency-time domain method 

5.5.1 Irregular sea states  

In this study, 31 years of hindcasted wave data (Shell, 2017) is used, where the most 

critical sea states that contribute most to the fatigue damage of the WIR (~ 80%) are 

selected. Details of these sea states are given in Table 5-3, and the total duration of 

these sea states is 5,253.9 hours, which accounts for 1.91% of the hindcast duration. All 

the sea states are featured with Gaussian swell spectrum, which is expressed as 

𝑆𝑆𝑤𝑤(𝑓𝑓) = �
𝐻𝐻𝑠𝑠
4 �

2 1
σ√2π

exp �−
�𝑓𝑓 − 𝑓𝑓𝑝𝑝�

2

2σ2 �  (5-5.1) 

where 𝐻𝐻𝑠𝑠  is the significant wave height; 𝑓𝑓𝑝𝑝 is the peak frequency of the spectrum, and 

𝑓𝑓𝑝𝑝 = 1/𝑇𝑇𝑝𝑝 in which 𝑇𝑇𝑝𝑝 is the peak period; 𝜎𝜎 is the standard deviation; 𝑓𝑓 is frequency.  
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Figure 5-13. Wave heading convention. 
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Table 5-3 Swell load cases used for fatigue analysis 

Load Case Heading [°] 𝐻𝐻𝑠𝑠 [m] 𝑇𝑇𝑝𝑝 [s] Duration [hr] 𝜎𝜎 [Hz] 

Sw1 90 1 6.5 465 0.0366 

Sw2 90 1 7.5 381 0.0328 

Sw3 90 1 8.5 327.6 0.0284 

Sw4 90 1.5 6.5 50.3 0.0336 

Sw5 90 1.5 7.5 64.8 0.0288 

Sw6 90 1.5 8.5 41.3 0.0274 

Sw7 112.5 1 8 968.9 0.0328 

Sw8 112.5 1.5 6.2 385.3 0.0336 

Sw9 112.5 1.5 7.9 428.2 0.0288 

Sw10 247.5 1 7.8 1067.3 0.0328 

Sw11 270 1 6.5 430.7 0.0336 

Sw12 270 1 7.5 332.4 0.0328 

Sw13 270 1 8.5 173.1 0.0284 

Sw14 270 1.5 6.5 24.4 0.0336 

Sw15 270 1.5 7.5 55.2 0.0288 

Sw16 270 1.5 8.5 58.4 0.0274 

 

It is worth noting that only the sway motion of the FLNG facility is considered, as this 

is the main source of the fatigue damage to the risers. A steady current with a velocity 

of 0.2 m/s is considered to be in line with the sway motion. The wave heading 

convention is shown in Fig. 5-13. The irregular sea states and the steady current 

introduced here are used for all the following fatigue analyses of the WIR. 

5.5.2 Verification of the hybrid frequency-time domain code  

To verify the code for fatigue analysis, the hybrid frequency-time domain method based 

on the relative velocity model with a constant drag coefficient is compared with the 

time domain method using Abaqus, in which only the relative velocity model with a 

constant drag coefficient is available.  

Three sets of cases with drag coefficient values of 0.15, 0.65 and 1.0 are analyzed for 

the fatigue of a smooth riser under the irregular waves, respectively. The fatigue life is 
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obtained by the proposed hybrid frequency-time domain method. In the time domain 

method, only the constant drag coefficient needs to be specified for the dynamic 

analysis, and the simulation duration for each sea state is 1 hour. The fatigue life is 

calculated based on the stress time histories using the rain flow count method. 

Table 5-4 Fatigue life estimation with different fatigue analysis methods based on 

constant Cd values 

Fatigue analysis method 
Fatigue life (years) 

𝐾𝐾𝑑𝑑 = 0.15 𝐾𝐾𝑑𝑑 = 0.65 𝐾𝐾𝑑𝑑 = 1.0 

Hybrid frequency-time domain 87 595 1496 

Time domain 77 561 1526 

 

It should be noticed that the random phase angles of the regular wave components will 

lead to different time realizations of wave elevation and corresponding vessel motion, 

causing randomness of the fatigue damage in the time domain method. In the hybrid 

frequency-time domain method, the similar randomness will occur for the fatigue life 

results due to the random phase angles ϵ𝑖𝑖  in Eq. (5-4.8) when converting the stress 

spectrum to the stress time histories. To reduce such randomness, five time realizations 

have been calculated, i.e., five sets of wave elevation time histories for each case in the 

time domain method and five sets of stress time histories for each case in the hybrid 

frequency-time domain method. Then, the average value of the fatigue life results 

calculated from the five sets of time histories is used as the final fatigue life for each 

method. 

The fatigue life results are listed in Table 5-4. One can see that for a given constant drag 

coefficient, the hybrid frequency-time method can achieve identical accurate prediction 

to that based on the time domain method using Abaqus. 

5.5.3 The influence of coupling between hydrodynamic damping and riser motion 

5.5.3.1 Smooth WIR 

To consider the coupling effect between the hydrodynamic damping and structural 

motion under irregular waves, the hybrid frequency-time domain method, based on the 

NSTFs, is adopted using drag coefficients from Eq. (5-2.4). 
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Figure 5-14. The NSTF from (a) variable drag coefficients and (b) a constant drag 

coefficient (Cd = 0.15) along the riser for all load cases. 

 
Table 5-5 Fatigue lives of the smooth WIR with varied and constant drag coefficients 

Hydrodynamic damping model Fatigue life (years) 

Relative velocity model with varied 𝐾𝐾𝑑𝑑 147 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 0.15 87 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 0.20 133 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 0.65 595 

 

 

Figure 5-15. Flow regimes and drag coefficients of the smooth WIR subjected to top 

end forced regular motions with different amplitudes at resonant vibrations (TF = 7.64s), 

circles are hot spots for the WIR: (a) 𝐾𝐾𝐾𝐾 values; (b) Drag coefficients. 
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To provide a clear demonstration, the NSTF for one node of the WIR obtained using 

varied drag coefficients (i.e., the coupling effect considered) is compared to that of the 

same node but obtained using a constant drag coefficient (𝐾𝐾𝑑𝑑 = 0.15) in Fig. 5-14. It is 

seen that the peaks of the NSTFs are achieved at the second natural mode period of 7.64 

s. For the resonant vibrations at the period of 7.64 s with small amplitudes (< 0.05 m), 

the NSFT value decreases with decreasing top-end motion amplitude for the cases with 

varied drag coefficients, while they remain close to constant for the cases with a 

constant drag coefficient. This is mainly due to the increasing hydrodynamic damping 

when 𝐾𝐾𝐾𝐾 decreases in the range of 𝐾𝐾𝐾𝐾 < 1, which is consistent with the DAF prediction 

curve with 𝐾𝐾𝑑𝑑 from Eq. (5-2.4) shown in Fig. 5-3.  

 
Figure 5-16. Drag coefficient curve with 𝐾𝐾𝐾𝐾 for the smooth WIR at TF = 7.64s (𝛽𝛽 = 

148961). 

The fatigue lives with the varied drag coefficients and different constant drag 

coefficients are listed in Table 5-5. It is seen that the fatigue life from the relative 

velocity model with varied drag coefficient is between the results from 𝐾𝐾𝑑𝑑 = 0.65 and 

𝐾𝐾𝑑𝑑 = 0.20 and close to that from 𝐾𝐾𝑑𝑑  = 0.20. By investigating the NSTF at the resonant 

period (𝑇𝑇𝐹𝐹  = 7.64 s), in which the WIR is subjected to forced regular motion with 

different amplitudes at the top, it is found that the 𝐾𝐾𝐾𝐾 values of the hot spot vary from 0 

to 1.5 under the irregular sea states, as shown in Fig. 5-15 (a). The corresponding drag 

coefficients vary from 0.15 to 0.6 as shown in Fig. 5-15 (b). The motion spectra at the 

top end of the riser suggest that the significant motion amplitude at 𝑇𝑇𝐹𝐹 = 7.64s is in the 

range of 0.1 m to 0.3 m, leading to 𝐾𝐾𝐾𝐾 values of 0.5 to 1.5 and 𝐾𝐾𝑑𝑑 close to 0.20 for the 

hot spot, as shown in Fig. 5-16. Consequently, a constant drag coefficient of 𝐾𝐾𝑑𝑑 = 0.20 

can produce an equivalent fatigue life to that from varied drag coefficients. It is 
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important to note that a constant drag coefficient of 𝐾𝐾𝑑𝑑 = 0.65, which has been adopted 

for steady flow around a smooth cylinder (e.g., as in DNVGL-RP-C205 (2017)), seems 

to overestimate the fatigue life. 

 

 
Figure 5-17. Flow regimes and drag coefficients of the straked WIR subjected to top 

end forced regular motions with different amplitudes at resonant vibrations (TF = 8.28 s), 

circles are hot spots for the WIR: (a) 𝐾𝐾𝐾𝐾 values; (b) Drag coefficients. 

5.5.3.2 WIR with helical strakes  

The fatigue life of a WIR with helical strakes is also assessed by the proposed hybrid 

frequency-time domain method. The coupling effect is considered when calculating the 

NSTF with drag coefficients given in Eq. (5-2.6). The first three natural periods for the 

WIR with helical strakes are 41.36 s, 8.28 s and 3.01 s, which are different from those 

of the smooth WIR due to the variation of the added mass coefficient from 1.0 to 1.3. 

As helical strakes increase the hydrodynamic damping significantly, the fatigue life of 

the WIR with helical strakes is much longer than that of the smooth WIR. With the 

coupling effect between the hydrodynamic damping and riser motion considered, the 

flow regime for the present case is in the range of 0.1 < 𝐾𝐾𝐾𝐾 < 0.5 as shown in Fig. 5-17 

(a), giving a range of r from 0.06 to 0.32. The drag coefficient ranges from 1.5 to 1.7 as 

shown in Fig. 5-17 (b) and is close to 1.6 for the most critical sea states. Consequently, 

the fatigue life with varied Cd is equivalent to that with the constant 𝐾𝐾𝑑𝑑 = 1.6, as shown 

in Table 5-6. 
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Table 5-6 Fatigue lives of the straked WIR with varied and constant drag coefficients 

Hydrodynamic damping model Fatigue life (years) 

Relative velocity model with varied 𝐾𝐾𝑑𝑑 2538 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 1.5 2125 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 1.6 2572 

Relative velocity model with 𝐾𝐾𝑑𝑑 = 1.7 2885 

 

5.5.3.3 Recommendation on fatigue analysis at low KC  

The proposed hybrid frequency-time domain method enables the consideration of 

variable drag coefficients, which is dependent on the 𝐾𝐾𝐾𝐾 value in low 𝐾𝐾𝐾𝐾 flow regime. 

This coupling effect is considered when calculating the nonlinear stress transfer 

function. Compared to conventional pure time domain analysis, the hybrid method 

significantly reduces computational efforts. However, calculating the nonlinear stress 

transfer function is still time consuming.  

As demonstrated in the Sections 5.5.3.1 and 5.5.3.2, one can see that an appropriate 

constant drag coefficient enables identical fatigue estimate with that using varied drag 

coefficients. The constant drag coefficient is selected in the way below. First, the most 

critical sea state in terms of fatigue damage is identified through frequency domain 

analysis. Secondly, a dynamic analysis using variable coefficients (along the length) is 

conducted, and thus the drag coefficient at the hot spot of the riser under this critical sea 

state can be identified. This identified drag coefficient will then be used for all the sea 

states for fatigue analysis in frequency domain. The procedure to determine such a 

constant drag coefficient is detailed in the Appendix. With this identified (constant) 

drag coefficient, one can conduct frequency domain analysis, which further reduces 

computational efforts in design, to provide similar fatigue estimate to that based on the 

hybrid model. 

5.6. Conclusions 

In the previous experimental studies (Gao et al., 2020a; Gao et al., 2020b) focusing on 

low 𝐾𝐾𝐾𝐾 flow regime, we show that the hydrodynamic damping coefficient applied to 

the risers varies with 𝐾𝐾𝐾𝐾 values, while the latter is dominated by the damping level in 

return.  
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To explore the above coupling effect on the fatigue estimate of risers, a hybrid 

frequency-time domain model is developed in this study. In this model, nonlinear stress 

transfer functions are obtained using variable hydrodynamic damping coefficients, 

which consider the coupling effect between the hydrodynamic damping and the 

structural motion. The spectra of the stress applied to the risers are obtained in the 

frequency domain, which are then converted to time histories for fatigue analysis. 

Dynamic analyses are conducted for risers both with and without strakes, to assess the 

corresponding fatigue life. It is worth noting that we also take into account of the 

variation of the hydrodynamic along the length of the riser in the dynamic analyses. It is 

found that the variable hydrodynamic damping coefficients, reflecting the coupling 

effect between the hydrodynamic damping and the structural motion, play a significant 

role in fatigue estimation.  

The hybrid method adopted in this study is more time efficient compared to 

conventional time domain analysis. It is known that the fatigue life of the risers is 

dominated by damage at the hot spot of a riser, thus using an appropriate constant drag 

coefficient, which is determined by at the hot spot under critical sea state, is able to 

provide identical fatigue estimate with that from the hybrid model using variable drag 

coefficients. The determination of such a constant drag coefficient is demonstrated in 

Section 5.5 and detailed in the Appendix. This will significantly reduce the 

computational efforts for design if this drag coefficient is applied with frequency 

domain fatigue analysis. It is worth mentioning that the present method is suitable for 

the estimation of fatigue life in the preliminary design phase as the details of the fatigue 

check for hot spots at welding lines usually require fine finite element modeling work. 

Appendix  

The procedure of identifying an appropriate constant drag coefficient is given in Fig. 5-

18. Firstly, the critical sea state that contributes the most to the fatigue damage will be 

identified. For fast screening, this can be done with the conventional frequency domain 

fatigue analysis method using a constant drag coefficient. Here, the exact value of the 

drag coefficient is not so important. The most critical vessel motion can be obtained 

based on the selected sea state and the response amplitude operator (RAO), where the 

motion amplitude 𝐴𝐴𝑐𝑐  (e.g., at the top of the riser) at resonant frequency can be 

identified. Furthermore, the coupling effect can be considered by conducting resonant 
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dynamic analysis for the riser excited by the regular forced motion with amplitude of 𝐴𝐴𝑐𝑐 

at the top end, in which the proposed algorithm in Section 5.3.2. Finally, the drag 

coefficient at the hot spot is the target drag coefficient. 

Identify the wave spectrum of the 
most critical sea state in terms of 
fatigue damage by assuming an 
initial Cd (e.g. 0.65)

The most critical 
vessel (riser top end) 
motion spectrum

Identify vessel regular 
motion component 
amplitude Ac 

Dynamic analysis of the riser subjected to 
regular forced motion with Ac at top end via
the proposed algorithm in Section 3.2

Target Cd 

Vessel motion RAO

 

Figure 5-18. The procedures for identifying an appropriate constant drag coefficient 

with the coupling effect considered. 
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CHAPTER 6. FATIGUE ANALYSIS OF WATER INTAKE RISERS BASED ON 

FIELD MEASUREMENT DATA 

6.1 Introduction 

A floating liquefied natural gas (FLNG) facility was commissioned in northwest shelf 

offshore Australia in Dec 2018, which established an unprecedented milestone in the 

gas industry (Minguez et al., 2020). This is a game-changer for the developments of 

remote offshore gas fields. Water intake risers (WIRs) are used to convey cooling water 

from the sea to guarantee the liquefaction efficiency of natural gas. The structural 

integrity of the WIRs is of great importance as any failure of the cooling water supply 

may result in downtime in production.  

The hydrodynamic damping and fatigue of a single WIR with or without helical strakes 

have been studied in Chapters 3-5. However, for the 3×3 WIR bundle, the prediction of 

fatigue life is still not straightforward due to the uncertainties arising from the shielding 

effect of the WIR bundle and marine growth, whose influence on the hydrodynamic 

damping is difficult to be evaluated. For the WIR bundle in operation, compared to the 

modelling methods with tests or numerical simulations, field measurement provides a 

reliable and direct way to investigate the structural performance. 

Full-scale measurements of the WIR motions have been conducted to monitor the 

structural response of the WIRs under operation. Two motion unit (MU) sensors, 

consisting of accelerometers, were installed on the WIRs to measure accelerations and 

rotations. The time series of accelerations at the two locations of the WIRs are sampled 

at a frequency of 2 Hz. These field measurement data are believed to best reflect the 

realistic WIR status, and thus a good reflection of the fatigue damage. 

To take advantage of field measurement data, a method of estimating fatigue damage 

based on modal response analysis is proposed. This method avoids the estimation of the 

viscous damping, as its effect has been inherently covered by the field measured 

responses. In this method, the bending stresses along the risers are calculated directly 

based on the rotation data measured on the site. The method of obtaining stress based on 

rotations is validated using numerically obtained data in §6.7. This validated method is 

then applied to the field measurement data of the riser inclinations. With the bending 
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stress time series, the accumulated fatigue damage at full scale can be evaluated using 

the standard rainflow count method. 

6.2 Description of the 3×3 WIR bundle  

The details of the WIRs adopted in this study are given in the previous chapters, e.g., 

Fig. 1-4 in §1 and Fig. 2-1 in §2. Nine risers are arranged in a 3×3 configuration, 

forming a bundle as shown in Fig. 6-1, with the central one being a structural WIR. The 

risers are free-hanging with the top ends attached to the floating vessel. A flexible 

connection between the vessel and each riser is achieved via a rubber joint, in which a 

chain is used to carry the axial load. With 4 spacers provided, collisions between risers 

can be avoided and all the risers vibrate simultaneously as a bundle. Helical strakes are 

equipped to the four corner risers of the bundle, in order to eliminate vortex-induced 

vibrations of the risers (Pek and Efthymiou, 2011).  

Helical 
strakes

A A A-A Rubber joint 
and chain

Spacers

MU1 at 
Spacer #1

55
.7

4m

MU2 at 
Spacer #4

13
2.

60
m

 
Figure 6-1. Details of the WIR bundle and locations of motion sensors. 

With these characteristics mentioned above, the lateral vibrations of the WIRs are 

expected to be excited by the wave-induced vessel motions in the translational plane, 

especially sway and surge, rather than rotational motions of the vessel. If one of the 

natural periods for WIR lateral vibrations falls in the range of wave periods, resonant 

vibrations may occur, leading to fatigue damage to the risers. 

6.3 Description of the instrument 
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To investigate the riser responses in field, two ADIS16210 MU sensors were installed at 

two locations along the WIR bundle, i.e., Spacer #1 and Spacer #4 as shown in Fig. 6-1. 

With a MEMS (Micro-Electro-Mechanical Systems) tri-axial accelerometer, the 

ADIS16210 (2019) MU sensor (Fig. 6-2) can provide measurements of the tri-axial 

accelerations. 

 
Figure 6-2. Measurement instrument: ADIS16210 (2019) MU sensor. 
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Figure 6-3. The vessel-fixed coordinate system. 

Based on the accelerations, three rotation angles are also obtained by the sensor using 

the following equations (ADIS16210, 2019).  

𝜑𝜑 = atan2�
𝑎𝑎𝑥𝑥

�𝑎𝑎𝑦𝑦2 + 𝑎𝑎𝑧𝑧2
�  (6-3.1) 

𝜙𝜙 = atan2�
𝑎𝑎𝑦𝑦

�𝑎𝑎𝑥𝑥2 + 𝑎𝑎𝑧𝑧2
�  (6-3.2) 
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𝜓𝜓 = atan2�
𝑎𝑎𝑧𝑧

�𝑎𝑎𝑥𝑥2 + 𝑎𝑎𝑦𝑦2
�  (6-3.3) 

where 𝑎𝑎𝑥𝑥, 𝑎𝑎𝑦𝑦 and 𝑎𝑎𝑧𝑧 are the accelerations in the x-, y- and z- directions, respectively, 

which correspond to the surge, sway and heave directions in the vessel-fixed coordinate 

system as shown in Fig. 6-3; 𝜑𝜑 and 𝜙𝜙 are rotations with respect to the x- and y- axes, 

respectively; 𝜓𝜓 is the tilt angle with respect to the z- axis.  

 
6.4 Numerical modelling of the 3×3 WIR bundle  

A 3D numerical model of the 3×3 WIR bundle is developed in the finite element 

package Abaqus based on the design parameters of the WIR bundle as illustrated in Fig. 

6-4. The WIR bundle consists of one structural WIR in the middle, four WIRs with 

helical strakes at the four corners of the bundle, and four WIRs without helical strakes 

as shown in Fig. 6-5. The properties of each type of WIRs are shown in Table 6-1, and 

the properties of the flexible rubber joints for each WIR have been given in Fig. 5-6 and 

Table 5-2 in §5.  

Table 6-1 Properties of the WIRs 

Dimension (Unit) WIR w/o strakes WIR with strakes Structural WIR 

Outer diameter (m) 1.067 1.067 0.762 

Wall thickness (m) 0.030 0.030 0.025 

Length (m) 138.28 131.95 143.81 

Dry weight (kg/m) 1049.3 1042.6 635.3 

Young’s modulus (N/m2) 2.07e11 2.07e11 2.07e11 

Structural damping 0.005 0.005 0.005 

The spacers, whose parameters are listed in Table 6-2, are modeled with pin MPC 

(multi-point constraints) to ensure the bundle behavior of the WIRs. All the WIRs are 

modeled with the 2-node linear Timoshenko beam elements. Thus, the helical strakes 

are not modeled in detail in structural dynamics. However, their hydrodynamic 

characteristics are considered in the Morison coefficients. The buoyancy, added mass 

and inner fluid of the WIRs are all taken into consideration in the analysis.  
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Figure 6-4. The WIR bundle modeling: (a) Schematic, figure is not to scale (b) Finite 

element model. 

Table 6-2 Parameters of the spacers 

 Spacer #1 Spacer #2 Spacer #3 Spacer #4 

Dry weight (tons) 21.3 18.4 18.4 11 

Submerged weight (tons) 18.5 16.0 16.0 9.5 

Distance to WIR top end (m) 55.74 87.2 122.6 132.6 

 
 

 
Figure 6-5. The configuration of the WIR bundle. 

By performing modal analysis for the 3 × 3 WIR bundle, the modal shapes of the risers 

can be obtained. Fig. 6-6 demonstrates the first three lateral vibration modes for a single 

riser. The natural periods of the first four modes are listed in Table 6-3. It is seen that 

WIR without helical strakes 

Central structural WIR 

WIR with helical strakes 

x 

y 
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the first vibration mode with a natural period of 32.9 s is stress free since the WIR 

bundle behaves like a pendulum. The 3rd and higher vibration modes, which have 

natural periods less than 3 s, will be of little significance as little wave energy is 

contained in this period range. The 2nd vibration mode, which has a natural period of 7.0 

s, tends to be subject to resonances triggered by the vessel motions, thus may contribute 

the most to fatigue damage. 
d  
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Figure 6-6. Modal shapes of the first three lateral vibration modes for a single riser, d is 

water depth. 

It is worth remarking that the natural period of the second vibration mode is 7.64 s, and 

8.28 s for a single riser without and with helical strakes, respectively. Here, the 9-riser 

bundle has a natural period of 7.0 s for the 2nd vibration mode, with all the attachments 

included.  

Table 6-3 Frequencies of the first four lateral vibration modes for the riser bundle 

Lateral vibration mode Natural period (s) Frequency (Hz) 
1st mode 32.9 0.030 
2nd mode 7.0 0.143 
3rd mode 2.7 0.370 
4th mode 0.6 1.721 

 

6.5 Full-scale data analysis 
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The time series of tri-axial accelerations are recorded at the locations of both Spacer #1 

and Spacer #4. Correspondingly, the rotations with respect to the x- and y- axes are 

obtained based on Eqs. (6-3.1) and (6-3.2). As an example, 10-minute time histories of 

accelerations and rotations are shown in Fig. 6-7 and Fig. 6-8, respectively.  

 
Figure 6-7. Time series of the translational accelerations at Spacer #1. 

 
Figure 6-8. Time series of rotations at Spacer #1 based on the Eqs. (6-3.3) and (6-3.2). 

To investigate the vibration of the riser bundle, spectral analysis is performed for the 

field data. The data from both sensors during the same period should be consistent in 

terms of the frequency features. To test this consistency, spectral analysis is conducted 

for the acceleration time series of 3 hours in the same time window from both Unit 1 

and Unit 2, respectively. The power spectral density (PSD) curves of tri-axial 

accelerations at two locations are compared in Fig. 6-9. It is seen that the PSD curves 

from both Unit 1 and Unit 2 show response peaks at the same frequencies, though the 

peak amplitudes are different. For the z-direction, the PSD curves of Unit 1 and Unit 2 
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almost overlap, indicating the same vertical motion for WIRs has been captured by both 

sensors.  

 
Figure 6-9. PSD curves of accelerations measured at Unit 1 and Unit 2: (a) x-direction, 

(b) y-direction, and (c) z-direction. Sa is the PSD of acceleration and f is the frequency. 

 
Figure 6-10. PSD curves of field measurement data from Unit 1: (a) Acceleration; (b) 

Rotation; Sa and Sr are the PSDs of acceleration and rotation, respectively; f is the 

frequency.  

To identify the dominating vibration mode for WIRs, further spectral analysis is 

performed for both acceleration and rotation data under different sea states. As an 

example, the PSD curves for both the acceleration and rotation time histories of 3 hours 

from Unit 1 are shown in Fig. 6-10. It is found that two main frequency peaks are 

observed in PSD curves for both accelerations and rotations. The first peak frequency is 

close to 0.08 Hz (i.e., the period of 12.5 s) while the second one is about 0.142 Hz (i.e., 

the period of 7.0 s). These two frequency peaks can be continuously found in the 

different sea states though the response amplitudes vary. 

The corresponding spectra for the vessel motions are given in Fig. 6-11. A large 

frequency peak of 0.082 Hz is observed in the heave and pitch motions. This may 
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explain the PSD peak around the frequency of 0.08 Hz for the riser motion PSD. It is 

understood that such kinds of motions will not be able to induce significant fatigue 

damage on the risers, thanks to the chain-rubber joint connection. Therefore, these 

components (around frequencies of 0.08 Hz) in the risers’ rotational motions are 

believed to be contaminations from the z direction, and thus should be filtered out 

during fatigue analysis.  

 
Figure 6-11. PSD curves of vessel motions at the top end of the WIR bundle during the 

same period as in Fig. 6-10. St and Sr are the PSDs for translational and rotational 

motions, respectively. Note the significant difference in the vertical axes between (a) 

and (b). 

6.6 The proposed fatigue analysis method  

A fatigue analysis method is proposed to convert the rotation data measured at two 

locations to the bending stress along the whole WIR. The basis of this method is the 

theory of mode superposition, in which the displacement of the structure under forced 

vibration can be approximated by the sum of the limited numbers of the normal modes 

multiplied by mode participation factors (Thomson, 2018). It is worth mentioning that 

small displacements are assumed for the WIR here since the mode superposition is valid 

only for small displacements. 

In the present method, the measured rotations at both locations are assumed to include 

the rotations only from the 1st and 2nd vibration modes. This is a plausible assumption 

since it has been confirmed that the 2nd vibration mode dominates, while the 3rd and 

higher mode vibrations are weak and their contributions are negligible. The 1st mode 

behaves like a pendulum, producing the same level of rotations at both locations which 
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are not trivial. It is therefore necessary to remove the rotations due to the 1st mode from 

the total measurements, so as to get the rotations resulting from the 2nd mode.  

 
Figure 6-12. Demonstration of the modal superposition along the riser: (a) rotations for 

the 1st mode; (b) rotations for the 2nd mode; (c) The total rotation by summing up the 

real rotations in (a) and (b). L is the length of the riser. 

To provide a clear demonstration, the rotations based on normal modal shapes and real 

rotations are shown in Fig. 6-12. The real rotations along the WIR are the results by 

multiplying the normal rotations with mode participation factors. The rotations of the 1st 

and 2nd modes are shown in Fig. 6-12 (a) and (b), respectively. The locations where 

Unit 1 and Unit 2 sensors are installed are marked with circulars. One can see that Unit 

1 and Unit 2 have the same rotation angle at the 1st mode, while the rotation due to the 

2nd mode at Unit 1 is small. Thus, Unit 1 mainly contains rotations due to the 1st mode, 

while Unit 2 contains rotations due to both the 1st and 2nd modes.  

The mode participation factors for the 1st and 2nd modes can be obtained based on the 

normal and the measured rotation data from Unit 1 and Unit 2 with the equation below  

�𝑟𝑟1
1 𝑟𝑟12

𝑟𝑟21 𝑟𝑟22
� �𝛼𝛼

(𝑡𝑡)
𝛽𝛽(𝑡𝑡)� = �𝑅𝑅1

(𝑡𝑡)
𝑅𝑅2(𝑡𝑡)�  (6-6.1) 

where 𝛼𝛼(𝑡𝑡) and 𝛽𝛽(𝑡𝑡) are the mode participation factors for the 1st and 2nd modes at time 

𝑡𝑡, respectively. 𝑟𝑟11 and 𝑟𝑟12 are the rotations at the location of Unit 1 based on the 1st and 

2nd normal modal shapes, respectively. 𝑟𝑟21 and 𝑟𝑟22 are the rotations at the location of Unit 
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2 based on the 1st and 2nd normal modal shapes, respectively. 𝑅𝑅1(𝑡𝑡) and 𝑅𝑅2(𝑡𝑡) are the 

measured rotations by Unit 1 and Unit 2, respectively.  

With the mode participation factors solved as  

�𝛼𝛼
(𝑡𝑡)

𝛽𝛽(𝑡𝑡)� = �𝑟𝑟1
1 𝑟𝑟12

𝑟𝑟21 𝑟𝑟22
�
−1

�𝑅𝑅1
(𝑡𝑡)

𝑅𝑅2(𝑡𝑡)� 
 (6-6.2) 

The rotations at different locations 𝑧𝑧 = [𝑧𝑧1, 𝑧𝑧2, 𝑧𝑧3 ⋯ ] along the WIR can be calculated 

as 

𝑅𝑅�⃗ (𝑡𝑡) = 𝛼𝛼(𝑡𝑡)𝑟𝑟1���⃗ + 𝛽𝛽(𝑡𝑡)𝑟𝑟2����⃗   (6-6.3) 

where 𝑟𝑟1���⃗  and 𝑟𝑟2����⃗  are the rotation vectors at different locations 𝑧𝑧 = [𝑧𝑧1, 𝑧𝑧2, 𝑧𝑧3 ⋯ ] along 

the WIR for the 1st and 2nd normal modal shapes.  

With the rotations along the WIR, the bending stresses along the WIR can be calculated 

based on the relationship between the curvature and the strain, which gives 

�⃗�𝜎(𝑡𝑡) = 𝐸𝐸𝜀𝜀(𝑡𝑡) = −𝐸𝐸
𝐷𝐷
2
𝑑𝑑𝑅𝑅�⃗ (𝑡𝑡)
𝑑𝑑𝑧𝑧

  (6-6.4) 

where 𝜀𝜀(𝑡𝑡) is the strain vector along the WIR; 𝐸𝐸 is the elastic modulus of the steel; 𝐷𝐷 is 

the outer diameter of the WIR; 𝑑𝑑𝑅𝑅
�⃗ (𝜋𝜋)
𝑑𝑑𝑧𝑧

 is the curvature vector along the WIR.  

To calculate the fatigue damage, fatigue analysis based on S-N curves, which has been 

widely used in structural design, is adopted. It is assumed that the fatigue damage of a 

material can be described by an S-N equation given as 

𝑁𝑁 = 𝑎𝑎(Δσ)−𝑚𝑚  (6-6.5) 

where 𝑁𝑁 is the allowable number of cycles to failure for stress range Δσ, and 𝑚𝑚 and 𝑎𝑎 

are material constants, which are determined from fatigue tests. In the present analysis, 

the DNVGL S-N curve ‘C’ in seawater with cathodic protection (DNVGL-RP-C203, 

2016) is used, which is the same two-segment S-N curve as shown in Fig. 5-4 in §5.  

With the S-N curve fatigue approach, the fatigue life can be calculated based on the 

Palmgren-Miner rule (Miner, 1945), which assumes that cumulative fatigue damage is a 
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linear summation of the individual damage from all the considered stress range 

intervals, i.e. 

𝐷𝐷𝑏𝑏 = �
𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑏𝑏

𝑖𝑖=1

  (6-6.6) 

where 𝐷𝐷𝑏𝑏 is the accumulated fatigue damage; 𝑏𝑏 is the number of stress blocks; 𝑛𝑛𝑖𝑖 is the 

number of stress cycles in stress block 𝑖𝑖 and 𝑁𝑁𝑖𝑖  is the number of cycles to failure at 

constant stress range 𝛥𝛥𝜎𝜎𝑖𝑖.  

To identify the number of cycles for various stress ranges, cycle counting is needed. 

The definition of a cycle varies with the methods of counting, which includes peak 

counting, range counting, level-cross counting, rain flow counting and so on. Among 

these methods, the rain flow counting method (Matsuishi and Endo, 1968), is 

considered to be the preferred practice (Socie, 1992; Amzallag et al., 1994). In the 

present analysis, the standardized rain flow counting algorithms in ASTM E 1049-85 

(2017) is used.  

By converting the measured rotations at two locations directly to bending stresses along 

the WIR, one can see that this method circumvents the estimation of hydrodynamic 

damping, avoiding uncertainties due to estimation of hydrodynamic damping. The 

evaluation of fatigue damage is completely based on the structural characteristics of the 

WIR, which is measured directly from the field. Thus, this provides a good estimation 

of fatigue life in field. 

6.7 Validation of the proposed method  

To validate the proposed method in terms of the accuracy of stress prediction based on 

the rotations at two locations, the method is applied to the numerically obtained results. 

6.7.1 Numerical simulations with field data as input 

To simulate the realistic environment, the field measured 6 DOF vessel motions at COG 

(center of gravity) are used as input. The vessel motions at the top of the WIR bundle 

are obtained from the measured vessel motions at COG based on the following formula 

(Faltinsen, 1993) 
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𝐬𝐬 = 𝜂𝜂1𝐢𝐢 + 𝜂𝜂2𝐣𝐣 + 𝜂𝜂3𝐤𝐤 + 𝜽𝜽 × 𝒓𝒓  (6-7.1) 

where × denotes the vector product; i, j and k are the unit vectors along the x-, y- and z-

axes, respectively; 𝜂𝜂1, 𝜂𝜂2 and 𝜂𝜂3 are the surge, sway and heave motions measured at the 

COG of the vessel; 𝜽𝜽 is the rotation vector measured at COG; 𝒓𝒓 is the distance vector 

between the COG and the location of the WIR bundle top end. 𝜽𝜽 and 𝒓𝒓 are expressed as 

𝜽𝜽 = 𝜂𝜂4𝐢𝐢 + 𝜂𝜂5𝐣𝐣 + 𝜂𝜂6𝐤𝐤  (6-7.2) 

𝒓𝒓 = 𝑟𝑟𝑥𝑥𝐢𝐢 + 𝑟𝑟𝑦𝑦𝐣𝐣 + 𝑟𝑟𝑧𝑧𝐤𝐤  (6-7.3) 

where 𝜂𝜂4 , 𝜂𝜂5  and 𝜂𝜂6  are the roll, pitch and yaw motions; 𝑟𝑟𝑥𝑥 , 𝑟𝑟𝑦𝑦  and 𝑟𝑟𝑧𝑧  are distances 

along x-, y- and z- axes between the COG and the location of the WIR bundle top end. 

 
Figure 6-13. Time histories of the vessel motions at the top of the WIR bundle: (a) 

Translational motions; (b) Rotational motions. 

 
Figure 6-14. A 30-minute mean current velocity profile. Ux represents the current 

velocity in the x-direction while Uy represents the current velocity in the y-direction. 
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As an example, the 5-minute time histories for the vessel motions at the top of the WIR 

bundle are shown in Fig. 6-13. In the dynamic analysis, the simultaneously measured 

current velocity profile with the vessel motions is applied to simulate the realistic 

environmental conditions. An example of the 30-minute mean current velocity profile is 

demonstrated in Fig. 6-14.  

In the simulations, hydrodynamic damping is predicted by the relative velocity Morison 

equation with the constant hydrodynamic coefficients for each type of the WIRs listed 

in Table 6-4. These constant hydrodynamic coefficients are selected based on the 

fatigue analysis for a single WIR with or without helical strakes in §5. It is worth 

mentioning that the selection of the hydrodynamic coefficients does not affect the 

verification of the proposed method. This is because the hydrodynamic damping only 

affects the response amplitudes of the risers, but not the relationship between the 

rotation and the bending stress. The latter is the focus of this study.  

Table 6-4. Hydrodynamic coefficients adopted in the Morison equation 

 WIR w/o strakes WIR with strakes Structural WIR 

Added mass coefficient (𝐾𝐾𝑎𝑎) 1.0 1.3 1.0 

Drag coefficient (𝐾𝐾𝑑𝑑) 0.20 1.6 0.20 

 

6.7.2 Validation of the proposed method 

The dynamic analysis of the WIR bundle under the simultaneously measured 6-DOF 

vessel motions and current is performed, producing rotations and bending stresses of the 

risers. A couple of various sea states are considered, which include mild, moderate and 

severe sea states, and here we only list one of them as an example.  

The rotations of WIRs obtained from the numerical simulations are examined. Figure 6-

15 shows the rotations at the location of Spacer #1 from the central structural WIR (see 

Fig. 6-5), one of the WIRs with helical strakes and one of the WIRs without helical 

strakes, respectively. One can see that the rotations from the three types of WIRs 

overlap, indicating that the 9 WIRs in a bundle move together in the field. Thus, each 

WIR is supposed to have the same stress level at the same location along the WIR. 
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Figure 6-15. The rotations of WIRs at the location of Spacer #1 obtained from 

numerical simulations: (a) Rotation with respect to x-axis; (b) Rotation with respect to 

y-axis. 

 
Figure 6-16. The rotations of WIRs at the locations of Unit 1 and Unit 2 obtained from 

numerical simulations: (a) Rotation with respect to x-axis; (b) Rotation with respect to 

y-axis. 

To validate the proposed method, the rotations of a WIR at the locations of Unit 1 

(Spacer #1) and Unit 2 (Spacer #4) are obtained from numerical simulations as shown 

in Figure 6-16. The rotation at the location of Unit 2 is larger than that at Unit 1, 

consistent with the previous observation that the 2nd lateral vibration mode dominates, 

leading to a larger rotation at Unit 2 than that at Unit 1.  

Based on the proposed method (details in §6.6), the bending stresses along each WIR 

can be obtained, simply through 2nd lateral vibration modal shape. Fig. 6-17 shows the 

bending stress time histories at the hot spot (57.7 m to the riser top end) of one WIR 

without helical strakes, compared with those obtained from numerical simulations using 
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Abaqus. The good agreement of the time histories from these two methods supports the 

reliability of the method proposed in this study and the assumption of the small 

displacements for the WIR. 

In addition to validate the proposed method, the present numerical simulations also 

demonstrate that the change of tensional stress due to the veseel heave or pitch motion 

is less than 1 MPa, which is negligible. Thus, the fatigue damage of the WIRs is mainly 

due to the bending stress caused by the second lateral vibration mode. 

 
Figure 6-17. Bending stresses obtained from the proposed method and from the direct 

calculations based on Abaqus: (a) Bending stress with respect to x-axis; (b) Bending 

stress with respect to y-axis. 

 
6.8 Application to field rotation measurements 

To predict the bending stress and fatigue damage for the WIRs, the proposed method is 

applied to the field measured rotations from Unit 1 and Unit 2. To accurately predict the 

fatigue damage induced by the 2nd lateral vibration mode, bandpass filtering is applied 

to the measured rotation time histories to keep the signals close to the natural frequency 

(0.143 Hz) of the 2nd mode only. 

After filtering the measured rotation time histories, the bending stress time histories can 

be obtained based on the proposed method. As an example, the 10-minute time histories 

of the bending stress at the hot spot (57.7 m to the riser top end) for one WIR are shown 

in Fig. 6-18. It is expected that the sway motion has larger motion amplitudes in long 

term than the motions in any other direction. This is supported by the results that the 

bending stress obtained from the rotation around the x-axis is much larger than that 
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from the rotation around the y-axis. Thus, the fatigue life of the WIR bundle is 

determined by the measured rotations with respect to the x-axis. 

 
Figure 6-18. The bending stress time histories at the hot spot (57.7 m to the riser top end) 

of one WIR. 

 

Figure 6-19. Spectrum of the stress time history from the numerical simulations. Ss is 

the PSD of the stress, and f is the frequency. 

With the bending stress time history obtained, the rain flow account method is used to 

get the cycles for different stress ranges. By further applying the S-N curve, the 

accumulated fatigue damage for the measurement period is evaluated and the fatigue 

life of the WIR bundle can be estimated. 

In the present analysis, the data needs to be bandpass filtered since the frequency peak 

around 0.08 Hz is contaminated by the motions from z direction as discussed earlier. 

The question is then what is the bandwidth is appropriate for this filtering process.  
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Figure 6-20. Spectra of rotations with respect to x-axis at Unit 1 before and after 

filtering with frequency range [0.125, 0.165] Hz, [0.130, 0.160] Hz and [0.135, 0.155] 

Hz. 

To determine the bandwidth, we numerically investigated the spectral characteristic of 

the stress on the risers since the numerical results of stress are free of such motion 

contaminations as observed in the field measurements. Fig. 6-19 shows a representative 

spectrum of the stresses on the risers under an irregular wave excitation. It is clear that 

the spectral energy is focused between the frequency range from 0.13 Hz to 0.16 Hz. As 

a result, the fatigue life calculated based on the bandwidth of [0.13, 0.16] Hz is believed 

to be more informative.  

 
Figure 6-21. Normalized fatigue lives along the WIR bundle. Note the fatigue lives 

have been normalized against the minimum value obtained with frequency range [0.130, 

0.160] Hz, for the sake of confidentiality. 
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Table 6-5. Normalized fatigue life of the WIR bundle with different filtering frequency 

bands 

Filtering frequency band (Hz) Normalized fatigue life 

[0.125, 0.165] 0.72 

[0.130, 0.160] 1.0 

[0.135, 0.155] 1.64 

 

To show the importance of identifying the bandwidth for digital filtering, we show the 

fatigue estimation based on three different filtering bandwidths. The spectra for 3-hour 

rotation time histories with respect to x-axis at Unit 1 before and after filtering with 

different frequency ranges are shown in Fig. 6-20, and the corresponding fatigue lives 

along the WIR with a stress concentration factor (SCF) of 1.194, which have been 

normalizd against the minimum value obtained with frequency range [0.130, 0.160] Hz, 

are shown in Fig. 6-21. The normalized fatigue life based on the hot spot at 57.7 m to 

the top end of the WIR for each filtering frequency band is listed in Table 6-5. It is also 

worth remarking that the fatigue life with frequency range of [0.13 0.16] Hz is identitial 

to that predicted in the design report (Shell, 2017). Again, it is emphasized that the 

fatigue life obtained based on the filtering bandwidth of [0.13, 0.16] Hz may be more 

appropriate, as discussed previously. 

  
Figure 6-22. Vibration shapes of the riser under forced regular motions imposed at the 

top with different frequencies. The dashed line shows the location of hot spot. 
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It is worth remarking that the fatigue life obtained through this method is conservative, 

provided that the measured data are accurate. One can see that all the filtered data have 

been treated as the 2nd vibration mode when converting rotation angles to stresses. As 

indicated in Fig. 6-22, the actual stress at the hot spot is expected to be smaller than that 

for the 2nd vibration mode when the excitation frequencies are off the natural frequency 

of the 2nd vibration mode. For instance, the actual stress under the excitation of 0.16 Hz 

is 2.9% smaller (compared to that excited at the 2nd vibration mode), while it is 2.1% 

smaller at 0.13 Hz. However, the 2nd vibration mode is used when converting the time 

history from the rotation to stresses. 

 
6.9 Summary  

The dynamic response and fatigue damage of the WIR bundle have been investigated 

based on the field data of the accelerations and rotations measured at two locations 

along the WIR bundle. 

To estimate the accumulative fatigue damage based on the full-scale measurements of 

the WIR bundle, a fatigue analysis method is proposed, in which the bending stress 

along the WIR is obtained from the measured rotations at two locations. As one can see, 

this method circumvents the assessment of hydrodynamic damping which is 𝑅𝑅𝑅𝑅 

dependent. This proposed method is validated. 

The fatigue life of the WIR bundle in operation is estimated using the proposed method, 

where field measured data serve as input. The estimated fatigue life at full scale is close 

to what has been predicted during the design stage.  

It is worth noting that the estimation has been conducted based on field measured data 

of approximately 4 months, and the seasonal variation of weather has yet been able to 

be considered. However, the method developed here shows good reliability and is ready 

for fatigue analysis as long as more data is received.  

One may note that with this developed model, the fatigue life of the risers on the site 

can be updated immediately once field measurement data are available. This will be a 

real-time reflection of the real status of the risers. Thus, this is a so-called ‘digital twin’ 

for riser fatigue.  
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CHAPTER 7. CONCLUSIONS 

A comprehensive study of the hydrodynamic damping and fatigue analysis of water 

intake risers (WIRs) has been conducted in this thesis. The WIR is a novel concept for 

conveying cooling water from the sea. With the top end flexibly attached to the vessel 

and the lower end free hanging, the risers experience lateral vibrations triggered by the 

wave-induced vessel motions, leading to the flow around the risers in the low 𝐾𝐾𝐾𝐾 

regime (𝐾𝐾𝐾𝐾 < 5) due to the large diameter of the riser and small vibration amplitudes. 

The hydrodynamic damping at this flow regime, which is key to the fatigue prediction 

of risers, remains unclear. To study the hydrodynamic damping and the fatigue of 

WIRs, various methods are adopted, including numerical modelling, scaled tank testing 

and full-scale measurement. The main findings and recommendations for future studies 

are summarised in this chapter.  

7.1 Hydrodynamic damping of the riser at low 𝑲𝑲𝑲𝑲 

7.1.1 Hydrodynamic damping for a smooth riser 

A series of experiments for a smooth riser in still water, in-line current and cross 

current, are conducted. The flow regime of 𝐾𝐾𝐾𝐾 under 5 and 𝑅𝑅𝑅𝑅 in the range of 103 – 105 

has been covered by the tests. 

The measured drag coefficients of the smooth cylinder in still water match well the 

results from published literature and the theoretical Stokes and Wang solution at very 

small 𝐾𝐾𝐾𝐾  values. When 𝐾𝐾𝐾𝐾  decreases, the drag coefficient tends to increase 

dramatically, while the added mass coefficient remains close to 1.0.  

The hydrodynamic damping increases with the in-line current velocity while it remains 

close to constant for small cross current velocities and increases significantly when the 

cross current speed becomes large.  

The relative and the independent velocity Morison models are investigated in terms of 

the goodness of fitting to the drag force. The independent velocity model provides a 

better fit since two drag coefficients are introduced. However, the two drag coefficients 

vary with 𝐾𝐾𝐾𝐾 and current velocity, leading to more complexity for application in design 

practice. 
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It is demonstrated that the relative velocity model – with only one drag coefficient - is 

still valid for the low 𝐾𝐾𝐾𝐾 flow regime, provided that the drag coefficient can be selected 

properly. Therefore, the relative velocity model is preferable in the engineering 

application, even for the very low 𝐾𝐾𝐾𝐾 flow regime. This complements the DNV-GL 

rule (DNVGL-RP-C205, 2017) and the international standard (ISO-19902, 2007), 

which are the only guidelines available but fail to provide a clear idea on how to best 

practice the fatigue analysis in the low 𝐾𝐾𝐾𝐾 flow regime.  

To facilitate the application of the relative velocity model, recommendations on how to 

select the drag and added mass coefficients for low 𝐾𝐾𝐾𝐾 flow regime are provided. In 

specification, the drag coefficient is to be determined by a semi-empirical formula, 

which is derived based on the experimental data and the theoretical Stokes Wang 

solution. The added mass coefficient is suggested to be 1.0 as in the potential flow 

calculation. Following this, a good prediction of riser response can be achieved.  

7.1.2 Hydrodynamic damping for a riser with helical strakes 

The hydrodynamic damping of a riser with helical strakes is experimentally investigated 

by forcing a straked cylinder to oscillate in in-line or cross background current. The 𝐾𝐾𝐾𝐾 

values are from 0.07 to 3 and 𝑅𝑅𝑅𝑅, based on the oscillating velocity amplitude, ranges 

from 1260 to 54000 in the model tests.  

A key observation from the model tests is that the hydrodynamic drag coefficients 

correlate well with 𝑟𝑟 = 𝑈𝑈𝑚𝑚/𝑈𝑈𝑐𝑐, the ratio of the oscillating velocity amplitude (𝑈𝑈𝑚𝑚) to 

the steady current velocity (𝑈𝑈𝑐𝑐 ). This phenomenon is also supported by numerical 

simulations.  

Again, the independent velocity model provides a better fit for the drag force, while the 

relative velocity model is preferable from the application point of view considering its 

simplicity and reasonably good accuracy.  

Based on the correlation between the drag coefficients and the velocity ratio 𝑟𝑟 , 

empirical formulae for hydrodynamic drag coefficients are proposed. Recommendations 

for the determination of the drag and added mass coefficients in design are given for 

fatigue analysis of risers with helical strakes.  
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Specifically, the drag coefficients are given in the proposed empirical formulae and the 

added mass coefficients are to be chosen as in the potential flow calculations. Following 

the recommendations, a reasonably good prediction of the structural response for the 

riser can be achieved.  

7.2 Fatigue analysis of a single riser 

The experimental results suggest that the drag coefficient varies with the 𝐾𝐾𝐾𝐾 values at 

the low 𝐾𝐾𝐾𝐾  flow regime, while the 𝐾𝐾𝐾𝐾 , which is defined by the motion amplitude 

relative to the diameter of the riser, relies on the hydrodynamic damping in return.  

To investigate the coupling effect discussed above on the fatigue estimate of risers, a 

hybrid frequency-time domain model is developed. In this model, a nonlinear stress 

transfer function is adopted by using variable drag coefficients to consider the 

dependency between the hydrodynamic damping and the structural motion. Compared 

to the conventional time domain analysis, the hybrid method adopted in this study is 

more time efficient.  

It is known that the fatigue life of a riser is determined by the fatigue damage to the hot 

spot. Therefore, an appropriately selected constant drag coefficient would be able to 

provide an identical fatigue estimate to that from the hybrid model using variable drag 

coefficients. In this study, recommendations on how to select the constant drag 

coefficient of this type are provided, to further reduce the computational efforts in 

design.  

7.3 Fatigue estimate of a water intake riser bundle based on full-scale data 

The studies discussed above have focused on scaled model data for a single riser. In 

reality, the water intake risers are placed in a 3×3 configuration. Therefore, there are 

open questions remained, e.g., (1) how to apply the lab data to a full scale and (2) how 

the hydrodynamic coefficients obtained from a single riser perform in the case of the 

3×3 riser bundle. Rather than simply adopting these findings into the full-scale scenario 

in the field, we estimate the fatigue life of the 3×3 riser bundle based on the full-scale 

measured data directly.  
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The analysis of the field measurement data confirms that the 2nd bending vibration 

mode dominates the response of the riser bundle and contributes the most fatigue 

damage.  

A fatigue analysis method is developed, in which the bending stresses along the riser 

are estimated based on the measured rotations of the risers. This method of obtaining 

stress via modal shapes is validated through comparison with that obtained directly 

from the numerical simulations with the finite element model.  

This method avoids the identification of hydrodynamic damping, as it has been 

inherently covered by the measured motions of the risers. Another advantage of this 

method is that it avoids any complex finite element method calculations, which would 

be time consuming.  

Using the full-scale data as input provides the opportunity for operators to acquire the 

real status of the risers in the field. Due to the time efficiency, the study paves the way 

for the industry partner to build up a digital twin, to provide the fatigue damage of risers 

in real time, and thus feed back into the design practice, which has been based on lab 

scale studies where simplification is unavoidable.  

7.4 Future research 

As demonstrated in the summaries above, it is clear that there are a couple of areas 

requiring further study.  

(1) Scaling effect on the hydrodynamic damping 

In the present experimental studies, the prototype of the flexible water intake riser has 

been scaled to a rigid cylinder with a smaller diameter due to the limitation of the test 

facility. However, at full scale, the 𝑅𝑅𝑅𝑅  values are significantly larger, leading to 

different flow scenarios.  

Therefore, it is necessary to take the advantage of the full-scale measured data to 

explore the scaling effect. 

(2) Fluid-riser interactions for risers in a bundle.  
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The numerical and physical modelling in this study have been focusing on a single riser, 

while the full-scale study has been based on the field data for a 3×3 riser bundle. 

Further numerical simulations are recommended for the 3×3 riser bundle so as to be 

able to take the advantage of the full-scale data. 

Taking the advantage of modelling with more realistic configurations and the full-scale 

data will offer the opportunity to fill the gap between lab study and field operation (at 

full scale) so as to improve the design practice in the future. 

(3) Digital twin for safe operation.  

As demonstrated in Chapter 6, the full-scale measured data provides opportunities for 

operators to monitor the fatigue damage at field without going through conventional 

finite element analysis, which is complex and time consuming. The method proposed 

paves the way for a digital twin of fatigue damage for risers. One can see that this 

method relies on the accuracy of the data collected in the field. 

The idea proposed in this study can benefit from improving the accuracy of the field 

data and the reliability of the field data collection. 
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