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Abstract 

The main objective of this dissertation is to compare the small-scaled model test by the flume 

with the full-scaled model test carried out by the towing tank and to find out the differences 

between the test results and the test facilities to give proper suggestions for the design and 

operation on small-scaled testing facilities. 

The methodology used in this dissertation is carried out on the small-scaled model test in the 

flume. Three main steps are carried out, the first is comparing the test results of the flume and 

the towing tank for both the stationary test and the free vibration test, the second is looking for 

the theoretical explanations of the differences between the test results, the third is finding out 

the advantages and disadvantages of the small-scaled model testing facility compared with the 

full-scaled model test results which have been carried out by the towing tank in the previous 

research. After the model test, the wake oscillator model is also used simulate the real model 

test and find out the influence of different parameters on the test results.  

The main conclusions of this dissertation is that for small-scaled model test carried out in the 

flume, the free vibration tests match the full-scaled model well, which can be used to evaluate 

the vibration suppression efficiency of the strake model. In the stationary test, the small-scaled 

model provides higher drag coefficient due to the difference of Reynolds number. In the 

numerical model, the parameters which may influence the oscillating amplitudes are the tuning 

parameters. And the different series of tuning parameters are given according to the spring 

stiffness. 
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1. Introduction 

1.1. An Overview of the Topic 

In the production of offshore platforms, risers act as transporters which transport the crude oil 

or the gas from the wells at sea bottom to the production platform or FPSO.  

While the riser is placed in the sea, the current will flow around the riser, which causes vortex. 

The fluid force acting on the riser can be divided into two parts, the lift force which is normal to 

the flow direction and the drag force which is parallel with the flow. When the flow rate increases 

to a certain level, the vortex-induced vibration (VIV) happens, which is the main influencing 

factor on the fatigue life of the riser.  

The main VIV suppression methods used in the offshore engineering are the helical strakes 

and the VIV fairings. However, each of them has its own advantages and disadvantages. For 

the helical strakes, the suppression is highly effective, but the drag load due to the strakes is 

also higher than other suppression methods. While for the fairings, the present design may 

cause even higher vibration amplitudes when the current is at a certain speed. Thus, both 

models need to be optimised. To evaluate the optimisation, the model testing result is a reliable 

reference and support for the designer.  

There are two types of model testing which are commonly used when evaluating the 

suppression efficiency. The first one is the large-scaled model test, which tests the real strakes 

or fairings with the help of the towing tank. The other one is the small-scaled model, which is 

tested in the flume with the scaled model.  

The small scaled model testing facilities have a relative lower cost and higher efficiency when 

compared with the large scaled model testing facilities. But it is still unknow whether the small 

scaled model test can give the same results as the large scaled model test, which will be 

discussed in this dissertation. In this dissertation, we will give suggestions on important 

parameters that influence the small scaled model testing results, and indicate the proper testing 

facilities for different type of model. 

1.2. Target and Objectives 

The aim of this dissertation is to find the advantages and disadvantages of the small-scaled 

model test by the flume, to make the comparison with the large-scaled model test carried out 

in the towing tank, and to give suggestions on the design and operation of the flume test.  

Two types of test will be done in the flume for the evaluation of the flume, one is the stationary 

test, and the other is the free vibration test. The test results will be compared with the previous 

large-scaled model test to find out whether the accuracy on the small-scaled model test will 

meet the demand. 



After the comparison and analysis of the small-scaled model test and the large-scaled model 

test, suggestions will be given for the future design and operation on the small-scaled model 

test. 

With the comparison between different scale model tests, it is easy to find out whether the 

small-scaled model testing facility is accurate enough for the estimation or not. However, 

through the literature study, one may find that there are more mechanisms that can influence 

the testing results. Besides, it is not convincing enough to conclude that the small and large-

scaled model testing has the same or similar accuracy by only one or two experiments.  

In this dissertation, through the literature we find the key parameters that influence the model 

test results, and verify whether the wake oscillator model can simulate the same trend in the 

real model test, then analyse the advantage and disadvantage of the wake oscillator model. 

Considering the fact that the wake oscillator model cannot simulation the influence of Reynolds 

number, we study how the tuning parameters of the wake oscillator model will change according 

to different Reynolds number.  

1.3. Guide to the Contents 

The first part of the dissertation is the literature review. In the literature review, one may find the 

main mechanisms that will influence the vortex induced vibration, such as the mass ratio, 

damping ratio and Reynolds number, along with the common methods used in the research 

along with the latest testing equipment.  

After the literature review, the next part is the introduction of the small-scaled model testing 

flume and the testing procedures, coming with the test results. This part is related to the small-

scaled model test carried out in the flume from the Water Lab at TU Delft. The small-scaled 

model is provided by Lankhorst using 3D printing, including the helical strakes model scaled 

down according to the diameter of the cylinder used in the flume, and the cover is a sleeve 

without helical strakes. There are two types of testing carried out for this dissertation, one is the 

stationary test, and the other is free vibration test. In each type of the test, three models are 

tested, which includes the bare pipe, the cover and the strakes. The bare pipe test is the original 

cylinder in the flume with a diameter of 40mm, the cover and strakes are scale down to meet 

the diameter of the cylinder. Each test is repeated three times to increase the reliability on the 

test results. 

In the comparison of the large-scaled model test and the small-scaled model test, the test 

results such as the drag coefficient and the oscillating amplitude are the main concern in the 

evaluation of models.  

The wake oscillator model is a numerical model which is used to study the free vibration of the 

oscillator under one degree of freedom. In this dissertation, the relationship between the tuning 

parameters and the characters such as the mass ratio, damping ratio and Reynolds number 

will be studied, suggestions on the choosing and the trend are reviewed of the tuning 

parameters of the wake oscillator model. 
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With the upon experiment and analysis, the last chapter will give suggestions on the flume 

design and operation in the future, and with list the advantages and disadvantages of the small-

scaled model testing facility to provide the reference for the selection of model testing.  

  



2. Literature Review 

Before carrying out the small-scaled model test, it is important to find out how the vortex induced 

vibration is caused, and which indexes will be used to describe the VIV and how to evaluate its 

influence on the model. Besides, it is also important to have a good understanding of the current 

testing methods for both the large-scaled model testing and small-scaled model testing, which 

includes the advantages and disadvantages of the methodology.  

Through the literature review, one can find out the key factors that influence the vortex induced 

vibration, and the previous studies about the interaction between the characters. For example, 

in the study of Reynold number, in the common sense the drag force is increased when the 

flow speed increases. For drag coefficient, one may find that in the research, the drag coefficient 

for a cylinder experienced two different trends, before the flow speed reaches the critical 

Reynolds number, the drag coefficient is decreasing. For the super-critical regime of the 

Reynolds number, the drag coefficient increases with the flow speed. 

For the comparison of the two types of experiment, it is important to know which characters will 

influence the VIV test results most, and which characters can be neglected or play a less 

important roles. In the literature review, one may find out different testing methods or the testing 

procedure used for the large-scaled model and the small-scaled model, which lies in the 

difference between flume test with the towing tank test, respectively. 

Except for the different testing procedure for the different scale model, the literature review also 

indicates some advanced testing methods used in the small-scaled test. For example, the 

testing facility used in this dissertation has a limited control of the spring stiffness and the 

damping of the oscillating system. And the friction force or the resistance force in the oscillating 

system makes the available range of spring stiffness quite limited, it is found during the 

experiment that when the stiffness is increased, there will be no oscillation at all, even if the 

flow speed has reached the upper limit of the flume. Due to the limitation of the stiffness range, 

the small-scaled model is tested under one spring stiffness in the free vibration test. Except for 

the spring stiffness, the system damping is also unchangeable during the experiment. In the 

dissertation, to find out how these parameters may influence the VIV test, a numerical model 

based on the wake oscillator theory is built. It can simulate the oscillation under different spring 

stiffness and other tuning parameters such as the damping ratio. The results of the simulation 

will be compared with the relation found in the literature review.  

Thus, through the literature review, the main characters that influence the vortex induced 

vibration and the small-scaled model testing will be determined, which will be used for giving 

suggestions for the future experiment design. 

2.1. Mass Ratio 

The Mass ratio is defined as:  
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𝑚∗ =
𝑚

𝜋𝐷2

4
𝜌𝐿

  Equation 1 

 

Where m is the mass of the oscillator, D is the diameter of the cylinder, L is the length of the 

cylinder and 𝜌 is the density of fluid. For the small-scaled model and the large-scaled model, 

the mass ratio of each model is different, and in this chapter, we will introduce the effect of mass 

ratio on the oscillating amplitude and the lock-in range. 

2.1.1. Critical Mass Ratio 

Govardhan & Williamson (2004)[1] concluded that a critical mass ratio exists as: 

𝑚𝐶𝑅𝐼𝑇
∗ = 0.54 ± 0.02  Equation 2 

In the experiment, any mass ratio below this 𝑚𝐶𝑅𝐼𝑇
∗  means that the lower branch of response 

can never be reached for finite reduced velocities 𝑈∗. In other words, the critical mass ratio can 

be used to define the finite synchronisation regimes of the reduced velocity. These conditions 

are applicable for finite (𝑈∗/𝑓∗), so when the mass of the structure falls below the critical value, 

one predicts that large amplitude vibrations will be experienced under reduced velocity 𝑈∗ 

extending to infinity: 

𝑈𝑒𝑛𝑑 𝑜𝑓 𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
∗ = 9.25√

𝑚∗ + 𝐶3

𝑚∗ − 0.54
 

 Equation 3 

 

This expression of the 𝑈𝑒𝑛𝑑
∗  marks the upper boundary of the shaded synchronisation regime 

in the following figure. The critical mass ratio  𝑚𝐶𝑅𝐼𝑇
∗ = 0.54 as shown in the figure is in the 

realm of the “relative densities” of full-scale structures in engineering. It means that if the mass 

ratio of the oscillator is smaller than 0.54, then the synchronisation will not be ended by 

increasing the reduced velocity.  

This critical mass ratio is under the low mass-damping condition, which requires (𝑚∗ + 𝐶𝐴)ζ <

0.05. In high mass-damping condition, this critical mass ratio is not applicable.  

 

Figure 1 Critical Mass Ratio[1] 



By checking the mass ratio of the testing system and comparing it with the synchronisation plot, 

one can estimate the required reduced velocity for the testing to perform the start and the end 

of the synchronisation. This will be helpful to define the required flow or tow velocity for the 

experiment. 

2.1.2. Effect of Mass Ratio 

In the experiment from Blevins & Coughran (2009)[2], one can find that effect of mass ratio to 

the synchronisation regime by making higer 𝑈∗  for lock-in and lower 𝑈∗  for lock-out. 

Remaines the mass-damping to be constant, when we only increase the mass of the oscillator, 

the amplitude of oscillation does not change much, while the regime of synchronisation is 

reduced. 

In the figure it is clear to find that while the m/ρ𝐷2 is smaller, the synchronisation regime is 

wider, with m/ρ𝐷2 continues to increase, the reduced velocity for lock-out will become larger 

and out of the measured range. 

When increases the mass, which means increase the m/ρ𝐷2, the synchronisation regime will 

become narrow, besides, the begining of lock-in will be postponed and the lock-out will be 

earlier. For the small-scaled model test, considering the limited displacement of the cylinder 

and the total mass of the oscillator, it is hard to achieve the low mass condition for the large-

scaled model test. 

 

Figure 2 Effect of Mass Ratio[2] 

Taking the plot of 𝑚 ρ𝐷2⁄ = 1.57 for example, considering the plot of critical mass ratio, when 

the synchronisation regime for mass ratio 𝑚∗  is around 1, the upper regime of the 

synchronisation for 𝑈∗  is around 20, which is far beyond the maximum reduced velocity 

achieved in the experiment. 
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Compared to the mass, the system resistance of the small-scaled model test will also influence 

the synchronisation regime and the amplitude of the oscillation as the system is sensitive to the 

change of resistance compared to the towing tank. For free vibration test in small-scaled model, 

if the mass ratio is too high, there may be no oscillation observed for the whole test. And the 

resistance of the system will make the vortex harder to “drive” the cylinder—postpone the “lock-

in”. 

2.2. Damping 

2.2.1. Damping with Mass 

The mass-damping (𝑚∗𝜁) is defined by the mass ratio (𝑚∗) and the damping (𝜁), and is divided 

into two distinct types of response such as the high mass-damping and the low mass-damping 

proposed by Khalak & Williamson (1999)[3]. This high and low of the mass-damping can be 

shown through the response mode, which can be found in the following figure.  

As it can be seen, for the high mass-damping condition, there are only two modes of response 

(initial excitation branch, lower branch), while for the low mass-damping condition, there are 

three modes of response (initial excitation branch, upper branch, lower branch). 

 

Figure 3 Modes of Response [3] 

The amplitude of the oscillation changes with the mass-damping (𝑚∗𝜁), and the length of the 

lock-in regime is determined by the mass ratio (𝑚∗) when the mass-damping (𝑚∗𝜁) is constant. 

Besides, the maximum amplitude of the oscillation is also determined mainly by the mass-



damping (𝑚∗𝜁). 

The damping of the towing test facility and the flume tests are hard to estimate, in OCEANIC’s 

large-scaled model test, there is only statements that several damping elements were found, 

but cannot be estimated by percentage. For the Water Lab test of small-scaled model test, we 

estimate the damping as 2% (𝜁 = 0.02).  

2.2.2. Effect of Damping 

To figure out how the damping influences the type of oscillation from three-branch response to 

the two-branch response, Klamo (2006)[5] used a variable magnetic eddy-current (VMEC) 

damping system. 

With the controlled damper, the following figure shows different oscillation types by changing 

the damper from low damping as Run 3(a), to high damping as Run 3(j) in the following figure. 

It shows that by increasing the damping, except for the changing on oscillation shape, the 

amplitude of oscillation is decreased as well as the synchronisation regime. 

 

Figure 4 Effect of Damping[5] 

The details of the damping coefficients in each run is shown in the following table: 

Table 1 Damping for Run 3 

Run Damping Ratio ζ 

3(a) 0.0006 

3(b) 0.0015 

3(c) 0.0026 

3(e) 0.0051 

3(g) 0.0085 

3(j) 0.0122 
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2.3. Reynolds Number 

2.3.1. Range of Reynolds Number  

To divide the Reynolds number more specific and easy to be understood, Pastò (2008)[7] gave 

a brief introduction to the range of Reynolds number and the condition of the water flow. The 

following chart shows 4 regimes of Re and 8 different descriptions of flow conditions. 

Table 2 Range of Reynolds Number[7] 

Re Regime Description of Water Flow 

Re = 5 \ Flow does not detach from the surface of the cylinder; the 

fluid follows the cylinder contours 

5 ≤ Re ≤ 45 \ Flow separates from the back of the cylinder and the near 

wake is characterized by a symmetric pair of vortices 

45 < Re < 150 \ Wake becomes unstable and the vortices shed alternately 

from the cylinder sides. Vortex street, laminar. 

150 ≤ Re ≤ 300 \ Wake becomes turbulent, boundary layer on the cylinder 

remains laminar. 

300 < Re

≤ 1.5×105 

Subcritical 

range 

Vortex shedding is strong and periodic 

1.5×105 < Re

≤ 3.5×106 

Transitional 

regime 

Cylinder boundary layer becomes turbulent, average drag 

coefficient decreases 

3×105 < Re

≤ 3.5×106 

Critical 

subrange 

Vortex shedding disappears completely 

Re > 3.5×106 Supercritical 

regime 

Coherent vortex is established again, boundary layer of 

the cylinder surface is turbulent, the turbulent flow 

separation points moves forward→drag coefficient 

increases 

For most of the small-scaled model tests, as we can find from the chart, are carried out in the 

subcritical regime of Re (300 < Re ≤ 1.5×105 ). For example, in our test with the cylinder 

diameter of 40mm, the Reynolds number is 5×103 < Re < 2×104 , which is within the 

subcritical range. While for the full-scaled model test with cylinder diameter of 324mm, the 

Reynolds number is 1×104 < Re < 8×104.  

2.3.2. Effect of Reynolds Number 

1) Amplitude of Oscillation 

As shown in many experiments, the effect of Reynolds number on the amplitude of oscillation 

is to increase the highest amplitude of oscillation during the test when other parameters are 

kept unchanged. 

For example, Govardhan and Williamson (2006)[8] defined a “modified Griffin plot”[8] for a 

steady Reynolds at 1500 < Re < 3.3×104  and a mass-damping<1.2, which expressed the 

relation between the amplitude of oscillation (A∗ = 𝐴/𝐷) and the mass-damping (α = 𝑚∗×𝜁) in 



different Reynolds number.  

 

Figure 5 Design Curves of Griffin Plot[8] 

The upper figure is the “Design Curves” of peak amplitude on the Griffin plot. Each curve is 

related to a constant Reynolds number and shows the effect of Reynolds number on the Griffin 

Plot. These design curves permit rapid estimation of the peak amplitude for giving the Reynolds 

number and mass-damping. It should be notices that in figure (a), the mass-damping is plotted 

logarithmic, which is different from figure (b). The condition for this plot is that it should be used 

in the regime at the mass-damping α < 1.2. 

2) Drag Coefficient 

Achenbach and Heinecke (1980)[9] conducted an experiment in the high-pressure wind tunnel 

to find out the effect of the Reynolds number on the drag coefficient for a cylinder with different 

surface roughness. 
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Figure 6 Drag Coefficient for Single Cylinder in Cross Flow at Carious Surface Roughness 

Parameters[9] 

In the plot of the test results, it can be found that different range of Reynolds number and flow 

range. In the subcritical range, the drag force is close to a constant as the boundary layer is 

laminar. In the critical flow regime, with the increase of the Reynolds number, the drag 

coefficient is decreasing. When the drag coefficient reaches the minimum number, the 

Reynolds number at the minimum point is regarded as the critical Reynolds number. In the 

supercritical regime, the drag coefficient increases again, and there is no longer intermediate 

laminar separation for the flow regime. When Reynolds number reaches the trans-critical 

regime, the drag coefficient is again close to a constant. 

Except for the range of Reynolds number, the results also indicate the effect of surface 

roughness in the experiment. In terms of the drag coefficient, the surface roughness increases 

the drag coefficient and decreases the critical Reynolds number.  

Considering the range of the Reynolds number, the critical Reynolds number for the smooth 

cylinder is the highest among all the surface roughness conditions. In addition, the increase of 

the surface roughness will reduce the critical Reynolds number, which will make the minimum 

drag coefficient appears at a smaller Reynolds number. 

2.4. Long Flexible Cylinder 

For vertical flexible cylinder test, the experiment from JK Vandiver (2009)[10] shows a large-

scaled model test (Miami II) with pipe length of 152.4m and outer diameter of 3.63cm. It is 

placed in the current with tension in the bottom, which can be seen in the following figure. 



 

Figure 7 Set-up of Experiment[10] 

For a long flexible cylinder, the oscillation differs from each part of the cylinder. The following 

figure is the measured motion trajectory at each different height. 

 

Figure 8 Trajectories of Different Part[10] 

From the shape of the trajectories, the region and the phase angel can be found. For example, 

the black trajectories represent the fourth region, constant crescent shape with 90°phase angle. 

The green line is the third region, constantly changing trajectories, a region with travelling 
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waves. And the red one represents the first region, which is the standing wave region. 

 

Figure 9 Expression of Phase Angle[10] 

To determine the relationship between in-line and cross-flow motion phase angle, the 

relationship between the trajectories and the phase angle can be found in the upper figure.  

 

Figure 10 Equal/Different Phase Angles[10] 

For short cylinder test, the phase angle remains the same, which is due to the equal cross-flow 

and inline flow phase speeds. While for the long cylinder, the phase angle for the cross-flow 

and inline-flow varies, which lead to the change in phase angle and changing trajectories 

consequently. 

2.5. Surface Roughness 

From the experiment from Ding (2004)[11], it can be found that both the mean drag coefficient 

and the amplitude of oscillation are affected by the surface roughness.  

The figure of the Base Drag Coefficient has the same meaning of our stationary test as the 

base drag is considered with four conditions which are the smooth, small roughness, large 



roughness and the strakes. The results of the base drag coefficient are in the following figure: 

 
Figure 11 Base Cd vs. Rn for Different Cylinder Models[11] 

It can be found that, except for the strakes, the smooth and the rough pipe, at certain Reynolds 

number, the mean drag coefficient drops quickly. The reason for this phenomenon is mainly 

because of the transition of the boundary layer from laminar flow to the turbulent flow. While 

the mean drag coefficient of the strakes is independent on the Reynolds number. 

The amplitude of the oscillation is also influenced by the surface roughness of the pipe. The 

following figure shows the amplitude of oscillation in different reduced velocity with the increase 

of the surface roughness. The oscillation amplitude of the strakes cylinder is 0 as there is no 

vibration at all for the strakes cylinder during the free vibration tests. 

It can be found that from the figure, the VIV motion is strongly dependent on the surface 

roughness. For the small roughness and the medium roughness, the amplitude of oscillation 

tends to be “two peaks” phenomenon, for which the first peak is at 𝑉𝑟𝑛 = 4 𝑡𝑜 5, and the second 

peak is at 𝑉𝑟𝑛 = 9 𝑡𝑜 9. 

For the rest two conditions, the smooth and the large roughness cylinder, there is only one peak 

in the amplitude curve. As for the small roughness cylinder, the amplitude is larger than the 

medium roughness cylinder in all 𝑉𝑟𝑛, and the VIV amplitude is larger than the large roughness 

cylinder in high 𝑉𝑟𝑛 (𝑉𝑟𝑛 > 8),  

 

Figure 12 Oscillating Amplitude for Different Surface Roughness[11] 
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The indication of the observation is that the nature of the cylinder VIVI motion is complicated, 

and it depends on surface roughness and Reynold’s number in the critical, flow transition region.  

There are two conclusions that should be taken into account: (1) In the critical Reynolds number 

region, the bare pipe VIV amplitude is sensitive to Reynolds numbers and cylinder surface 

roughness conditions. (2) In the critical region, cylinders with smooth surface roughness may 

experience large amplitude motion due to VIV, much greater than it is reported previously. 

2.6. Summary of Literature Review 

2.6.1. Drag Coefficient 

Through the literature review, one can find out the key factor that causes the difference between 

the large-scaled model test and the small-scaled model test, that is the Reynolds number. One 

can find that, through the calculating equation of the Reynolds number, the diameter of the 

oscillator, and the flow speeds of the fluid are the key factors in the calculation. If the fluid used 

for the flume and the towing tank are both waters at the same temperature, then the viscosity 

will be the same, which indicates that for the large-scaled model testing in the towing tank, the 

diameter of the model and the towing speed are higher than the small-scaled model tested in 

the flume. it will cause the difference in the Reynolds number between these two different scale 

models with a magnitude of 10 or even higher.  

In the study of the relation between the Reynolds number with the potential of the drag 

coefficient for a cylinder in the stationary test, it can be found that before the flow speed is 

reaching the critical Reynolds number, there is a tiny increase at the low Reynolds number 

region. Then the drag coefficient will decrease till the flow speed reaching the critical Reynolds 

number, in other words, the drag coefficient is the lowest when the flow speed reaches the 

critical Reynolds number. In the super critical Reynolds number regime, the drag coefficient 

increases along with the flow speed.  

Thus, when testing the drag coefficient for the small-scaled model, the limitation of the flume to 

achieve high Reynolds number may become the main restriction to the accuracy. If the flow 

speed of the flume is under the critical Reynolds number, the drag coefficient will decrease only 

with the increase of the Reynolds number, the minimum of the drag coefficient at the critical 

Reynolds number and the increase of drag coefficient at the super critical regime will not be 

observed. In the literature review of the drag coefficient, one may find that the surface 

toughness may influence the drag coefficient. By increasing the surface roughness, the 

Reynolds number at the minimum drag coefficient will be reduced. 

2.6.2. Oscillation Amplitude  

Another important index for the model test is the oscillating amplitude, which will be used as 

the main reference when evaluating the design of the helical strakes. To evaluate the strake 

efficiency, one needs to know the maximum oscillating amplitude of the oscillator with and 



without the strakes in the free vibration test. In the literature review, the characters that influence 

the free vibration test are the spring stiffness, the system damping and the mass ratio.  

In the free vibration test, the mass ratio of the oscillator is related to the synchronisation regime 

of the reduced velocity, for an oscillator with lower mass ration, the synchronisation regime will 

become wider compared with the higher mass ration oscillator. If the mass ratio of the oscillator 

continue decreases and is lower than the critical mass ratio, then where will be no lock-out to 

the oscillator during the whole free vibration test.  

Comparing the large-scaled model with the small-scaled model, the mass ratio of the large-

scaled model is much higher than the small-scaled, which is due to the higher displacement of 

the large-scaled model and the lower external mass of the oscillator system. For the small-

scaled model test, the total mass of the oscillator is much larger than the mass of the cylinder 

itself, which makes the small-scaled model a higher mass ratio.  

In the small-scaled model test, when using the spring, the stiffness of the oscillator is not easy 

to be controlled in the real testing condition, besides the system damping of the oscillator is 

another parameter that is hard to change. To solve this situation, the virtual spring-damping 

system could become a solution as the servo motor can be used for both free vibration test and 

forced vibration experiment which is another commonly used testing method for the analysis of 

strake efficiency. However, under the current testing condition, the oscillating amplitude 

changed with different stiffness or damping can be studied by using the direct numerical solution 

to build a numerical model and see how the oscillating amplitude will change with different 

series of stiffness and damping. 
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3. Set Up of Experiment 

For the whole test, when the free vibration test was finished, the test facilities were changed for 

the stationary test, then repeat the test (first free vibration test and then stationary test) to avoid 

problems that may not be found in the installation of the facilities. The procedure could be found 

in the following table: 

Table 3 Test List for the Entire Experiment 

Test No. Type of Test Type of Cylinder 

1 

Free Vibration 

Bare Pipe 

2 With Cover 

3 With Strakes 

4 

Stationary 

Bare Pipe 

5 With Cover 

6 With Strakes 

7 

Free Vibration 

Bare Pipe 

8 With Cover 

9 With Strakes 

10 

Stationary 

Bare Pipe 

11 With Cover 

12 With Strakes 

13 

Free Vibration 

Bare Pipe 

14 With Cover 

15 With Strakes 

16 

Stationary 

Bare Pipe 

17 With Cover 

18 With Strakes 

19 
Stationary (without 

cylinder) 
\ 

20 Load Cell Test \ 

In each test, before recording the data, the voltage of all the channels should be shifted to zero 

and make sure the forces, displacement, and the flow speed were set to zero as well. 

3.1. Experiment Facilities and Set Up 

The test facilities are mainly consisted by the flume, inner and outer frame, load cells, springs, 

optic laser and data collecting devices.  

3.1.1. Flume 

To conduct all the experiments, the flume in the Water Lab of TU Delft is used, which is the long 

tilting flume with a length of 14.3m, width of 0.40m and depth of 0.40m. As for the flume, the 

maximum discharge rate is 85 L/s.  



3.1.2. Load Cell 

The supplier of the loads cells is SCAIME. For the AL10C3SH5E load cell, the maximum 

capacity is 10kg, these load cells were used to measure the in-line forces during the free 

vibration and the stationary test. For the AL30C3SH10E load cells, the maximum capacity is 

30kg and this load cell is used to measure the cross-flow force especially for the stationary test. 

Before the experiments, all the load cells are tested to calculate the scale data in response to 

the output voltage and measured force as the results of the forces are recorded and stored for 

further investigation. 

Table 4 SCAIME Load Cell Test 

Load Cell No. 

Output Voltage 

Free 

Output Voltage 

Loaded Conversion 

Conversion on 

measurements 

Model: AL10C3SH5E 

AL10 314368 0.2607 0.0602 11.8380524 11.97 

AL10 314377 0.30836 0.1082 11.858161 12.02 

AL10 314397 0.2837 0.4828 11.9212933 11.87 

AL10 314380 0.2166 0.01826 11.9669734 11.70 

Model: AL30C3SH10E 

AL30 317982 0.2839 0.3516 35.0595199 35.198 

Mass for Test 

Mass (kg) 0.24195 Force(N) 2.3735295   

For the free vibration test, the inner frame in this test, which can measure the displacement of 

the cylinder, is connected to the outer frame through 4 load cells and several springs on top of 

the inner frame to provide different stiffness.  

The load cell arrangement can be found in the following table: 

Table 5 Arrangement for Load Cell in Free Vibration Test 

Place Load Cell Number 

LR (Left Up) AL10 314380 

RU (Right Up) AL10 314377 

LD (Left Down)  AL10 314397 

RD (Right Down) AL10 314368 

In the stationary test, the combination of the load cells was changed on top of the inner frame, 

the springs were removed, and to connect the inner frame with the outer frame, two load cells 

would be used. 

If we compare the load cell arrangement in the free vibration test with the stationary test, we 

can find that both the load cell for the left up and the right up were kept. The load cell for the 

left down was moved to the top of the inner frame to measure top horizontal force, the load cell 

from the right down was removed and would not be used in stationary test.  
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As the load cell is used for measuring the top vertical force, the new one with the maximum 

capacity of 30 kg applied, used considering the total weight of the inner frame, the arrangement 

of the load cells could be found in the following table (seen from the direction of the water flow): 

Table 6 Load Cell Arrangement for Stationary Test 

Place  Load Cell Number 

TH (Top Horizontal) AL10 314397 

TV (Top Vertical) AL30 317982 

LR (Left Up) AL10 314380 

RU (Right Up) AL10 314377 

The arrangement of the load cells can be seen in the following figure: 

 

Figure 13 Load Cell Combination for Stationary Experiment 

3.1.3. Optic Laser 

For the free-vibration tests, the MICRO-EPSILON optic laser ILD1302-200 was used to 

measure the relative displacement between the inner and outer frames, which equals to the 

displacement of the cylinder as the cylinder was connected to the inner frame. The available 

distance for the laser to record is between 6cm and 26cm, thus the maximum oscillation 

amplitude for the laser to measure is 10cm. The maximum oscillations, as we expected was of 

the order of 1.2D (5 cm), which was in the range of the measurement by the laser. The optic 

laser was also tested and calibrated before the experiments. 

Table 7 Optic Laser 

Item Description 

Supplier MICRO-EPSILON 

Model ILD1302-200 

Minimum Range (cm) 6   

Maximum Range (cm) 26   

The optic laser is installed on top of the outer frame to measure the displacement of the inner 

frame which represent the displacement of the cylinder. As the available range for the laser is 

between 6cm and 26cm, an extra panel was added on top of the inner frame considering that 

the height of the laser was fixed. 



 

Figure 14 Free Vibration Experiment 

3.1.4. Frictionless Table 

On each side of the frame, there was a NKL 3.230-KS frictionless table, which was from 

SCHNEEBERGER for the side roller. The frictionless table has a maximum stroke of 15.5cm, 

which was larger than the expected maximum oscillation. The original friction on each bearing 

was too high, which may stop the VIV. To reduce the friction force as less as possible, the slide 

tables were opened and bolts were loosed, which reduced the friction force to 0.10N on each 

bearing was achieved, and allowed VIV to occur.  

Table 8 Frictionless Table 

Item Description  

Supplier SCHNEEBERGER 

Model NKL 3.230-KS 

Maximum Stroke (cm) 15.5 

Friction Force (N) 0.10 

3.1.5. Frame 

The outer frame is set up 8m downstream from the inlet of the flume to ensure that the water 

flow is steady and will not be influenced nether by the inlet in front nor the panel in the end of 

the flume. 

As the outer frame of the test facility is built on the flume and connected with the flume to make 

itself steady, it may cause some inaccuracy during the measurement. For example, the vibration 

from the flume will be transported to the test facility and been recorded as noise in the results.  
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The natural frequency of inner frame and the outer frame should be higher than the natural 

frequency of the vortex shedding frequency. In the previous experiment, the natural frequency 

of the inner frame is 13Hz and the natural frequency of the outer frame is 8Hz. The expected 

natural frequency for the vortex shedding in the condition of the maximum discharge rate during 

this experiment is 2.5Hz. The influence of the frame could be neglected according to the 

differences in natural frequency. 

For the stationary test, the springs were removed during the experiment then the cylinder was 

kept in the middle (20 cm from the bottom) of the flume. Besides, the added weight in the free 

vibration test was removed, due to the reason that it made some trouble in installing the load 

cell on top of the inner frame. 

3.1.6. Test Model 

For the models to be installed, 6 pieces of covers and 6 pieces of strakes were used for the 

test.  

 

Figure 15 The models before cutting 

Each cover and the strake had a length of 24cm, to make the model fitted for the length of the 

cylinder (37.5cm in length, 4cm in diameter), the models were cut in the carpenter and polished. 

In each piece of model, there were two places designed for tiding up, thus, before cutting, these 

places shall be kept for the tiding up convenient. 

 

Figure 16 Cutting the Cover 

After the cutting and polishing, the models were installed on the cylinder and fixed with tape. 

Considering the actual working condition, there were gaps between the model, thus there is a 



2mm gap between each model which can be seen in the following figure. 

 

Figure 17 Covers with Cylinder 

 

Figure 18 Strakes with Cylinder 

After cutting the models, the test was ready and the models could be used for the next 

procedure. 

3.1.7. Free Vibration Model  

The natural frequency of the inner frame is determined by the total mass of the inner frame and 

the total stiffness of the springs. The springs we choose for this experiment are four springs 

which provided a stiffness of k=340 N/m in total. For the inner frame, the total mass is m=2.550 

kg (added with the slide tables).  

To make sure that the natural frequency of the inner frame is close to the frequency of the VIV, 

during the first experiment, the result is not satisfied as the vibration was too small because of 

the difference in natural frequency of the frame and the VIV. Thus, the mass of the inner frame 

was increased by adding additional mass (two pieces of steel bar with a total weight of 2.262 

kg), which made the total mass of the inner frame equals to 4.812 kg. Considering the length 

of the cylinder is 375mm with a diameter of 40mm, the mass ratio of the bare pipe is calculated 

as 𝑚∗ = 10.2. 

3.1.8. Testing Procedure 

The cylinder was fixed during the stationary test, thus, the inner frame and the outer frame were 

connected by load cells. 

The procedure for the stationary test is as follows:  

1) Place the cylinder (frame) at the designed position (20cm from the bottom of the flume); 

2) Fill the flume with water at the water depth of 40cm, wait until the surface of the water is 

tranquilized;  
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3) Shift the output voltage of each load cell to zero from the test software; 

4) Start the water, lower the panel at the end of the flume with the pre-designed height in order 

to keep the water lever at 40cm at the frame; 

5) When the discharge rate is steady, start to record the data for 3 minutes with a sample 

collecting rate of 100Hz. 

6) After recorded one data, lower the panel, increase the discharge rate and repeat the test. 

As there was no VIV condition in the stationary test, the step of the discharge rate was chosen 

as 5L/s, form 30L/s to 60L/s. 

3.2. Data Analysis 

3.2.1. Data Acquisition 

The voltage measured by the loadcell, flow meter and the optic laser, is processed through the 

amplifier. The voltage signal then comes to the Analogue/Digital converter, which is transferred 

to readable data for the computer. Then the DASYLab program will process the voltage data 

into the force, flow speed and displacement through different scale numbers then saved the 

force data. This step is called the data acquisition step. The typical acquisition and procession 

are shown in Figure 19, let us take one single load cell for example. 

 

Figure 19 Example of Acquisition and Procession 

(1) Amplifier 

The amplifier (conditioner) is used to connect the load cell with the ADC (Analogue/Digital 

Converter) and supply the power to the load cell as well, it is also called as “black box” and it is 

made by the Water Lab itself.  

 

Figure 20 Amplifier 

The amplifier is used in every load cell as well as the optic laser, and it is powered by the dual 

power supply which will be mentioned later.  



(2) Power Supply 

The inappropriate power supply to the amplifier can cause inaccuracy in the measurement. The 

reason for the inaccuracy is that for those power supply like a travel charger, the output of the 

voltage will be easily affected by other electronic devices, even if they are not in the same 

socket. The change of the voltage in the output of the power will directly influence the output of 

the amplifier, and there will be noise in the voltage which will influence the data acquisition. 

Thus, the constant-voltage power supply is needed in the experiment to provide a stable voltage 

without causing noise in the measurement, it is shown in the following figure as the Delta 

Elektronika E018-0.6D Dual Power Supply. 

 

Figure 21 Delta Elektronika, Dual Power Supply E018-0.6D 

The detailed information of the power can be found in the following table: 

Table 9 Delta Dual Power 

Item Description 

Part Number E018-0.6D 

Manufacturer Delta Elektronika 

Weight 2.70kg 

Dimensions 22x18x10 LxWxH (cm) 

This power supplies all the amplifier, which turns out to be quite satisfying. Thus, in the future 

experiment, a dual power supply is strongly recommended to avoid the noise in the 

measurement. 

(3) ADC 

ADC is short for Analogue/Digital Converter (A/D Converter), which is used in the measurement 

to change the analogue results supplied by the amplifier into digital results and then stored by 

the computer.  
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Figure 22 A/D Converter Made by Water Lab 

3.2.2. Data Processing 

After each force has been processed and stored, the data analysis begins. In the data analysis, 

for the free vibration test, the idea is to calculate the forces and displacement along with the 

reduced velocity of the oscillator, and for the stationary test, only the forces along with the 

Reynolds number are needed. 

The list of all the acquired channels and the data matrix for free vibration test is as follows: 

Table 10 Channels for Free Vibration Test 

Channel  Connected Device Measured Element 

0 Measuring Time Time (s) 

1 Fluid Velocity Flow Rate In Flume (m/s) 

2 Right Down Load Cell Decomposed Horizontal Force (N) 

3 Right Up Load Cell Decomposed Horizontal Force (N) 

4 Left Down Load Cell Decomposed Horizontal Force (N) 

5 Left Up Load Cell Decomposed Horizontal Force (N) 

6 Optic Laser Displacement of inner frame (m) 

7 \ \ 

 

Figure 23 Data matrix for free vibration test 

The list of all the acquired channels and the data matrix for the stationary test are shown as 

follows: 

Table 11 Channels for Stationary Test 

Channel  Connected Device Measured Element 

0 Measuring Time  Time (s) 

1 Fluid Velocity Flow Rate In Flume (m/s) 



2 \  \ 

3 Right Load Cell Decomposed Horizontal Force (N) 

4 Top Vertical Load Cell Total Vertical Force (N) 

5 Left Load Cell Decomposed Horizontal Force (N) 

6 \  \ 

7 Top Horizontal Load Cell Decomposed Horizontal Force (N) 

 

Figure 24 Data Matrix for Stationary Test 

All the test data are stored in “.ASC” form and prepared for the processing. The analysis was 

performed by using a MATLAB program, the MATLAB code was pre-designed and has already 

been used in former test which proved to be sufficient. 

During the data processing, there are several parameters that were given or measured before 

the processing: 

(1) D = Cylinder Diameter 

The diameter D for the bare pipe is 𝐷 = 0.040𝑚, while for the cylinder with the cover or the 

cylinder with the strakes, the diameter D was set to be 𝐷 = 0.046𝑚 instead. 

(2) 𝜌 = Fluid Density 

The experiments were all performed in the flume and the fluid in the flume was fresh water, 

which gave a density of the water as 𝜌 = 1000 kg/m3. 

(3) L = Cylinder Length 

The length of the cylinder remains the same as 𝐿 = 0.375m. 

(4) Visc = Viscous Flow Coefficient 

The kinematic viscous flow coefficient was given as 𝑉𝑖𝑠𝑐 = 1.15×10−6. 

3.2.3. Stationary Test 

For the stationary test, the stored force data matrix contains 7 columns and the length is defined 

by the time in the measurement. For example, in the two minutes’ measuring T = 2 min, the 

step is chosen as ∆t = 0.01 sec, then the length of the lines is calculated as N = T/∆t = 12000. 

The Nyquist frequency 𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡 = 1/(2∆t) = 50𝐻𝑧. The numbered channels are 0-time, 1-flow 

velocity, 2-total horizontal force, the 4-horizontal force measured by the load cell, 5-hotizontla 

force measured by the left load cell, 6-horizontla force measured by the top loadcell. 

In the stationary experiment, four coefficients are calculated, which are the mean drag 

coefficient, the oscillation drag coefficient, the oscillation lift coefficient and the Strouhal number. 
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The calculation of these coefficients is shown in the following steps: 

(1) Re = Reynolds Number 

The Reynolds number will be used as the X-axis for the rest four coefficients in evaluating the 

stationary test which explains the flow speed in the test.  

Re =
𝑉 ∗ 𝐷

𝑉𝑖𝑠𝑐
  Equation 4 

Here, V is the flow speed in the flume (m/s), which is calculated by the mean value of the flow 

velocity. The flow velocity measured by the flowmeter placed upstream of the cylinder in the 

same water depth. 

(2) MeanDrag = coefficient of the mean drag force (Horizontal Direction) 

The mean drag coefficient is calculated by using the mean value of the total horizontal force, 

which is the column number 2 in the force data matrix, which is symbolled as 𝐹𝑥𝑀𝑒𝑎𝑛. For 

each test with different discharge rate, the 𝐹𝑥𝑀𝑒𝑎𝑛 is calculated with the different force data 

matrix. The mean drag coefficient is calculated as the following equation. 

MeanDrag =
𝐹𝑥𝑀𝑒𝑎𝑛

1
2

𝜌 ∗ 𝐷 ∗ 𝐿 ∗ 𝑉2
  Equation 5 

(3) OscDrag = coefficient of the Oscillation drag force (Horizontal Direction) 

OscDrag =
𝐹𝑥𝑂𝑠𝑐

1
2

𝜌 ∗ 𝐷 ∗ 𝐿 ∗ 𝑉2
  Equation 6 

The horizontal oscillation force 𝐹𝑥𝑂𝑠𝑐 is the standard deviation of the difference between the 

horizontal force and the averaged horizontal force. 

(4) St = Strouhal Number 

To calculate the Strouhal number, one needs to get the vortex shedding frequency, which is 

calculated by the function of “Frequency Content”. The function of frequency content is to 

determine the frequency range first, which is from 0Hz to the half of the highest frequency. The 

half of the highest frequency is denoted as the Nyquist frequency. Then, Fast Fourier Transform 

(FFT) is applied to each column. The selected results are the first half of the results denoted 

from FFT due to the Nyquist frequency.  

After the force results are processed with FFT, the absolute value of the results are saved and 

the maximum figure is chosen as the index of the frequency processed by the FFT. Then this 

frequency is also denoted as the vortex shedding frequency, which is used to calculate the 

Strouhal number later.  



 

Figure 25 FFT results for one test at Q_400_Forces with Frequency Filter 10Hz 

In the figure, the maximum or the index of the oscillating frequency is shown in the third line, 

and the frequency is estimated to be around 1 to 2Hz, which is saved as the “𝑉𝑜𝑟𝑡𝑒𝑠𝑆ℎ𝑒𝑑𝐹𝑟𝑒𝑞” 

and is used for calculating the Strouhal number 𝑆𝑡. 

St =
𝑉𝑜𝑟𝑡𝑒𝑠𝑆ℎ𝑒𝑑𝐹𝑟𝑒𝑞 ∗ 𝐷

𝑉
  Equation 7 

(5) OscLift = coefficient of the Oscillation lift force (Vertical Direction) 

The vertical oscillation force 𝐹𝑦𝑂𝑠𝑐 is calculated by the standard deviation of the difference 

between the value of the vertical force and the mean value of the vertical force. The coefficient 

of the Oscillation lift force is calculated as 

OscLift =
𝐹𝑦𝑂𝑠𝑐

1
2

𝜌 ∗ 𝐷 ∗ 𝐿 ∗ 𝑉2
  Equation 8 

3.2.4. Free Vibration Test 

At the beginning of the free vibration test, two tests were done to get the natural frequency of 

the oscillator in the air and in the water, these tests were the free vibration in the air (Dry Test) 

and the free vibration in the water (Wet Test). 

For the free vibration test, the recorded force and displacement data matrix is made by 7 

columns, which are: 1-velocity, 2-calculated horizontal force, 3-vertical displacement, 4-load 

cell at right down position of the frame, 5- load cell at right up position of the frame, 6- load cell 

at left down of the frame, 7-load cell at left up of the frame. 

In the free vibration test, four characters are shown in the plotted result, which are the amplitude 

of oscillation, the frequency of oscillation, the mean drag coefficient and the oscillation drag 

coefficient. And the processing method of each characters will be introduced one by one.  

In the test, there are five factors that we are interested in, these factors will be shown in the test 

results for evaluation at the next chapter. The factors are: 



29 
 

 Oscillation Amplitude; 

 Oscillation Frequency; 

 Mean Drag Force in Horizontal Direction; 

 Oscillation Drag Force in Horizontal Direction; 

 Relative Flow Rate. 

The calculation of these coefficients is shown in the following steps: 

(1) Vr = reduced velocity 

In the free vibration test, the x-axis is defined by the reduced velocity, which is expressed by 

the symbol of 𝑉𝑟. The velocity used to calculate the reduced velocity for each results matrix is 

the mean value measured by the flow meter, and the natural frequency of the oscillator in the 

water is measured each time during the calibration. 

The relative velocity is used for the estimation as the X-axis, which is calculated as: 

Vr =
𝑉

𝑁𝑎𝑡𝐹𝑟𝑒𝑞𝑊𝑒𝑡 ∗ 𝐷
  Equation 9 

The 𝑁𝑎𝑡𝐹𝑟𝑒𝑞𝑊𝑒𝑡 means the natural frequency calculated in the free vibration for the cylinder 

in the water.  

(2) 𝑂𝑠𝑐𝐹𝑟𝑒𝑞 = Oscillation frequency  

When processing the force matrix, the first is to process Fast Fourier Transform (FFT) on all 

the columns, the results are shown in the following figure: 

 

Figure 26 FFT result for Q_455_Force with Frequency Content at 5Hz 

In the figure, the third line is the result after FFT, the left column is the measured force or 

displacement versus time, the right column is the FFT results. Taking the third row for example, 

the maximum FFT results lies at approximate 1.35 Hz, which is then defined as the index or 

the max of the frequency, and it is used for the calculation of the oscillation frequency. 

(3) 𝑂𝑠𝑐𝐴𝑚𝑝 = coefficient of the Oscillation amplitude 

The Oscillation amplitude was used to evaluate the performance of the cylinder in VIV, which 

was calculated as 

OscAmp =
√2𝜎𝐷𝑖𝑠𝑝𝑙

𝐷 ∗ 1000
  Equation 10 



The standard deviation of the displacement used in calculating the oscillation amplitude is the 

same definition of the coefficient as the OCEANIC test results.  

(4) 𝑀𝑒𝑎𝑛𝐷𝑟𝑎𝑔 = coefficient of the mean drag force in the horizontal direction 

To get the mean drag force, the 𝐹𝑥𝑀𝑒𝑎𝑛 was needed by calculating the mean value of the 

horizontal force 𝐹𝑥. 

MeanDrag =
𝐹𝑥𝑀𝑒𝑎𝑛

1
2

𝜌 ∗ 𝐷 ∗ 𝐿 ∗ 𝑉2
  Equation 11 

(5) 𝑂𝑠𝑐𝐷𝑟𝑎𝑔 = coefficient of the Oscillation drag force in horizontal direction 

To calculate the oscillating drag coefficient, one need to calculate the oscillating horizontal force 

first, which is denoted as 𝐹𝑥𝑂𝑠𝑐 . The 𝐹𝑥𝑂𝑠𝑐  is the standard deviation of the difference 

between the measured total horizontal force and the mean value of the total horizontal force, 

which is calculated as 𝐹𝑥𝑂𝑠𝑐 = std(𝐹𝑥 − 𝐹𝑥𝑀𝑒𝑎𝑛) . Then the oscillating drag coefficient is 

calculated as: 

OscDrag =
𝐹𝑥𝑂𝑠𝑐

1
2

𝜌 ∗ 𝐷 ∗ 𝐿 ∗ 𝑉2
  Equation 12 

3.3. Stationary Test Results 

The test results are shown in the following figure, to identify the different type of cylinder, we 

use a blue line for the bare pipe test, a red line for the pipe with cover and black line for the 

pipe with strakes. 

In the figure, there is a shift for the cover and the strakes as the diameter increased from 0.04m 

to 0.046m, thus the Re is larger than that of the bare pipe test at the same discharge rate. 

3.3.1. Mean Drag Coefficient 

The mean drag coefficient could be used to estimate the mean value of the drag force in the 

test, in the figure we can see that when comparing to the Bare Pipe, there is approximately 50% 

increasing in the Pipe + Strakes. Thus, the strakes do increase 50% of the mean drag force in 

the test. 
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Figure 27 Main Drag Coefficient for Stationary Test 

3.3.2. Oscillation Drag Coefficient 

For the Oscillation drag coefficient, the difference is small, the Bare Pipe and the Bare Pipe + 

Cover are almost the same, and the results for the Bare Pipe + Strakes is higher than the rest 

two conditions at a range of 𝑅𝑒 = 0.9×104 ~1.3×104, with an increase of 10%, except for this 

range, the Oscillation drag coefficient is similar.  

 

Figure 28 Oscillation Drag Coefficient for Stationary Test 

3.3.3. Oscillation Lift Coefficient 

For the oscillation lift coefficient, we can find that the Bare Pipe with Cover is the highest (30% 

higher than the Bare Pipe) which means the highest vortex force around the cylinder. This is 

because of the larger diameter compared to the Bare Pipe. 

As for the Bare Pipe with Strakes, the Oscillation drag force is the highest among all the three 

conditions, 20% less than that of the Bare Pipe test, which means that the strakes can reduce 

the oscillation force when is perpendicular to the flow direction. 



 

Figure 29 Oscillation Lift Coefficient for Stationary Test 

3.3.4. Strouhal Number 

The Strouhal number is used to describe the oscillating flow mechanisms. For large Strouhal 

numbers (order of 1), viscosity dominates fluid flow, resulting in a collective oscillating 

movement of the fluid “plug”. 

In the Strouhal number of the strake model, some dots are far beyond the normal value, which 

is abnormal. For the other conditions, we can see that the strakes cause the turbulence flow 

and have the higher St number. While for the Bare Pipe + Cover, the St number remains to be 

around 0.2 for all the Re conditions.  

 

Figure 30 Strouhal Number for Stationary Test 

3.4. Free Vibration Test Results 

For the free vibration test, which is the best way to show how the strakes can decrease the VIV. 

In the free vibration test, we can get the natural frequency of the vibration of the cylinder in the 

water by giving the cylinder an initial displacement and then measure the oscillating frequency, 

the test results are as follows: 

Table 12 Natural Frequency of Models in Water 
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Bare Pipe NatFreqWet (Hz) 

Test 1 1.3105 

Test 2 1.3419 

Test 3 1.3320 

With Cover NatFreqWet (Hz) 

Test 1 1.3068 

Test 2 1.2658 

Test 3 1.2601 

With Strakes NatFreqWet (Hz) 

Test 1 1.2662 

Test 2 1.2620 

Test 3 1.1719 

 

3.4.1. Amplitude of Oscillation 

In the free vibration test, the oscillation amplitude of the Bare Pipe and the Cover have almost 

the same figure except for the shift in the x direction as the cover has a larger diameter 

increases the Reynolds number. The highest amplitude of bare pipe lies at the point (5.763, 

0.894), which gives the highest amplitude of oscillation equals to 0.894. 

 

Figure 31 Amplitude of Oscillations for Free Vibration Test 

For the Strakes, the amplitudes are close to zero when plotted with other two models, it would 

be better to show the result along and the amplitude of oscillation is shown in the following 

figure. And it can be found that the highest amplitude of strakes is 0.020, which will be used to 

evaluate the efficiency of the strakes. 



 

Figure 32 Oscillation Amplitude of Small-scaled Strake Model 

The amplitude of oscillation is used to evaluate the efficiency of strakes, which will be discussed 

in the comparison with the full-scaled test. 

3.4.2. Frequency of Oscillation 

In the results of the oscillation frequency, there are mainly two groups of frequencies. One is 

close to the natural frequency of the oscillator (close to 1), the other one increases with the 

reduced velocity. 

 

Figure 33 Oscillation Frequency for Free Vibration Test 

Not all the frequencies are shown in the figure as some frequencies can be f = 35f𝑁 in the 

figure, which is too far from the mean data.  

3.4.3. Mean Drag Coefficient  

In the mean drag force, as we all know, the strakes will increase the drag force of the cylinder, 

while in the test which the 𝑉𝑟 number in the middle range (𝑉𝑟 = 5~7), the mean drag force of 

the strakes is the lowest. For the Bare Pipe + Cover, the mean drag force is higher than the 

Bare Pipe as the increase of the diameter. 
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Figure 34 Mean Drag for Free Vibration Test 

3.4.4. Oscillation Drag Coefficient  

In the oscillating drag force, for the bare pipe and the cover, the oscillation drag are both the 

bell shape curve, while for the strakes, due to the suppression effect, the oscillating drag 

coefficients are controlled in a low range. There is no bell shape curve of the oscillating drag 

force for the strake model, and the drag coefficient continues dropping with the increase of the 

reduced velocity. 

 

Figure 35 Oscillation Drag for Free Vibration Test 

  



4. Comparison and analysis 

In this chapter, to find out the difference between the full-scaled model test by the towing tank 

and the small-scaled test from the flume, the full-scaled mode test offered by Lankhorst will be 

compared with the small-scaled mode test from the water lab. 

The further analysis will focus on the reason of causing the difference between the full-scaled 

model and the small-scaled model, as well as the difference between the flume and the towing 

tank. 

4.1. MARIN 

4.1.1. Introduction of MARIN’s test 

In the test from MARIN, there are three types of tests, which are the vertical oscillation in still 

water (KC test), the non-oscillating tow test (Drag test) and the vertical oscillation while towing 

(VIV test). 

 
Figure 36 Types of Test 

In the experiment, the bare pipe model has an outer diameter of 324mm, with 100 microns 

(0.1mm) Carborundum roughness on the bare pipe, which gives a relative roughness of 

k/D=0.0003. There are 11 different models in total for the MARIN’s test, the detail of the models 

are as follows: 

Table 13 Total Test Model from MARIN 

No. Model 

Bare 324 mm bare Pipe 

LH_0 77 mm strakes with corrosion recesses 

LH_1 77 mm strakes without corrosion recesses 

LH_2 Mat with holes 

LH_3 Small wedge type strakes 

LH_4 54 mm strakes with corrosion recesses 

LH_5 Inverse strakes 

LH_6 45 mm strake without corrosion recesses 

LH_7 36 mm strake without corrosion recesses 

LH_8 54 mm strake without corrosion recesses 

LH_9 54 mm strake with openings 

For each model, all the three types of test as the Drag test, the VIV test and the KC test were 
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performed. The different test number indicates different simulation for the strake height, 

damage and corrosion. 

4.1.2. Selection 

Among the three types of tests from MARIN, to compare the test with the small-scaled test, the 

test set 2 “Horizontal tow”, which is the non-oscillating tow test (Drag Test), is the ideal type to 

indicate the drag coefficient changes with the Reynolds number. 

From the MARIN’s test results, to compare the full-scaled test with the small-scaled test, the 

324mm bare pipe, the LH_1 77mm strake without corrosion recesses are the suitable models 

for the full-scaled test. In the test of LH_1, the model consists of 324mm diameter of the bare 

pipe, 2*17mm mat height and 77mm vane height. The results of these two tests can be found 

in the appendixes of the MARIN’s report. 

4.1.3. Comparison 

As there is no forced vibration test in our test, we only compare the non-oscillating test and 

focus on the Cd the drag coefficient. Thus, the results of the mead drag coefficient with blockage 

correction are chosen for comparison. 

In the following chart, the bare pipe test is the lowest line (Bare F, Bare B), while the strakes 

are used in the highest line in the chart. 

 

Figure 37 Original Results from MARIN 

From the bare pipe test result of MARIN (Bare F, Bare B), we may find that between 

Re=1.0E+05 ~ 3.0E+05, the mean drag is decreasing, and when Re> 3.0E+05, Cd increases 

with the Reynolds number. The average number of the mean drag coefficient in the bare pipe 

test is 0.6. 

For the test with strakes (LH_1 F, LH_1 B), the mean drag coefficient is more stable than that 

of the bare pipe, there is only a slight increase of Cd and the average result is 1.45. When 

compared with the bare pipe test, it is found that if strakes are added to the pipe, there will be 

140% increase than that of the bare pipe for the mean drag coefficient. 

To make it easier for comparison, the test results for the Bare Pipe and the strakes LH_0 are 

picked out. The data and the figure are in the following:  



 

Figure 38 Selected Results for Bare Pipe and Strakes 

Table 14 Test Results for Bare Pipe and Strakes 

Test No. Re[E+05] Cd 

Bare F 

1.4 0.90 

2.9 0.44 

4.4 0.52 

5.8 0.58 

7.2 0.61 

Bare B 

1.4 0.95 

2.9 0.44 

4.4 0.50 

5.9 0.55 

7.3 0.60 

LH_1 F 

1.6 1.42 

4.8 1.43 

8 1.45 

LH_1 B 

1.6 1.41 

4.8 1.40 

8.1 1.48 

When compared with the data that we got, the test is performed in a condition of lower Reynolds 

number, which is between Re = 6.0E + 03 and Re = 1.6E + 05. The test results can be seen 

in the following figure. 
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Figure 39 Test Results from Water Lab 

For the test result from the MARIN and the data from the Water Lab, if we merged them together 

we may find the following figure: 

 

Figure 40 Merged Test Result 

In the figure, the mean drag coefficient for the small model test is higher than the large model, 

which is mainly due to the difference of the Reynolds Number (Low Reynolds Number for the 

small-scaled model test and high Reynold’s Number for the large model).  

4.1.4. Blockage Correction 

In the experiment from Marine, blockage correction is used in evaluating the drag coefficient of 

the full-scaled model test, considering the cylinder diameter chosen in the experiment is a little 

large which might have been desirable from the point of view of blockage.  

The blockage correction is originally used in wind tunnel by Allen & Vincenti (1944), then 

Roshko (1961) use this theory to correct the wall interface effects for the values of velocity and 

the drag coefficient for the experiment in a wind tunnel with the diameter of the tested cylinder 

d=457mm (1.5ft), and the tunnel breadth h=3352.8mm (11ft), which gives a blockage ratio 

d/h=0.136. The corrected drag coefficient 𝐶𝑑 in terms of the measured value 𝐶𝑑′ is shown in 

the following equation: 



𝐶𝑑

𝐶𝑑′
= 1 +

1

2
𝐶𝑑

′ (
𝑑

ℎ
) − 2.5 (

𝑑

ℎ
)

2

  Equation 13 

The above equation for the blockage correction of the drag coefficient is used in the full-scaled 

test by MARIN. In the full-scaled test, the diameter with strakes is d=435mm, the cylinder 

diameter without strakes is d=324mm, the water depth is h=3800mm, the blockage ratio for the 

strakes is then calculated as d/h=0.11 while for the bare pipe d/h=0.085.  

As the correction equation is a binary linear equation, through the corrected results of the full-

scaled test, the original drag coefficient without blockage correction can be calculated and are 

shown in the following figure: 

 

Figure 41 Mean Drag Coefficient Uncorrected 

For the small-scaled test, without the blockage correction, the drag coefficients for bare pipe 

and the cylinder is much higher than the full-scaled test which has been corrected with the 

blockage correction. The plot of the small-scaled test without blockage correction and the full-

scaled test with blockage correction are shown in the following figure: 

 

Figure 42 Mean Drag with Uncorrected Small-scaled Results 

Using the blockage correction function for the small-scaled test results, the diameter of the bare 

pipe and the strakes are 40mm and 46mm separately. The water depth is h=200mm, which 

gives the blockage ratio d/h=0.20 for bare pipe and d/h=0.23 for the strakes. Then the drag 

coefficient with blockage correction are shown in the following figure: 
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Figure 43 Mean Drag Coefficient with Blockage Correction 

In the upper figure, with the blockage correction for the small-scaled mode test, the drag 

coefficient for the strakes is almost the same with the full-scaled test. While for the bare pipe, 

the drag coefficient is still higher compared to the full-scaled test. Through the literature study, 

we know that the difference between the upon drag coefficient is mainly caused by the Reynolds 

number. 

 

Figure 44 Drag Coefficient of Single Cylinder at Various Roughness [9] 

The plot of the “LH_1F” is similar to the smooth cylinder condition in the upper figure which 

shows a decrease in Reynolds number between 1×105 with 3×105 which is the subcritical 

regime and then increase at Re > 3×105  which is the supercritical regime. The critical 

Reynolds number is close to Re = 3×105 . For the full-scaled mode test, the lowest drag 

coefficient is Cd = 0.43 at the Reynolds number Re = 3×105. 

For the small-scaled model test of the bare pipe, the Reynolds number is at the subcritical 

regime, and there is a slight decrease of the drag coefficient with the increase of the Reynolds 

number. 

While for the strake test, both the small-scaled model and the full-scaled model test results are 

nearly constant, which is due to the change of the water flow by the strakes. Thus, the effect of 

the Reynolds number cannot be observed. 



4.1.5. Evaluation of Blockage Correction 

The reason for using the blockage correction, as explained by MARIN, is “because of using the 

full-scaled strakes, the cylinder diameter chosen was a little larger than might have been 

desirable from the point of view of blockage”, which is originally from the research by Roshko 

(1961)[12]. In the full-scaled model test, the diameter of the cylinder is D3 =  435 mm (77 mm 

strake height) in a water depth of 3800 mm, which gives the blockage ratio as d/h =  0.11. 

Where d is the diameter of the test model, h is the water depth between the surface and the 

model. To correct the wall interference effects, MARIN uses the following formula as proposed 

by Allen & Vincenti (1944)[13] in Roshko (1961)[12]: 

𝑉

𝑉′
= 1 +

1

4
𝐶𝑑′ (

𝑑

ℎ
) + 0.82 (

𝑑

ℎ
)

2

 

𝐶𝑑

𝐶𝑑′
= 1 +

1

2
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ℎ
) − 2.5 (

𝑑

ℎ
)

2

 

 Equation 14 

In the full-scaled model test by MARIN, the blockage correction is used only in the calculation 

of the drag coefficient. By comparing the values before and after the correction, the drag 

coefficient is reduced while the velocity is increased. 

From the point of view by Allen & Vincenti (1944) [13], the interference between the wake and 

the tunnel walls gives rise at the position of the model to a velocity increment and a velocity 

gradient which are not present in an unlimited stream. Further, as required by Bernoulli’s 

equation, the velocity gradient is accompanied by a longitudinal pressure gradient which 

likewise would not exist in the free air. 

The reason for introducing the blockage correction in the experiment is due to the wall 

interference correction, as is claimed by Roshko (1961) [12], in the wind tunnel experiment for 

cylinders, to obtain the highest possible Reynolds number. The chosen cylinder diameter was 

a little larger than might have been desirable from the point of view of the wall interference. The 

blockage correction is often used in the wind tunnel, while less common for the flume and the 

towing tank. 

Since the blockage correction equation is a quadratic equation, the drag coefficient before 

correction can be calculated and the below figure shows the effect of the correction for both 

small-scaled model and the full-scaled model test.  
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Figure 45 Effect of Blockage Correction for Large-scaled Model 

 

Figure 46 Effect of Blockage Correction for Small-scaled Model 

From the Figure 45 and Figure 46 one may find that the blockage correction has a larger effect 

on the small-scaled model, which is mainly because of the higher blockage ratio d/h as well as 

the original drag coefficient. In MARIN’s experiment, the blockage correction reduced the drag 

coefficient by 4.8% for bare pipe and 8.7% for the strake model, while in the small-scaled model 

test, the blockage correction reduced the drag coefficient by 26% for the pare pipe and 35% for 

the strake model.  

In another full-scaled model test by OCEANIC, no blockage correction is used for either the 

drag coefficient or the velocity. Considering the original purpose of the blockage correction (for 

wind tunnel to achieve ideal Reynolds number), quite small amount of towing test or the fume 

test have been considered for blockage correction. Thus, the blockage correction is not 

recommended for the future model test. 

4.2. OCEANIC 

4.2.1. Introduction of OCEANIC Experiment  

The experiment is conducted in the 200-meter towing tank for Ocean Technology in St. John’s 

Newfoundland, Canada. The towing tank is 12m wide by 7m deep, with a maximum towing 



speed of 10 m/s and a maximum towing force of 20kN for the carriage. The basic test model is 

an aluminium pipe with 6.328m long by 0.325m diameter (L/D=19.5), giving the mass ratio of 

the vibration system as 1.56.  

For the bare pipe experiment, the aluminium pipe was covered with a fiberglass jacket which 

was coated with sand to produce a rough skin for the pipe. The relative roughness of the bare 

pipe model was 𝑘 𝐷⁄ = 0.003. 

For the strake experiment, the bare pipe was covered with a wooden framework and increased 

the diameter to 0.483m, then applied the strake and the diameter was increased to a reference 

diameter of 0.511m. The strake fin (vane) height was 0.102m, which is 21% of the model outer 

diameter.  

4.2.2. Mean Drag Coefficient 

In the fixed mode test from OCEANIC, the Reynolds number for this test range is from 1.00𝐸 +

05 to 1.20𝐸 + 06, the drag coefficient for the strakes is 1.35 in average, and for the rough bare 

pipe the result turns to be 1.05 in average.  

From the figure below, for the 16D triple helix strake, the drag coefficient is more stable than 

the rough bare pipe. And for the rough bare pipe, compared with the bare pipe, the increase of 

the surface roughness reduces the critical Reynolds number and the supercritical Reynold 

number. The increasing part of the drag coefficient is due to the supercritical regime of the 

Reynolds number, however, in the figure the decreasing part and the minimum number of the 

drag coefficient are not observed in the figure, this is because of the absence of the subcritical 

and the critical Reynolds number regime.   

 
Figure 47 Mean Drag Coefficient-OCEANIC 

Combining the drag coefficient results of the full-scaled test the small-scaled test, without the 

blockage correction of the small-scaled model test, the drag coefficient for the small-scaled 

strakes is almost twice of the full-scaled strakes. For the small-scaled bare pipe, the drag 

coefficient is higher than the full-scaled rough bare pipe. The results of the small-scaled and 

the full-scaled tests are shown in the following figure: 
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Figure 48 Merged Drag Coefficient without Blockage Correction 

The drag coefficient for the small-scaled strake are very close to the full-scaled strake. While 

for the bare pipe test, due to the influence of Reynolds number in the subcritical regime on the 

drag coefficient, the small-scaled model has a higher drag coefficient than the full-scaled test. 

Besides, as the rough bare pipe is chosen for the full-scaled model, the Reynolds number is at 

the super critical regime, which is the reason why there is an increase of the drag coefficient. 

4.2.3. Amplitude of Vibration 

In the result from the OCEANIC, the coefficient for the oscillation amplitude is the amplitude 

ratio A*, which is defined as: 

𝐴∗ =
√2 ∗ 𝜎𝑀𝑜𝑡𝑖𝑜𝑛

𝐷𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 + 2 ∗ 𝑡𝑆𝑡𝑟𝑎𝑘𝑒

  Equation 15 

Thus, for the full-scaled test, the amplitude of oscillation is defied by using the standard 

deviation of the motion (displacement of the oscillator). Thus, to compare the experiments, for 

the small-scaled model test, the amplitude is also achieved by using the standard deviation.  

Considering the different scale of the test results between the bare pipe and the stakes, to 

express the results clearly, it is better to plot the amplitude of oscillation separately. The results 

from the OCEANIC free vibration test for the bare pipe is shown in the following figure: 

 

Figure 49 Amplitude of Oscillation 

Using the same expression, the test results for the small-scaled model test of bare pipe and 



cover is shown in the following figure: 

 

Figure 50 Amplitude of Oscillation 

In the following figure, we merge the oscillation amplitude of small scaled model and the full 

scaled model together, it can be seen in the following figure: 

 

Figure 51 Amplitude of Oscillation (Merged) 

In the figure of OCEANIC testing results, the oscillating amplitude will not reach 0 at the highest 

reduced velocity, which is due to the limitation of the test facility of the towing speed and the 

mass ratio of the oscillator. As it is shown in the Griffin plot, the lower the mass ratio is, the wide 

the synchronisation regime will be. While for the small-scaled model test, the bell shape curve 

is completely observed and the lock-out is shown in the figure because of the higher mass 

ration of the small-scaled model test. 

4.2.4. Strake Efficiency 

The strake efficiency is one of the key factors which is used to evaluate the effect of the 

suppression in the vortex induced vibration by the strake installed on the cylinder.  

In the experiment by OCEANIC, the evaluation of strake efficiency is made by calculating the 

percentage of oscillation reduced by the strake during the entire free vibration experiment at all 

the different towing speed. To calculate the strake efficiency, one needs to know the maximum 

amplitude of the free vibration test for the bare pipe and the strakes.  
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The maximum oscillation amplitude in the free vibration test for the bare pipe is AMP = 0.87 at 

Vr = 9.6  for the full-scaled test form OCEANIC and AMP = 0.8944  at Vr = 5.763  for the 

small-scaled mode test. The following figure shows the oscillation amplitude of the strake for 

both the small-scaled and the full-scaled model test. 

 

Figure 52 Oscillation Amplitude of Strake 

For the small-scaled model, the maximum oscillation amplitude is 𝐴∗ = 0.02006 at Vr = 10.33, 

while for the full-scaled strake model, the maximum oscillation amplitude lies at Vr = 13 and 

𝐴∗ = 0.0277. The strake efficiency η is calculated using the OCEANIC equation in the following: 

η =
𝐴𝐵𝑎𝑟𝑒(𝑃𝑒𝑎𝑘)

∗ − 𝐴𝑆𝑡𝑟𝑎𝑘𝑒(𝑃𝑒𝑎𝑘)
∗

𝐴𝐵𝑎𝑟𝑒(𝑃𝑒𝑎𝑘)
∗  

 Equation 16 

For the full-scaled model test from OCEANIC, the strake efficiency is: 

η𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 =
0.87 − 0.0277

0.87
= 96.816% 

For the small-scaled model test, the strake efficiency is: 

η𝑠𝑚𝑎𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 =
0.8944 − 0.02006

0.8944
= 97.757% 

The result of the strake efficiency for the small-scaled model is close to the full-scaled model, 

and there is a trend of decreasing for the small-scaled strake model which confirmed that the 

maximum oscillation amplitude of the strake model is correct. For the full-scaled model, no 

trend of decreasing is observed in the experiment, which indicates that the maximum oscillation 

amplitude could be higher than 0.0277, which will give smaller strake efficiency. 

4.3. Summery 

In the comparison between the small-scaled model test and the large-scaled model test, there 

are two parameters that should be paid more attention, which are the oscillating amplitude and 

the drag coefficient. 



The oscillating amplitude is the key parameter for analysing the strake efficiency, by 

comparing the bare pipe and the strake model test results, one can get the percentage of the 

oscillating amplitude reduced after the installation of the strake, which is the strake efficiency. 

In this experiment, the small-scaled strake model shows a strake efficiency of 97.76%, while 

the large-scaled strake model indicates a strake efficiency of 96.82%. 

The mean drag coefficient is the key parameter that can be used in the analysis of the drag 

force increased due to the strake. For the small-scaled model, the averaged drag coefficient 

before and after the installation of the strake are 1.41 and 2.23, which means an increase of 

57.7%. While for the large-scaled model test, the averaged drag coefficient before and after 

the installation of strake model are 1.02 and 1.33 for the OCEANIC experiment, and 0.61 and 

1.43 for Marin experiment, which indicates that there is an increase of 30.1% (OCEANIC) or 

135% (Marin) for the drag coefficient after the installation of the strake model.  

Comparing the test results of strake efficiency and the mean drag coefficient, one may find 

that the test results of the strake efficiency for the small-scaled model and the large-scaled 

model are close to each other, which indicates the significant use in the analysing of strake 

efficiency for small-scaled model test. While for the mean drag coefficient, the reason for the 

difference of the increased mean drag coefficient is mainly due to the difference in the 

Reynolds number in each experiment. For the small scaled model test, the Reynolds number 

is at a low range around 10000, while for the large-scaled model, the Reynolds number can 

be 10 to 100 times of the small-scaled model. The effect of the Reynolds number can be 

found in the literature review. 
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5. Wake Oscillator Model 

5.1. Introduction  

As the small-scaled model test only shows the oscillation under one spring stiffness and one 

damping ratio, it is better to use the numerical model to show how these two coefficients will 

influence the oscillating amplitude. For the small-scaled testing system, one possible method 

is using the wake oscillator model coupled with the equation of motion of one degree of freedom 

(1DOF).  

The wake oscillator is a variable q, which satisfies the van der Pol equation. This wake oscillator 

is then coupled with the motion equation of the oscillator, which is a 1DOF elastically supported 

rigid cylinder called the structural oscillator. One can use the wake oscillator theory to define 

the influence of damping and spring stiffness to the oscillating amplitude. 

5.2. Wake Oscillator Model 

In the dimensional form, using the model from Facchinetti [18], the set of the equations are a 

combination of the oscillation equation of the oscillator and the equation of the wake variable. 

The first equation introduced here is the equation of motion for the oscillator.  

The above equation is the 1DOF elastically rigid circular cylinder, the parameters in this 

equation are the mass of the oscillator 𝑚, the added mass 𝑚𝑎, the system damping 𝑏, the 

stiffness of the suspension system 𝑘, the diameter of the oscillator D, flow velocity V, the length 

of the oscillator 𝐿, the cross-flow force coefficient 𝐶𝑉𝑌 and the dimensional in-plan cross-flow 

displacement 𝑌 is then described by the linear oscillator. 

The cross-flow force coefficient 𝐶𝑉𝑌  is defined by Blevins (2001)[19] as a combination of the 

drag coefficient 𝐶𝑉𝐷  and the drag coefficient 𝐶𝑉𝐿: 

The drag and life coefficients are the measured data from the stationary experiment, while the 

parameter 𝑈  is the flow which is perpendicular to the cross-flow force coefficient 𝐶𝑉𝑌 . The 

angle 𝛽 used in the equation is defined as: 

(𝑚 + 𝑚𝑎)
𝑑2𝑌

𝑑𝑡2
+ 𝑏

𝑑𝑌

𝑑𝑡
+ 𝑘𝑌 =

1

2
𝜌𝐷𝑉2𝐿𝐶𝑉𝑌 

 Equation 17 

𝐶𝑉𝑌 = (𝐶𝑉𝐷 sin 𝛽 + 𝐶𝑉𝐿 cos 𝛽)
𝑈2

𝑉2
 𝑤𝑖𝑡ℎ 𝑈 = √𝑉2 + (

𝑑𝑌

𝑑𝑡
)

2

  Equation 18 



The definition of the angle 𝛽 and the decomposition of the vortex fluid force such as the drag 

force, life force, along with the decomposition of the forces in horizontal and vertical direction 

are shown in the following figure: 

 

Figure 53 Definition of Angle and Forces[20] 

The equation of the wake parameter is defined using the van Der Pol oscillator as: 

𝑑2𝑞

𝑑𝑡2
+ 𝜀𝜔𝑠𝑡(𝑞2 − 1)

𝑑𝑞

𝑑𝑡
+ 𝜔𝑠𝑡

2 𝑞 =
𝐴

𝐷

𝑑2𝑌

𝑑𝑡2
 

 Equation 20 

Where 𝑞 is the wake variable, and the 𝜔𝑠𝑡 is the Strouhal frequency which is given as 𝜔𝑠𝑡  =

2𝜋𝑆𝑡𝑉/𝐷, where 𝑆𝑡 is known as the Strouhal number. In the equation, the parameters 𝐴 and 

𝜀  are the tuning parameters which control the synchronisation regime and the oscillation 

amplitude of the wake oscillator.  

Since then, we get the equation of motion for the oscillator and the equation for the wake 

variable. These tow equations can be solved using the fourth ordered Runge–Kutta methods, 

which is an inbuilt function in MATLAB called “ode45”.  

𝛽 = −𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑑𝑌

𝑑𝑡
𝑉⁄ ) , sin 𝛽 = −

𝑑𝑌

𝑑𝑡
𝑈⁄ = −

𝑑𝑌

𝑑𝑡
√𝑉2 + (

𝑑𝑌

𝑑𝑡
)

2

⁄ , 

cos 𝛽 = 𝑉 𝑈⁄ = 𝑉 √𝑉2 + (
𝑑𝑌

𝑑𝑡
)

2

⁄  

 Equation 19 
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5.3. Free Vibration Simulation 

In the wake oscillator model, after setting the tuning parameters 𝐴 and 𝜀, as well as the flow 

speed 𝑈,  the solutions of the displacement 𝑌 and the wake variable 𝑞 gave as time domain 

results, which can be found in Figure 54 following figure: 

 
Figure 54 Wake Oscillator for 20-seconds’ Simulation 

In the simulation, there is one thing that should be kept in mind is that the flow speed in the 

simulation is kept as an increasing value, which is the same as in the experiment. To make the 

simulation more accuracy, the start value of parameters for the new flow velocity in the wake 

oscillator should be the ended value of the last flow velocity.  

Then, the simulation result of the displacement 𝑌  can be used for the next procession to 

determine the amplitude of oscillation under the certain flow speed, which is the same method 

carried out in processing the results from the free vibration test. With the different follow speeds 

for the same tuning parameters, we get the figure of the oscillation amplitude with flow speed. 

Which can be used in the comparison with the free vibration test results of the small-scaled 

model. 

In the simulation, the mass, spring stiffness and damping ratio of the wake oscillator are the 

same with the small-scaled model test. The parameters that vary are the tuning parameters 𝐴 

and 𝜀. The idea of the simulation is to find the proper tuning parameter that can simulate the 

free vibration test. 

For the bare pipe test, the suitable values for the tuning parameters are 𝐴 = 30 and 𝜀 = 0.009, 

which is shown in the following figure: 



 

Figure 55 Wake Oscillator Simulation for Bare Pipe Test 

As for the free vibration of the cover model which is shown in Figure 56, the shape of the 

oscillation amplitude is different from the bare pipe test. Thus, the values of the tuning 

parameters are also different, the most suitable combination is 𝐴 = 25 and 𝜀 = 0.015. 

 

Figure 56 Wake Oscillator Simulation for Cover 

It can be found that, through the two simulations, the tuning parameter changes according to 

the different diameters of the cylinder.  

5.4. Range of Application 

Before using the wake oscillator model for analysing the real model test results, the range of 

application shall be decided in advance, as well as the accuracy and precision. 

5.4.1. Mass Ratio 

In the literature study, one can know that the effect of mass ratio is mainly on the change of the 

lock-in range in the free vibration model test. When increasing the mass ratio, the lock-in range 
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will be shorter, which is known as a shorter synchronization regime, the reduced velocity of 

lock-out will decreasing. 

Thus, for the wake oscillator, by change the set of the mass of the oscillator, the mass ratio will 

change along with the mass. To find out whether the wake oscillator model can simulate this 

phenomenon, a series of mass ratio were set and the result of the simulation is shown as the 

following figure: 

 

Figure 57 Effect of Mass Ratio on Wake Oscillator Model 

From the above figure, one can find that with the increase of mass ratio 𝑚∗, the synchronization 

regime is reduced, and the reduced velocity at the lock-out is decreasing. Thus, the wake 

oscillator model can be used to indicate the effect of mass ratio on the lock-in range. 

5.4.2. Damping Ratio 

The effect of damping ratio on the on the model test, as it is known in the literature study, is to 

reduce the oscillating amplitude, and the peak amplitude is mostly affected by the damping ratio 

than other part of the oscillating amplitude.  

Thus, to find out whether the wake oscillator model can indicate the change of the damping 

ratio, a series of damping ratio is chosen from 𝜁 = 0.01 to 𝜁 = 0.04, and the simulation results 

are shown in the following figure: 



 

Figure 58 Effect of Damping Ration on Wake Oscillator Model 

The upon figure indicates that the wake oscillator model can simulate the effect of the damping 

ratio on the maximum oscillation amplitude in the free vibration experiment. 

5.4.3. Tuning Parameters 

In the wake oscillator model, two tuning parameters A and ε are used to adjust the shape of 

the oscillating amplitude. These two tuning parameters have no physical meaning, thus some 

people may doubt whether the wake oscillator model using the tuning parameters can be used 

to simulate the free vibration experiment, or in other words, whether the wake oscillator model 

can show the similar trend of the oscillating amplitude when the parameters such as the mass 

ratio and the damping ratio are changed.  

From the simulation on changing the mass ratio and damping ratio, it can be found that the 

wake oscillator model can show the correct trend of the change on the oscillating amplitude as 

the real model test. As the tuning parameters have no real physical meaning, then it is useful 

to study the relationship between the tuning parameters and the oscillating amplitude. 

If we keep one of the tuning parameters as constant and change the other one, one can find 

that, through the two simulations, the tuning parameter changes according to the different 

diameter of the cylinder. If we keep one of the tuning parameters as constant and change the 

another one, the effect of single tuning parameter is shown in following figures: 
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Figure 59 Effect of tuning parameter A 

In the upon figure, for the effect of changing the tuning parameter A and keep all other 

parameters unchanged in the wake oscillator model, one can find that with the increase of A, 

the peak of the oscillating amplitude 𝐴/𝐷 will increase, as well as the lock-in range. 

 

Figure 60 Effect of Tuning Parameter 𝜀 

The upon figure indicates the effect of the tuning parameter 𝜀, it can be found that with the 

increase of 𝜀, the peak of the oscillating amplitude will decrease, and the lock-in range will 

become wider. There is one more thing which is different from the parameter A, which is at the 

beginning of the figure, the amplitude will become gentle when the parameter 𝜀 increases.  

However, to study the change of the tuning parameters in different experiments, it is difficult to 

change only one variable of the testing equipment while other variables remain unchanged. 

Thus, the next chapter will discuss the combination of the tuning parameters in the different 

experiment condition. 

5.5. Tuning Parameter in Different Experiments 

The current wake oscillator model does not consider the effect of Reynolds number in the 



simulation, while in real model test, the Reynolds number varies in different experiment. Thus, 

the effect of Reynolds number on the simulation, and the influence of Reynolds number on the 

wake oscillator model will be introduced in the following section. 

The current research of the relation of the Reynolds number in the free vibration amplitude is 

the research from Blevins (2009).  

 

Figure 61 Experiment from Blevins (2009) 

The upon figure shows the amplitude of transverse cylinder response as a function of Reynolds 

number. This experiment is from the research of Blevins (2009), the mass ratio of these 

oscillator is kept as a constant (𝑚/𝜌𝐷2 = 5.02), as well as the damping (𝜁 = 0.02𝑚) and the 

mass damping (2𝑚(2𝜋𝜁)/ 𝜌𝐷^2 = 1.24). the surface roughness of the cylinder is 𝑘/𝑑 = 0.0001 

for the solid symbols and 𝑘/𝑑 = 0.005 for the open symbols. The change of Reynolds number 

is achieved by using cylinders with different diameters from 0.305mm to 12.7cm.  

However, the x-axis cannot be switched from Reynolds number into the reduced velocity as the 

stiffness for each experiment is different to maintain the similar natural frequency, but the exact 

value of the spring stiffness is unknow from the public data. 

Thus, in this part, we will use the wake oscillator model to simulate the experiment results from 

Lee and Bernitsas (2011)[6], who used the controlled motor instream of the spring to provide 

the stiffness and damping for the oscillator, which means that other parameters can maintain 

unchanged if one wants to change only the damping or the stiffness. The experiment results 

will be simulated by the wake oscillator to find out the changes of the tuning parameter in 

different stiffness condition.  

In the experiment from Lee and Bernitsas (2011)[6], the damping of the oscillator is expressed 

by 𝜁 which is the damping ratio in the water, 𝜁 is given as: 

𝜁 =
𝑏

2𝜔𝑛(𝑚 + 𝑚𝑎)
=

𝑏

2√𝑘(𝑚 + 𝑚𝑎)
 

 Equation 21 

Where 𝑏 is the damping, and in the experiment of Lee and Bernitsas (2011)[6], there are two 
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different damping ratios which are the total damping  𝜁𝑡𝑜𝑡𝑎𝑙  and the virtual 𝜁ℎ𝑎𝑟𝑛  which is 

generated by the motor. The expression of these two damping ratios are as following: 

𝜁𝑡𝑜𝑡𝑎𝑙 =
𝑏𝑏𝑒𝑎𝑟𝑖𝑛𝑔 + 𝑏ℎ𝑎𝑟𝑛

2√𝑘𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙(𝑚 + 𝑚𝑎)
, 𝜁ℎ𝑎𝑟𝑛 =

𝑏ℎ𝑎𝑟𝑛

2√𝑘𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙(𝑚 + 𝑚𝑎)
 

 Equation 22 

As this experiment is designed for studying the VIVACE (VIV for Aquatic Clean Energy), and 

𝜁ℎ𝑎𝑟𝑛 is used to describe the energy absorbed by the generator, thus, we set the 𝜁ℎ𝑎𝑟𝑛 = 0 in 

the simulation, which means the 𝑏ℎ𝑎𝑟𝑛 = 0. Then we can calculate the system damping with 

the provided mass and stiffness.  

The experiment of Lee and Bernitsas (2011)[6] provided a group of stiffness from 𝑘 = 400𝑁/𝑚 

to 𝑘 = 1800𝑁/𝑚 with a step of 200𝑁/𝑚, and the oscillating amplitude at 𝜁ℎ𝑎𝑟𝑛 = 0 will be 

simulated using the wake oscillator, the experiment result is shown in the following figure: 

 
Figure 62 Experiment Results from Lee and Bernitsas (2011)[6] 

For free vibration experiment, it is not a good way to explain the oscillation amplitude with the 

Reynolds number or the flow speed, which is due to the reason of dimensional parameters for 

the x-axis. Thus, a better way is to use the reduced velocity for the explanation of the oscillation 

amplitude, which is calculated as: 

Vr =
V

𝐷 ∗ 𝑓𝑛

=
𝑉 ∗ 2𝜋

𝐷 ∗ √
𝑘

𝑚 + 𝑚𝑎

 
 Equation 23 

The value of the parameters on the upon equation can be found in the paper, where 𝑉 is the 

follow speed, 𝐷 = 8.89𝑐𝑚 is the diameter of the cylinder, 𝑘 is the value of the virtual spring 

stiffness varies from 400𝑁/𝑚 to 1800𝑁/𝑚, 𝑚 = 8.88𝑘𝑔 and 𝑚𝑎 = 5.67𝑘𝑔 are the mass and 

added mass of the oscillator respectively. Then the oscillating amplitude can be switched from 

velocity to the non-dimensional form as reduced velocity.  

In the expression of the paper, it can also be found that the as the damping coefficient of the 



bearing is regarded as a constant cbaering = 4.4, and the damping ratio changes according to 

the different virtual spring stiffness, which is calculated as: 

ζ =
cbearing

2√(𝑚 + 𝑚𝑎) ∗ 𝑘𝑣𝑖𝑟𝑡𝑢𝑎𝑙

 
 Equation 24 

The upon equation indicates that, with the system damping coefficient as a constant, the 

damping ratio reduces with the increase of the spring stiffness. Thus, the plot of oscillating 

amplitude in reduced velocity with eh damping ratio is shown in the following: 

 

Figure 63 Experiment of Lee, Bemitsas(2011), Switch the Reynolds Number Into Reduced Velocity 

When switching from the velocity or the Reynolds number to the reduced velocity, it can be 

found that the oscillating amplitude is different when expressed in a non-dimensional form. 

Then we use the wake oscillator to simulate this experiment by setting the parameters under 

the same value.  

The range of Reynolds number for each experiment is shown as the following table: 

Table 15 Range of Reynolds Number on Each Test 

K(N/m) ζ Re(Start) Re(End) 

400 0.0288 3.0E+04 8.0E+04 

600 0.0235 3.5E+04 9.0E+04 

800 0.0204 4.0E+04 1.0E+05 

1000 0.0182 4.2E+04 1.1E+05 

1200 0.0166 4.5E+04 1.1E+05 

1400 0.0154 4.6E+04 1.1E+05 

1600 0.0144 5.5E+04 1.1E+05 

1800 0.0136 6.0E+04 1.2E+05 

The free vibration model test indicates that, at a higher range of Reynolds number, the shape 

of the oscillating amplitude is changed as the lock-in range is reduced, the lock-out happens at 

a lower reduced velocity, and the peak value of the oscillating amplitude is increase then 

decreased. In the upon figure, one may notice that the damping ratio of each experiment is 
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different, which is lower at the higher Reynolds number, this fact will not influence the evaluation 

of the effect of the Reynolds number on the oscillating amplitude in free vibration experiment. 

The change of the synchronization regime in the upon experiment is mainly due to the increase 

of the Reynolds number, as it is known that when the damping ratio is reduced, the lock-in 

range should be increased as well as the reduced velocity when lock-out happens. 

The simulating results, for the wake oscillator, does not completely satisfy the experiment 

results. When the spring stiffness and the Reynolds number is at a lower range ( Re ∈

[3×104, 8×104]), the wake oscillator model is capable to simulate the experiment results, which 

is shown as following figure: 

 

Figure 64 Wake Oscillator Simulation under Reduced Velocity 

If we use the same tuning parameter (A = 12, ε = 0.024) of the upon simulation and change the 

spring stiffness, the oscillating amplitude will be as: 

 

Figure 65 Wake Oscillator Simulation under Constant Tuning Parameters 

The upon figure indicates that if the tuning parameters are kept constant, then the simulation 

results are quite different from the actual experiments. This indicates that for one combination 

of tuning parameters, the change of spring stiffness and damping ratio cannot be simulated 



when we keep the tuning parameters unchanged.  

The simulation of the wake oscillator is then using different combination of tuning parameters 

ε  and A , to get the same lock-in range and peak amplitude. The combination of tuning 

parameters on different tests can be found in the appendix. The following table is the value of 

the chosen tuning parameters: 

Table 16 Combination of Tuning Parameters 

K(N/m) ζ Re(Start) Re(End) ε A 

400 0.0288 3.0E+04 8.0E+04 0.024 12 

600 0.0235 3.5E+04 9.0E+04 0.028 13.5 

800 0.0204 4.0E+04 1.0E+05 0.022 12 

1000 0.0182 4.2E+04 1.1E+05 0.01 8 

1200 0.0166 4.5E+04 1.1E+05 0.007 6 

1400 0.0154 4.6E+04 1.1E+05 0.006 5.5 

1600 0.0144 5.5E+04 1.1E+05 0.005 4.4 

1800 0.0136 6.0E+04 1.2E+05 0.004 3.5 

The upon table shows the trend of the change on the tuning parameters with the increase of 

the Reynolds number and the decrease of the damping ratio. 

While for the free vibration experiment under higher Reynolds number range ( Re ∈

[8×104, 1.4×105]), the shape of the oscillating amplitude is different from the smaller spring 

stiffness one. From the switched figure, we can find that for the low Reynolds number tests, the 

oscillating amplitude is a bell-shape curve, while for the higher range of Reynolds number, the 

oscillating amplitude is not a symmetric bell-shape curve, there will be a drop of the oscillating 

amplitude when reaching the peak amplitude, and this phenomenon cannot be simulated by 

the wake oscillator model. One example is shown as: 

 

Figure 66 Wake Oscillator Simulation for k=1800N/m under Reduced Velocity 

The upon figure shows the amplitude of transverse cylinder response as a function of Reynolds 

number. This experiment is from the research of Blevins (2009), the mass ratio of these 

oscillator is kept as a constant (𝑚/𝜌𝐷2 = 5.02), as well as the damping (𝜁 = 0.02𝑚) and the 
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mass damping (2𝑚(2𝜋𝜁)/ 𝜌𝐷^2 = 1.24). the surface roughness of the cylinder is 𝑘/𝑑 = 0.0001 

for the solid symbols and 𝑘/𝑑 = 0.005 for the open symbols. The change of Reynolds number 

is achieved by using cylinders with different diameters from 0.305mm to 12.7cm.  

However, the x-axis cannot be switched from Reynolds number into the reduced velocity as the 

stiffness for each experiment is different in order to maintain the similar natural frequency, but 

the exact value of the spring stiffness is unknow according to the public data from the public 

data. Thus, two parameters are changed in this experiment, the diameter and the spring 

stiffness.  

5.6. Summary 

For the free vibration experiment, the current research for the effect of Reynolds number is 

focusing on the peak amplitudes, which is also known as the “Griffin Plot”. But the shape of the 

oscillation amplitude and the lock-in range of the reduced velocity under different Reynolds 

number has not been considered.  

In the simulation of the wake oscillator model, it can be found that the combination of the tuning 

parameters cannot satisfy all the experiment when the value of spring stiffness and the damper 

are set in the same value as the experiments. The oscillating amplitude, under higher Reynolds 

number (this is achieved by using higher spring stiffness and reduce the damping ratio, but the 

mass ratio is kept unchanged), is not shown as the bell-shape curve, which cannot be simulated 

by the wake oscillator. This indicates that the effect of Reynolds number should not be ignore 

in the free vibration experiment.   

The advantage of using the wake oscillator model to simulate the free vibration model test is 

that the wake oscillator model can simulation the oscillation in the time domain, rather than 

frequency domain, which does not require the pre-set of the oscillating frequency of the 

oscillator.  

From the simulation results, it can be found that, the wake oscillator model indicates the same 

trend of the oscillating amplitude when the characters such as the mass ratio or the damping 

ratio is changed. For the effect of Reynolds number, the wake oscillator model indicates the 

trend of the tuning parameters as the tuning parameters will both decrease at a higher 

Reynolds number range. Although the damping ratio is also changing in the experiment, the 

decrease of the lock-in range is mainly from the effect of Reynolds number, and using the 

proper combination of tuning parameters, this affect can be shown. 

  



6. Testing Facilities Design 

In this chapter, suggestions will be given for the flume design and the operating of the small-

scaled model test. 

6.1. Comparison of the Flume and Towing Tank 

6.1.1. Fluid Velocity 

Tow speed 

One of the most obvious benefit of towing tank is the accuracy in the control of towing speed, 

as the fluid in the towing tank is still while the model is moving through the carriage which is 

overhead of the tank. Thus, for a towing tank, the flow speed of the model is exactly the towing 

speed of the carriage. For the high-speed towing tank from MARIN, the towing speed can reach 

15𝑚/𝑠 of maximum tow speed and a maximum tow force of 10 𝑘𝑁 under the tow speed of 

4𝑚/𝑠 due to the power limit of the engine installed in the carriage.  

Flume flow  

The flow velocity of the flume depends on the capability of the water pump and the section area 

of the flume. Taking the example of the flume in TU Delft, the maximum flow speed for the long 

flume (14.3𝑚×0.4𝑚×0.4𝑚) is 0.65m/s at the discharge rate of 85L/s. While measuring the flow 

rate of the flume, due to the restriction of the flume size, the flow rate is not even at everywhere 

for the same section area. This is due to the viscosity of the water which forms a boundary layer 

in the flume. This layer has a limited influence on the flow rate of the flume as is estimated with 

a scale of 10−3 meter thickness when the Reynolds number is reaching 𝑅𝑒 = 104[16]. 

The other problem while measuring the flow rate of the flume is that although one may calculate 

the flow speed of the water in the flume by knowing the discharge rate of the pump and the 

section area of the flume, the exact flow speed may be different from the calculated results due 

to the unstable reading in discharge rate, which usually happens during the flume experiment 

and the discharge rate is used only when naming the recorded data. 

Thus, to get the exact speed of the water flow in around the testing model, one proper way is 

to install a flow meter in the middle of the section area of the flume with the same water depth 

of the mode, the place is recommended to be around 1m upstream of the model in a 10m long 

flume. If the flume is not long enough in the experiment, the distance between the model and 

the flow meter can be reduced but it should be tested with a reagent to ensure that the distance 

is enough to avoid the disturbing of water flow by the flow meter. For the material of the reagent, 

potassium permanganate (𝐾𝑀𝑛𝑂4) is recommended as it is efficiency and commonly used in 

the experiment. 

6.1.2. Testing Time 

Waiting time of towing tank 

For the towing tank, as recommended by MARIN, a minimum waiting time of 5 minutes is 
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required after each test to absorb the energy transferred to the water through the last 

experiment. According to the previous study of waiting time by MARIN, a longer waiting time 

will not make any significant contribution to the experiment, thus considering the efficiency of 

the experiment, 5 minutes’ waiting time is needed for each experiment. 

Time of towing test 

The total length of the towing tank from MARIN is 210m, and the effective length for the 

experiment is 180m. The highest towing speed during the experiment is 2.5𝑚/𝑠  while the 

lowest is 0.3𝑚/𝑠, from which one may know the towing time can be 72s for the highest towing 

speed and 10 minutes under the lowest towing speed condition. Added with the waiting time 

between each test, the total testing time for one experiment in the towing tank could be 6 to 15 

minutes.  

Waiting time for flume 

The test of flume is different from the towing tank as one can change the flow speed directly 

after the measurement of the previous flow speed by increasing or decreasing the discharge 

rate of the flume.  

In the testing procedure of flume, the waiting time is only needed when the testing type or the 

testing model need to be changed. The length of the waiting time depends on the installation 

of the testing facilities and calibration. In the testing, for one speed, the time for measurement 

is 2 minutes, and the waiting time for the water flow to become steady after increase the 

discharge rate is 1 to 2 minutes. Thus, for one testing speed, the test duration is 3 to 4 minutes.  

6.1.3. Testing Ability  

Measuring accuracy 

The towing tanks used for the full-scaled model test are normally member organisations of 

International Towing Tank Conference (ITTC), and the testing accuracy of the towing carriage 

is thus guaranteed. Besides, for the large-scaled model, it is much easier to control the surface 

roughness and the parameters of the testing facility such as the spring stiffness and the mass 

ratio.  

For the small-scaled model test in the flume, the main problem during the experiment that 

influence the measuring accuracy is the noise signal from the load cell. The source of the noise 

can be divided into two parts, the first part is the amplifier, which requires a more stable power 

source. The other one is form the load cell because of the inner force generated by the 

deformation of the testing frame. 

Reynolds number  

The most obvious difference in the towing test and the flume is on the Reynolds number, as the 

Reynolds number is related with the diameter of the cylinder, for the full-scaled model test, the 

Reynolds number can reach as high as 𝑅𝑒 = 8×105, which is closer to the real condition of a 

riser in the ocean. For the other towing tank test from OCEANIC, the range of Reynold number 

is 105 < 𝑅𝑒 < 1.2×106 when testing the drag coefficient of the model, which makes it able to 

achieve the critical Reynolds number regime. 



Due to the limited diameter of the small-scaled model and the limited flow speed, the Reynolds 

number that the flume can reach is lower than the towing tank. In the previous experiment, the 

maximum Reynolds number one can reach is 𝑅𝑒 = 1.6×104 , and the range of Reynolds 

number the flume can achieve is 6000 < 𝑅𝑒 < 1.6×104, which is within the subcritical Reynolds 

number regime. 

The following table is a summary for the upon comparison of the testing ability and time of the 

towing tank and the flume, from which one can have a better understanding of the difference 

between the testing facilities.  

6.1.4. Results Evaluation for Strakes 

The strake design is evaluated by comparing the testing results of the bare pipe and the strakes. 

As introduced in the dissertation, the VIV strake efficiency is defined as the reduction of the 

oscillation amplitude due to the strakes in the free vibration test.  

Except for the strake efficiency, another important parameter for the strake is the drag 

coefficient. As it is known to all, the advantage of the strakes is the high efficiency of the VIV 

suppression, while the main disadvantage of the strake is the increase of the drag coefficient, 

which can be measured in the stationary test. The following table is the comparison of the low 

and high scale model of the bare pipe and the strake model. 

Table 17 The Comparison of the Large and Small Scaled Model Test 

 Large scale model Small scale model 

Type of 

experiment  

Stationary, Free vibration  Stationary, Free vibration  

Place of 

experiment  

OCEANIC, MARIN TU Delft 

Testing facility Towing tank Flume  

Testing model 

  

Reynolds 

number 

105~1.2×106(OCEANIC) 

1.5×105~8×105(MARIN) 

6000~2×104  

Testing speed 2.5m/s Max 0.55m/s Max 

Test duration 6 to 15 minutes per speed 3 to 4 minutes per speed 

Oscillation 

amplitude  

(A/D) 

0.87 for bare pipe 

0.0277 for strakes 

0.9844 for bare pipe 

0.02006 for strakes 

Strake 

efficiency 

96.816% 97.757% 
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Drag 

coefficient  

(Averaged) 

1.02 for bare pipe (OCEANIC) 

1.33 for strakes (OCEANIC) 

0.61 for bare pipe (MARIN) 

1.43 for strakes (MARIN) 

1.41 for bare pipe 

2.24 for strakes 

Increased 

drag (% of 

bare pipe) 

30.4% (OCEANIC) 

134.4% (MARIN) 

58.9% 

6.1.5. VIV Fairings 

In the experiments of this dissertation, there is no experiment for the fairings, thus, the study 

from Slocum (2004)[17] on the flutter instability in riser fairings. In this study, both high scale 

model and low scale model were tested. The following table is the introduction and comparison 

of the high and low scale fairing model test: 

Table 18 Large and Small Scaled Fairing Model Test 

 High scale model test Low scale model test 

Location David Taylor Model Basin (DTMB)  MARINTEK  

Testing 

facility  

Towing tank  Rotating test rig 

Types of 

tests 

Free vibration Free vibration, Rigid cylinder test 

Size of 

cylinder 

D=220mm, L=3.96m D=20mm, L=9.63m, 

Fairing size Span=61.2cm,  

Chord length=52.6cm, 

Nose diameter=23.2 cm  

Span=87.4mm,  

Chord length=82.8mm,  

Nose diameter=36mm  

Reynolds 

number  

Re=1×106  Re=4×104 

Flow type  Constant towing speed Linear shear flow, upper end is 14% 

higher of the flow speed than the 

lower end 

Flow speed 4.5m/s 1.2m/s 

Testing 

result 

 

DTMB tests results of rigid spring-

mounted cylinder with fairings 

 

long flexible cylinder with fairings in 

the linearly sheared flow 



Testing 

model 

 

6 fairings with end plate 

 

Fairings for long flexible cylinder 

It can be found that, for the high scale model test, only the free vibration test is conducted and 

the towing tank can achieve both high Reynolds number and high reduced velocity. While for 

the low scale model, two types of tests are conducted, one is the free vibration test which is the 

same with the high scale model test, the other is the rigid cylinder test.  

In this research, due to the need of studying the flutter instability, the low scale model is used 

for studying the modes of vibration for the long flexible cylinder due to the fairings, as the high 

modes will reduce the fatigue life of the cylinder due to the higher shear stress. The low scale 

model is with a length of 9.63m, which is long enough for the observation of the first mode 

vibration, and cannot be found in the high scale model test in this study.  

6.2. Flow Rate 

The flow rate is one of the key design requirements of the flume, as it has a wide relation with 

the model and size of the flume. To evaluate the maximum flow speed that the flume can 

achieve, one needs to take the following parameters into consideration. 

6.2.1. Critical Mass Ratio 

Mass ratio is highly related to the oscillating synchronisation regime of the free vibration test, if 

one wants to observe the complete bell-shape curve of the oscillation amplitude with the 

reduced velocity, the flow rate of the flume must be high enough to meet the demand of the 

reduced velocity to achieve the lock-out range. 

Through the research by Govardhan & Williamson (2004)[1] ,the relationship for the mass ratio 

and the range of the synchronisation is shown in the following figure: 
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Figure 67 Synchronisation Regime with Mass Ratio 

In the figure, the start of the synchronisation is at 𝑈∗ = 3~5,while the 𝑈𝑒𝑛𝑑
∗  marks the upper 

boundary of the shaded synchronisation regime, and it can be calculated by the following 

equation: 

𝑈𝑒𝑛𝑑 𝑜𝑓 𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛
∗ = 9.25√

𝑚∗ + 1

𝑚∗ − 0.54
 

 Equation 25 

Thus, if one can get the mass ratio of the oscillator, the required reduced velocity for lock-out 

can be calculated, and thus one knows the required highest flow speed of the flume. 

6.2.2. Reduced Velocity 

In the equation of calculating the lock-out flow rate, is should be noticed that if the mass ratio 

of the oscillator is smaller than the critical mass ratio, the synchronisation will continue when 

the reduced velocity increases and there will be no lock-out for the oscillator. The critical mass 

ratio is given as: 𝑚𝐶𝑅𝐼𝑇
∗ = 0.54 ± 0.02. 

Here, the 𝑈∗ used in the equation has the same expression of the 𝑉𝑟 used in the experiment, 

both are the expression of the reduced velocity, and 𝑉𝑟 is calculated as: 

Vr =
𝑉

𝑁𝑎𝑡𝐹𝑟𝑒𝑞𝑊𝑒𝑡 ∗ 𝐷
  Equation 26 

Where 𝑉 is the mean value of the flow meter placed in the same water depth of the model, the 

𝑁𝑎𝑡𝐹𝑟𝑒𝑞𝑊𝑒𝑡 is the natural frequency calculated in the free vibration for the cylinder in the water 

and D is the diameter of the oscillator. Thus, the mean flow rate under the reduced velocity is: 

𝑉 = 𝑉𝑟 ∗ 𝑁𝑎𝑡𝐹𝑟𝑒𝑞𝑊𝑒𝑡 ∗ 𝐷 

 Equation 27 

Thus, to decide the flow rate of the flume by the given mass ratio and natural frequency of the 

oscillator, the procedure is shown in the following figure: 

 

Figure 68 Calculating procedure 

Since one knows the flow rate of the flume, the pumping power can be calculated, which gives 

the basis of designing the proper pumping system. 

6.2.3. Measuring of Flow Rate 

The measuring method for the small-scaled model test in the flume is different form the large-

scaled model test in the towing tank. For the towing tank, the fluid remains static while the 

Mass ratio of the 
oscillator (m*)

Natural frequency of 
the oscillator in 

water(NatFreqWet) 

Reduced velocity for 
lock-out(U* or Vr)

Required flow rate of 
the flume (V)



model is towed by the carriage above the tank and driven by electric engine, thus the towing 

speed equals to the water flow speed. For example, the towing tank in MARIN is 210m long, 

and the maximum towing speed for the carriage is 15𝑚/𝑠 as introduced.  

While for the small-scaled testing facility, the flow rate is restricted due to the pumping power 

and the boundary layer due to the water flow in the flume. Thus, to ensure the accuracy of the 

flow rate, the flow meter shall be placed in the middle of the two walls of the flume, and in the 

same water depth where the model is placed. In the experiment, the maximum flow rate the 

flume can achieved is 0.6𝑚/𝑠 as the flow meter measured.  

6.3. Flume Size 

6.3.1. Length of Flume 

The length of the flume should meet the demand for both the installation of the testing facilities 

and the accuracy of the measuring. 

In the experiment, to get the accurate flow rate, the flow meter is placed upstream of the 

oscillator, which is one fourth of the total length of the flume, and the oscillator is placed in the 

middle of the flume. The potential sources of disturbing the water flow could from the flow meter 

and the head of the water channel. Thus, the flume should provide enough gap length for the 

water flow to become steady before reaching the flow meter, and ensure there is no disrobing 

of water flow before reaching the oscillator. One testing method to define whether the gap 

distance meets the demand is placing the flow meter in the flume, and let the coloured water 

flow through the flow meter and whether the wake still exits when reaching the oscillator. An 

empirical data is that 1m in the flume should be enough for the gap to avoid the influence.  

As for reference, the length of the flume in the experiment is 14.5m. But it is not a wise choice 

to make the flume too long, which may take more time to fill the flume for calibration and 

measuring the natural frequency of the oscillator in the water. 

6.3.2. Width of Flume 

The width of the flume should meet the demand of the aspect ratio of the model, and the 

boundary layer of the water flowing along the side wall.  

The width of the flume shall make enough space for the installation of the inner frame of the 

oscillator, and meets the demands if one wants a model with higher aspect ratio. From the 

opinion of the boundary layer theory, the water flow along the flume wall is not constant but 

increase from 0 to the flow speed. Thus, increasing the gap for the inner frame and the wall of 

flume is a significant method to reduce the difference of flow speed. 

A wider flume will require higher pumping power, and stronger structural design. The example 

of the flume width of the water lab is two types, one is 40𝑐𝑚×40𝑐𝑚  and the other is 

100𝑐𝑚×100𝑐𝑚 of the section area.  
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6.4. Suggestions 

6.4.1. Resistance  

In the original testing facility, the connection between the inner and outer frame is achieved by 

using the frictionless table, but in real test, the friction force for the frictionless table is still high 

enough to influence the free vibration test, which makes the oscillation start at a higher flow 

speed than expected. 

The suggestion for reducing the resistance during the free vibration test is replacing the 

frictionless table by air bearings, which can be found in the following figure: 

 

Figure 69 Air Bearings for Free Vibration Test Facility[21] 

For each side of the frame, two or four air bearings should be enough to provide enough support 

for the inner frame to oscillate under the transverse flow. 

6.4.2. 2D Test 

The current testing facility is not capable for doing free vibration test under two degrees of 

freedom as the original frame is suitable for only one degree of freedom. For two degrees of 

freedom, the testing model is recommended to be hanged vertically to reduce the effect of 

gravity. And the possible design of the testing facility would be like the following figure: 



 

Figure 70 Two Degrees of Freedom Testing Facility 

Thus, for the two degrees of freedom testing facility, the cylinder model is hanged vertically 

providing enough space for the connection with the testing model to the tube and the universal 

joint. The motion of the cylinder on transverse and along the water flow can be measured with 

optic laser, the drag and lift force can also be measured using the load cell. 

The length of the testing model is decided according to the depth of the flume, and the 

oscillating amplitude should not exceed half of the width of the flume. The crushing of the 

cylinder model to the flume wall can be avoided by adjusting the diameter of the model. 

6.4.3. Fairing Model 

The research on fairing model is different from the strake model, as in the VIV fairing, the flutter 

instability will be observed when the fairings meet the shear flow. One disadvantage of the 

flume is that the flume cannot provide shear flow for the testing model, and the suggestion for 

the study of flutter instability is to use the rotation rig which is shown as the following figure: 
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Figure 71 Rotation Rig for Fairing Model[23] 

The upon figure is from the MARINTEK, which is used to study the flutter instability. The slope 

angle can be adjusted to provide different shear flow speed.  

 

 

 

 

  



7. Conclusion and Recommendation 

7.1. Conclusion  

The small scaled model testing facility is suitable for evaluating the strake efficiency under small 

scaled model. The drag coefficient measured by this testing facility is higher than the large 

scaled model test carried out by the towing tank, the reason for causing the difference is due 

to the different range of Reynolds number.  

Wake oscillator model is also used in this thesis to find out the parameter that will influence the 

tuning parameter A and ε of the wake oscillator. In the simulation of free vibration test by the 

wake oscillator, the combinations of tuning parameters under different range of Reynolds 

number are given to indicate the relationship between the tuning parameters and the Reynolds 

number. 

7.2. Recommendation 

For the small scaled model testing facility, the current testing facility in the flume or water 

channer can provide a limited performance on the small scaled model test such as the one 

degree of freedom free vibration test, and the stationary test. For the two degrees of freedom 

free vibration test, the testing facility is recommended as a vertical model with universal joint.  

For the studying of the flutter instability, which the shear flow cannot be simulated by the flume, 

the rotating rig is the proper facility. 
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Appendix A  

Figures for Test Results 

 

Stationary Test for Bare Pipe 

 

Stationary Test for Pipe with Cover 



 

Stationary Test for Pipe with Strakes 

 

Stationary Test for All 
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Free Vibration Test for Bare Pipe 

 

 

 

Free Vibration Test for Pipe with Cover 



 

Figure 6.7 Free Vibration Test for Pipe with Strakes 

 

Figure 6.8 Free Vibration Test for All 
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Appendix B 

The following figures are the simulation of the wake oscillator compared with the experiment 

results: 



 

 


