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Numerical Investigations on Vortex-Induced Vibration of Marine 

Risers based on the Thick Strip Method 

 

ABSTRACT 

With the continuous increase of the depth of offshore oil and gas exploitation, the 

Vortex-Induced Vibration (VIV) of marine risers has become a key problem in the 

design and safe operation of floating production systems. In the past decades, 

researchers and engineers have carried out systematic model experiments and 

numerical simulations on VIV of marine risers in steady flows, such as the uniform flow, 

the linearly distributed flow, the stepped flow and etc., and have gained a deep 

understanding on the mechanism of VIV and its influencing factors. In actual ocean 

conditions, the influence of environmental loads and external excitations on the marine 

riser becomes more complex and generally presents strong three-dimensional flow 

characteristics. For example, under the influence of the six-degrees-of-freedom (Dofs) 

motion excitations of the top floating platform, the riser will produce complex 

Parametric-Induced and Vortex-Induced coupled vibrations. In order to improve the 

efficiency of oil and gas production, the multi-risers system has been extensively used. 

The wake flow of the upstream riser will affect the vibration response of the 

downstream riser, and produce the typical Flow-Induced Vibration (FIV) phenomenon. 

Although helical strakes can effectively reduce the crossflow vibration responses of the 

riser, the dynamic force in the inline direction will be significantly increased. Therefore, 

new passive suppression devices are still needed to be further explored and studied.  

In order to solve the above problems, the traditional three-dimensional numerical 

simulation method and the two-dimensional strip method respectively have 

disadvantages, such as high computational cost and failure to capture the three-

dimensional characteristics of the flow field. Therefore, this thesis adopts the thick strip 

model combining the advantages of the two methods, and based on the open source 

platform OpenFOAM, to form the three-dimensional fluid-structure coupling solver 

viv3D-FOAM-SJTU for the VIV of the flexible riser. A dynamic mesh update module 

considering the local deformation of the riser is developed. The corresponding fluid-

structure coupling interpolation module is modified. The main function modules of the 

solver include the flow field calculation module of the thick strip, the vibration solving 

module of structure, the fluid-structure coupling interpolation module and the dynamic 

grid updating module considering local deformation. With good versatility, the solver 

can realize the simulation of VIV problems with typical three-dimensional flow 

characteristics, such as multi-Dofs oscillation excitations, interference among multi-

risers and VIV suppression. 

Firstly, the comparison and verification of the solver is carried out for the standard 

problems on VIV of a riser experiencing the uniform flow, the stepped flow and under 

the oscillation excitation. In the first part, based on Lehn's model experiments and Wang 
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and Xiao's three-dimensional numerical simulations, the VIV of a flexible riser in the 

uniform flow is simulated. The prediction errors of the non-dimensionl Root Mean 

Square (RMS) amplitudes and the dominant vibration frequencies of the riser are less 

than 10%, and the obvious three-dimensional vortex shedding phenomenon is observed 

at the middle thick strip of riser. In the second part, based on the model experiments of 

Chaplin et al., the numerical simulations on VIV of a riser with three combinations of 

velocities and top pretensions in the stepped flow are carried out. The prediction errors 

of the dominant vibration modes, the maximum non-dimensional vibration 

displacements and the dominant vibration frequencies of the riser are generally less than 

10%. In addition, the three-dimensional vortex shedding phenomenon is observed in 

the lower part of the riser in the uniform flow field, and the three-dimensional 

oscillation vortex shedding phenomenon in the crossflow direction is observed in the 

upper part of the riser in the static water. In the third part, based on the model 

experiments of Wang and the numerical simulation of Fu, the numerical simulation on 

VIV of a riser under single-Dof oscillation excitation is carried out. The maximum non-

dimensional crossflow vibration displacement of the riser, the proportion of the ñlock-

inò region and the dominant vibration frequency of the crossflow vibration are in good 

agreement with the model experiment and the published simulation results. Through 

the above comparisons, the reliability of the solver is verified. In the fourth part, based 

on the Reynolds number region mainly involved in the numerical simulations in this 

thesis, the parameterization studies on the strip thickness and the axis to diameter ratio 

of the boundary mesh of the thick strip model are carried out. The numerical simulation 

results show that considering the accuracy and computational resource consumption, 

the recommended range of the strip thickness is about L/100 (L is the riser length) to 

L/50, and the recommended range of the mesh axis to diameter ratio is about 60 to 80. 

On these bases, the applications of the solver to the VIV problems with significant 

three-dimensional flow characteristics are studied in this thesis. Firstly, numerical 

simulations on VIV of a riser under two-Dofs oscillation excitations are carried out, and 

the effects of the oscillation amplitude ratios and the positive and negative phase angles 

on the vibration response characteristics of the riser are systematically studied. It is 

found that the vibration responses of the riser under the two-Dofs oscillation excitations 

still present the intermittent feature. And there are many slender strip vortex structures 

and discrete small vortices in the wake flow showing strong three-dimensional flow 

characteristics. Under the condition of ñ8ò shape oscillation, the vortex aggregation 

occurs in the two cavities of the vibration trajectory. Under the condition of ñparabolicò 

oscillation, the phenomenon of vortex scouring, breaking and reattachment appears in 

the wake field, which accelerates the dissipation of the wake field. 

Then, exploratory numeical simulations on VIV of multi-risers are carried out. In 

the first part, comparative verification studies are conducted for the VIV standard 

problems of tandem two-risers system and three-risers system. Through comparing 
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domiannt vibration modes, dominant vibration frequencies and non-dimensional RMS 

amplitudes of risers, the effectiveness of the solver in simulating VIV of multi-risers 

system is verified. In the second part, numerical simulations on VIV of two-risers 

system, three-risers system and four-risers system with constant spacing distance in the 

stepped flow are carried out. The vibration response characteristics of each riser under 

the interference of wake flow are compared and analyzed. It is found that crossflow 

vibration responses of upstream risers and inline vibration responses of downstream 

risers in the tandem multi-risers system will be significantly affected, and interference 

effects on the middle riser is the most obvious. 

Finally, numerical simulations on VIV suppression of a riser with four spanwise 

grooves among three groove depths and two flow angles are carried out. It is found that 

the spanwise groove can significantly suppress the vibration response of the riser under 

the condition of 0 degree flow angle and large groove depth. Under the condition of 45 

degrees of flow angle, the spanwise groove can significantly amplify vibration 

responses of the riser. It is shown that the spanwise groove can effectively suppress the 

response of the VIV of the riser, but it is very sensitive to the change of the flow angle. 

Meanwhile, the DES model is used to carry out comparative numerical simulations 

under the same conditions, and it is found that the DES model can accurately capture 

the vibration response characteristics of the spanwise four-grooved riser, and simulate 

the three-dimensional flow field and discrete vortex structures. 

In conclusion, a three-dimensional fluid-structure coupling CFD solver for VIV of 

marine risers is constructed based on the thick strip model in this thesis. The reliability 

of the solver is proved by comparing and verifying the standard problems among three 

flow conditions. The feasibility of the solver for predicting the complex VIV of marine 

risers is demonstrated by numerical simulations of three kinds of VIV problems with 

complex three-dimensional flow characteristics. The solver developed in this thesis 

provides a reference for the further study on numerical prediction on VIV of marine 

risers, and an analytical tool for the installation and layout of multi-risers system and 

studies of new passive VIV suppression devices. 

 

Keywords: Marine riser; Vortex-Induced Vibration; the thick strip model; two-

Dofs oscillation excitations; multi-risers system; VIV suppression; viv3D-FOAM-

SJTU solver 
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Figure 1-2 Types of offshore platform (https://oceanexplorer.noaa.gov) 
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Table 1-1 Comparisons of four main research methods for VIV of marine riser 
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Figure 1-3 Schematic setup of model experiments 
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Figure 1-4 Field experiments on VIV of a long flexible riser in the linearly sheared 

flow (Jhingran et al, 2008) 
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Figure 1-5 Model experiments on VIV of a long flexible riser in the stepped flow 

(Chaplin et al, 2005a; Huera-Huarte and Bearman, 2009a) 
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Figure 1-6 Researches on VIV of flexible risers based on the wake oscillator model 

and its improved models 
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Figure 1-7 Three-dimensional numerical simulations on VIV of a flexible riser based 

on the overset grid method (Huang et al, 2011) 
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Figure 1-8 Schematic of the two-dimensional strip method 
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̂ã ԋ ℗  ̂b̃ Ԑ  

1-9 ԍԋ ℗ ꜚ ṿ  

Figure 1-9 Numerical simulations on VIV of a flexible riser based on the two-

dimensional strip method 
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Figure 1-10 Vortex shedding contour of the circular cylinder in the oscillatory flow at 

different KC numbers and reduced velocities (Zhao et al, 2012) 
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Figure 1-11 Experiments on VIV of a flexible riser under one-Degree-of-freedom (1-

Dof) excitation (ḍ , 2014) 
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Figure 1-12 Typical vortex shedding patterns of two circular cylinders in side-by-side 

arrangement (Chen et al, 2015) 
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Figure 1-13 Three-dimensional vortex shedding phenomenon of the two-risers system 

with different spacing ratios (Wang et al, 2017) 
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Figure 1-14 Typical passive control devices on VIV of risers (↔ ̆2011) 
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Figure 1-15 Numerical simulations on VIV of a flexible riser with three-start helical 

strakes (Chen et al, 2019) 
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Figure 1-16 Investigations on VIV suppression based on the bionic theory 
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₭ ↨ ꜚ ̆ ꜚ └ ⁞
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Figure 1-17 Investigations on VIV suppression of a riser with staggered and 

helical grooves (Law et al, 2018) 
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Figure 1-18 Schematic of the generalized thick strip modelling (Bao et al, 2016) 
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Figure 1-19 Comparisons on VIV of a riser with different numbers of thick fluid 

strips at Re=100 (Bao et al, 2016) 
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̂d̃ Lz/D = ́/2 ̂ẽ N = Lz/D = ́ ̂f̃ Lz/D = 2́ 

1-20 3900’ҊҌ ℗ ꜚ ṿ  (Bao et 

al, 2016) 

Figure 1-20 Comparisons on VIV of a riser with different fluid strip thickness at 

Re=3900 (Bao et al, 2016) 
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Figure 1-21 VIV prediction of a flexible riser through the thick strip model (Bao 

et al, 2019) 
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Figure 1-22 Schematic diagram of the solution strategy for the three-dimensional 

thick strip method 
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ᾝ c̕ҹ ᾝ ̕ ( , )xf z t ( , )yf z t №≢ҹ ᾝ
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ᵣⱬ̕ ( , )x z t ( , )y z t №≢ҹt ┴z ᾝᵝ Ȃ 

ᾝ ̂ ᴿ ̂2009̃̃̆ 2-2 ̆

ꜚ ṿ ҉ ̂2017ȁ̃ט ̂2018̃

̂2019̃ Ȃ ҩ ᾝ ̂inline, IL̃ ̂crossflow, 

CF̃ ңҩ ҩ ↕̆ ᾝ ꜚⱬ ΏᵬץҊ
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xmx cx kx f+ + =                       (2-17) 

ymy cy ky f+ + =                       (2-18) 

Ҭά̆ ὧ̆ Ὧ№≢ҹ ᾝ ȁ ↨ ̕ xf yf №≢ҹ

ᵣⱬ̕x y№≢ҹ ꜚᵝ  Ȃ 

 

 

2-2 ₃ᵥ ᾝ 

Figure 2-2 Geometric model and discrete element of the riser 
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Ҭfҹ ᾝ Ȃ 

ᾝ ץ ⌠ ᵣ ↕̆ ᵣ

ꜚⱬ Ώҹ̔ 

HXM{X}+C{X}+ K{X} = {F }                   (2-26) 

HYM{Y}+C{Y}+ K{Y} = {F }                   (2-27) 

Ҭ M̆C̆ Kҹ ᵣ ȁ ᵣ ᵣ↨ ̕

HX{F } HY{F }№≢ҹ ᵣ ̕ {X} {Y} ҹ

ᵝ Ȃ 
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2.2.2 ҩ ᵲיִ  

ԍ ⌠ ᵝ ꞉ Ҋ ꜚ ̆
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ᾝ ᵣ ꜚⱬ Ώҹ̔ 

frame-HXM{X}+ C{X}+ K{X} = {F } M{X }              (2-36) 

frame-HYM{Y}+ C{Y}+ K{Y} = {F } M{Y }              (2-37) 

Ҭ frame{X } frame{Y } ҹ ꞉ᵝ Ȃ 
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2.2.3 Newmark-ɓ  

Ҭ̆ Newmark-ɓ ᵣ ꜚⱬ ̂

ꜚ ꜚ ̃̆ 2-3 Ȃ 

 

 

2-3 Newmark-ɓ ꜚ  

Figure 2-3 Flow chart of the structural vibration solution based on the Newmark-

ɓ method 
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4. ↨ ̔ 

0 1a a*= +K K + M C                    (2-38) 

5. ↨ ҈ № ̔ 

T*=K LDL                         (2-39) 

̂b̃ ꜚ  

1. i+1 ̔ 

( ) ( )1 1 0 2 3 1 4 5i i i i i i i ia a a a a a*

+ += + + + + + +F F M Cu u u u u u      (2-40) 

2. i+1 ᵝ ̔ 

*

1 1

T

i i+ +=LDL u F                        (2-41) 

3. i+1 ⱴ ̔ 

1 6 7 1i i i ia a+ += + +u u u u                       (2-42) 

( )1 0 1 2 3i i i i ia a a+ += - - -u u u u u                   (2-43) 

4. ∞ ⌠ ̆ ↕ ̆ ↕ 1 ῀Ҋѿ Ȃ 
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̂ALẼ ꜚ ꜚ

Ȃ 

ΐᵣ Ҋ̔ 
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ⱬ ⱬ̕ 

2. ҈ ṿ ⌠ ᵣⱬ ᾝ҉ № ’̆

ꜚⱬ └ ╠ ꜚᵝ ̕ 

3. ꜚᵝ ̆ ṿ ⌠ └ ᵝ ̆ ꜚ

̂Dynamic Grid techniquẽ ℗ ̕ 

4. PIMPLÊ ѿ PISOSIMPLẼ
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5. ῀Ҋѿҩ Ȃ 
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2-4 ℗ ῒ └  

Figure 2-4 Schematic diagram of a thick strip with its controlling riser length 
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ᵣⱬ № ‰ Ȃ 
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2-5  

Figure 2-5 Schematic diagram of the computational mesh update strategy 

 

ΐᵣ ꜚ Ҋ̔ 

1. i ̆ ꜚ ⌠

ꜚᵝ dispX dispY̕ 

2. ҈ ṿ ̆ ꜚᵝ dispX dispY ῒ

ᵝ z/L ҈ ₱ SplineX SplineY̕  

2. ℗ ҉̆ └ ̕ 

3. └ ᵝ (z/L)p̆ ҈ ₱



2  ԍ҈ ℗ ꜚ  

39 

SplineX SplineY ṿ ⌠ ᵝ
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2-6 viv3D-FOAM-SJTU ⱳ  

Figure 2-6 Modules diagram of the viv3D-FOAM-SJTU solver 
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2-7 viv3D-FOAM-SJTU  

Figure 2-7 Structural diagram of the viv3D-FOAM-SJTU solver 
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ȁ ℗ ȁ ṿ ȁ ȁ ṿ ꜚ

҂ ⱳ ׃ Ȃ ̆ ᵣ ԅ

׃ Ȃ 

 

 

 





3  viv3D-FOAM-SJTU  

43 

3  viv3D-FOAM -SJTU  
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̆ҹ ℗ ⅞№ ᶫ ᶭ Ȃ 

3.1 Ҳ ꜠ ‼  

ԍ Lehn̂2003̃ Ҭ ‰

̆ ҍWangXiaô2016̃ ̂LES̃ ҈ ṿ

̂2020̃ ԋ ℗ ṿ Ȃ ԍLehn̂2003̃

↓ Ὲ ̆ WangXiaô2016̃׆

Ҭ Ȃ ᾢ׃ ꜚ ℗ ̆

׆ ȁ ҈ № Ȃ 

3.1.1 ⅓  

Lehn̂2003̃ ԅ ◄℗ Ҭ ꜚ ↓

̆ ↓ Ӟ ҹԅ ֲ ꜚ

ṿ ‰ ̆ ̔WangXiaô2016̃̆ Baô2019̃

Ȃ Ҭ̆ ҹ9.63m̆ ҹ0.02m̆ ҹ

481.5Ȃ ҹ 0.2m/s ’ ̆

’ 3-1 Ȃ 

 

3-1 Һ ’ 

Table 3-1 Main parameters and corresponding flow condition of the model riser 

  ṿ ᵝ 

 L 9.63 m 

 D 20 mm 

↨  EI 135.4 Nm2 

ⱬ T 817 N 

 m* 2.23 - 

 L/D 481.5 - 

 U 0.2 m/s 

 Re 4000 - 

 

└ ᴆ Pointwise℗ ⅞

№̆ 3-1̂ ã Ȃ Ҭ ҈ ℗ ҍ

ᵝ ̆ Ҭ ҹԋ ᾝҌ Ȃ №̆

ҹ200ҩ ᾝ̆ № 201

ҩ Ȃ № 1̆0ҩ ҈ ℗ ̂∆ ⅞№
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̃ № ̆ ℗ ̂x ̃ ҹ40D̂D

ҹ ̃̆ ̂y ̃ ҹ20D̆ ҹ1/100L̂Lҹ

̃̆ 3-1̂ b̃ Ȃ xoy № ’ 3-1̂ c̃ Ȃ

ҹԅ ⌠ ῤ ̆ ̔ ̂Ũ ⱬ̂P̃ ̆

ԅⱴ ̆ ғ ҩ Ҭ ₱

Ȃ ⌠ SST k-ɤ ᴆ̆ └ Ḡ ∆

y+ ԍ ץ3.0 Ḡ ׆̆ Ḡ ᵣⱬ ‰ Ȃ

҈ ℗ ᴆ 3-1̂ b̃ 3-1̂ c̃ ̔῀ ľInletĿ

῀ ᴆ̕₮ ľOutletĿ ⱬ₮ ᴆ̕ ҉Ҋ

ľLeft̆Right̆Top̆BottomĿ ᴆ̕ ľCylinderĿ

ᴆȂ 

 

 

̂ã ℗  

  

̂b̃ ҩ҈ ℗  ̂c̃ № ᴆ 

3-1 ℗  

Figure 3-1 Schematic diagram of the computational model 

 

3-2 № ҈  

Table 3-2 Details of three computational meshes for the mesh convergence study 

   ARC RADIUS AXIS 

Case3-1 Mesh I (Coarse) 212̓ 40 42 10 

Case3-2 Mesh II (Middle) 307̓ 50 55 15 

Case3-3 Mesh III (Fine) 413̓ 58 69 20 

 

Ҭ̆ҹԅ Ḡ ̆ ҹ 0.001s̆

̂Courant Number̆Cõ ԍ5.0̆ Ὲ Ҋ ̔ 
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U t
Co

x

D
=
D

                             (3-1) 

ҬUҹ ȹ̕tҹ ȹ̕xҹ ѿ Ȃ

ҹԅ ᵣ ̆ ṿ ̂HPC̃҉ ̆

ҩ 20sȂҹԅ ⅞№ ᶫ ̆ ᾢ

№ Ȃ Ҋ̆ №ӊѿ ⅞

№ ̂ARC̃ȁ ҉ ⅞№ ̂RADIUS̃

⅞№ ̂AXIS̆̃№≢ └ԅ҈ Ҍ ℗ ̔Mesh ÎCoarse 

meshȁ̃Mesh IÎMiddle mesh̃ Mesh IIÎFine mesh̃̆ 3-2 Ȃ 

3.1.2 ꜠ ⅎ  

҈ ṿ Ҭ̆ ꜚᵝ

3-2 Ȃ׆ Ҭ ץ ̆ ꜚҺ

Ҭ ᵝ ̆ Ҭ z/L=0.5β Ȃ ҉̆ ⌠

ꜚ ̆ ꜚҺ

Ҭ ҉Ҋңᶷ ᵝ ̆ z/L=0.3 z/L=0.7β Ȃ ғ

Ҭ ᵝ ̂z/L=0.5₮̃ ԅ ᶏ̆ ꜚ ҉₮ ľ

┬ĿȂ҈ ṿ ⌠҉ ̆ҹԅ ѿ ҍ

Ὲ ̆ 3-2Ҭ ̂Root Mean 

SquarĕRMS̃ ̆ ⌠ 3-3 ꜚ ꜚ

Ȃ 

 

  

̂ã ̆Mesh I ̂b̃ ̆Mesh I 
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̂c̃ ̆Mesh II ̂d̃ ̆Mesh II 

  

̂ẽ ̆Mesh III ̂f̃ ̆Mesh III 

3-2 Ҍ ᵝ ꜚ  

Figure 3-2 Time history non-dimensional vibration displacements along the riser span 

in both crossflow and inline directions among three mesh resolutions 

 

ꜚ Ὲ Ҋ ̔ 

2
, ( ) [ ( , )]

e

s

t

y RMS y

t t

A z A z t
=

=ä                       (3-2) 

2
, ( ) [ ( , )- ( )]

e

s

t

x RMS x x

t t

A z A z t A z
=

=ä                    (3-3) 

ҬAy,RMSҹ ꜚ ̕Ax,RMSҹ ꜚ ṿ̕zҹ

ᵝ t̕sҹ t̕eҹ ̕ ( )xA z

ҹ ῤ ꜚ ᵝ Ȃ 
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׆ 3-3̂ ã ץ ₮ viv3D-FOAM-SJTU ⌠

ꜚ ҍLehn̂2003̃ ȁWangXiaô2016̃

҈ ṿ ̂2020̃ ԋ ℗ ṿ ̆

Mesh IIMesh III ‰ ⌠ԅ 0.406D ῒ

ᵝ 0.55L̆ Mesh IӞ ⌠ԅ ̆ᵖ ῒ

ᵝ ҹ0.5L̆ ῒ ң ᵞȂ M̆esh I ῒ ᵝ

̆ ԍῒ ṿ ҹ Ȃ 

 

  

̂ã  ̂b̃  

3-3 ꜚ  

Figure 3-3 Comparison of non-dimensional RMS amplitudes along the riser span in 

both crossflow and inline directions 

 

3-3̂b̃ ̆ ꜚ Ҭ̆ Mesh IIMesh 

III ⌠ԅ ҉ 0.77Lᵝ ֟ 0.098D Ȃ Ҭ

0.44L֟ 0.045DҊ 0.22L֟ 0.092D ֽ̆Mesh II

‰ ⌠ԅȂMesh III Ẓ ̆ҍ WangXiao

̂2016̃ ҈ ṿ ȂMesh I ᵣẒ ̆ҍ

̂2020̃ ̆ ԍ Ȃ ץ Mesh 

II ԍWangXiaô2016̃ ̂2020̃ ṿ

Lehn̂2003̃ ̆ № └

‰ Mesh IIҹץ Ȃ 

3-4ҹ ԍMesh II └ ꜚ ԍ

ᵝ ᵝ Ԑ ̆ ץ ₮ ꜚ ₮

ľ Ŀ ̆ 3-4̂ ã Ȃ ꜚ Ԑ Ҭ̂ 3-4̂ b̃̃̆

t=57s ץ ⌠ľ Ŀ ľ Ŀ֜ Ȃ 3-5ҹ
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ꜚ ׆̆ 3-5̂ ã Ҭ ץ ₮

ꜚ ₮ԅ 1 ̆ ꜚᵝ ṿ№≢ҹ0.64D

-0.67D̆ ᵝ №≢ҹ z=0.555Lz=0.574LȂ׆ 3-5̂ b̃ Ҭ ץ

₮̆ ꜚ 2 ꜚ ̆ ҉Ҋ ꜚᵝ №≢

ҹ0.7D0.75D̆ ᵝ №≢ҹz=0.361Lz=0.63LȂ ̆ ץ

Ҭ ꜚΐ ѿ ̆ ῃ ꜚ ̆ Ӟ 3-4

̂b̃ Ҭ₮ ľ Ŀ ꜚ Ȃ 

 

  

̂ã  ̂b̃  

3-4 ꜚ ᵝ Ԑ ̔Mesh II 

Figure 3-4 Non-dimensional spatio-temporal vibration displacement contours along 

the riser span in both crossflow and inline directions: Mesh II 

 

  

̂ã  ̂b̃  

3-5 ꜚ ̔Mesh II 

Figure 3-5 Non-dimensional instantaneous deflections along the riser span in both 

crossflow and inline directions: Mesh II 

 

ҹ ѿ № ꜚ ̆ №

ꜚ ̆ Chaplin̂2005ă2005bȁ̃

̂2017̃ ט ̂2018̃ ֲ Ȃ ԍ № ̆

ꜚᵝ ᵬ ѿ ↓ ⱴ̆ Ὲ

Ҋ ̔ 
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( ) sin( )n

n
z z

L

p
j =                         (3-4) 

1

( , ) ( ) ( )
N

y yn n

n

A z t w t zj
=

= Öä                      (3-5) 

1

( , ) ( ) ( )
N

x xn n

n

A z t w t zj
=

= Öä                      (3-6) 

Ҭzҹ ᵝ ̕Lҹ ̕n=1̆2̆ 3 ҹ

A̕y(z,t)ҹ ꜚᵝ A̕x(z,t)ҹ ꜚᵝ ̕

wyn(t)ҹ ꜚ n ̕wxn(t)ҹ ꜚ n

̕űn(z)ҹ n ̕Nҹ Ȃ 

 

  

̂ã  ̂b̃  

3-6 ꜚ ̔Mesh II 

Figure 3-6 Time history non-dimensional modal weights of the riser in both crossflow 

and inline directions: Mesh II 

 

3-6№≢ҹ ꜚ ׆̆

3-6̂ ã Ҭ ץ ₮ ꜚҬ1 Һ ᵬ ̆ ⌠ ҹ

2 ̆ᵖ ׅ ԍ1 ̆3 4

Ҍ ̆ᶏ ꜚ ҹ1 Ȃ ꜚҬ̆

20s25s ῤ1 3 ԍ2 ̆ᵖ

ҩ ꜚ Ҭ2 ׅ Һ ᵬ ȂῒҬ̆֟ 1 ԍ2

ꜚ Ҭ ԅľ Ŀ ̆ 3-4̂ b̃ ̆

ᴪ ľ Ŀᴰ Ҭ ₮ 1 Ȃ4 ԍ

ԍῒ ̆ ῒ ꜚ Ҍ Ȃ 
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3.1.3 ꜠ ⅎ  

Ҭ̆ ị ̂Fast Fourier Transform̆FFT̃

ꜚ ׆̆ ⌠ ꜚ ȂFFT

Ὲ Ҋ ̔ 

() () i tF f t e dtww
¤ -

-¤
= Öñ                      (3-7) 

Ҭf(t)ҹ Ḥ ̕F(ɤ)ҹf(t)̕ɤҹ Ȃ 

 

  

̂ã  ̂b̃  

3-7 ꜚ ⱳ ̔Mesh II 

Figure 3-7 Modal power spectral density of the riser in both crossflow and inline 

directions: Mesh II 

 

3-6Ҭ FFT ̆ ⌠ ⱳ

̂PSD̃ ̆ 3-7 Ȃ׆ 3-7̂ ã Ҭ ץ ₮ 1 Һ

Һ ҹ 1.58Hz̆2 ꜚ ԍ 1 ̆

3 4 ꜚ ₃Ӎ Ҍ ̆ Ӟ ԅ ꜚ

ҹ ꜚ Ȃ ҉̆ ץ ⌠ ╠҈ ꜚ ̆

ῒҬ2 Һ Һ ҹ3.39Hz̆ ҹ Һ 2.15ṐȂ

1 ᵞ ȁ ̆ ҍ 3-6̂ b̃ Ҭ

Ҍ ↕ Ȃ3 ꜚ ҹ4.93Hz̆ ԍῒ

ꜚ ԍ2 Һ ̆ 3 ꜚ ׅ

2 Ȃ Ӟ ꜚ ԍ ꜚ ₮

ꜚ ȂLehn̂2003̃ Ҭ̆ Һ

№≢ҹ 1.5Hz3.4Hz̕ ̂2020̃ ԋ ℗ №≢ҹ 1.4Hz

3.4Hz̆ ץ viv3D-FOAM-SJTU Һ

ҍ ԋ ℗ Ȃ 
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3.1.4 ꜠ ⅎ  

ҹԅ ѿ № ꜚ ̆ Q‰↕

̆ ԍQ=1 ṿ ̆ῒҬQ‰

↕ Ὲ Ҋ̔ 

22 2
1

2

u v w u v u w v w
Q

x y z y x z x z y

è øå õµ µ µ µ µ µ µ µ µå õ å õ
é ù=- + + - - -æ öæ ö æ ö
µ µ µ µ µ µ µ µ µç ÷ ç ÷é ùç ÷ê ú

     (3-8) 

Ҭ ŭ v̆ w№≢ҹ x̆ y̆ z ҉ Ȃ 

3-8 ҹt=55s ᵣ ҈ ℗

̆ῒҬ 3-8̂ ã ᵣ Ԑ 0.5Ṑ ̆ ℗

Ԑ Ḡ ᶛȂ׆ 3-8̂ ã Ҭ ץ ⌠ ҈ ̆

ץ ⌠ Ҍ ↕ Ȃ׆ ℗

̂ 3-8̂ b̃ ̂k̃̃Ҭ ץ ֜ ̆ ғ׆ Ҋ

1 ℗ 6 ℗ Ҭ ⌠

Ӱ ғ̆ ֽ ↨↨ ₮ ̆ Ḃ№

Ȃ ҉ ▼ᵩ4ҩ ℗ ₮ ľ Ŀ

̆ ᵄ ̆ ҈ Ҍ Ȃ 3-

4 ̆ ꜚ ꜚ ̆ғ ₮

Ҋ ҉ᴰ ̆ ᶏ ҉ ҈ Ҍ Ȃ 

 

 
 

̂ã ᵣ҈ Ԑ  ̂b̃ 1 ℗  

   

̂c̃ 2 ℗  ̂d̃ 3 ℗  ̂ẽ 4 ℗  

   

̂f̃ 5 ℗  ̂g̃ 6 ℗  ̂h̃ 7 ℗  
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̂ĩ 8 ℗  ̂j̃ 9 ℗  ̂k̃ 10 ℗  

 

3-8 ̂Q=1̃ 

Figure 3-8 Instantaneous wake structures along the riser (Q=1) 

3.2 Ҳ ꜠ ‼  

Chaplin̂2005ã Ҭ ꜚ

‰ Ȃ ̆Chaplin̂2005ãӞ ԍ

ȁ ԍCFDԋ ℗ ṿ ᴆ ԅ ↓ ̆

№ Ӟ ᵬҹ ṿ Ȃ ᾢ׃

ꜚ ℗ ̆ ׆ ȁ ҈

№ Ȃ 

3.2.1 ⅓  

ҹԅ └̆ ῤ

ꜚ ̆Chaplin̂2005ă2005b̃ ԅ 3-9̂ ã

̆ ҉ ҉ѿҩ ԍ ̆ ῀

ץ ᾧ ῤ ꜚ ֟ Ȃ Ҭ̆

҉ ԍ Ҭ Ҋ ԍ Ҭ ׆̆ ֟

№ ̆ 3-9̂ b̃ Ȃ Ҭ̆ ҹ13.12m̆

ҹ 0.028m̆ 3-3 ̆ῒҬ Ҋ 45%

ԍ Ҭ ▼̆ᵩ55% ԍ ҬȂ ⱬ

↓ ̆ῒҬ ׆ 0.11m/s0.95m/s̆ ׆ 3080ⱴ

26600̆ ⱬ405׆Nⱴ 2018N̆῍ 15ҩ ’ȂHuera-Huarte

Bearman̂2009ă 2009b̃ ̆ ԅ Ҭ

ꜚ ꜚ ȁ ᵣⱬ№ Ȃ 

Chaplin̂2005ã ҉̆ ԅ 11 ṿ ᴆ

ԅ ̆ῒҬ 4 ԍԋ ℗ CFD ̆2 ԍԋ ℗

Ὲ ̆5 ԍ

Ὲ Ȃ Ҭ 3ҩ ’̆ 3-4 ̆ ׆
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0.16m/s0.31m/s̆ 4480׆ 8680̆ ⱬ405׆N

457N̆ viv3D-FOAM-SJTU ȁ 4

CFD Ȃ 

 

  

̂ã Chaplin̂2005ã  ̂b̃ ╩  

3-9 Ҭ ꜚ  

Figure 3-9 Schematic on VIV of a flexible riser in the stepped flow 

 

3-3 Һ  

Table 3-3 Main parameters of the model riser 

  ṿ ᵝ 

 L 13.12 m 

 D 28 mm 

↨  EI 29.88 Nm2 

 m* 3.0 - 

 L/D 469 - 

 

3-4 ṿ ’ 

Table 3-4 Simulation conditions for the validation study 

  ⱬ̂N  ̃ ̂m/s̃  ̂Rẽ  

Case 3-4 Mesh IV 405 0.16 4480 

Case 3-5 Mesh V 407 0.21 5880 

Case 3-6 Mesh VI 457 0.31 8680 

 

3-10̂ã ̆ҹ ℗ Ȃ №̆20ҩ ҈

℗ ̆ ℗ ҹ40D̆

ҹ20D̆ ҹ1/100L̆ ℗ ңҩ Ȃ

№̆ ԍ -R ꜜ≠ ҹ 200ҩ ᾝȂ
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WilldenGraham̂2001̆2004̃ ԋ ℗ ԅ ↓ ṿ ̆ ҹ

ԅ‰ ᵣⱬ № ꜚ ̆ ѿ

3ҩԋ ℗ Ȃ ῒ ̆ ṿ ҈ ℗ ҹ20

ҩ̆ ᵣⱬ ῍40ҩ̆ ꜚ ҹ7 ̆ ꜚ

ҹ 4 ̆ ҉ Ȃ ҈ ℗ ⅞№ ҍ 3.1 ̆

Ḡ Case 3-6 ’Ҋ ∆ y+ׅ ԍ 3̆ ץ ѿ

ṿ ̆ ҹ616̓Ȃ xoy № ’

ᴆ 3-10̂ b̃̆͂ Ҋ ҉1⌠9 ℗

3-4 ̆10⌠20℗ ҹ 0̆ ׆

╩ Ȃ 

 

  

̂ã ℗  ̂b̃ № ᴆ 

3-10 ℗  

Figure 3-10 Schematic diagram of the computational model 

3.2.2 ꜠ ⅎ  

҈ ’Ҋ̆ ꜚ ̂RMS̃

3-11 Ȃ׆ 3-11Ҭ ץ ₮̆ ⱬ ̆

ꜚ 2׆ ⌠4 ̆ ꜚ 4׆

⌠ 7 ̆ ꜚ RMS ῒ ᵝ 3-5

Ȃ 

 

3-5 ῒ ᵝ  

Table 3-5 Maximum vibration RMS amplitudes with its corresponding axial locations 

 Ay,RMS/D max z/L Ax,RMS/D max z/L 

Case 3-4 0.387 0.246 0.103 0.363 

Case 3-5 0.314 0.514 0.113 0.412 

Case 3-6 0.501 0.337 0.126 0.512 

 

׆ Ҭ ץ ₮̆ ⱬ ̆

RMS ᾢ⁞ ̆ל RMS Ȃ ̆
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ꜚ RMS ᵝ № Ҭ Ҋ Ȃ

3-11̆ ץ ꜚ ṿ ₮ Ҭ № ̆p

ԍ҉ № ꜚ Ӟΐ ҍ № ̆

ꜚ ҹ▲ ̆ 3-11̂ ã ҬCase 3-4 Case 3-5

RMS Ȃ 

 

  

̂ã  ̂b̃  

3-11 ꜚ  

Figure 3-11 Comparison of non-dimensional RMS amplitude along the riser span in 

both crossflow and inline directions 

 

3-12 ̆ҹ ꜚ ᵝ Ԑ ̆ ץ

₮ ₮ ꜚ ҍ 3-14 Ȃ ғ̆

ⱬ ̆ ׆ꜚ ľ Ŀ ľ Ŀ ̆

3-12̂ ẽ Ȃ ꜚ↕ Ḡ ľ Ŀ ̆ ғᴪ֟

ľ Ŀ ľ Ŀ֜ ̆ 3-12̂d̃ Ȃ׆ 3-15̂f̃Ҭ

ץ ̆ ꜚᴪ֜ ᵝ ѿᶷ ׆̆ ᶏ

ꜚ ԍ Ȃ 

 

  

̂ã ̆Case 3-4 ̂b̃ ̆Case 3-4 
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̂c̃ ̆Case 3-5 ̂d̃ ̆Case 3-5 

  

̂ẽ ̆Case 3-6 ̂f̃ ̆Case 3-6 

3-12 ꜚ ᵝ Ԑ  

Figure 3-12 Non-dimensional spatio-temporal vibration displacement contours along 

the riser span in both crossflow and inline directions 

 

3-13ҹ ꜚ ̆

ꜚ ᵝ 3-6 Ȃ ԍԋ ℗ CFD

ꜚ ᴆ№≢ҹNorsk HydroȁUSP̂University of S«o Pauloȁ̃DeepFlow

̂Institut Francais du P®trolẽ VIVIĈGrahamWillden̂2004̃̃Ȃ 

 

3-6 ꜚ ᵝ  

Table 3-6 Maximum non-dimensional crossflow vibration displacements 

 Case 3-4 Case 3-5 Case 3-6 

viv3D-FOAM-SJTU 0.779 0.551 0.904 

 0.764 0.581 0.784 

Norsk Hydro 0.182 - 0.520 

USP 0.412 0.520 0.561 

DeepFlow 0.696 - 0.703 

VIVIC 0.899 - 0.493 

 

3-13̂ ã̂b̃ ̂c̃ ̆ ꜚ ᵝ ῒ

ᵝ №≢ҹ A̔y=0.779z̆/L=0.718̂Case 3-4̃ A̕y=0.551z̆/L=0.494̂Case 

3-5̃̕Ay=0.904̆z/L=0.346̂Case 3-6̃Ȃ 3-6 ̆ ꜚᵝ

№≢ҹ 2%ȁ5.2%15.3%̆ ԅ Case 3-6 ’

DeepFlowӊ ̆ῒᵩ ԍ ԍԋ ℗ ᴆȂ 3-13̂ d̃
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̂ẽ ̂f̃ ̆ ԍ ꜚҬ ⌠ ꜚ ̆

ꜚ ⱴ ῒ̆ ᵞ̆ Ӟ ꜚ Ҋ ץ

Ḡ ѿ Ȃ ꜚ ᵝ ῒ ᵝ №≢

ҹ̔Ax=1.11̆z/L=0.328̂Case 3-4̃̕Ax=1.719̆z/L=0.393̂Case 3-5̃̕Ax=4.03̆

z/L=0.349̂Case 3-6̃̆ ԍ Ҋ №Ȃ ̆ ҉

ᵝ ̆₮ ԅ ꜚ ᵝ ῒ ᵝ ҹ̔

Ax=-0.0413̆z/L=0.934̂Case 3-4̃̕Ax=-0.015̆z/L=0.972̂Case 3-5̃Ȃ

0.31m/ŝCase 3-6̃ ̆ ҉ ҌῬ₮ ꜚᵝ Ȃ

ꜚ ̆ ᵬ ѿ ҉ └ ꜚᵝ

ꜚ ᵝ Ȃ 

 

   

̂ã Case 3-4̆  ̂b̃ Case 3-5̆  ̂c̃ Case 3-6̆  

   

̂d̃ Case 3-4̆  ̂ẽ Case 3-5̆  ̂f̃ Case 3-6̆  

3-13 ꜚ  

Figure 3-13 Non-dimensional instantaneous deflections along the riser span in both 

crossflow and inline directions 

 

3.1.2Ҭ № ̆ ץ ⌠ 3-14

ꜚ Ȃ ṿ ץ

₮ C̆ase 3-4 ’Ҋ Һ ҹ2 ̆ Һ ҹ4 ̕
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ⱬ ̆ ’Ҭ ⌠ ῒ ꜚ

̆ ̔Case 3-4Ҭ ꜚ 3 ̕Case 3-5Ҭ

ꜚ 4 ̆Case 3-6Ҭ ꜚ 3 ȁ ꜚ 4

6 Ȃp ̆ ҩ ῤῒ ṿ

Һ ̆ ꜚ ׅ ҹ ꜚȂ 
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̂c̃ ̆Case 3-5 ̂d̃ ̆Case 3-5 
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̂ẽ ̆Case 3-6 ̂f̃ ̆Case 3-6 

3-14 ꜚ  

Figure 3-14 Time history non-dimensional modal weights of the riser in both 

crossflow and inline directions 

 

Chaplin̂2005ã ‰ ̆ viv3D-FOAM-SJTU
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Һ ҹ Һ 2ṐȂ 3-7ҹ ’ viv3D-
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׆ Ҭ ץ ₮Case 3-4 Case 3-5 10% ̆ Case 3-
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ꜚ Һ ̆ Ԑ ҍ

ꜚ Ȃ ׆ 3-15̂ ã Ҭ ץ ⌠6 ᴍ̆ץ

׆ 3-15̂ ẽ Ҭ ץ ⌠10 ᴍ̆ᵖ ԍῒ ԍҺ

̆ ץ ֓ ᴍ ꜚ Ȃ 
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̂ã ̆Case 3-4 ̂b̃ ̆Case 3-4 

  

̂c̃ ̆Case 3-5 ̂d̃ ̆Case 3-5 

  

̂ẽ ̆Case 3-6 ̂f̃ ̆Case 3-6 

3-15 ꜚ Ԑ  

Figure 3-15 Vibration frequency contours of the riser in both crossflow and inline 

directions 

 

3-7 Һ  

Table 3-7 Comparisons on the dominant corssflow vibration frequency 

 viv3D-FOAM-SJTU   

Case 3-4 0.895Hz 0.995Hz 10.05% 

Case 3-5 1.479Hz 1.345Hz 9.96% 

Case 3-6 1.885Hz 1.966Hz 4.12% 

 

Ԑ ҉Ӟ ⌠ ᵌ ̆ ѿ ≢ ̆
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ⱬ ⱴ̆ 1 ̆ ⌠ҍҺ

Ȃ ҉ ̆ Һ ⱴ̆ῒ

Ԑ Ҭ ᴍӞ ⱴ̆׆ ᶏ ꜚ ԍ ̆ל

3-15̂ f̃ ̆ ꜚ Ҭ ץ ⌠3 ȁ4 ȁ6

8 ᴍȂ 

3.2.4 ꜠ ⅎ  

3-16 ̆ Q‰↕ ̆ ԍQ=1

ṿ ̆ ⌠҈ ’Ҋ ꜚ ᵣ ҈

ᵣ℗ Ȃ 

 

   

̂ã Case 3-4 ᵣ  ̂b̃ 9 ℗  ̂c̃ 16℗  

   

̂d̃ Case 3-5 ᵣ  ̂ẽ 9 ℗  ̂f̃ 16℗  

   

̂g̃ Case 3-6 ᵣ  ̂h̃ 9 ℗  ̂ĩ 16℗  

3-16 ᵣ ℗ ҉ ̂Q=1̃ 

Figure 3-16 Instantaneous wake structures along the riser span and at specific 

thick fluid strips among three computational conditions (Q=1) 

 

׆ 3-16̂ ã̂d̃ ̂g̃ Ҭ ץ ⌠ Ҋ ԅ ҈
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3-16̂ b̃̂ẽ ̂h̃ Ȃ ̆ ԍ ℗ ȁ Ҭ
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ꜚ ̆ № ℗ ᾟ№

׆̆ ₮ ̆ 3-16̂ ã Ҭ 3 ℗ ȁ̂ d̃ Ҭ

8 ℗ ̂g̃ Ҭ 5 ℗ Ȃ 3-16̂ c̃̂f̃ ̂ĩ

̆ ԍ ╩ ̆ Ҋ 9ҩ ℗ Ҭ֟

̆ ҉ 11ҩ ℗ Ҭ֟ ғ ԍ

Ҋ Ȃ ̆ Ҭ Ҋ └̆

҉ ↕ ꜚ └Ȃ ⱬ

̆ ҉ ҈ ⱴ ᶏ̆ ׆

̆ 3-16̂ c̃̆ ҹ ̆ 3-16̂ ĩ Ȃ 

ᵲיִ 3.3 Ґ ꜠ ‼  

ḍ ̂2014̃ Ҭ ꞉ᵬ Ҋ

ꜚ ‰ Ȃ ̆ҍFu ̂2018̃ ԋ ℗

ṿ ץ̆ ℗ ꞉ Ҋ

ꜚ Ȃ ᾢ׃ ꜚ ℗

̆ ׆ ȁ ҈ № Ȃ 

3.3.1 ⅓  

Ҭ̆ ⌠ ȁ ȁ ̆ ᴪ֟

ꜚȂҍ ̆ Ӟᴪ ѿ ꜚ̆

꞉ᵬ ᴪᶏ ҍ ֟ ̆

ꜚ ԍ Ȃ ḍ ̂2014̆2016̃ ѿ ҹ ң

꞉ᵬ ̆ ԅ ↓KC Ҋ ꜚ

̆ 3-17 Ȃ 

 

 

3-17 ̂ ḍ ̆2014̃ 

Figure 3-17 Layout of the model experiments (Wang et al, 2014) 

 

Ҭ̆ ң ꞉ᵬ Ҋ Ҭ
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ꜚ̆ ғ ץ ꜚȂ Һ

’ 3-8 ̆ῒҬ ҹ4m̆ ҹ0.024m̆ ҹ

167̆ KCҹ84̆ ҹ7.5sȂ 

 

3-8 Һ ’ 

Table 3-8 Main parameters and the corresponding condition of the flexible riser 

  ṿ ᵝ 

 m* 1.53 - 

 D 24 mm 

 L 4 m 

 L/D 167 - 

↨  EI 10.5 Nm2 

ⱬ T 500 N 

1  fn
1 2.68 Hz 

2  fn
2 5.46 Hz 

KC  KC 84 - 

 To 7.5 s 

 

 

̂ã ℗  

 

̂b̃ № ᴆ 

3-18 ℗  

Figure 3-18 Schematic diagram of the computational model 

 

3-18̂ã ̆ҹ ℗ Ȃ №̆5ҩ

҈ ℗ ̆ ℗ ҹ 120D̆

ҹ20D̆ ҹ L/25 4ҩ ץ̆ Ḡ
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꞉ᵬ Ҭ ң Ҍᴪ ҹ Ȃ №̆ ԍ

-R ꜜ≠ ҹ 100ҩ ᾝȂ ℗

⅞№ ᴆ 3-18̂b̃ ̆ ᴆҍ 3-1̂ c̃ Ȃ׆ 3-18

̂b̃ ץ ₮̆ ľInletĿ ľOutletĿ

№ ץ̆ ꞉ ᵝ Ȃ ⌠ № Һ ᵬ

ԍ ̆ Ḡ № Ҍ ▲ ’

Ҋֽ̆ ⱴ ץ̆ Ḡ №

̂ ҍ ̃ ῤȂ ⱴ ҹ

-10D 10D ׆̆ 3-18̂b̃ Ҭ ץ ⌠ ⱴ Ȃ 

 

3-8 № ҈  

Table 3-8 Details of three computational meshes for the mesh convergence study 

    

Case 3-7 Mesh VII (Coarse) 213̓  127 

Case 3-8 Mesh VIII (Middle) 429̓  90 

Case 3-9 Mesh IX (Fine) 595̓  83 

 

ԍ ₱ ̆ └ Ḡ ∆ y+ԍ3.0̆׆ Ḡ

ᵣⱬ ‰ Ȃ ԍ Ҭ ҍ╠ Ҭ

̆ № ᵬȂ҈

№≢ҹ213̓ȁ429̓ 595̓̆ ῤ 3-8 Ȃ 

3.3.2 ꜠ ⅎ  

3-19 ̆ҹ҈ ꜚ RMS

̆ RMS ῒ ᵝ 3-9 Ȃ׆

3-29̂ ã Ҭ ץ ₮̆Mesh VIIIMesh IX RMS

ל ֽ̆ z=0.75L₮ ҹ ̆ Mesh VIIMesh 

VIII RMS ל Ẓ Ȃ 3-9 M̆esh 

VII RMS ҉ҍῒ ң ̆ᵖ ῒ ᵝ

ẒᵞȂ׆ 3-19̂b̃ Ҭ ץ ₮̆Mesh VIII Mesh IX RMS

ל ѿ Ẓ ̆ᵖ ԍ Mesh VII

Mesh VIII RMS Ȃ 3-9 ̆Mesh VII

RMS ԍMesh VIIIMesh IX̆ Mesh VII

RMS ᵝ ҉ Mesh IXԍMesh VIIIȂ ҉

̆ № Ҭ Mesh VIII
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ҹ ‰ Ȃ 

 

  

̂ã  ̂b̃  

3-19 ꜚ  

Figure 3-19 Comparison of non-dimensional RMS amplitude along the riser span in 

both crossflow and inline directions 

 

3-9 ῒ ᵝ  

Table 3-9 Maximum vibration RMS amplitudes with its corresponding axial locations 

 Ay,RMS/D max z/L Ax,RMS/D max z/L 

Case 3-7 0.161 0.5 0.1 0.499 

Case 3-8 0.16 0.523 0.108 0.503 

Case 3-9 0.16 0.531 0.109 0.522 
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ľ Ŀ ꜚ ̆ ꜚ ᵝ ΐ
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/ 2yA D ̃

ӈԅ ꞉ᵬ Ҋ ꜚ ҈ҩ ľ̔ Ŀȁľ Ŀ ľ

⁞ĿȂ 3-23̂ ã ̆ KC=84 To=7.5s’Ҋ̆ Ҭ
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ꜚᵝ ̆ ℗ ᴨԍԋ ℗ ң̆

ԍ Ẓ ̆ Ҽ ף

Ȃ 

 

  

̂ã  

̂ ḍ ̆2014̃ 

̂b̃ ԍԋ ℗

ט̂ ̆2018̃ 

  

̂c̃ ṿ  ̂d̃ ṿ  

3-20 ṿ Ҭ Ҭ ꜚ  

Figure 3-20 Time history non-dimensional crossflow vibration displacements at the 

intermediate node of the riser between experiment and present simulation 

 

  

̂ã  ̂b̃  

3-21 ꜚ  

Figure 3-21 Non-dimensional instantaneous deflections along the riser span in both 

crossflow and inline directions 

 

3-21 №≢ҹ ꜚ ̆
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