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DEVELOPMENT OF COMPUTER CODE FOR VORTEX-

INDUCED VIBRATION OF LONG FLEXIBLE RISER AND ITS 

APPLICATIONS 

 

ABSTRACT 

 

With the development of offshore oil and gas exploration to the deep sea, the 

vortex induced vibration has become a key problem to be solved in the design of deep-

sea platform risers. After a century of research on vortex induced vibration, it is still an 

enduring problem, because it is a very complicated nonlinear problem of fluid-structure 

interaction, and there are many questions about the intrinsic relationship between the 

phenomenon and mechanism of VIV. Vortex-induced vibration will occur in both in-

line and cross-flow directions for offshore risers, and the in-line vibration of the riser 

will affect the cross-flow vibration, which makes the vortex induced vibration more 

complicated. Within the country, time-domain numerical prediction of the vortex 

induced vibrations of slender flexible risers at high Reynolds numbers is not mature, 

the prediction and analysis of in-line vibration and numerical simulation of VIV of 

risers with large aspect ratio being especially weak. Therefore in the design of the riser 

structure, a safety factor of nearly 10 had to bu used to ensure safety. Thus it is more 

and more important to accurately predict the vortex-induced vibration response of 

slender flexible riser. 

Using open source library OpenFOAM as the development platform, based on 

solving the viscous flow governing equation Navier Stokes equation and equation of 

structure dynamics, this paper develops a solver viv-FOAM-SJTU for the prediction of 

the time-domain VIV response. The solver has good versatility, which allows 

simulation of flow around a stationary cylinder, forced and free vibration of cylinder 

and VIV of long flexible riser. Prediction of self-excitation response is obtained with 

the result of the forced motion. The development of solver is based on the idea of the 

object-oriented programming in C++ language. Almost all the governing equations in 
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OpenFOAM can be used for the solover using the unified module interface. In order to 

simulate the flow-structure interation of big flexible riser, the moving grid technology 

that comes with OpenFOAM, that is, using Laplace equation to solve the grid 

displacement, has been unable to meet the need of the large displacement of the riser 

strip. In this paper, we study and develop the radial basis function (RBF) dynamic grid 

technique based on the dynamic mesh module of OpenFOAM. 

In order to validate the developed solver, benchmark cases of rigid cylinders and 

long flexible risers VIV are performed. 

1. Large eddy simulation (LES) method is used along with Smagorinsky sub grid 

model to analyze the flow around a three-dimensional stationary cylinder at high 

Reynolds numbers, and the influence of different aspect ratios is studied. The 

instantaneous characteristics of the velocity field and the vortex of the circular cylinder 

are analyzed. The random fluctuation and the three dimensional characteristics of 

turbulent flow are demonstrated. On the basis of this, the influence of aspect ratio of 

the cylinder on the simulation results is studied. Through the analysis of the mean flow 

field at the characteristic position, it is revealed that the two dimensional simplified 

model cannot capture the return flow zone and its results is very different from the 

experimental results. The appropriate aspect ratio suggestions for simultions of flow 

around a three-dimensional cylinder is given. 

2. Based on viv-FOAM-SJTU the standard problem of the vortex induced 

vibration of rigid cylinder is verified. The vortex induced vibration of an elastically 

supported cylinder with one and two degrees of freedom and low mass ratio (2.4m*= ) 

was calculated by using the Reynolds averaged method (RANS) and the SST-kw

turbulence model. Numerical simulations reproduce the response branches and the 

corresponding vortex modes in the experiments, and further gives the lock-in range of 

vortex induced vibration. Through the contrast between the VIV results of one and two 

degrees of freedom, it is deemed that the influence of the in-line degree of freedom on 

the VIV is not only the production of in-line vibration. More important is the coupling 

effect of in-line degree of freedom on the cross-flow degree of freedom, which leads to 
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the fact that the two degrees of freedom can stimulate higher response than one degree 

of freedom. 

3. Based on viv-FOAM-SJTU the standard problem of the vortex induced 

vibration of long flexible riser is verified. The time domain response of the vortex 

induced vibration of the top tension riser was studied, and compared to the standard test 

of F. J. Huera Huarte (2006). Respectively in-line and cross-flow vibrations of the 

structure are analyzed in detail. The riserôs dominant vibration modes, envelopes, mean 

in-line displacements obtained in the numerical simulation agree very well with test 

results. The results also show multi modal characteristics of the VIV of the riser. From 

the angle of natural frequency, vibration frequency and vortex shedding frequency, the 

occurrence mechanism of the dominant modes of vortex induced vibration is analyzed. 

Based on the study of the flow field (hydrodynamic coefficients and the vortex fields), 

the intrinsic relation between the flow field and induced vibration response of the riser 

is analyzed. 

After the validation of benchmark cases, the applications of the developed solver 

are performed. 

1. First, the mechanism of the inherent relation between the forced vibration and 

the self-excited vibration is further studied. The phase angle between the displacement 

and the lift force is solved by the complex demodulation method. When the cylinder is 

forced to move with certain frequencies and amplitudes, with the changes of the phase 

angle the wake mode will switch back and forth between 2P  and O2P  , which 

explains the switching phenomenon of the self-excited motion in the upper and lower 

branches. Based on the energy balance of the self-excitation motion, the method of 

predicting the self-excitation response with the result of the forced motion is proposed 

and verified. 

2. Through the external definition of the dictionary file, the control parameters of 

the riser and the flow field can be modified, based on which the applied research of 

parameters analysis of VIV is carried out. The effects of top pretension, inlet flow 

velocity and mass ratio on vortex induced vibration were investigated, and the response 
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modes and trend analysis under different working conditions were presented. The 

change of the top tension and mass ratio will affect the natural frequency of the riser, 

thus changing the vibration mode of the riser. With the increase of the top pretension, 

the vibration mode of the riser is reduced. The increase of the mass ratio will increase 

the vibration mode of the riser. The flow velocity also has an effect on the vibration 

mode, because the change of flow rate leads to the change of vortex frequency, which 

influences the vibration frequency of the riser. The higher the flow velocity, the higher 

the vibration mode of the riser. 

3. Interference effects between tandem vertical risers is also one of the research 

contents. The influence of the spacing between the risers on the interference is discussed. 

The numerical results is shown that the distance between the vertical risers has little 

effect on the vibration mode of the upstream riser, but it will affect the mode of the 

downstream riser. Under the same conditions with the benchmark case, the dominant 

mode of the upstream riser is 4th order, consistent with the vibration mode of a single 

riser. The dominant mode of the downstream riser is 3rd order, slightly lower than the 

upstream riser. With the increase of riser spacing, the weight of the 3rd mode of the 

downstream riser is gradually reduced, and the weight of the 4th mode is gradually 

increased. Thus as the spacing increases, vibration mode of the downstream riser moves 

toward the mode of a single vertical riser. 

4. The vortex-induced vibration responses of the vertical riser with aspect ratio of 

500, 750 and 1000 in the uniform flow and shear flow are investigated. The increase of 

the aspect ratio will increase the equilibrium position of the in-line direction and the 

vibration mode of the riser. When the aspect ratio is 500, the cross-flow vibration is 

shown as a standing wave with a 3rd order single mode. As the aspect ratio increases, 

the cross-flow vibration gradurally turns into multi mode. When the aspect ratio is 1000, 

the vibration become more complex. There are two dominant mode and several 

vibration mode. The cross section of flow has an influence on every mode amplitude. 

At some conditions, the shear flow can excite modes that are slightly higher than that 

of the uniform flow. 
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In this paper, the solver for the prediction of the vortex-induced vibration of a rigid 

cylinder and a flexible riser is developed. By the numerical simulations of the vortex 

induced vibration under various complex conditions, the reliability of the solution is 

proved effectively. Through the analysis of vortex induced vibration, the understanding 

of its internal mechanism is deepened, which provides a valuable reference for further 

improvement of the prediction model of vortex induced vibration.  

 

KEYWORDS: flexible riser̆vortex-induced vibration̆responses in time domain̆

multi-strip method̆multi modĕparamatric analysis, viv-FOAM-SJTU 
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RBF Radius Basis Function 

RMS Root Mean Square 

SIMPLE Semi-Implicit Method for Pressure-Linked Equation 

SST Shear Stress Transport̂◄℗ ⱬ ̃ 

VIV Vortex-Induced Vibrationŝ ꜚ̃ 
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    Figure 1-1 Types of offshore platform 
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Figure 1-2 the global distribution of semi- submersible platform 
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ꜚ Ҍ Ȃ ԅѿҩ ̆̓͂ ԍ

ꜚ ҌἝ↨ Ӈ ̆ ғ Ҍ

ԍῒז Ȃ ץ ֓ ҹ ‰

ṿ Ȃ ̆ ̆ ≢ ꜚ Ȃ

└ ̆ ῀ ȁֲⱬȁ ⱬ Ȃ

ץ ̆ Ҭׅ ѿ֓῏ ‗  ̔

Õ ԍ ᴰ Ȃ ᴪ └

ᴰ Ȃ ’ ҩ ԍ

ᴰ ̆ᵖ ’ ⌠Ȃ 

Õ Ҭ ⌠ Ȃ └ Ȃ

ῒז ꜚ ΐ Ҭᶏ Ȃ 

Õ ẁ ⱴ ᴰ ᴪ ⌠ ⱬ ̆ Ḥ

ṿ̆ № ḱ Ȃ 

Õ ⱬ ̆ ₮ᵝ

ⱬ Ȃ Ҍ ᵝ ⱬ̆ Ҍ ꜚȂ 

ѿ ṿ ᴆ̆ ԅ

Ҭ ‗ ̆p ῏ ԍ

̂ ԍҌ ̆Ҍ ̆Ҍ Ҍ

’ Ȃ̃ ╠ ֲ ṿ ԅ ῏

ꜚ ᵬ̆׆ ל ̆ Ҍ ̆

ҹ ꜚ Ȃ 

1.2 ꜠  

1.2.1  

ᵣ ̆ ԍ ⱴ

⁞ ׆̆ № ȁ ̆ ֜ ̆

ѿ –. Ȃ ѿҩ ҕ ץ ̆

Ạ Ȃ ԍ ꜚ№ ֟ ̆ ѿ

ҩҕ Ҭ̆ ῒ Ȃ 

ѿ ץ ᵣⱬ ῏ ̆

ҹ ԅ ꜚ Ȃ Ҭ̆ ȁ

ȁ ȁ ȁҊ ᴆ ᴪ
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֟ ̆ ῒҬ ‗ ᵬ Ȃ ̆

Ӟΐ ᴇṿ̆ ҹ Ҭ ΐ ̆ɒ

ȁ Ԛ ȁ ȁ ȁ

ᵬ ̆ ֓ ץ Ȃ 

ԍ ̆ ῤ ױ ῒ ԅ ῏ ̆

Һ ҹ ṿ ң Ȃΐᵣ ץ ̆

Morkovin (1964)B̆erger and Wille (1972)N̆orberg (1994, 2001)B̆eaudan and Moin 

(1994)̆Williamson (1996) ԅ ῀ Ȃ 

Zdravkovich (1997)Ҍ Ҋ ₮ ̆

1-1Ȃ 

Reynolds (1883) ׆ ⌠ ȁ ȁ

ꜚ ₱ ̆  

UD
Re

r

m
=                          ̂1-1̃  

r ᵣ ̆U ̆D ̆m ꜚⱬ ȂReynolds

ԅ ⱬ ⱬӊ ῏ ȂReynoldsꜚ ѿ

ῤȂ ⱴ̆ ץ ⌠ ׆ꜚ ⌠ Ȃ 

1-1 ꜚ ̆Zdravkovich (1997) 

Table 1-1 States of the flow from Zdravkovich (1997) 

 

 

Ȃ № ̆ ꜚׅ ԍ

̆ Ȃ Re ⌠4 ̆ ꜚ № ̆ ѿ

ҩ ̆ᵄ ңҩ Ȃ◄℗ ֜ ̆
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׆ ᶏ Ȃ Re > 47̆ ῍ ̆

Karman-BenardȂ ᵣ ◄℗ ԑᵬ ֟ Ȃ ꜚ Ҍ

ᶏ ᵣңᶷ֜ ֟ Gerrard (1966)Ȃ ѿ Ҍ ҉Ҋ

ңᶷ̆֟ 1-3 Ȃ 

 

1-3  (Re=150)̆Owen (2001) 

Figure 1-3 Laminar vortex shedding (Re=150) on a stationary cylinder, from Owen (2001) 

ץ ҹStrouhal 

sfSt
U

D
=                             (1-2) 

ῒҬ̔ sf ȂҌ ̆ Reynolds

ȁ ȁ ȁ ₱ Ȃ 1-4

ԅSt Re ῏ ȂSt ֒ҳ ᵌҹ ̆ ҹ0.2Ȃ 

 
1-4 StrouhalRe ̆Norberg (2003) 

Figure 1-4 Strouhal number as a function of Re, from Norberg (2003) 

Һ ̆p ῒז ֓ṿ Ӟ

ҹҺ Ȃ ȁ Ҍ

Ȃ ̆ Ӟᴪ ѿ Ȃ 

Ҋ ҹ ҈ ȁ Ҍ

↕ ꜚȂ Ҋ ῒ҈ Ҍ Ȃ ῤ
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Ҍ ԅ ῏ ṿ Ȃ

Norberg (1994)ԅҌ ’Ҋ ז̆ Ҭ

ȂNorberg (1994)ҹ̆ 600-4000ῤ ̆ ᶏ Ҭ

ῃҌ ⌠ң ꜚ̆ ̂ L / D̃ ԍ50Ȃ

ԍ50̆↕ ⁞ ̆ ᴪ ⱴ̆ ң

ᴪ ꜚ Ȃ ṿ K̆ravchenko and Moin (2000)Breuer 

(1998) LES ҹ Dp 2 Dp ױז̆

₮ ң̆ ≢ȂMa (2000)ֲ DNS ׆ Dp

2 Dp Ӟ ԅ ̆ № ԅ ῏ Ȃױז Һ

҈ҩ̆ѿ ׆ 2 Dp ⌠ Dp ̆ ԅ̆ ҍ

Norberg (1994)ѿ ԋ̕ ԍ ̆ Ӟᴪ ⌠

῏ ̕҈ / 0y D= ῏ / 0y D¸

Ẓ ̆ Ҍ ‰ ῏ ȂWissink and Rodi 

(2008)DNS ԅRe=3300Ҋ ҹ 4D⌠ 8D Ȃױז ҹ

4D׆ ⌠8D₃Ӎ ̆ ғ̆ ԍ

u ῏ ̆ ⱴ⌠8D̆ ῏ Ӟ

⌠ 0̆ Ȃ  (2016a, 2016b) LES

Re=3900Ҋ ԋ׆ ’ 2p ’Ҋ ̆ ⌠ ѿ

֓ ҍMa (2000)ᵌ̆ѿ Ҋԋ Ҍ ̆ԋ

ҍ ̆ᵖ ҹp ץ

Ȃ 

 

ⅎ Ҳ  

Õ Rĕ ̂1-1̃ ӈ̆ ꜚ Ȃ 

Õ ̆ ῏ԍ Ҭ Ӱ Ȃ

ҍ ṿ Ȃ 

Õ /L D̆ ṿȂ 

Õ ̆ /k D ⌠̆ k Ȃ

ԍ Ȃ 

꜠ⅎ Ҳ  

Õ (z) ѿҩ ꜚ ῤ ѿ Ȃ
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ץ ⁞ ⌠Ȃ 

2

c

mk
z=                         ̂1-3̃  

ῒҬcҹ ̆mҹ ̂Ҍ ᵣ ⱴ ̃̆

kҹ ↨ Ȃ cҍҳ ӊ Ȃ 

Õ (U*) ѿ  

U
U

fD

*=                              ̂1-4̃  

Ҭ̆ ҉ Ҭ f ҹ Ҭ 1f ̆↕ ҹ

1U*Ȃ 

Õ (m*) ᵝ ҍ ӊ  

2

4

m
m

D
p
r

*=                              ̂ 1-5̃  

 

1.2.2 − ꜠  

1.2.2.1 − ꜠  

ԍ 47 Ȃ ̆ Ҋ ᴪ֟

׆̆ ֟ ᵬ ҉ ֜ ᵣⱬȂ ̆

ғΐ ̆ ꜚ̂VIṼ Ȃ ֜ ᵣⱬ ᵬ

Ҋ̆ ᴪ ꜚ̆ ӊ ̆ ᵬ ꜚ ҉ ꞉ⱬӞ

׆̆ Ȃ ѿ ᵣ ӊ ԑ

ᴪ ԑᵬ Ȃ ╠ ԑᵬ ׅ ῃ

̆ Ӟ ҹᵥ VIVׅ Ҍ ῃ Ȃ ↨ VIV ף

Sarpkaya(1979)S̆arpkaya(2004)B̆earman(1984)P̆arkinson (1974)

Williamson & Govardham(2004)̆Gabbai & Benaroya(2005)Ȃ 

Feng (1968)ῖ ԅ ꜚ ҹȂFeng (1968)

ԅ VIV ̆ ז ᵬӊ ץ ȂFeng 

(1968) Ҭ ̆ ꜚ ȁ ꜚ

ץ̆ ⱬ̆ VIV ̂ * 250m º ̃ ꜚ ԅ№

Ȃז № ᵝ ⱬ̆ ₮ԅ ⱬ ᵝ ӊ ᵝ ̆
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1-5ȂFeng (1968) ⱴ ̆ Ȃ ⌠

1 4U*= ╠ ꜚ ̆ ꜚ 1 4U*= ӊ ̆ѿ ⌠ 1 8.5U*= Ȃ

ῤ̆ ץ ⌠ңҩҌ № ̆ῒҬѿҩ№ ԍ ѿҩȂ ңҩ

№ ҹ∆ № ̂initial branch̃ Ҋ № (lower branch)Ȃ ̆ ң

ҩ№ ᵝ ҍ ᵝ ῏Ȃ ҩ ῤ̆ ꜚ

Ҭ Ȃ 5⌠7 ӊ ̆

ԍ Ȃ 5⌠7 ӊῤ̆ ꜚ ҍ

ғ̆ҍ Ȃ ѿ ꜚ ҍ ѿ

ӊҹñ ò̂lock-iñ̆ Ȃ ῍ ȁ

Ȃ ̆ ꜚ └̆Ҍ Strouhal῏ Ȃ

ꜚ Ҭ ⌠ ̆ ⌠ ̆

⁞ Ȃ ⱳ ̆

Ҍ ꜚ Ҍ Ȃ 

 

1-5 Ҭ ꜚ , Feng (1968) 

Figure 1-5 Transverse response of a freely vibrating cylinder in air, from Feng (1968) 

Anand & Torum (1985)Ҭ ̆ ᵞ ꜚ Ȃᵞ

’Ҋ ҍ ֓Ҍ Ȃ ֓Ҍ ֟ ԍ ⱴ

Ȃγ Ҋ Һ ̆ ꜚ ҍ
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ҌῬἝ Ҭ Ȃ ̆ ꜚ 1U* ⱴ

ⱴȂ ѿҩ ≢ Ȃ 1-6 ҹ

Sumer & Fredsoe (1997)₮ Anand (1985) Ȃ ѿ֓

̆ Khalak & Williamson (1996)Brankovic (2004)̆ ᶏ ꜚ

Ҍҍ ᵣ Ӟ ֟ ̆ ԅ ῖ

ӈ̆ ԍ ꜚ ̆ Ӟ Sarpkaya (1995) Ȃ 

 

1-6 Ҭ ꜚ , Summer & Fredsoe (1997) 

Figure 1-6 Transverse response of a freely vibration cylinder in air, Summer & Fredsoe (1997) 

Williamson & Govardham (2004) ԅWilliamson & Roshko (1988) 

ᵬ̆ ԅ ꜚ ҬҌ ̆ ֓Ҍ ҍ

Ҭ ҩ № Ȃ ֓ ̔2Ŝ ҩ ֟ 2ҩ

̃̆ ∆ ꜚҬ ̕2P̂ ҩ ֟ 2 ̃̆ ꜚ

ꜚҬ ⌠̕ P+S̆ ∆ ꜚ ₮ Ȃױז ӈԅѿ

̆ Ҭ ҹ ₱ ̆ 1-7

Ȃ 
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1-7 ꜚ ̆Williamson & Govardham (2004) 

Figure 1-7 Vortex patterns in the wake of circular cylinder, from Williamson & Govardham (2004) 

Williamson & Govardham (2004)Feng (1968) ҍױז

ᵞ ԅ Ȃױז GS Feng (1968)3%Ȃ

1-8 ̆ᵞ 4Ṑ̆ ғ ꜚ

ҍ Ҍѿ ̆ * 2.4m = ̆Ҋ № ꜚ 1.4

ṐȂױז ⌠ ∆ № Ҋ № ӊ ѿҩ№ ̆ ҹ҉ № Ȃ ҉

№ ∆ № ӊ ̆ Ҋ № ⌠҉ № ӊ Ҍ

ԑ℗ Ȃ2S ₮ ∆ № ̆2P ₮ ҉ Ҋ № Ȃ҈ҩ№

ҍ ꜚᵝ ⱬӊ ᵝ ȂGovardhan & Williamson 

(2002) ₮ ṿ̆ ̆ ᴋᵥ Ҋ ̆

ғҌ ⱴ⌠ ̆ Ҍᴪ Ȃ ѿ

ҹ 0.54crm*= Ȃ 
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1-8 γ ꜚ , Williamson & Govardham (2004) 

Figure 1-8 Comparison of low and high mass ratio data from Williamson & Govardham (2004) 

ѿҩ ꜚ ⌠ ṿ VIV ῐ Ȃ

Griffin (1982) ᵬ₮ ṿҍ ῏ ̆ ԍ

Ȃױז GS ̆ ⁞ ̆ ⌠Ả

ꜚȂWilliamson & Govardham (2004) ₮ ṿ

ԅ Ȃ 1-9 ҹ Ҭ Ҭ Ȃ 
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1-9 Griffin, Williamson & Govardham (2004) 

Figure 1-9 Griffin plot, from Williamson & Govardham (2004) 

1.2.2.2 − ҩ ꜠ 

ꜚ ԅ ̆ ֓ Ҭ̆ └

ꜚȂ̓͂ ԍ׆ ꜚҬ ---Ҍ ꜚ

ꜚ---Ẋ ҍң ꜚ ᵌׅ̆ Ԉ ȂJauvtis & 

Williamson (2003) ԅ VIV Ȃױז

̆ ԍ ԍ6 ̆ ᾛ ꜚ̆ ҉Ҍ

№ ȁ ⱬ Ȃᵖ ԍ ԍ6 ױז̆ ԅѿҩ

ṿ ̂ 1.5̃ № ̂ ҉ № ץ̃ № ң

ҩ҈ ̂2T̃ Ȃ 

Moe and Wu(1990)ԅ ң ꜚ ̆

ꜚ ṿ ⌠1Ṑ Ȃ ԍ ̂ ̃ ꜚ ̆

vsf ⌠ nf ̆῍ ᴪ ׆̆

₮ ȂMoe and Wu(1990)ѿ ₮ң ꜚ ץ

₮ ̆p ⱴ ̆ ꜚׅ ҹ҉

№ ̆ ῀ ҉ № ȂJeon & Gharib (2001) ԅ ᵞ

Ҭ ң ꜚ Ȃ Ҭ DPIV≢ Ҭ ̆

ⱬ ⱬȂױז ╠ ѿ֓ ҉ Ҍ Ȃ

⌠ Һ Ҍ ̆ ᾢ ꜚҬ ⌠ 2P ԅ̆

ꜚ ԅ ⱬ ꜚӊ ᵝ Ȃ  (2015)№≢ ԅ

ң ṿ ̆ ⌠ԅҌ №

̆ ᵞ Ҋ ң ₮ ꜚ

Ȃ 
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1.2.3 ꜠  

ꜚ ῖ Ȃ 20ҕ׆ ף60 ̆

ᵥ Ȃ⌠ ̆ף80 №

̆ ̆ ץ ⌠3000m̆ ⱴԅ

VIV Ȃ ꜚ

Ȃ 

Vandiver & Marcollo (2003) ԅ ꜚ ⌠ ̆

ԅ№ VIV῏ Ȃ ԅ ⱴ ᵬ ̆ ҹ

ῤ̆ ⱴ ⱴ ▲ ⁞ ׆̆

ⱴȂ ₮ ◄℗ ’Ҋ ̆ ⱴ

ᶏῒ ׆̆ ᶏ Ȃ Ҭ ExxonMobil

ң Ȃ 83ȁ ⱬҹ

16.7kNȁ Ҭ ҹ2Hzȁҳ ҹ1-1.5%Ȃױז ԅ

ѿ ԋ ꜚ Ȃױז ԅ╠ң ̂

ԍ Ҭ ̃ ̆ ң ῍ Ȃѿ

ⱴ̆ ṿ ⱴ̆ ⌠ԋ Һ Ȃ 

De Wilde & Huijsmans (2004) ҹ767 ԅ ̆

Ҭ ̆ ⱬȂ ⱬҹ1kN̆ ҹ1.5HzȂ

ԍ֒ҳ Ȃױז ԍ VIV ⱬ ⱴ̆ ⱬ

1.5⌠2.7ӊ Ȃ 

Trim et al. (2005) ׃ ԅѿ ↓ ̆ ֓ ԅ

◄℗ Ҭ Ȃ ᶷ Ҍ

̂41̆62̆82̆91%̃ Ȃ ⱬ̆ № ֽֽ

Ҭ ꜚ ȁ ᵣ ץ ꜚ╩ ҊҌ ’

Ȃ /L D ҹ1400̆ ⱬ 4 6kNӊ ̆ ҹ1.6Ȃ

Ҭᶏ ԅң Ҍ ᶷ ѿ̆ / ҹ 5̆ / ҹ0.14̆

ѿ №≢ҹ17.50.25Ȃ Ҋץ⌠ ̆ Ꞌҍ Ꞌ Ȃ

◄℗ Ҭ̆ ԍ 82%̆ ң ᶷ VIV └Ȃ

Ҭ̆ ҹ 17.5D ᶷ ԍ 82%̆ VIV ⌠

└Ȃ 

ҹԅ ᵞ ↨ ̆Marcollo & Hinwood (2006)ᶏ

ң ҹ3.58m ̆ ҹ40mm (/ 89.5L D= )Ȃ

Ҭ ңҩҌ Ȃ ҩ ῤ ꜚ ῒ̆Ҭѿҩ

ѿҩ Ȃ 8000⌠40000ӊ Ȃ Ҭ ⌠ԋ
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҈ Ȃ 1-10 ԅ ⌠ ṿ ץ̆

ҹ8 ̆ԋ ᵥ ѿ Ҭ Һ Ȃ ₮ ̆

῀ⱳ ̆ ֟ ҹȂ 

 
1-10 Ҍ Ҋ ̆Marcollo & Hinwood (2006) 

Figure 1-10 Cross-flow and in-line response amplitude vs. reduced velocity, form Marcollo & 

Hinwood (2006) 

Chaplin̂2005ã ԅ Ҭ ⱬ ̆ ҹ

3̆ ҹ 467Ȃ ԍ Ҭ̆ 55% ԍ Ҭ̆ῒᵩ

45%ԍ Ҭ̆ 1 m/sȂ ⌠ ꜚ

8 ̆ ꜚᵝ ‰ 50% Ȃ Ҭ ⌠

ⱬ Ҋ 120%Ȃ 

F.J. Huera HuarteҍChaplin̂2005ã ԅ ῀

C̆haplin̂2005ãʊ ԍ № F̆.J. Huera Huartê2006̃

↕Һ № № ꜚⱬ ̆ 1-11 Ȃ ⱬ ⱬ

ҍ ᵝ ᵌ Ȃ ⱬ ⌠ 4.5̆ ₃Ӎ

̆ ⱬ ṿ ṿȂ 
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 1-11 ⱬ№  

Figure 1-11 Drag coefficient distribution 

F.J. Huera Huartê2009ă2009b̃ ҹ92 Ҭ

ԅ ̆ ҹ1.8̆ 1200׆ 12000̆ ⱬ15׆ N

110 N̆ Hz⌠7.1 HzȂ 3׆ ԅ Ҍ ’Ҋ

ṿ̆ x y- ȁ ᵝ ȁҺ ȁ ṿȁ ⱬ

̆ ү Ȃ ӊ҉ F̆.J. Huera Huartê2011a2̆011b̃

№≢ ԅұ↓ҍ ↓ ꜚ Ȃ 2׆ 4Ṑ

̆ ҍF.J. Huera Huartê2009ă2009b̃ Ȃ ₮ԅҌ Ҋ

ң ꜚ ̆Һ ṿ̆ DPIV ң

Ȃ 

ῤ̆ ᶸ̂2009̃ ԅ ꜚ ̆

№≢ҹ1201700 ԅ ̆

ң ꜚȂᵥ ̂2010̃ ԅ ҍ ṿ ̆

ԅ ȁ ȁ ᵬ Ҍ ꞉Ҋ ̆ ԍ C++

MATLAB└ VIV VIV2DRISERȂ ̂2013̃ ԅ

ꜚ ̆ ̆ ԅ

↨ Ҍ Ҋ VIV Ȃ ԅ ↓

̆↔ ̂2012̃ ԅ ꜚ ̆
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ҹ390̆ Ҍ Ҍ ᵣ ԅ Ȃ ̂2012̃

҈ └ ̆

ȁ └ Ȃ ̂2011̃

ԅ ꜚ ̆ ҍ ṿ ԅ Ȃ

ԅ ꜚ ̆ ̆

№ ꜚⱬ̆ Ȃ

ҕט Ӟ ԅ ῀ ̆ᴋ ̂2011̃

Ҋ ᵬ Ҋ ԅ ̆ ԅ ̆

№≢ ԅ ᵌ Ȃ ḍ ̂2015̃

ꜚ ꜚ ̆ ӈԅ Ҋ

҈ҩ Ȃ 

1.2.4 ꜠ ẅ  

ṿ№ Һ №ҹң ѿ̔ ԍ ̆

‰↕̆ ѿ ԍ ᵣꜚⱬ ̂CFD̃ ꜚⱬ ̂CSD̃

ṿ Ȃ 

1.2.4.1  

 

ꜚ ҉ ԑᵬ ̆ ⌠ ᵣ № ȁ

Ҍ ̆ ⌠ ꜚ Ȃ 

ԍ ṿ ԍ ‗ ̆ ҹῒ

ғ ḂȂ ̆ᶛ ȁ ⱴ ȁ

̆ῒҬץ ῒ ҹ ȂBirkoff & 

Zarantanello(1957)₮ Ȃ B̆ishop & Hassan(1964)

҉ ₮ԅ Van der Pol ᵬ ԍ ҉ ᵣⱬȂ

Hartlen & Curriê1970̃ ₮ԅΐᵣ ױז̆ ѿҩ Van de Pol

ⱬ Ȃ ꜚ̆ ⌠

└̆ ꜚ ҹ̔ 

2

02r r r Ly y y a cx w+ + =                     ̂1-6̃ 

҉ ntt w= № ̆ ry ᵝ ̆ 0w

Strouhalҍ ӊ ̆ Lc ⱬ ̆x ̆aҹ
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Ȃ ̂1-6̃ ⱬ ̔ 

( )
3 2

0 0

0

L L L L rc c c c by
g

aw w
w

- + + =                 ̂1-7̃ 

ῒҬ̆( ), ,ba g ᵬ № ̆

( )
1/2

0 4 / 3Lc a g= ̆ 0Lc ⱬ ṿȂ 

╠ Ҋ̆Hartlen & Curriê1970̃ ץ

₮ Ҭ Ȃ ԍ ̆ ԅ Ȃ

Iwan & Blevinŝ1974, 1981̃ ꜚ ̆ ₮ ҍ ꜚ

Ȃ ӈ ̆ ԅ ꜚ ꜚⱬ ̆

Ȃ Ҭ ꜚ ̆

ᶭ ̆ Ҍ

̆ ץ Ӟ Ȃ 

Facchinettî2004ã ԅ ꜚⱬ ̆№≢ ԅᵝ ȁ

ⱴ Ȃ Ҍ ҍ

̆ ⱴ ҍ ⱬ ץ ѿ ҉ ↨

ꜚ ȂFacchinettî2004b̃ ѿ ԍ

ꜚ ȂMathelin̂2005̃ Facchinettî2004b̃ ᵬẠԅ ѿ ̆

ᶏӊ ץ ◄℗ Ҋ ꜚ ȂFurneŝ2007̃̆GÊ2009̃ Lî2010̃

₮ ꜚⱬ̆p № ңҩ

‰ ₮ ᵝ ȂSrinil̂2011̃ Srinil & Zanganeh

̂2012̃ᶏ Duffing-Van der Polң VIV ̆

ץ ⱳ ₮ң VIV Ȃ 

ῤ̆ ̂2005̃ ԍ VIV

ԅ ̆ Lî2010̃ ₮ №≢ Van der Pol̆

ң VIV Ȃ ̂20072̆012̃ ₮

Ҍֽ ԅ ̆ ԅ Ȃ ᴯ̂2012̃

ԅ № ꜚȂ ̂2013̃

ԍ ⱬ ԅ ̆ ꜚ

№ Ȃ 

1.2.4.2 ԓ CFD ẅ  

ԍ ꜚ № ᴆ ԍ ῤץ10 ̆ҍ

’ ̆ ҉ Ȃ ̆ ӞҌױ ᶫ VIV№

Ȃҍ C̆FD ̆ ṿ └
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̆ɰ ᵣ ꜚ № ̆ ѿ ԍ

ꜚⱬ ȂῒҬ̆

CFD VIV ӊѿ̆ Ҍ ̆ Һ

Ҋ₃ץ№ ̔ 

̂1̃ ԍ ṿ ̂DNS̃̆ ṿ ץ

҉ ̆ ̆ Ȃ ╠

↨ ꜚ ṿ

̂Dong, 2005Ȃ̃ 

Evangelinoŝ19992̆000̃ DNS ҹ4p

ҹ 378 ꜚ№≢ ԅ ṿ Ȃ Evangelinos

̂1999̆2000̃ ᵬ ӊ҉̆Lucor̂2001̃ ѿ DNS ԅ

ꜚ ῀ ↓ ̆ ◄℗ Ҭ ԍ500 ꜚ

ԅ ṿ ȂҺ ԅ ҍ ◄℗ Ҭ̆ Ҍ

ꜚ Ȃ ṿ ̆ ◄℗ Ҭ ꞉ ꜚ

3 ̆ ◄℗ Ҭ ꜚ ̆ ꜚ 12~14

ȂLucor̂2005̃ DNS ᵞ ↨ ꜚ ṿ

̆ ⌠ԅ ꜚ ҈ҩ № ̆ ԅ ҉ № ҍҊ №

Ȃ 

̂2̃ ԍ ̂RANS̃̆RANS N-S ̆

ҩ ῤ Ȃל ̆ Ạ

̆ ṿȂ 

2008̃̂שּׂ RANS ̆ ԍFluentUDFⱳ ԅ

VIV℗ ̆ ◄℗ ᴆҊ

ԅ ̆ ҍ Ȃv ̂2010̃ ԍRANS

̆ ᵣ ̂FVM̃ ᴋ ̂ALẼ̆ ԅԋ

ꜚ VIV2D̆ ԍ ℗ ̆

ꜚ ṿ ȂSchulz & Melinĝ2004̃ RANS ᾝ ꜚⱬ

̆ ԅѿ ℗ ̆№ ԅ◄℗ ᵬ Ҋ Ȃ

Schulz & Melinĝ2005̃≠ ԅ ꜚ ṿ

ҍ № ȂHuang & Chen̂2007̃ RANS ҹ1400

◄℗ Ҭ VIV ԅ Ȃ ̆Huang & Chen̂2010̃ ѿ

ҹ 3300 Ҭ VIV ԅ ṿ ȂDuan 

M.Y. (2016) ԍRANS ̆ ꜚ ‰ ԅ ̆

ṿ ‰ ₮ԅ Ȃ 

̂3̃ ԍ ̂LES̃̆ LES ₮ Ạ ̆
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῀ ₱ ̆ Ҍ ֒ ⱬ

ȂLES ̆ RANS┴Ȃ 

̂2012̃ LES ̆ ԍ ҙ ᴆANSYS+CFX̆ ANSYS

workbench ̆ ԅ ◄℗ Ҋ

ꜚ Ȃ ̆ ╠ Ҋ̆◄℗

ꜚ ԍ Ȃ ̂2014̃ LES ̆ ԍFluent+ANSYS

̆ Ҍ Ҋ VIV Ȃ ̂2016̃ LES ̆

ᾢ ԋ ԅ ṿ ̆ ₮Ҍ Ҋ ꜚⱬ Ῥ̆ ѿ

ᵬ VIV ԅ№ ȂKamble & Chen̂2016̃

LES ̆ ̆ №≢ҹ14004200

ꜚ ̆ Ꞌ ᴴ ԅ№ Ȃ 

̂4̃ ԍ ̂DVM̃̆ Ҭ

̆ ᾝ Ҭ ꜚ̆ ѿ

ᵣ ꜚ ̆ Ҍ ԍ҈ Ȃ 

ԍ ‰̆ ∞ № ᵝ ̆ ֓

Ẋ № ̆ ↕ ∞ Ȃ ԍ ꜚ̆

ҩ ┴ ∞ № ᵝ ȂChorin̂1973̃ ᾝ ̆ №

ᵝ ̆ ᾝ ꜚҬ №̆ ᴪ ꜚ₮ ȂYamamotô2002̃

ҩ℗ DVM VIV ȂLima

̂2007̃ ԍDVM ԅ VIV Ꞌ№ Ȃ 

ꜚ ṿ Һ ң ℗̔ ҈

ṿ Ȃ 

Ѓ1Є⅓  

ԍ ̆ ῖ ̆

ᵥ CFD ̆ ҩ ҈ Ȃѿҩ

Ҭ ̆ ҩ ҉ CFD ꜚⱬ̆

ҹ ף ῤ̆ ᵣⱬ ץ

ᵣⱬ ⌠Ȃ ῀ Ẋ Ӟ̆ҌἝ ᶭ

̆ └ ̆ ̆ VIV ѿ

Һ ̆ ҹ℗ Ȃ 

ԍ℗ VIV№ ṿ ̆ ℗

Herfjord̂1999̃̆ ῒ ԅѿ ̆ῒҬCFD

ñ℗ ò NAVISMCFDף C̕SD USFOS

ף Ȃ ҩ ῤ̆ ѿҩ ң ֜ԑȂ
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ף Yamamotô2004̃̆ ῒ № ԅ ԍ ԋ

Ҍ ᵣ ̂DVM̃̆ ԍ ₱ № ԋ

̕ ᾝ EulerïBernoulliᾝ ȂWillden̂2004̃

VIVIC ꜚ ̆ῒҬCFD ԍ

EulerianïLagrangian Vortex-in-Cell ԋ Ҍ N-S

Ȃ 

ῤ̆ 2008̃̂שּׂ ℗ VIV

̆ ԍFluentȂ ̂2013̃ ԍ℗ ⱬ ꜚ

ṿ ̆ Ӟ ԍFluent Ȃ ̂2013̃ ℗ ᵞ

Ҋ └ VIV ̆ ԅ ⱬ

̆ ҩ ┴ ↨ Ȃ 

Ѓ2ЄҎ ẅ  

׆ ṿ ̆ ԍ℗ ꜚ VIV

̆p ԅ ҈ ̆ ץ ԍ ҈ ṿ

ꜚ └Ȃѿ֓ ԅ

ꜚ ҈ ̆ (Holmes teal. 2006; Constantinides and Oakley, 2008; 

Chen and Kim, 2010)Ȃ 

Holmes et al. (2006) ₮ ԍ҈ CFD ѿ ̆ᶏ ԅѿ ҆

ᾝ̆ ₮҈ ꜚ ̆ (Trim et al., 2005) Ȃ

Constantinides & Oakley ̂2008̃ ᶏ ҈ № ̆

ῒ 4200̆ Deepstar-MIT Gulf Stream Ȃ

ῒ҈ ₮ Ҭ ⌠ №Ȃ 

ѿ ҹ ԍANSYS MFX ҈

ṿ ̆ Lehn̂2003̃̆Chen and Kim̂2008ȁ̃ ̂2011̃ ≠̂ 2012Ȃ̃

Chen and Kim (2010) ᶏ ANSYS Inc.ANSYS MFX҈ ṿ

̆ ҍ Ȃῒ ṿ ̆

⌠ Ȃῒ҈ ₮ԅ VIV WIV Ȃ

Wang et al̂2014̃ ԍANSYS MFX ̆ ҹ943

№≢ҹ0.1m / s 0.5m / s ң Ҭ ꜚ ԅ

ṿ ̆ 1-12 ̆ ⱴ⌠ 0.5m / s̆ ᵝ 0.1m / s 20

Ṑ̆ ᵝ ῒ 6ṐȂ ғ ̆ ῏ ȂWang 

& Xiao (2016)ᶏ ԍ ҙ ᴆ ANSYS MFX ԅ҈

ṿ ̆ ԅ ◄℗ Ҭ ꜚ ̆ ṿ

ExxonMobil Ȃ 
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1-12 x z- ṿ ̂ ̔ 0.1 m / sU = ̆ ̔ 0.5 m / sU = ̃ 

Figure 1-12 The vorticity contours in the x z-  plane (left: U=0.1m/s, right: U=0.5m/s) 

ӊ̆ CFD ԅ ̆ ԍ ҉ Ҍ ̆

ץ └҉ ̆ Ḥ Ҍӄ CFD ᴪ ҹ

ꜚ Һ  Ȃל

1.2.5  

VIV ҍ↨ ӊ ≢̆

↨ ̆ VIV ҹ ̆ ̆

Һ Ҭ Ҋץ Ȃ 

Ѓ1Є ꜠ғ ꜠  

ҹ ꜚ ṿ ̆ Ҭ ̆ ץ ṿ

Ҭ ῏ ꜚȂ ꜚ ṿ ̆p ꜚ

ꜚ 2Ṑ ̆ Ꞌ ᴴҍ ꜚ ѿҩ ̆ Ҍץ

Ȃ 

ᶏ ↨ ꜚ ̂Williamson, 2004̃̆ Ӟ ң

ҍ ’ ≢ ң̆ ’Ҋ ꞉₮

Ȃ ꜚ ᴪᶏ ꜚ ⱴ ̆

ꜚⱬ№ Ӟ Ȃ̓͂ ԍ ꜚ ӞҺ №

CFD ң ȂFurneŝ2007ȁ̃Gê2009̃ Srinil̂2012̃ ₮

̆ ҹ 2Ṑ̆ ץ ₮VIV

ṿ̆ Ҍ ң ӊ ᵝ Ȃ ᴯ̂2012̃ᶏ

╠ֲ ԅ ԅ ҍ ӊ ᵝ Ȃ ҕ

̂2010̃ ԍMatlabԅ ҍ ꜚ № Ȃ 

Ѓ2Є █  
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╩ VIV ̆Ӟ ӊѿȂ

╠ Ҋ̆ ῀ Ҍ VIV ӞᴪҌ ̆

╩ Ạԅ № ̆ Ḡ ᴆҌ №̆≢

ȁ◄℗ Ҋ ̂ , 2012̃̆ ֓

ѿ ԅ◄℗ ◄℗ VIV ̂Wang, 2016Ȃ̃ ̆

◄℗ Ҭ ꞉₮ VIV ᴪ ԍ ̆ ᶏҺ ̆◄℗

ҬӞᴪ ₮ ꜚ Ȃ ҹ◄℗

̆p ꜚ Ҍ ̆ ₮ ꜚ ӞҌ ѿҩȂ 

ץ2015̃̂ ҹ ̆ ANASYSΐ FSI

№ ҍ◄℗ Ҭ VIV ԅ ṿ ̆

1-13 Ȃ ̆ ꜚ ң ╩ Ҭ ₮

3 ̆ ◄℗ Ҭ ꜚ ⱴ ̆ ̆ғ

Ҋ Ȃ 

 

1-13 ҍ◄℗ Ҭ VIV 

  Figure 1-13 The VIV of riser in uniform and shear flow 

Ѓ3Є  

ꜚ ҍ↨ ꜚ ≢ ↨̆

ҹῒ ῃ ῏ V̆IV ҹ ꜚȂ ԍ

̆ ꜚ ῒ ̆ ғ ⱴ̆ ꜚ

ⱴ ȂWillden̂2004̃ Ҍ ’Ҋ VIV ̆ ̔



҉ ֜ ᵝ                                                          ѿ   

23 

 

̆ ꜚᴪ ѿ Ȃ ԍ ꜚ

F̆acchinettî2004ă2004b̃ ꜚ ₮ ꜚ

̆ ԍ ҍ ꜚⱬ ԑᵬ Ȃ 

ץ ̆ ȁ ⱬ ꜚ

Ȃ Ҋ ԍ ꜚ ᴪ ꜚ ṿ

̆ ᴪ ꜚ ׆̆ ꜚȂ ԍ

̆ ≢ ⱬ Ӟ ꜚ ӊѿȂ

ᴰ ̆ ԍ Ȃ

Chen̂2012̃ ԅ ⱬ ↨ ꜚ ̆ ̔

ⱬ ↨ ᴪ ꜚ ̆ ⱬ ̆ ̕ ↨ ̆

Ȃ ᵝ Ӟ ׆̆ ꜚ ᴰ Ȃ 

Ѓ4Є ᵩ ꜠  

ҍ Ҭ Ҍ ̆ ҉̆ ꜚᴪ

Ҋ ֟ ꜚⱬ ᵬ ׆̆ ֟ ѿ֓ҍ Ҍ Ȃ

ꜚ ῃ ꜚⱬ №ҹῃ № № ң Ȃ №

ꜚ ҹ6 ꜚ̆ ᾝ ӊ ̆ ҩ ┴

ᵬҹѿҩױז ᵣ ꜚⱬ ̆ ꜚⱬ MorisonῈ Ȃ

№ ᾢ ᵬ Ҋ ꜚ̆ ῒᵬҹ

ᴆ̆ ꜚⱬ ῃ Ȃ 

Ҭ 6 ꜚҺ ץ ꜚҹҺ̆ ꜚ

׆̆ ꜚⱬ ̆ ҹ Ȃ

ᴪ Ҍ ̆ ῏ ̂ , 2005, 2009̃

ץ ῍ ̆ ῃ Ҭ ̂ , 2006Ȃ̃ 

Hsû1975̃ ѿҩ ₮ ֲ ̆Haquanĝ1987̃

ԅ ꞉Ҋ ꜚⱬ ȂThampî1992̃ ᾥ ԅ

ꜚⱬ ȂRyû1998̃ ԅ ↕ ᵣ ꜚҊ

ꜚⱬ ȂPark̂2002̃ ԍ ᾝ ԅ ꞉Ҋ

ꜚⱬ ȂSuzukî2004̃ ԅ ̆ ῍

ῃ ȂChatjigeorgioû2005̃ ԍ╠ң ԅ ῍

ȂKuiper̂2008̃ Floquet ԅ ᵣ ꜚ

ȂBrouwerŝ2011̃ ԅ ꞉Ҋ ȂFujiwarâ2011̃

ԅ ꞉ ꜚ ̆ ₮ ꞉ ȂChen̂2014, 2015̃≠

ᾝ ԅ ꜚҍ VIVӊ ̆№ ԅ ȁ

̆ ԅ ꜚ VIV Ȃ 
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ῤ ҍ № ԍ ̆ ̂2009̃

№ ԅ №̆≢ ԅ ҩῖ ’Ҋ ꜚⱬ

Ȃ ↨̂2013̃ ԅ ꜚ ⱬ ̆ № ԅ◄

℗ Ҭ ꜚ - Ȃ ̂2013̃ Floquet№

ԅ ң ’Ҋ ꞉ ̆ ₮ҳ Ҋ

ꜚⱬ Ȃ ̂2014̃ Ҍ ԅ Ȃ 

ꜚ ̆ҍ ꜚ ̆

ץ Ҋץ⌠ ̆ 1-14 ̔ 

̂1̃ ̆ ꜚⱬ ṿᴪ ̆Ҍ

̆ Ӟᴪ ԍ ꜚ ’̂Chen, 2014, 2015 

Yang, 2014Ȃ̃ 

̂2̃ ̆ ₮ ԅ ꜚ̆ ꜚ

₮ ԅ №̆ ꜚ ₮ №Ȃ 

̂3̃ ᴪ ῍ ̆ ῍ Ȃ

῍ ̆ ᶏ ꞉ Ȃ(Wu, 2012, Wang 2014) 

̂4̃ ᵣ ꜚ ṿ ̆ ꜚ ꜚⱬ ̕ ᵣ

ꜚ ̆ ꜚ ꜚⱬ ̂Chen, 2015, Wang, 2014Ȃ̃ 

 

1-14 ꜚҊ VIV ̂ã ҍҌ Ҋ

ᵝ ̂b̃ Ҭ  

Figure 1-14 The VIV responses of riser coupling with heaving motion (a) displacement responses 

considering and not considering heaving (b) mode transformation in parametric vibration 

Ѓ5Є ┼  

ҹ ꜚ ֟ Ҍ≠ ̆ ≢ ᴪ Ꞌ ᴴȂ

₃ ҹԅױֲ̆ └ VIV ԅ ȂῒҬ Ӟ
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Һ ѿ ⱴ ᶷ ̆ ῏╠ֲ Ҭ ױ ץ ⌠ѿ

֓ ̔ 

̂1̃ ⱴ ᶷ ̆ҍ ̆ ⱬ ̂ lC ̃ ṿ⁞ ԅ̆ᵖ ⱬ

̂ dC ̃ ṿ ̆ ҹⱴ ᶷ ԍ ԅ ̂Korkischko et 

al., 2007, Huang and Sworn, 2013, Quen et al., 2014, Juan et al, 2016Ȃ̃ 

̂2̃ ⱴ ᶷ ץ ѿҩ ῤ ⌠ └ VIV

̂Allen et al.,2006̃̆ ᵖ ⱴ̆ ᶷ ᴪ ᵞ

̂Zhou et al.,2011Ȃ̃ 

̂3̃ ᶷ ᶏ ̆ ̂Bearman and 

Brankovic, 2004, Zhou et al., 2011, Quen et al., 2014Ȃ̃ 

̂4̃ ᶷ ֜ ̆

̂Bearman and Brankovic, 2004, Korkischko and Meneghini, 2010, 2011, Hao et 

al., 2010, Zhou et al., 2011, Carmo et al., 2012Ȃ̃ 

̂5̃ ⱴ ᶷ ᶏץ ҹᵞ

̂Fang et al., 2014Ȃ̃ 

ᶷ ̆Һ ᶷ ȁ ȁᶷ ȁ ҩ

׆̔ ̆ᶷ VIV Ҍ ̆Ӟ

҈ ᶷ ҍ ᶷ Ҍ ̆p ⌠ ⱬ ᶷ

ⱴ ⱴ̂Baarholm and Lie, 2005̃̕ Ҍ ̆ᵖ

ᴪ ₮ ̆ ꜚ ̂Quen et al., 2014̃̕

ᶷ VIV ̆ᶷ ̆ ̂Allen et al., 2004,2006, 

Trim et al., 2005, Korkischko et al., 2007̃̕ ̆ ̂Frank et 

al., 2004, Trim et al., 2005Ȃ̃ 

ᴯ ̂2015̃ ԍ Һ naoe-FOAM-SJTŬⱴ ᶷ

Spar ԅ ꜚ ̆ 1-15̆№≢ ԅ 5 9rU = -

Spar ̆ ⌠ԅñ8ò Ȃ ҍFinnigan̂2007̃

Oakleŷ2007̃ CFD ԅ ̆ ԅ Ȃ 
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1-15 Spar ̂Q‰↕̃ 

Figure 1-15 Vorticity contour (Q-criterion) 

Marlow Springer̂2009̃ ұ↓ ꜚ ԅ ṿ

̆ ҹ L/D=26̆ ҹ 10DȂ№≢ ԅ ⱴ ᶷ

ң ’Ҋ ꜚ ̆ 1-16 Ȃ ṿ ̔ ԍ ̆

҉ Ҋ ꜚ ҉̆ ṿ ѿ֓Ȃ ԍ

ⱴ ᶷ ̆҉ ṿ ̆ ₃ӍҌ ꜚ̆ Ҋ

ṿ ԍ҉ Ȃ ץ ҹ ԍⱴ ԅ ̆

ԍ҉ ̆ ᶏ ⁞ Ȃ 

   

1-16 ұ↓ ꜚ℗ ̂ ̔  ̔ⱴ ᶷ ̃ 

Figure 1-16 Instantaneous velocity contours for two risers (left: bare riser right: strake riser) 

ԅ ᶷ ̆ Ȃ↔ ̂2011̃

ԅ ̆ ̂2013̃ ԍ ᾝ N-S ̆Wu

̂2016̃ ̂2013̃ ԍ ANSYS+CFX └

VIV ԅ№ ̆ ԅҌ └ ᵝ Ȃ

ֹ ̂2011̃ ↔ ̂2014̃ ԍFluentUDFⱳ ԋ ꜚ

VIV└ᵬ ԅ ̆ ꜚ VIV ̆ᵖ ԍ

╠ Ȃ 
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1.3 ꜠ ẅ ᴌ  

1.3.1 ᴌ  

Ҭ ѿ̆֓ ҙ ᴆ ̆ ֓ ҙ ᴆ ԍ

̆ ̆Һ ꜚ ₮ № ȂῒҬ

Shear7 ̆ MIT J. Kim. Vandiver̆

ԍ Ҍ ᵬ Ҋ Ꞌ№ Ȃῒ Һ ⱴ ̆

ԍ ⱬ Ȃ ᴆ ץ ꜚ Ҍ̆

ꜚȂ ץ ̆ ABAVIVȁVICoMoȁVIVAȁVIVANAȁRILEXȁ

OrcaFlex̆ ֓ ᴆ ̆ 1-2↓₮ԅ ֓ VIV ᴆ ῒ

Ȃ 

 

1-2 ₃ VIV ᴆ  

Table 1-2 VIV predicting software and its characteristic 

ף   

SHEAR7 ⱴ ῤ ̆ ץ

ȁ ȁ Ꞌ Ȃ 

ABAVIV ԍABAQUSᴆ ῤ ᾝ ̆ ꜚⱬ

ҹ ₱ ̆ ԍMorison Ȃ 

VICoMo ԍ ̆ ꜚ ף ꜚⱬ

̕ ԍ℗ ̆ҹ ꜚ Ȃ 

VIVA ҹ ᵣ Ҍ ῍ ᵬ ̆ Ҭᶏ

ꜚⱬ ҍ↨ Ȃ 

VIVANA ̆ ҈ ᾝ ̆ ꜚⱬ

ᶭ Ȃ ҍ ᴆRIFLEXᶏ ̆ ҉

Ȃ ᴆ ԍ ꜚȁ Ꞌ ⱬȂ 

RILEX Һ ԍ ᵣ ꜚ ̆ ᾝ ꜚ Ȃ

ᵣⱬ MorisonῈ ̆ ⱬ ꜚ Ȃ 

OrcaFlex ᴆⱳ ̆Һ ԍ № ̆ ȁ

ȁ № ȁ‖₯№ Ꞌ№ Ȃᵖ ꜚ

№ ׆ Shear7VIVA Ȃ 

 

Chaplin et al̂2005b̃ ⱬ ꜚ ԅ ̆

ԅ11 ᴆ Ȃ 11 ᴆ 5
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ҙ ᴆ̂VIVAȁVIVANAȁVICoMoȁSHEAR7ȁABAIṼ 6 CFD

ᴆ̂Norsk HydroȁUSPȁDeepFlowȁVIVICȁOrcina VTȁOrcina WÕ̆ 1-

17 Ȃ 5 ᴆ ᵝ ԍ ṿ̆

75%⌠ 95%Ȃ 2 ₮ ᵝ ̆ғ

ṿ ̆ ѿ ₮ ꜚ Ȃ ῒ̆ᵩΈ CFD

ᴆ Ҭ̆Norsk HydroȁUSPȁDeepFlowȁVIVICȁOrcina VT

ԓ CFD₮ Ҍ ҍ ṿ Ŏrcina WO

̆ Ҍ ꜚȂ ̆ ̆

῏ ̆ ԍ ᵝ Ȃ 

 
1-17 ҍ CFD , Chaplin et al (2005b) 

Figure 1-17 Compared the experiment results with empirical and CFD model, Chaplin et al 

(2005b) 

ԍ ҙ ᴆ VIV ȁ ̆ ҙ ̆

ᵖ Ҍ ꜚ └̆
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№ ̆ ⌠ ꜚ ῏ ̆ Ҍ ᴆᶭ

Ҍ ̆ ץ ₮ Ӟ Ȃ ѿ ̆

ѿ ₮ ꜚ ̆ ꜚᵝ ̆p

ꜚ ҍ ̆ ṿ Ꞌ

ꜚ ῤ Ȃ 

1.3.2 Ὺ ᴌ  

ῤ ꜚ ᴆ ̆ ץ ᴆ

̆ ᴪ ̆ ‰ ̆

ҍ ῤ Ȃ ῤ ҍ

̆ӞҺ CFDṿ ң ̆ᵖ ╠

ῤ VIV ᴆ̆ ѿ Ȃ

ԍ Һ  Ҋ̔ץ

ᴯ̂ 2013̃ ԅ - ᶏ̆ ℗ ԅ ҈

Ȃ ̂2013̃ ⱬ ḱ ̆ ԅ ᵣҍ

ӊ ̆ └ԅ ꜚⱬ № TTRTD1.0̕ ѿ

ԅ ̆ └ԅ № TTRLD1.0̕ ḱ ԅ

ᴆ̆ ԅ VIV ̆ └ԅ № TTRPD1.0Ȃ

ҕ ̂2010̃ MATLAB ⱬ ꜚⱬ№ Ꞌ№ ᴆ̆

ᴆ ԍ ⱬ Ȃ ̂2007̃ Matteoluca

̆ └ԅMatlabȂ 

ѿ ԍ CFDᴆ ṿ ̆ ѿ ᵣ

̆ ҩ Ḥ ᵣ ᵬ ⱬȂ׆

└҉ C̆FD ᴨ̆ל ₮
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viv-FOAM-SJTUȂ ץ Ҋ ꜚ ̆
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̆ ᴆ ṿ ԍ ꜚ ṿ ꜚ

̆ ꜚҍ ꜚӊ ῤ ̆ ԅ↨ Ҭ₮
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1.4.2 ∕  

̂1̃ ԍ ᴆOpenFOAM Һ ԅ ԍ ṿ ꜚ

viv-FOAM-SJTŬ ΐ ̆ ‰
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ԑ   ẅ  

2.1  

2.1.1 ┼  

ᵣ ꜚ ᵣ ꜚ Ҭ ׆ ̔ 

̂1̃ ҉ ԅ ԍ ꜚ ᵣ Ȃ 

̂2̃ ꜚ ҉ ԅ ᵣ ꜚ Ҭ ꜚ Ȃ 

̂3̃ ҉ ԅ ᵣ ꜚ Ҭ Ȃ 

ԍҌ ᵣ ꜚ̆ ץ Ҍ ̆

Ҍ ꜚ Ҍץ ̆p ꜚ

Ȃ 

№ ҹ̔ 
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t x
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µ µ
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j i j
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u u u s

t x x x
r r m

µ µ µ µ
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µ µ µ µ
           ̂2-2̃ 

Ҭrҹ ᵣ ̆ p ⱬ̆mҹ ᵣ ꜚⱬ ̆ , 1,2,3i j =

№≢ , ,x y z҈ҩ ҉ № ̆ ijS ҹ ̔ 

1

2

ji
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j i
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S

x x

å õµµ
= +æ ö
æ öµ µç ÷

                     ̂2-3̃ 

2.1.2  

̆ ꜚ ̆ ׅ ̆ ṿ

̂DNS̃ ̆ᵖ ̆ ԍ

Ȃ ╠ ⱬ ̆ LES

Navier Stokes- ̂RANS̃ ╠ ṿ Ҋ ꜚ ң

℗ Ȃ 
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2.1.2.1 NS RANS 

RANS ╠ ‗ Ҭ ꜚ Һ Ȃ

RANS Ҍ ̆ᵖᵬҹ Ҭ ῐ ȁ

ץ ᵣⱬ̆ ׆ץ RANS Ҭ ̆ғ RANS ԅ

Ȃ ᵣ ҍ ꜚ ⱴ̔ 
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̆ ῀ ᶏ Ȃ ╠ ԍRANS №ҹң
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+ =- +

µ µ µ µ
           ̂2-9̃ 

Ҭ
2

3
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̆
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w
=
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҉ Ҭ 1F ѿҩ ₱ ̆ ҹԅᶏ ׆ k w-

⌠ k e- Ȃ 1F ӈ Ҋ̔ 

( )1 1 1 21F Ff f f= + -                       ̂2-12̃ 

ѿ 1fף k w- ̔ 
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0.09b*= ̆ 0.41k= ̆ 2
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2 1.0ks = ̆ 2 0.856ws = ̆ 2 0.0828b=  
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2 2 2/ / 0.4403wg b b s k b* *= - =  

1Fҹ ̆ ӈ Ҋ̔ 
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w
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å õ
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ṿ̆ῒҬ 
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2
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å õµµ
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2.1.2.2 LES 

̂Large Eddy Simulatioñ Ҭ №ҹ

ң Ȃ ᾢ ӈѿҩ D ∞ ̆ Ҭ № ꜚ

ᶭ ̆ ץ Ҍ ᵣ └

Ȃ Һ ꜚ Ҭ ῀ ⱴ ⱬ ᵣ ̆

֒ ⱬ Ȃ 2-1 ₮ԅ №≢

DNSң ҊLES Ȃ 

   

(a) DNS              (b) LES (L / 32D= )        (c) LES (L /16D= ) 

2-1 DNSLES  

Figure 2-1 the detail flow structure simulated by DNS and LES 

Ҭ № ₱ ̆

ӈ Ҋ̔ 

( ) ( )( ), , , ,i iu x t G x x u x t dx¡ ¡ ¡= Dñ                ̂2-19̃ 

Ҭ̆ ( , , )G x x¡D ₱ L̆ESҬ ҈ ̔̂1̃ ₱ ̂2̃

₱ ̂3̃ ₱ ̆ iu ȂD
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҉ Ҍ ̆ ֒ ⱬ ̆

OpenFOAMҬ ᶫԅ ֒ ⱬ Ȃ 2-2 ̂LESModel̃

ῒ ῏ ȂLESModelturbulenceModel₮ ̆

Ҭ ױ ֒ ⱬ Smagorinsky̆Smagorinsky

GenEddyVisĉ ̃ ̆ 2-3 Ȃ 

 
2-2 LESModelῒ  

Figure 2-2 LESModel class and its derived class 
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2-3 GenEddyViscῒ  

Figure 2-3 GenEddyVisc class and its derived class 

 

Smagorinsky Ҋ̔ 
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2.2.1  

 

2-4  

Figure 2-4 Discretization of the computational domain 

 

̂ 2-4̃ ⅞№ ̆OpenFOAM

ᵝ ̆ ᾝ Ҭ Ữ ̆ 2-5 Ȃ 

 

 
2-5 ᵝ  

 Figure 2-5 Collocted grid 
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          Figure 2-6 Parameters in finite volume discretisation 
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3.1  
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3.2.1  

҉ ̆ ⱬ ץ ҹѿ ᵞ ↨ Ȃ

Ҭ ҍ ԑᵬ ̆ ԍ
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 3-1  

Figure 3-1 Cartesianaxis reference system 

3.2.2 ꜠  
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҉ᴋѿ ᾝ̆ 3-2 ̆ ⱬ ⱬ ̆

ꜚ ץ ѿҩ № Ȃ ꜚ ԅңҩ ̔ x

y̆ῒ ꜚ ᵌȂ 
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 3-2 ᾝ 

Figure 3-2 Infinitesimal beam element 
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()i tq ȁ ()j tq ̆ ᾝ ҹ lȂ 

        

3-3 ₃ᵥ ᾝ               3-4 ᾝ 

Figure 3-3 Geometric model and discrete          Figure 3-4 Structural FEM element 

element of riser pipe 
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̆ ҹ ᴆ Ȃ 

 

 3-5 Newmark-b  

Figure 3-5 Calculating process for Newmark-b 
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Figure 3-6 Two DOF system 
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Newmark-b 1d 2d 3-2 3-7 ̔ 

 

3-2  

Table 3-2 Computational results 

 tD 2 tD 3 tD  4 tD 5 tD  6 tD 7 tD 8 tD  9 tD 

1d  0.007 0.05 0.189 0.484 0.961 1.58 2.23 2.761 3.0 

2d  0.364 1.35 2.68 3.995 4.95 5.34 5.13 4.478 3.642 
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 3-7 β  

Figure 3-7 Displacement history over time 
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Figure 3-8 Three DOF system 
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3-9 β               3-10 Runge-Kutta ᵝ  

Figure 3-9 Displacement over time      Figure 3-10 Displacement over time by Runge-Kutta 
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ᵣҍ ԑᵬ Ȃ 

Mok (2001)Wall̂1999, 2006̃ ꜚⱬ ᴧ ‗
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4-1  

Figure 4-1 FSI solving process with weak and strong coupling 
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4-2 OpenFOAMꜚ №  

Figure 4-2 classification of dynamic mesh in OpenFOAM 
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Table 4-1 definition of radial basis functions 

No Name Abbreviation ()f x  

1 Wendlandôs C2 C2 ( )( )
4

1 4 1r r- +  

2 Thin Plate Spline (TPS) TPS ()2 logr r  
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Figure 4-3 Modules of solver 
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4-4 ℗  

Figure 4-4 the flow chart for strip module 

 

4-5 ᵣ℗ ȁ ᾝ ᵣⱬ  

Figure 4-5 Schematic of fluid strip division and structural element and fluid force 
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4-6 ᵣҍ ᵣӊ ᴰ  

Figure 4-6 Data transmission between solid and fluid 
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4-7 RBF ῏  

Figure 4-7 derivation relation of RBF class 
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4-8 ԍRBFꜚ  

Figure 4-8 the flow chart for dynamic mesh moving based on RBF method 
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 4-9  

Figure 4-9 Basic structure of postProcessing module 
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4-10 ℗  

Figure 4-10 FSI coupling using multi-strip method 
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Figure 4-11 FSI iteration with under-relaxation for strong coupling solution 
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4.7  

viv-FOAM-SJTU 4-12 Ȃ 

 

4-12 viv-FOAM-SJTU  

Figure 4-12 Basci structure of viv-FOAM-SJTU solver 
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֒   − ꜠ ẅ  

5.1 ẅ  

ҹԅ Һ viv-FOAM-SJTU ̆ ᾢ ҈

ԅ ṿ ȂLourenco&Shih (1993)ɻOng&Wallace (1996)№≢
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5-1  

Figure 5-1 computational domain 

 

 5-2 (a) ᵣ  

Figure 5-2 (a) uniform mesh for the global domain 

 
 5-2 (b) xoy 

Figure 5-2 (b) mesh for the xoy plane 
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5.1.2 ᴌ 

5-1ҹ ᴆȂ 

5-1 ᴆ 

Table 5-1 boundary condition of flow around cylinder 
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z z

µ µ
= = =

µ µ
 

Ҋ  ̂symmetrỹ 
0, 0
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z z

µ µ
= = =

µ µ
 

ңᶷ  ̂symmetrỹ 0, 0
U W

V
y y

µ µ
= = =

µ µ
 

╠  ῀ ̂velocity inlet̃ 
0U U= ̆ 0V W= = 

 ⱬ₮ ̂pressure outlet̃ 
0

U V W

x x x

µ µ µ
= = =

µ µ µ
 

 ̂wall̃ 0U V W= = = 

5.1.3  
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ѿ ̆ ҹ40 ̆ ≢Һ ԍ ҉ №

ѿ ⌠ ̆ ῃ ⱴ ᵞ №

̆ ñ 2Ṑò

Ȃ № ’ 5-3 ̆ 5-2↓₮ԅҺ Ȃ 

 

I              II              III             IV 

5-3 №  

Figure 5-3 details of the four mesh around cylinder 
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5-2 Һ Ḥ  

Table 5-2 the details of the mesh at cross section for the computation 

 

Mesh 

 

Number of  

Cells 

 

Number of Nodes 

around the cylinder 

ѿ ⌠  

The height of nearest grid to 

the cylinder boundary 

Mesh I 21900 120 0.004D  

Mesh II 30300 120 0.003D  

Mesh III 42500 160 0.003D  

Mesh IV 61600 200 0.002D  

 

5-3 Ȃ ᾢ ѿҊ 5-3Ҭ ѿ֓

S̔t ̆ ҩ № ץ ꜚ

Ҍ ҍ sf ѿ Ȃ ⱬ PbC ӈҹ

( ) 2
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1
/
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Pb b sC P P Ur
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ç ÷
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ⱬȂ ⱬ DC ⱬ DC ῤ ṿȂ ҹ

ṿ ᵝ Ҭ ̆ min /u U¤- ῤ

ṿҍ ṿȂ 

5-3 №  

    Table 5-3 results of the mesh convergence 

Mesh St ⱬ

PbC       

ⱬ

D
C  

 min / ¤-u U  

Lourenco(1993) 0.22 - 0.99 1.22 0.247 

Kravchenko(2000) 0.21 0.94 1.04 - 0.35 

Mesh I  0.2229 0.8978 0.9585 1.491 0.294 

Mesh II  0.2193 0.9126 0.9744 1.473 0.311 

Mesh III  0.2161 0.9263 0.9882 1.417 0.325 

Mesh IV  0.2169 0.9381 0.9928 1.397 0.342 

₮ StrouhalҌ ғ̆ҍ ṿ

̆ ⱬ PbC ȁ ⱬ DC ȁ min /u U¤- ₃ҩ

̆ῒҬMesh IIIҍMesh IV ҍ ṿ ̆ ⌠

̆ Ҭ ҈ ȂҊ ױ Mesh III₮Re=3900

’Ҋ ⱴ Ḥ Ȃ 
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5.1.4 ꜠  

5-4 ₮ԅMesh III Re=3900ⱬ ⱬ ̆
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ѿ ԍ ṿ̆ ꜚ ҉ץ̆ Ȃ 

 

5-4 ⱬ ȁ ⱬ ̂Mesh IIĬRe=3900̃ 

Figure 5-4 Time history of the lift coefficient Cl and the drag coefficient Cd ̂ Mesh IIIR̆e=3900 ̃
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5-5̂ ҉̃Re=3900 x ṿ (x z- ̆ 0y= ) 

Figure 5-5 (up) Instantaneous streamwise velocity in the (x z- , 0y= ) plane of the presented 

simulation. 

5-5̂ Ҋֲ̃ז ṿ x ṿ (x z- ̆ 0y= ) 

Figure 5-5 (down) Instantaneous streamwise velocity in the (x z- , 0y= ) plane by Jia(2008) 

simulation. 

 

 

5-6̂ ҉̃Re=3900 y ṿ (x z- ̆ 0y= ) 

Figure 5-6 (up) Instantaneous cross-flow velocity in the (x z- , 0y= ) plane of the presented 

simulation 

5-6̂ Ҋֲ̃ז ṿ y ṿ (x z- ̆ 0y= ) 

Figure 5-6 (down) Instantaneous cross-flow velocity in the (x z-  ,0y=  ) plane by Jia(2008) 

simulation. 
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5-7̂ ҉̃ Re=3900 z ṿ (x z- ̆ 0y= ) 

Figure 5-7 (up) Instantaneous spanwise velocity in the (x z- , 0y= ) plane of the presented 

simulation. 

5-7̂ Ҋ̃ ֲז ṿ z ṿ (x z- ̆ 0y= ) 

Figure 5-7 (down) Instantaneous spanwise velocity in the (x z- , 0y= ) plane by Jia(2008) 

simulation. 

5.1.5  

ᾢ ₮ ל ӈ̆ Huntֲ Q‰↕̂ Q-criterioñ

ȂQ ӈ Ҋ̔ 
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5-8 xoy ( / 2z Dp= ) ṿ ̆ ҍ 5-6

̆ ױ ץ ⱴ ₮ ̆ ғ

ꜚ Ҭ Ȃᵖ Re=3900 ҍᵞ ’

≢ ̆γ ױ ⌠ ᵣ ңᶷ֟ ȁ֜ ↓ ȁ
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Re=3900’Ҋ̆ ҩ ѿᶷᴪ Ҍ ҩ ̆

Ҭ ꜚ̆ ꜚ Ҭ ̆ ҩ

ңᶷ֜ ̆p ѿ

Ҍ ῃ ̆ ѿ Ȃ 5-9 ԅ҈ ṿ

̆Re=3900Ҋ ҈ Ȃ 



҉ ֜ ᵝ                                    ԓ  ↨ ꜚ ṿ  

89 

 

5-8 xoy (/ 2z Dp= ) ṿ  

Figure 5-8 Contours of instantaneous vorticity magnitude in the (x y- , / 2z Dp= ) plane. 

 

5-9 ҈ ṿ (Q=100) 

Figure 5-9 Isosurface of instantaneous vorticity magnitude (Q-criterion,Q=100) 

5.2 Ғ ẅ  

Ä5.1 ̆ ױ Re=3900’Ҋ̆

₮ ҈ ̆ ֟ ѿ

Ȃ Ҋ ΐᵣ ̆ ץ ṿ

Ṝ̆ ҈ Ȃ ╠ Ҋ̆҈

Ȃ 

Ҋ ױ Re=3900’Ҋ 4

̂aspect ratiŏ AR̃ ԅ ṿ ̆ ҍ ̆

№ ԅҌ Ҋ ȁ ȁ ⱬ № ץ̆

Ҍ Ҭ ῏ Ȃ 

ҍ╠ ᶛḠ ѿ ̆ ⅞№

Ä5.1.3Mesh IIĬ Ҍ ѿ῍ ԅ4 ̆

5-4Ȃ 
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5-4 ᶛ ҍ  

Table 5-4 case number and aspect ratio 

ᶛ    

A1 ԋ  None 

A2 / 2p  20 

A3 p 40 

A4 2p 80 

5.2.1 Ғ  

׆ 5-5 ̆ 2D ̆ῒזҌ ⌠

Stȁ ⱬ ⱬ ̆ғҍKravchenko and Moin 

(2000) Ȃ min /u U¤- ңҩ Ҍ Ҋ̆

̆ ⱴ̆ ⁞ ̆ min /u U¤- Ȃ 

5-5 Ҍ ҍ╠ֲ ᵬ  

Table 5-5 present results of different aspect ratio and compared to existing results in the literature 

ᶛ 

(AR) 

St 

ⱬ  

ⱬ

  

min /u U¤-  

Case A1 ԋ  0.2461 1.8368 1.2055 0 0 

Case A2 1
2
p 0.2191 0.8499 0.9888 1.754 0.243 

Case A3 p 0.2161 0.9263 0.9882 1.417 0.325 

Case A4 2p 0.2191 0.9419 0.9944 1.325 0.377 

Lysenko:LES with 

SMAG (2012) 

p 0.19 0.8 1.18 0.9 0.26 

Lysenko :LES with 

TKE (2012) 

p 0.209 0.91 0.97 1.67 0.27 

Norberg1 50 - 0.875 - - - 

Norberg2 6 - 0.78 - - - 

Lourenco and Shih 20.5 0.22 - 0.99 1.22 0.247 

Kravchenko and Moin 2p 0.21 0.94 1.04 - 0.35 

 

5.2.2 ⅎ  

Ҋ Ḥ № ȂҹḂԍҍ

̆ ̆ ᵟ

ᵝ 5-10 Ȃ 
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5-10 ᵝ  

Figure 5-10 the characteristic locations near the cylinder 

xoy ̆ / 0y D= ׆҉ Ҭ x ⌠

15x D= ̆ῒ ҹ̔ 
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x D
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=ì
î= ³í

 (5-2) 

/ 0.58,1.06,1.54,2.02x D= ҉ҍ y ̆

( )3.0 3.0D D- ̆ ҹ̔ 
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y D D
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 (5-3) 

5-11 caseA3Ҭ ⌠ Ҭ / 0y D= ҉ x № ̆

ץ ҍ╠ֲ Ȃ׆ Ҭ ץ ⌠̆ 0.5D 2D

ῤ̆ ҹ ṿ̆ ῒ ҍ ̆ ҩ ῤ

Ȃ ̆ ̆ ԍ Ȃ 

5-12 ᶛ A1-A4 ҍ Ȃ ץ ⌠ caseA1ԍ

ԋ ᶛ̆ ҍ ṿ ̆ ₮ ҹ Ȃ

caseA5-caseA4 ҹ ̆ ғcaseA3caseA4ⱴ ṿȂ 
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5-11 ҍ╠ֲ  

Figure 5-11 streamwise mean velocity on the center line in the wake of a cylinder 

 

 

5-12 caseA1-caseA4 u  

Figure 5-12 Streamwise mean velocity on the cylinder in the wake of a cylinder with different aspect 

Ma (2000)ֲҒ ԅ Ȃױז

⌠ԅң Ҍ Ȃ ѿ Ҭ̆ ╩ u

y ñUò ̆ ԋ Ҭ ñVò Ȃ Breuer

Ҭ̆ ̆ LES ԅ №≢ҹ zl Dp= 2zl Dp=

̆ ⌠ԅñUò Ȃ 
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5-13 / 0.58x D= -caseA1-5  

Figure 5-13 Profiles of mean streamwise velocity at / 0.58x D=  for cylinder with different aspect 

5-13 5-16ҹ ҬcaseA1caseA4 Ҋ 4ҩ ᵝ

/ 0.58,1.06,1.54,2.02x D= u y ̆ ҍ

Ȃ׆ ̆ ѿ ̆ ᾢ caseA1

̂ԋ ̃ҍ ≢ ̆ ≢ ҹ ̆ ԋ

ᴪ Ȃ 

 

5-14 / 1.06x D= -caseA1-5  

Figure 5-14 Profiles of mean streamwise velocity at / 1.06x D=  for cylinder with different aspect 
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5-15 / 1.54x D= -caseA1-5  

Figure 5-15 Profiles of mean streamwise velocity at / 1.54x D=  for cylinder with different aspect 

 

5-16 / 2.02x D= -caseA1-5  

Figure 5-16 Profiles of mean streamwise velocity at / 2.02x D= for cylinder with different aspect. 

 

ԍ ҹ / 2p caseA2̆׆ ̆ῒ ҍל caseA3

caseA4Ҍ ̆ ≢ ᵝ / 1.06,2.02x D= ң ̆ ҍ

Ȃ Ҍ ץ̆

֟ Ȃ caseA3caseA4Ҍ ᵝ ̆῏ԍ

ҹѿ ̆ ╠ Ҋ̆ ױ ҹ ԍp ץ

ṿ Ȃ 

5-17⌠ 5-19 ₮ԅ ѿ ┴̆ ṿ ҈

̂Ḳ Ȃ̃׆ Ҭ ̆ ̆ ⱴ
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Ӱ̆ Ӟ ѿ֓̆ᵖ ≢ Ҍ № Ȃ ѿҩ

ԍ ̆ ԍ Ȃ 

 

5-17 ҹ2 Dp ҈ ṿ (Q=100) 

Figure 5-17 Isosurface of instantaneous vorticity magnitude in the wake of a cylinder with axial 

length of 2 Dp   (Q-criterion,Q=100) 

 

5-18 ҹ Dp ҈ ṿ (Q=100) 

Figure 5-18 Isosurface of instantaneous vorticity magnitude in the wake of a cylinder with axial 

length of Dp  (Q-criterion,Q=100) 

 

5-19 ҹ 1
2

Dp ҈ ṿ (Q=100) 

Figure 5-19 Isosurface of instantaneous vorticity magnitude in the wake of a cylinder with axial 

length of 1
2

Dp  (Q-criterion,Q=100) 

5.2.3 ⅎ  

caseA3ҹᶛ̆ץ ѿҊRe=3900 ҍ ῏ ȂC.H.K 

Williamson (2004)ֲ ׆ ⌠ ̆

Re>300̆ ׅ ᴪ ѿ ̆ᵖ ꜚ ῃҹ

ꜚ̆ ⱬ ԍ ⱬ̆ ᵣ ꜚҌῬ ̆ᴋᵥ

ȁ ׆̆ ӰȁҌ ↕ Ȃ 5-20 ₮ԅ

/ 0.58,1.06x D= x ѿ ↓ ̆ 5-21 ₮ԅ

/ 1.54,2.02x D= x ѿ ↓ Ȃ ̆

῍↓₮ԅ 37ҩ ̆ 0.02stD = ̆ 37ҩ
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ṿȂ׆ Ҭ ╩ ꜚ ғ̆

ꜚ ̆ ҹ ̆ ᵣ ᵣ └ Ȃ

╩ ҩ ᵝ Ӟ ῒ ̔ ṿѿ / 0y D=

Ҭ ҉̆ᵖ ṿ Ҭ Ȃ / 0.58x D= ñUò

̆ῒᵩ ñVò ̆ ̆ñVò Ӟ ԍ Ȃ 

 

  

5-20 / 0.58,1.06x D= x  

Figure 5-20 Instantaneous and mean streamwise velocity at / 0.58,1.06x D=  

 

5-21 / 1.54,2.02x D= x  

Figure 5-21 Instantaneous and mean streamwise velocity at / 1.54,2.02x D=  

҉ ҩ ᵝ x ҍ ̆ 5-22 Ȃ

ṿ ҍLourenco & Shihῃל ̆

ᵝ ҍ ̆ ↕ Ȃ 

5-23₮ԅ / 0.58,1.06x D= y ѿ ↓ ╩ ̆

5-24 ₮ԅ / 2.02x D= y ѿ ↓ ╩ ̆ ↓

₮῍37ҩ Ȃ 
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5-22 4ҩ ᵝ x №  

(Ǐ Lourenco & Shih(1993)̆ð ṿ ) 

Figure 5-22 Profiles of streamline mean velocity at four locations downstream of a cylinder 

̂Ǐ is experiment of Lourenco & Shih(1993)̆ðis present numerical result̃ 

 

҉ ҈ҩ ᵝ y ҍ ̆ 5-25 Ȃ

׆ Ҭ y ╩ ῏ԍ / 0y D= ̆ҍ ל

Ȃ 

  
5-23 / 1.06,1.54x D= y  

Figure 5-23 Profiles of cross-flow velocity at x / D=1.06, 1.54 

 
5-24 / 2.02x D= y  

Figure 5-24 Profiles of cross-flow velocity at x / D=2.02 
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5-25 3ҩ ᵝ y №  

̂Ǐ Lourenco & Shih(1993)̆ð ṿ ̃ 

Figure 5-25 Profiles of cross-flow mean velocity at three locations downstream of a cylinder 

̂Ǐ is experiment of Lourenco & Shih(1993)̆ðis present numerical result̃ 

5.3 u ꜠ ẅ  

↨ ꜚ Ȃ ꜚ ׃ Ҭ

Ҭ̆ ꜚ Ӟᴪ ȂC.H.K. Williamson (1996) 

ҩ Ạԅ ῀ Ȃ ױז Ҭ ҹ ҍ

ӗ ̂mz* ᵬ̃ҹѿҩ ꜚ Ȃ mz* ṿ

ץ ꜚ №ҹң Ȃmz* ṿ ₮ңҩҌ № ̆
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̆ ץ ̙ 

̂2̃ ԍᵞ ꜚ ̆ ꜚ ָӇ ̙

῀ ̆ ꜚ ȁ ⱬ ȁ ⱬ

ꜚᵝ ᵥ ̙ 
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ҍ ӊ ᵥ ≢̙ 
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5.3.1 ꜠ ẅ  

ԅ ’Ҋ Ҭ ̆

└ ̆ 5-26 Ȃ 

 

5-26 ꜚ 

Figure 5-26 vortex-induced vibration in one (Y-only) degree of freedom 

ҍ ҈ ѿ ̆ 0.0381D= mȂ

̆ ̆ ̆ 5y+< ̆

ҹ46500Ȃ 

Khalak and Williamson (1996)Ҭ Ҭ ̔

2.4m*= ̆ 0.013mz* = ̆ *U ҹ2.3

⌠12̆ ѿ ԅ Ҭ₮ ҩ Ȃ 

׆ꜚ 2.3⌠ 12 ῤ῍ ԅ56ҩ

’Ȃң ׆ꜚ 2⌠ 12 ῤ῍ ԅ57ҩ

’Ȃ ⌠ ’ ̆ ҈

̆ ҹ ꜚ ῏ ԍ ̆ ꜚ

Ḡ ѿ ̆ ץ ԋ RANS k w-  SST

ꜚȂ 

5.3.1.1 ꜠ ⅎ  

*A *U ҍ Khalak and 

Williamson (1996)ṿ 5-27 Ȃ 

5-27Ҭ ꜚ ̆ *U ׆ 2.3 3.6

ῤ ꜚ̆ ԅ ҩ∆ № Ȃ 5-28 ₮ԅ * 3U =

ᵝ /y Dȁ ⱬ lC ⱬ dC Ȃ׆ 5-28Ҭ ץ

⌠ ̆ ᵝ ⱬ ӊ ᵝ ₃Ӎҹ 0̆ Ӟ ң
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ñ ò Ȃ 

 
5-27 0.013mz* = ꜚ  

Figure 5-27 Amplitude (A*) response as a function of normalized velocity (U*) of vortex-induced 

vibration with one degree of freedom at low 0.013mz* =  

 

5-28 3U*= , , /d lC C y D  

Figure 5-28 Time history of lift and drag coefficient,d lC C, transverse displacement /y D at 

reduced velocity 3U*=  

U* ⱴ̆ ꜚ ׆ ꜚ ҹ ȁ
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ꜚ ̆ ꜚ ῀ԅ Ȃ҉ № *U

3.95.6Ȃ ṿ ₮ ҉ № ԍ ṿ̆׆ 5-27Ҭ

ץ ₮ ₮ ҹ 0.562̆ ṿ↕ ҹ 1̆

⌠҉ № RANS ԅ Ȃ 

* 3.9U = ∆ № ⌠ԅ҉ № ׆̆ 5-29 ̆

ⱬ ȁ ⱬ ̆ ȁ ⱬ ⁞ Ȃ

5-30 ҉ № 4.5U*= ̆

̆ ᵝ ⱬ ӊ ᵝ Ȃ 

*U ⱴ̆ ⌠Ҋ № ׆̆ 5-28

Ҭ Ҋ № *U 5.712Ȃ ԍ ṿ ҉ № ṿ

ṿ ̆ ҉ץ № ҍҊ № ∞̆≢ Һ

ᶭ ꜚⱬ Ȃ 5-31 * 5.7U = ҉ №

⌠Ҋ № Ȃ׆ 5-31Ҭ ⱬ ⱬ

⁞ ̆ᵖ ̆ ׅ ԍ Ȃ 

* 10.4U = ̆ ꜚ ṿ Ҍ

Ῥ Ҍ ׆̆ 5-32 ̆ ̆ ⱬ ⱬ

ṿ Ӟ ҌῬ Ȃ҉׆ № ̆ ᵞ 2.4m*= ̆

0.013mz* = ̆ ꜚ

* 3.9U = 10.4 ῤ̆ ԅ ҩ҉ № №Ҋ №

Ȃ 

 

 

5-29 3.9U*= ҉ №  

Figure 5-29 Time history of lift and drag coefficient,d lC C , transverse displacement /y D when 

amplitude response reaches upper branch at reduced velocity 3.9U*=  
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5-30 4.5U*= ҉ №  

Figure 5-30 Time history of lift and drag coefficient,d lC C , transverse displacement /y D when 

amplitude response reaches upper branch at reduced velocity 4.5U*=  

 

 

5-31 5.7U*= ҉ №  

Figure 5-31 Time history of lift and drag coefficient,d lC C , transverse displacement /y D when 

amplitude response reaches upper branch at reduced velocity 5.7U*=  
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5-32 10.4U*= ҉ №  

Figure 5-32 Time history of lift and drag coefficient,d lC C , transverse displacement /y D when 

amplitude response reaches upper branch at reduced velocity 10.4U*=  

5.3.1.2 ⅎ  

Ҍ Ҋ ꜚӊ ץ Ҍ

ԍ ꜚ ȂҊ ױ ΐᵣ№ ѿҊҌ №

ṿ Ȃ ῏ Govardhan & Williamson (2000)ᵞ

ꜚ Ȃ ԅҌ ꜚ

№ ̆ ҍӊ Ȃ 5-33 ṿ ₮ ∆ №

ṿ ̆ ҍGovardhan & Williamson̂2000̃

̆ ױ ṿ ҍ ̆ ∆ № 2S

̆ ҩ ῤ׆ ѿᶷ ₮ѿҩ Ȃ 

5-34҉ № ṿ ̆ ҩ ᴪ ѿ

ᶷ ѿ ̆ ӊҹ2P ̆ ѿ ҬῒҬѿҩ

ԍ ѿҩ ̆ҍGovardhan & Williamson̂2000̃

Ḡ ѿ Ȃ 

ꜚ ⌠Ҋ № ῒ̆ Ӟ ԅ ̆ 5-35 ̆

Ӟ ҹ2P ̆ᵖ ҍ҉ № Ҍ ѿ

̆ ̆ҌἝ҉ № ѿ ѿ ̆ғ Ӟ ԅ Ȃ 
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5-33 ∆ № ѿҩ ῤ ҩҌ ┴ ṿ ̂2S̃ 

Figure 5-33 Initial-branch vorticity plots, showing the 2S mode ,seperated by a quarter-period 

              

                   

            

                 

5-34 ҉ № ѿҩ ῤ ҩҌ ┴ ṿ ̂2P̃ 

Figure 5-34 Upper-branch vorticity plots, showing the 2P mode, seperated by a quarter-period 
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5-35 Ҋ № ѿҩ ῤ ҩҌ ┴ ṿ ̂2P̃ 

Figure 5-35 Lower-branch vorticity plots, showing the 2P mode, separated by a quarter-period 

5.3.2 ҩ ꜠ ẅ  

5.3.2.1 ꜠ ⅎ  

ԅ ꜚ ҉̆ ԅң

Ҭ ̆ ̆ 5-36 Ȃ

╠ ’ ῃ ̆

ꜚ Ȃ ֓ ҹ ԍ

̆ ץ ȂӞ ҹ ̆ᵖ

2Ṑ̆ ץ Ꞌ Ȃ ṿ A*

*U 5-37 ̆ ң ṿ

ҍ Ȃ 

 



҉ ֜ ᵝ                                    ԓ  ↨ ꜚ ṿ  

106 

      

5-36 + ꜚ 

Figure 5-36 vortex-induced vibration in two (X and Y) degrees of freedom 

 

5-37 0.013mz* = ң ꜚ  

Figure 5-37 Amplitude (A*) response as a function of normalized velocity (U*) of vortex-

induced vibration with two degrees of freedom at low 0.013mz* =  

ԍKhalak and Williamson (1996)2.4m*= ң ꜚ

̆ Jauvtis & Williamson (2004)2.6m*= ң

ꜚ Ȃң VIV ṿ ԅ

̆ ҍ ṿ ̆ ṿ ᵞԍ ṿȂ 5-37Ҭ

D ң ꜚ ṿ ׆̆ Ҭ ≢₮∆ № ȁ҉
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№ Ҋ № ̆ҍ Ҭ҉ № ԍ 1Ҍ ̆

ң Ҭ҉ № ↕ 1.4̆ Jauvtis (2004)ӊҹ ҉

№ Ȃ 5-37Ҭ Ð ṿ ̆ ױ

’̆ң ᴪ ꞉₮ ̂ ҉ № Ȃ̃ Ҍץ

̆ ꜚ ̆ ᴪ ꜚ֟

̆ ꜚ Ȃ ̆ ꜚҌ ◓ ̆ ԍ

ᵞ ꜚ ̆ Ҍ Ȃ׆ 5-37Ҭ ץ

⌠ 3.2m*= ∆ № ⌠҉ № ̆ 6.4m*=

҉ № ⌠Ҋ № ̆ Ҭ ȁ ⱬ

ⱬ ̆ 5-38ȁ5-39 Ȃ 

ꜚ Ҋ № ̆ ҹ ῀ԅ ̆ ꜚ

Ӟ ̆ 5-40 ҹ6.4 ꜚ Ȃ 

ң ꜚ U*5.6⌠4.0׆ ῤ̆

ҩҊ № Ȃ ῤ Ҍ ñ8ò ꜚ̆

̆ ⱬ ⱬ ṿ Ӟ Ȃ

U* ԍ 5.6̆ ῀ ҉ № ̆

̆ ⌠Ҋ № ̆ Ῥѿ ῀ Ȃ 

 

5-38 3.2U*= ҉ №  

Figure 5-38 Time history of lift and drag coefficient,d lC C , transverse displacement /y D 

when amplitude response reaches upper branch at reduced velocity 3.2U*=  
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5-39 6.4U*= Ҋ №  

Figure 5-39 Time history of lift and drag coefficient,d lC C , transverse displacement /y D 

when amplitude response reaches lower branch at reduced velocity 6.4U*=  

 

5-40 6.4U*= ꜚ  

Figure 5-40 the motion trajectory at reduced velocity 6.4U*=  

5.3.2.2 ⅎ  

ԍң ꜚ № ̔ ∆ № ȁ҉ № Ҋ

№ ҍ ̆ ∆ № ԍ2S ̆҉ №

ԍ2P ̆Ҋ № Ӟ ԍ2P ̆ ң 2P Ҍ ԍ ҩ

ѿ Ҭ ≢̆ ҉ Ҭ № Ȃ ҍ

ꜚҌ ң̆ ꜚ ᴪ ₮ ̆ ҉ № Ȃ

҉ № ̆ ҩ ῤᴪ ҈ҩ ̆ Jauvtis (2004)

ӊҹ 2T ̆ ṿ Ҭ Ӟױ ⌠ԅ 2T ̆ 5-41

Ȃ 
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5-41 ҉ № 2T  

Figure 5-41 Supper upper-branch vorticity plots, showing the 2T mode. 

5.4 ԓ ꜠  

Ä4.3 ׃ ꜚ ̆

ꜚ ꜚ ѿ֓ Ȃ 

Morse&Williamson (2009)ῤ 5680 ꜚ ‰

₮ԅ ꜚ Ȃז Ҭ ⌠ԅѿ ð

ῒ ӈҹ OVERLAP2P ̂ O2P ̃̆ ҩ Ӟ ѿ ̆

ᵖ O2P ѿ Ҭѿҩ ԍ ѿҩ Ȃ

ꜛԍ VIV Ҭ҉ № Ҋ № Ҍ Ȃױז

ᶏ Ҋ̆ Ӟᴪ 2P O2P ӊ

Ҍ Ȃ 

Morse&Williamson (2009)₮ ԍ ꜚ

ꜚ ‰ └̆ ғ Ӟ ֲ̆

ץ Ȃⱴӊ Ҭ ̆ɒ ̆

ᴪ ֟ Ȃҍ ̆ ṿ ץ

ꜚ Ȃ ױ ꜚ ṿ ₮

ꜚ Ȃ ̆ ṿ O2P Ȃ ╠

̆ O2P ԍ ꜚ ῤ Ȃ ױ ṿ

̆ ֓ ꜚ ṿҊң Ҍ ץ ̆ ҌἝ

Williamson&Roshoko(1988) ᴰ ҹ ̆ ṿҊ

ѿ Ȃ ԍ ’ ̆ ԋ RANS k w-  SST

ꜚ̆ ⱬ ᵝ ӊ

ᵝ Ȃ 

5.4.1 Ӏ  

⌠ ᾢ ̆ 5-6 Ȃ 
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5-6  

Table 5-6 definition of dimensionless variables 

 Reynolds number Re /UD n 

 Mass ratio m* ( )( )2
/ / 2m D Lpr  

 Damping ratio z / 2c mk  

 Amplitude ratio A* /A D  

 Normalized wavelength *l  ( )/ / eD U f Dl =  

ⱬ  Lift force coefficient LC  ( )22 /LF U DLr  

ⱬ  Drag force coefficient  DC  ( )22 /DF U DLr  

 Frequency ratio f * /e nf f  

5-6 ҬU ̆ ef ꜚ ̆ nf Ҭ ̆D

̆ L ̆n ᵣ ꜚⱬ ̆r ᵣ ̆m ̆c

̆ k ̆ LF ⌠ ⱬ̆ DF ⌠ ⱬȂ 

5.4.2  

Re=4000Ҋ ꜚẠԅѿ ↓ ṿ ̆

ṿ ԍ viv-FOAM-SJTU Ȃ 

Williamson&Roshko ̂1988̃ ꜚ ̆ ⌠ԅ ῖ

№ ׆5-42̆ Ҭ ױ Ҍ₮≢∞ץ ꜚ Ҋ

̆Һ 2Sȁ2P P+S҈ Ȃ Ҭ׆ױ ԅ4ҩ ’ ̆

5-42Ҭ ̆ ꜚ 5-7 ̆ ṿ ԅ

ҍ ̆ 5-43 Ȃ 

5-7 ꜚ  

Table 5-7 Forced cross-flow vibration parameters selected in the paper 

Non-dimensional amplitude A/D Frequency ratio /e sf f  

0.4 (Re=400) 0.8,  1 

1.4 (Re=400) 0.8,  1.25 
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5-42 Williamson&Roshkô1988̃ №  

Figure 5-42 boundaries of wake modes identified by Williamson and Roshko (1988) 

2S mode:      

2P mode:      

P+S mode:      

       5-43 ṿ 2Sȁ2P P+S  

          Figure 5-43 Vorticity contours of 2S, 2P, and P+S mode 
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ԍWilliamson&Roshko ̂1988̃ ꜚ M̆orse&Williamson̂2009̃

Ạԅ ⱴ ꜚ Ȃ *A 1.6̆⌠0.02׆ ҹ

0.02̆ *l2׆ 16̆ ҹ0.02Ȃ Morse&Williamson̂2009̃

῍ ԅ5680 ꜚ ̆ ⌠ԅ ⱴ № 5-44Ȃ׆

5-44Ҭ ̆ ⱴԅѿҩ ̆ ӊҹ OVERLAP2P ̆ O2P Ȃ

ҩ ҍ2P 2S № ̆ ꜚ Ҋ̆

ᴪ Ҍ ӊ Ȃ 

 

5-44 Morse and Williamson (2009)№  

    Figure 5-44 map of vortex shedding regimes identified by Morse and Williamson (2009) 

῏2P̆2S P+S҈ ꜚ ṿ ῒẠԅ

̆ ῏ԍ O2P ѿ ╠ ῏ ṿ Ȃ ̆

ṿ O2P Ȃ ױ ԅ

ꜚ ̆ * 6.2l= Ҋ̆ *A ׆ 0.4 0.9

ῤ ꜚ ṿ Ȃ 

ᾢ̆ ⱬ ᵝ ӊ ᵝ

Ȃ 5-45 ₮ԅ * 6.2l= ̆ * 0.4A = Ҋᵝ ȁ ⱬ ң

ӊ ᵝ Ȃ׆ 5-45Ҭ ̆ᵝ ⱬ ӊ ᵝ

140Ȃ ’Ҋ ҹ2P ̆ 5-46 Ȃ

ңᶷ№≢ ѿ Ҋ ̆ ѿ ῃ№ Ȃ 
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5-45 β ȁ ⱬ ң ӊ ᵝ 0.4A*= 6.2l*=  

Figure 5-45 Time history of the cylinder motions, lift coefficient, and phase angle () at 0.4A*= , 

6.2l*=  

 

 

5-46 ѿҩ ꜚ ῤ 2P ̆ 0.4A*=  6.2l*=  

Figure 5-46 Vorticity contours of 2P mode in one vibration period at0.4A*= , 6.2l*=  

ꜚ ṿ 0.5 0.9̆ Ḡ Ҍ ̆

ᵝ Ȃ ⱬ ᵝ ӊ ᵝ 5-47 Ȃ 
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5-47 A*0.4׆ 0.9 ᵝ  

Figure 5-47 phase ange at different amplitude ratio varied from 0.4 to 0.9 
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A*ҹ0.5̆ ᵝ Ҍ 159.7Ȃ ῒז ҩ

A*׆ 0.6⌠ 0.9̆ᵝ Ἕ A*=0.4,0.5Ҍ ̆ Ҍ ᵄ

ᵝ ׆ ṿ⌠ ṿ Ȃ ↕ғҌ Ȃ 

ᵄ ᵝ ̆ Ӟ ԅ Ȃץ 5-47Ҭ ҹ

ᶛ̆ ᵝ ↨↨ ̆ 5-48Ҭ ̆

ңᶷ ᵖ̆ל ѿ Ȃ 

ᵝ ҹ ṿ ̆ ↕ ҹ ѿ ̆ 5-49 Ȃ

O2P ̆ Morse&Williamson̂2009̃

Ȃ Ҍ ԍץ 2P ̆ ѿ Ҭ

ңҩ Ҍ ̆ѿҩ ԍ ѿҩȂ 5-50

Morse&Williamson̂2009̃ DPIV ⌠ O2P Ȃ 

 

5-48 ᵝ  

Figure 5-48 Vortex shedding at the abrupt change time of phase angle 

 

5-49 ᵝ ҹ ṿ 2 OP  

Figure 5-49 vortex field of 2 OP mode at the positive part of phase angle 
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5-50 Morse&Williamson̂2009̃ DPIV ⌠ O2P  

Figure 5-50 O2P  mode vortex field by using DPIV, Morse and Williamson (2009) 

 

׆ 5-49 5-50 ̆ ṿ ҍ Ȃ

Ȃ ҹ O2P Ҭ

ῤ ⌠̆ ̆

ᴪ Ҍ Ȃ ҩ ӊ̆╠ ꜚ

∞≢₮ O2P ̆ ∞ҹ2S Ȃ ṿ O2P

̆ ӈѿ֓ ṿ  ԅȂץ

ᵝ ṿ ̆ Ῥ ₮2P ̆ 5-51

Ȃѿ Ҭңҩ Ȃ 

 

 

5-51 ᵝ ҹ ṿ 2P  

Figure 5-51 vortex field of 2P mode at the negative part of phase angle 

 

҉ ױ ṿ ԅ O2P ̆ ғ O2P

ꜚ A* *lӞҍMorse&Williamson̂2009̃ ӈ O2P Ȃ
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ҩ ̂overlap̃ ῤ̆ ױ ᶏ Ҋ ꜚ̆

ӞҌ Ҍ ̆ ᴪ 2P O2P Ҍ

Ȃ O2P ҍKhalak&Williamson(1999)ᵞ

Ҭ ҉ № Ḡ ѿ ȂKhalak&Williamson̂1999̃ ᵞ

ꜚ Ҭ ҉ № ҍҊ № ӊ Ҍ ℗ ̆

5-52 Ȃ ױ ꜚ ṿ ץ ѿ

Ȃ ҹ ᴪ O2P 2P ӊ Ҍ ℗ ̆

̆ ꜚ Ӟᴪ ҉ № ҍҊ № ӊ Ҍ ℗ Ȃ 

 

5-52 ҉ № ҍҊ № ӊ Ҍ ℗ ̂Ĩ  

Figure 5-52 intermittent switch (I) between upper branch and lower branch 

5.4.3  

Ä4.3׃ ̆ Govardhan&Williamson (2006)̂ 5-53̃

Ȃ 

₮ ꜚ ∆ № ҉̆ № Ҋ № ̆

ҩ *A ׆ 0⌠ 1 ҩ *U ׆ 0⌠ 15ῤ

ᶛ̆ץ ҹ 0.1ҹᶛ̆↕ ῍ 1500ҩ ꜚ ᶛ̆

ѿҩ ̆ ױ ṿ Һ ꜚҍ

ꜚ ̆ Ҍ № Ȃ 

ᾢ ̆ ױ * 6.2l= ̆A*0.4׆ 0.9̂ ҹ

0.1̃ ꜚ ṿ Ȃ ⌠ ⱬ ṿ 0LC ᵝ j↓ԍ

5-8Ȃ 
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5-53 Re=4000Ҍ 0.000; 0.059; 0.187; 0.252mz* =

ꜚ ̆Govardhan & Williamson(2006) 

Figure 5-53 Amplitude response plots at a constant Reynolds number (Re=4000) at 

different mass-damping values 0.000; 0.059; 0.187; 0.252mz* = , taken from Govardhan & 

Williamson(2006) 

 

5-8 6.2l*= Ҍ ꜚ  

Table 5-8 Forced oscillating response at different amplitude ratio A*at 6.2l*=  

*A  *l  0LC  j 
0 sinLC j 

0.4 6.2 0.4478 107.6156 0.4268 

0.5 6.2 0.5083 159.6684 0.1766 

0.6 6.2 0.6030 -159.6776 -0.2094 

0.7 6.2 0.8782 -126.7985 -0.7032 

0.8 6.2 1.2734 -112.6470 -1.1752 

0.9 6.2 1.6000 -110.9883 -1.4939 

 

⌠ 5-8Ҭ 0 sinLC j ױ ץ ꜚ Ҍ

̂ 0.0,0.059,0.187,0.252mz* = Ҋ̃ ꜚ ԅȂ 5-54

Ȃ Ҭ 5-8ҬҌ A* 0 sinLC j ṿ̆ ῒ

Ҭ Ȃ ̂4-16̃ Ҭ

3 * *

1

2

4 A m fp z

l

*

* Ҍ῀ף
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mz* ῏ԍ A* ̆ 5-54Ҭ Ȃ 0 sinLC j ҍ ῏

ף̆ ꜚ ῀ inE*̆

3 * *

1

2

4 A m fp z

l

*

* ҍ ꜚ ῏

ף̆ ꜚ ₮ outE* Ȃ ҍ ӊ ֜ ף ̂4-16̃

̆ ῀ ԍ ₮̆ Ӈ֜ A*

6.2U*= Ҍ Ҋ ̆

↓ԍ 5-9Ȃ 

׆ 5-9Ҭ ̆ ꜚ 6.2l*= ₮ 6.2U*= ᶏ

ҍGovardhan&Williamson̂2006̃ ̆ ԍ5%Ȃ 

 

5-54 6.2l*= ꜚ  

Figure 5-54 prediction of amplitude response A*at different mass damping when 6.2l*=  

 

5-9 6.2l*= ҍ  

Table 5-9 Comparison of A* at 6.2l*=  with experiment results 

mz*  A*_predict A*_experiment 

of Govardhan (2006) 

Error (%) 

0.0 0.5457 0.5356 1.9% 

0.059 0.5164 0.5092 1.4% 

0.187 0.4464 0.4380 1.9% 

0.252 0.4150 0.3958 4.9% 

 

ԍᵞ ꜚ ҈ҩ № ∆̔ № ҉̆ № Ҋ
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№ ̆ ҉ № Ҋ № ӊ Ҍ ℗ Ȃ ױ

6.2l*= 8-12Ҭ ᵝԍ ѿ Ȃ׆Ä5.4.2№ ̆ 6.2l*= ̆

ᵝ j Ҍ Ȃ ᵝ ҹ ṿ ̆ ᵝԍҊ № ̕ ᵝ ҹ

ṿ ̆ 0 sinLC jҹ ̆ ԍ ᵣᴰ ̆

ᵝ ҉ № ̆p ғҌ ̆ ץ

ᴪ Ҋ № Ȃ 

׆ Ӟ №ץⱴץ Ȃ ҹ 2P ԍҊ

№ ̕ ҹ O2P ԍ ᴰ ̆ᶏ ᴰ

ԍ ̆ ꞉ҹ ₮ ̆ ץ

⌠҉ № Ȃ ԍ 2P O2P ң ӊ ҉

№ Ҋ № ӊ Ȃ 

ԍVIV ̆ ᵝ Ӟ ῏ױ Ȃ׆ 5-53Ҭ ױ

ᵝԍ 6.0U*= Ȃ ץ ױ 6.0l*= ̆A*0.4׆ 0.9

ꜚ ṿ ̆ ↓ԍ 5-10ҬȂ 

6.0l*= Ҋ ₮ 5-55 5-11 Ȃ ҍ 6.2l*=

ꜚ ԅѿ֓̆ᵖ ₮ ⱴԅȂҍ ̆

6.0l*= ’Ҋ ₮ 6.2l*= ѿ֓̆ A* ⅞№

Ҍ ῏Ȃ 

 

5-10 6.0l*= Ҍ ⌠ ꜚ  

Table 5-10 Forced oscillating response at different amplitude ratio A* at 6.0l*=  

A* l* 0LC  j 
0 sinLC j 

0.4 6.0 0.4480 107.5006 0.4273 

0.5 6.0 0.5798 111.2018 0.5184 

0.6 6.0 0.6748 140.4302 0.4298 

0.7 6.0 0.8774 168.8271 0.1700 

0.8 6.0 1.2751 -164.1542 -0.3482 

0.9 6.0 1.6286 -156.4862 -0.6498 
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5-55 6.0l*= ꜚ  

Figure 5-55 prediction of amplitude response A*at different mass damping when 6.0l*=  

 

5-11 6.0l*= ҍ  

Table 5-11 Comparison of A* at 6.0l*=  with experiment results 

mz*  A*_predict A* _experiment of 

Govardhan (2006) 

Error (%) 

0.0 0.7328 0.8607 14.8% 

0.059 0.7030 0.7836 10.3% 

0.187 0.6037 0.6912 12.6% 

0.252 0.5350 0.6232 14.2% 

 

Ὲ ΐ ̆ ױ ԅ∆ № ѿҩ ’ 5.0l*=

Ȃ ҹ∆ № ̆ ץ ױ ꜚ ṿ *A

ҹ0.1͘0.6Ȃ ױ 5.0l*= ̆ *A 0.4׆ 0.9 ꜚ ṿ ̆

↓ԍ 5-12ҬȂ 

5-12 5.0l*= Ҍ ⌠ ꜚ  

Table 5-12 Forced oscillating response at different amplitude ratio A* at 5.0l*=  

A* l* 0LC  j 
0 sinLC j 

0.1 5.0 0.5767 101.5021 0.5651 

0.2 5.0 0.6198 112.1354 0.5741 
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0.3 5.0 0.7451 -176.3427 -0.0475 

0.4 5.0 0.8267 -161.7941 -0.2583 

0.5 5.0 0.9762 -153.2176 -0.4399 

0.6 5.0 1.1301 -145.5132 -0.6399 

 

5.0l*= Ҋ ₮ 5-56 5-13 Ȃ׆ ̆

5.0l*= ’Ҋ ̆₃Ӎ ѿ ̆ ҹ

̆ Ҍ ╠ Ҋ №Ȃ ṿ ₮

№ ̆ ғ ̆ Ȃ ̆ ṿ

₮ ꜚ ṿ҉ Ҋ ҍ ̆ Ҭ ṿ ̆

Ȃ 

 
5-56 5.0l*= ꜚ  

Figure 5-56 prediction of amplitude response A*at different mass damping when 5.0l*=  

 

5-13 6.0l*= ҍ  

Table 5-13 Comparison of A* at 6.0l*=  with experiment results 

mz*  A*_predict A* _experiment of 

Govardhan (2006) 

Error (%) 

0.0 0.292 0.28 4.2% 

0.059 0.272 0.22 23.6% 

0.187 0.251 0.22 14.1% 

0.252 0.239 0.22 8.6% 
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ꜚ ṿ ̆ ױ ԅѿ ̆ ӊҹ O2P Ȃ

ҩ Ӟ ѿ ̆ᵖ O2P Ҭ ѿ Ҍ ̆ῒҬ

ѿҩ ԍ ѿҩ Ȃ O2P ҍ ꜚ Ҭ҉ №

ҍҊ № ӊ Ҍ ℗ ῏Ȃ ױ ṿ Ӟ ԅ

Morse&Williamson̂2009̃ ӈ ñOVERLAPò Ȃ Ӟ ₮ԅ

ꜚ ꜚ Ȃ

Govardhan&Williamson̂2006̃ Ҍ mz* Ҋ ꜚ ԅ Ȃ 

⌠ ̆ ױ ⱳ ꜚ ṿ ₮ԅῖ

’ 5.0,6.0,6.2l*= Ҋ ̆ ꜚ ṿ

Ҍ Ҋ Ȃ 

5.5  

ԍ viv-FOAM-SJTŬ↨ ꜚ ‰ ԅ

Ȃ ԅ ԅRe=3900 ̆

ӊ ̆ ҈ ṿ ԅ№ ̆

Ҋץ⌠ ̔ ’Ҋ ҈ ԋ̆

ҍ ṿ Ȃ ҹ Ҋ̆ ΐ

҈ Ȃ № ̆

ᶛ ҍ Ȃp ԍpӊ Ҍ ̆

ԍp ץ ṿ Ȃ

Ḥ № ̆ 4ҩ ᵝ ̆

╩ ñUò ̆ ╩ ñVò ̆ ╩

ꜚ ғ̆ ꜚ ̆

̆ ᵣ ᵣ └ Ȃ 

RANS ᵞ * 2.4m = ԋ ꜚ ԅ ṿ

Ȃ ṿ ҍ╠ֲ № ̆ ԍ

̆ ҉ № ץ ∆̆ № ҍҊ № Ȃ

ԍң ꜚ ̆ ṿ ⌠

⌠∆ № ȁ҉ № Ҋ № ̆ ₮҉ № ӊ ̆ ⌠

҉ № ̆ ғ ҍ Ȃ ṿ

ꜚ Ҍֽֽ ԍ֟ ԅ ꜚ̆ ᴪ

֟ ̆ ץ ₮ Ȃ ԍᵞ

ꜚ ̆ Ҍ Ȃ № ԅ №
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ץ̆ ꜚ ῀ Ȃ ̆

ѿ ԅҌ № ̆ ∆ №

2S ̆҉ № ҹ2P ̆ ҉ № ҹ2T ̆Ҋ № Ӟҹ2P ̆

ᵖҍ҉ № ≢Ȃ ṿ ҍ ҬDPIV ⌠

Ȃ 

Ä4.3 ₮ Ὲ ԅ ̆ ꜚ ̆

O2P ҉ № ҍҊ № ӊ Ҍ

℗ Ȃ Govardhan&Williamson̂2006̃ Ҍ mz* Ҋ ꜚ

ԅ ̆ ⱳ ꜚ ṿ ₮ԅ 5.0,6.0,6.2l*= ҈ ῖ

’Ҋ Ȃ 
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῏   ꜠ ‼  

ԍ Һ viv-FOAM-SJTŬץF. J. Huera Huarte(2006)ῖ

ᵬҹ ‰ ᶛ ̆ RANS ̆ꜚ

OpenFOAM ԍ Laplaceꜚ Ȃ

ꜚ ׆≢№ ȁ ץ ᵣ № ̆

₮ ꜚҺ Ȃ 

6.1 ‼ ᶡ  

F. J. Huera Huartê2006̃ ꜚ ῖ ̆

ү ̆Ḃԍ ṿ ҍӊ № Ȃ Delftⱬ

Delta ̆ 6-1 Ȃṿ ѿ ̆

Ӟ Chaplin et al̂2005̃ Ȃ 

 

     

6-1 F. J. Huera Huartê2006̃  

Figure 6-1 Layout of the experiment of F. J. Huera Huartê2006̃ 

28mm̆ ҹ13.12m̆ / 469L D= Ȃ

ԍ Ҭ̆ 45% ԍ Ҭ̆ ҹ0.605m/sȂ▼ᵩ55%

ԍ ҬȂ ң ̆ ⱴ ⱬ̆ ῏ Һ

↓ԍ 6-1Ȃ 
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6-1 Һ  

Table 6-1 Summary of main parameter of the model riser 

Һ  

MODEL RISER PARMETERS 

 D 0.028 m 

 L 13.12 m 

 L/D 469 - 

Ҭ  Ls 5.94 m 

↨  EI 29.88 Nm2 

ⱬ Tt 1610 N 

 U 0.605 m/s 

 m* 3 - 

 Re 16940 - 

6.2  

Ä3.3.2׃ ῏ ̆ ⌠ ╠10

↓ԍ 6-2Ҭ̆ ╠4 6-2 Ȃ

ⱬ 1610T N= Ȃ ῏ ҹ

ꜚ Һ ᵬԅ Ȃ ҍ

̆ ᴪ֟ ῍ ̆ ⱴȂ 

 

6-2 ╠10 ̆ 1610T N=  

Table 6-2 First ten natural frequencies̆ 1610T N=  

1f (Hz) 2f (Hz) 3f (Hz) 4f (Hz) 5f (Hz) 

1.2237 2.4516 3.6878 4.9364 6.2014 

6f (Hz) 7f (Hz) 8f (Hz) 9f (Hz) 10f (Hz) 

7.4867 8.7961 10.133 11.520 12.906 
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6-2 ╠ ̆ 1610T N=  

Figure 6-2 First 4 mode shapes̆ 1610T N=  

6.3  
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6-3 ҩ℗ ⅞№  

Figure 6-3 Geometry domain and entire mesh of a strip 
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6-4 ℗ ⅞№  

Figure 6-4 Distribution of strips along the span of the riser 

 

ᾢ ҩ℗ Ȃ №ӊѿ

⅞№ ̆ ҉⅞№ Ҍ №̆ 3

̆ 3 ΐᵣ 6-3 ̆ ҬñQuadrantò №ӊ
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6-3 ῏ ҈  

Table 6-3 the details of three-meshes for the grid convergence study 

Mesh Number of Cells Quadrant Radius 

Mesh I  46820 50 120 

Mesh II  71653 75 180 

Mesh III  98640 100 240 

ҹԅҍ ̆ 6-4 ₮ԅ 5Re 6.31 10= ³

⌠ ⱬ ṿ ,d aveC ̆ ⱬ ṿ ,l rmsC Strouhal̆ ҍῒ

ז ̆ ṿ ῌMARIN 2 ̆ ṿ 26 ITTCᴪ


































































































































































