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Abstract:



Laboratory tests on streamwise vortex-induced vibration (VIV) of a flexible, slender cylinder were carried out in a towing tank. A cylinder model, 20 mm in diameter and 3.91 m in length, was towed horizontally to generate a uniform profile of relative velocity in calm water. The aspect ratio (length to diameter) and mass ratio (structural mass to displaced fluid mass) of the cylinder were 195.5 and 1.39, respectively. The Reynolds number was in the range of 1000–3000. The displacement amplitudes and vibration frequencies were investigated in order to examine the dynamic characteristics of the flexible cylinder undergoing streamwise VIV. Experimental results indicated that there were two detached branches in the streamwise response curve, i.e., the first excitation region (1.0 < Vr < 2.6) and the second excitation region (2.6 < Vr < 4.0). This phenomenon is similar to the streamwise VIV of an elastically-mounted rigid cylinder, except that a larger and shifted peak was observed in the second branch in this study. The cylinder’s linear orbits in the first excitation region indicated that the streamwise vibration frequency was equivalent to its transverse counterpart. However, in the second excitation region, the cylinder’s motion showed a figure-of-eight pattern, and the streamwise frequency was twice that in the transverse direction. In addition, two curve-fitted formulae of the maximum displacement amplitudes in the first and second excitation regions, versus the reduced mass-damping parameter, were proposed. This was accomplished by compiling the published streamwise VIV data and those in the present research work.
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1. Introduction


Vortex-induced vibration (VIV) of a flexible, slender cylinder is a complicated fluid–structure interaction (FSI) phenomenon that may result in structural failure, due to fatigue damage accumulation. It is a problem of both industrial and academic interest, and has been studied for decades. Several key reviews and important milestones on this topic can be found in Naudascher [1], Norberg [2], Sarpkaya [3], Gabbai and Benaroya [4], Williamson and Govardhan [5], Wu et al. [6], Cagney and Balabani [7], and Feng et al. [8].



The vast majority of previous work has focused on 2-degree-of-freedom (2-DOF) VIV of a cylinder in both transverse and streamwise directions [9,10,11], and on 1-degree-of-freedom (1-DOF) VIV in the transverse direction [12,13,14]. A generally accepted understanding is that the response amplitude and the fluctuating fluid force in the streamwise direction are one order of magnitude smaller than those in the transverse direction [15], and the streamwise vibrations are trivial and can be neglected in fatigue analysis. However, the recent experiments of Baarholm et al. [16] on VIV of a flexible, slender cylinder showed that the streamwise responses might have a significant contribution to fatigue under tension-controlled conditions. This is because the streamwise vibrations take place at double the frequency and half the wavelength of those in the transverse direction. Given that the curvature is inversely proportional to the squared wavelength, fatigue caused by the streamwise vibrations dominates when the flow velocity is low.



Due to its importance and less well-established dynamic behaviors，the streamwise VIV of an elastically supported, rigid, circular cylinder has been extensively studied. These investigations are ongoing. The pioneer work can be backtracked to Aguirre [17], in which the response regimes of streamwise VIV were characterized. Currie and Turnbull [18] introduced a wake-oscillator model for predicting the VIV of a cylinder in the streamwise direction. Sumer and Fredsøe [19] concluded from 2-DOF VIV experiments that there were three types of streamwise VIV. The first type originated from the symmetric vortex shedding in 1.0 < Vr < 2.3 (Vr = u/ f1D, where Vr is the reduced velocity, u is the flow velocity, f1 is the natural frequency of the vibration system, and D is the cylinder diameter). The second type was caused by the alternate vortex shedding in 2.3 < Vr < 3.8. The third type occurred concurrently with the transverse vibrations in a higher region of Vr. Okajima et al. [20] performed laboratory tests on the streamwise VIV of a circular cylinder, either spring-mounted at both ends (two-dimensional (2D)), or cantilevered on one end (three-dimensional (3D)) in a water tunnel at subcritical Reynolds numbers. It was found that, in the 2D cases, the response amplitudes were sensitive to the reduced mass-damping parameter Cn (Cn = 2m*ζ, where m* is the mass ratio, and ζ is the structural damping ratio) in the first excitation region with symmetrically-shed vortices. While a “lock-in”, similar to that in the transverse VIV, occurred in the second excitation region with alternately–shed vortices. Nishihara et al. [21] experimentally investigated the forced vibration of a circular cylinder in the streamwise direction. It was found that the added mass coefficient, which significantly affects the dynamic behaviors of low mass-ratio VIV, varied greatly in the two excitation regions, while the added damping coefficient could be negative. Cagney and Balabani [22] investigated the near-wake modes of a 1-DOF cylinder undergoing streamwise VIV by using the particle-image velocimetry (PIV). Two modes—the S-I mode (in which two symmetric vortices are shed simultaneously per vibration cycle) and the A-II mode (similar to the well known von Kármán vortex street)—were observed in the first excitation region. One mode, i.e., the SA mode (treated as a special case of the A-II mode), was found in the second excitation region. The competition between the S-I and A-II modes in the first excitation region and transient behaviors of the wake were further analyzed in Cagney and Balabani [23]. It was found that the first excitation region was actually dominated by the A-II mode, characterized by alternate vortex shedding, which contradicted the common assumption that the vortex shedding was symmetric in the entire first excitation region. Later work by the same researchers investigated the streamwise VIV of a 2-DOF pivoted cylinder. It was found that the 2-DOF response regimes were similar to the previous 1-DOF results, and the additional degree of freedom did not significantly alter the vortex-shedding process [7].



Investigation on the streamwise VIV of a rigid, circular cylinder has proliferated in recent years. By contrast, only a few researchers have investigated the streamwise VIV dynamic mechanism of flexible, slender cylinders. King et al. [24] experimentally investigated the streamwise VIV of a cantilevered flexible cylinder with an aspect ratio of 41 in a water channel facility. It was found that large amplitude vibration could be excited at low reduced velocities when Cn was smaller than 1.0. Few researchers have focused on the prediction of streamwise-only VIV of flexible cylinders, such as marine riser and submarine free spanning pipeline. Several prediction models were proposed to analyze the features of streamwise response undergoing vortex shedding [25,26,27,28]. Until now, experimental studies on the streamwise VIV of a flexible circular cylinder, especially with a large aspect ratio and a low mass ratio, were lacking. A series of laboratory experiments were conducted in a towing tank facility to investigate the streamwise VIV of a flexible slender cylinder with a large aspect ratio and a low mass ratio. The statistical characteristics and instantaneous dynamic behaviors of the cylinder model undergoing streamwise VIV were presented and discussed.



The organization of the rest of this paper is as follows: Section 2 presents a description of the experimental set-up; in Section 3, a modal analysis method for the measurement data is introduced; experimental results and discussions are presented in Section 4; finally, some conclusions are drawn in Section 5.




2. Experimental Set-Up


It is well known that there are three types of streamwise VIV, namely, the types falling in the first, second, and third instability region. The first excitation region originates from symmetric vortex shedding in the lower reduced velocity region of 1.0 < Vr < 2.3, and the second excitation region from alternate vortex shedding in the higher reduced velocity region of 2.3 < Vr < 3.8 [19]. The first and second instability regions constitute the pure streamwise regime, which is the main focus of our present research work. The third streamwise VIV region of slender marine structures occurs for reduced velocities where transverse oscillations have started. Our experiment was performed in the towing tank at the State Key Laboratory of Hydraulic Engineering Simulation and Safety of Tianjin University. The towing tank is 137.0 m long, 7.0 m wide and 3.3 m deep. A test apparatus, which had a supporting frame, two vertical supporting mechanisms, a cylinder model, and an axial tension system, was designed. The schematic model of the apparatus is shown in Figure 1.


Figure 1. Layout of the experiments.
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The supporting frame was composed of a number of vertical and horizontal steel beams. Each vertical supporting unit consisted of a vertical supporting rod, a supporting plate, and a guide plate. The vertical supporting rods were connected to the supporting plates at the bottom end and the supporting frame at the top end, respectively. The guide plate was installed on the inner side of the supporting plate by several long bolts to ensure that the flow around the towing cylinder model was two-dimensional.



The cylinder model was pinned at one end using a universal joint and connected with a steel wire at the other end. The steel wire passed through two small hollow poles (one on the guide plate and the other on the supporting plate) and was connected to a spring at the end. The use of the spring allowed a gradual variation of axial tension on the cylinder model during the experiment. Four axial tensions of 0 N, 50 N, 100 N and 150 N were employed by adjusting the tensioner. A load cell was adopted to monitor the axial tension on the vibrating flexible cylinder. A pulley was used to change the direction of the steel wire. The flexible cylinder model was placed 1.0 m under the still water level, and the free-surface effect was negligible.



As shown in Figure 2, the flexible cylinder model (with an outer diameter of 20 mm and a length of 3.91 m) was made of a coaxial composite tube. The inner tube was a steel pipe with an outer diameter of 19.8 mm and a wall thickness of 2.0 mm. The outer tube was a heat shrinkable PVC pipe with an outer diameter of 20.0 mm and a wall thickness of 0.1 mm. The use of the outer PVC pipe was due to the fact that it could provide a smooth external surface but also protect and insulate the instrumentation cables and strain gauges. The mass per unit length, ms, of the cylinder model, including the mass of the measuring instruments and the trapped water inside the steel pipe, was 0.573 kg/m, resulting in a dimensionless mass ratio (m* = 4ms/ρπD2, where ρ is the density of water) of 1.39. The bending stiffness of the cylinder model, EI (see Table 1), was 324.94 N·m2. The structural damping ratio, ζ (measured in a free-decaying test of the cylinder model in water), was 0.0598. The axial tension was directly employed on the inner steel pipe. Ten pairs of strain gauges were attached to the outer surface of the steel pipe and covered by the PVC pipe. Five of those were oriented in the x-direction (streamwise) while the others were in the y-direction (transverse). The measuring points were evenly distributed along the cylinder model, as illustrated in Figure 3. The aspect ratio (length to diameter) of the cylinder model was 195.5. The key parameters of the cylinder model are listed in Table 1.


Figure 2. Flexible cylinder model.
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Figure 3. Locations of strain gauges along the cylinder model.
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Table 1. Key parameters of the cylinder model.







	
Items

	
Values






	
Cylinder model length, L

	
3.91 (m)




	
Outer diameter, D

	
0.020 (m)




	
Aspect ratio, L/D

	
195.5




	
Bending stiffness, EI

	
324.94 (N·m2)




	
Axial tension, T

	
0, 50, 100, 150 (N)




	
1st order natural frequency in still water, f1

	
1.96, 2.18, 2.38, 2.56 (Hz)




	
Mass per unit length (with trapped water), ms

	
0.573 (kg/m)




	
Mass ratio, m*

	
1.39




	
Structural damping ratio in still water, ζ

	
0.0598










The cylinder model was towed horizontally in still water with a velocity from 0.05 m/s to 0.15 m/s with an increment of 0.05 m/s. The corresponding Reynolds number ranged from 1000 to 3000, approximately. In this paper, we mainly focused on the pure streamwise VIV of the flexible slender cylinder. However, the motion of the cylinder in our experimental tests was not constrained; it could vibrate in the transverse and streamwise directions. The sampling frequency of the measuring instruments was 50 Hz, which was sufficient to avoid aliasing problems. Each experimental run held for 40 s, and the data measured in the last 30 s was used for analysis. A total of 12 runs were carried out.




3. Modal Analysis Approach


In order to eliminate the noises from the measured strain signals, a band-pass filtering, ranging from 0.5 to 30 Hz, was applied. Next, the filtered data was used in the modal analysis to obtain the displacement responses of the cylinder model. Assuming that the time-varying displacement could be expressed as a sum of the product of the mode shapes and the modal weights:


[image: ]



(1)




where x (z, t) is the time varying displacement in the streamwise direction, z is the coordinate along the axis of the cylinder model, t is time, wn (t) is the modal weight, [image: ] is the mode shape, and n = 1, 2, 3, … is the order of vibration mode.



For the pined–pined boundary conditions applied in the present experiment, the nth mode shape could be written as:


[image: ]



(2)




where L is the length of the cylinder model. Taking into account the relationship between curvature and strain (i.e., [image: ]), Equation (2) resulted in:


[image: ]



(3)




where R denotes the radius of the cylinder model. In Equation (3), the unknown time-varying modal weight wn (t) could be calculated using the filtered strain signals. Readers are referred to Chaplin et al. [29], Trim et al. [30], Lie and Kaasen [31], and Song et al. [32] for more details about the modal analysis approach.



Figure 4 shows an example of the modal analysis. The left column plots gave the time histories of the strain signals measured at five measuring points during the last 30 s. The corresponding modal weights evaluated using Equation (3) are depicted in the middle column plots. It can be seen that the streamwise displacement response was dominated by the first mode in this case. The time histories of the displacement at the five measuring points were calculated using Equation (1), and are presented in the right column plots. In the following section, the displacement responses were obtained by the modal analysis approach, which was introduced in this section.


Figure 4. An example of the modal analysis approach with the axial tension (T = 150 N) and towing velocity (u = 0.15 m/s). (a) Streamwise strain signals at five measuring points; (b) modal weights of streamwise VIV; and (c), time histories of the displacements at five measuring points.
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4. Results and Discussion


Figure 5 shows the root-mean-square (RMS) values of the normalized streamwise response amplitude [image: ] versus the reduced velocity Vr. Clearly, there are two response branches separated by a low-amplitude region at [image: ], where St is the Strouhal representing the vortex-shedding frequency of flow past a stationary cylinder. In the present results, the first excitation region is 1.0 < Vr < 2.6, while the second one is 2.6 < Vr < 4.0. The peak value of the normalized RMS amplitude in the first excitation region is roughly 0.07, which is slightly smaller than its counterpart of 0.08 in the second excitation region. The experimental results of Okajima et al. [20] and Cagney and Balabani [23] on the streamwise VIV of a rigid cylinder elastically-mounted on both ends (2D), and a cantilevered flexible cylinder (3D) in a water tunnel, were superimposed in Figure 5. The present results agree well with those of Cagney and Balabani [23] and the 3-D results of Okajima et al. [20], but deviate from the 2D results of Okajima et al. [20]. This can be attributed to the different reduced mass-damping parameters adopted in these studies. In the present study, Cn = 0.167, which is similar to that of 0.083 in Cagney and Balabani [23], and 0.24 in the 3D tests of Okajima et al. [20], but significantly smaller than 0.98 in the 2D tests of Okajima et al. [20]. However, in the second excitation region, the present results show a broader range than those in Okajima et al. [20] and Cagney and Balabani [23]. The peak value is comparable to the 3D results of Okajima et al. [20], but obviously larger than those in Cagney and Balabani [23], and the 2D tests of Okajima et al. [20]. A possible reason is the flexible slender cylinder with a very large aspect ratio adopted in this study. It is worth noting that the results presented in Figure 5 are actually a combination of the results with four different axial tensions. As mentioned above, the towing velocity of the carriage in the experiments is from 0.05 m/s to 0.15 m/s, with an increment of 0.05 m/s, restricted by the minimum resolution of the towing tank facility. A total of three reduced velocities were investigated for a given axial tension, which is far from enough to properly depict the variation of response amplitude. However, by carefully selecting the axial tensions and combining the results with different axial tensions, more data points can be reasonably distributed in the range of 1.0 < Vr < 4.0, due to different f1 adopted in the normalization of the reduced velocity. In general, the reasonable agreement between different results provides strong evidence of the reliability of the experimental set-up and the validity of the post-processing approaches for the measurement data.


Figure 5. Dimensionless streamwise root-mean-square (RMS) response amplitudes versus the reduced velocity (grey circles represent five typical streamwise VIV response regions, which will be discussed later, including the beginning of the first excitation region, the maximum streamwise amplitude in the first excitation region, the transition region between the first and second excitation region, the maximum streamwise amplitude in the second excitation region, and the end of the second excitation region).
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At the transition region, i.e., [image: ], between two excitation branches, the streamwise vibration amplitude showed quite a large variation between different experiments. The minimum RMS amplitude was nearly zero in the 2D results of Okajima et al. [20], while the maximum value could be as high as [image: ] in the 3D results of Okajima et al. [20]. The authors attributed it to the aspect ratio (AR) effects, i.e., the manner in which the depth of the valley between the first and second excitation region decreases with decreasing AR. When the AR <10, only a single excitation region was found in the cantilevered cylinder tests of Okajima et al. [20]. Nakamura et al. [33] concluded from their cantilevered cylinder experiments that the streamwise amplitude did not show a significant reduction in the transition region, when AR < 21 and this trend became even more prevailing with decreasing AR. The results of this study, i.e., [image: ] with AR = 195.5, provide supporting data for the conclusion.



Figure 6 presents the dimensionless streamwise and transverse maximum amplitudes versus the reduced velocity, together with the normalized frequencies in both directions. It can be seen that the transverse amplitude was much smaller than its streamwise counterpart in the first excitation region. The peak values, [image: ] (streamwise) and [image: ] (transverse), were simultaneously obtained at [image: ]. The non-dimensional vibration frequencies, normalized by the first order natural frequencies of the cylinder model under different axial tensions, were roughly unified in the first excitation region (i.e., [image: ], where [image: ] and [image: ] were the dominant response frequencies in the streamwise and transverse directions, respectively). This agrees with the results of Blevins and Coughran [34], in which a 2-DOF spring-supported rigid cylinder was tested.


Figure 6. Dimensionless maximum amplitudes: (a) in the streamwise and transverse directions, together with the frequency ratios, and (b), versus the reduced velocity.
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Figure 7 shows the x–y trajectories of the cylinder at [image: ], together with the distribution of [image: ] along the axis of the cylinder model. In the first excitation region, the cylinder followed a slightly inclined linear orbit, which agrees with the results in the 2D tests (elastically-supported rigid cylinder) of Jauvtis and Williamson [9] and Blevins and Coughran [34], but is different from the flat figure-of-eight trajectory observed in the 3D tests (pivoted cylinder) of Cagney and Balabani [7]. At the transition point of [image: ], the ratio between the streamwise and transverse frequencies was roughly 2, i.e., [image: ], due to the alternate vortex shedding, which indicates the onset of the “lock-in” phenomenon and the beginning of the monotonic increase of the transverse amplitude. In the second excitation, the frequency ratio was kept at [image: ] and the orbit of the cylinder showed a figure-of-eight pattern, as shown in Figure 8. These observations are consistent with those in Jauvtis and Williamson [9], Blevins and Coughran [34], and Cagney and Balabani [7], except that the figure-of-eight was slightly skewed at the top side. At the end of the second excitation region, [image: ], a significant drop could be found in [image: ] and the vibration frequencies in the streamwise and transverse directions became equal again. The streamwise vibration frequency obviously fell outside the resonance region, which resulted in the large reduction in the streamwise maximum amplitude. The transverse maximum amplitude shows a mild increment at this reduced velocity, which agrees with the results of Jauvtis and Williamson [9], but disagrees with those in Cagney and Balabani [7], where the transverse maximum amplitude plummeted.


Figure 7. x–y trajectories of the cylinder in the first excitation region with [image: ].
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Figure 8. x–y trajectories of the cylinder in the second excitation region, with [image: ].
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The typical streamwise VIV behaviors of a flexible cylinder were further investigated in the following part. Five representative cases, as indicated by the markers with grey shadow in Figure 5, were selected. These representative cases corresponded to the initial zone, middle of the first excitation region, the transition region, and the middle and end of the second excitation region, respectively.



Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 give the streamwise displacement response and vibration frequency spectra at five measuring points. The first column graph shows the time history of streamwise displacement for the last 30 s of a complete sampling period at different measuring positions along the cylinder model. The second column graph presents the time history in a short time interval, from 28 s to 30 s, in order to clearly describe the characteristics of oscillation. The third column graph illustrates the displacement response spectra, which was produced by fast Fourier transformation (FFT) analysis of the displacement data.


Figure 9. Time histories and spectral plots of streamwise displacement with [image: ]. (a) Time-varying streamwise displacement for the last 30 s of a complete sampling period at five measuring positions along the cylinder model; (b) time history of streamwise displacement in a short time interval, from 28 s to 30 s; and (c) displacement response spectra.
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Figure 10. Time histories and spectral plots of streamwise displacement with [image: ]. (a) Time-varying streamwise displacement for the last 30 s of a complete sampling period at five measuring positions along the cylinder model; (b) time history of streamwise displacement in a short time interval, from 28 s to 30 s; and (c) displacement response spectra.
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Figure 11. Time histories and spectral plots of streamwise displacement with [image: ]. (a) Time-varying streamwise displacement for the last 30 s of a complete sampling period at five measuring positions along the cylinder model; (b) time history of streamwise displacement in a short time interval, from 28 s to 30 s; and (c) displacement response spectra.
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Figure 12. Time histories and spectral plots of streamwise displacement with [image: ]. (a) Time-varying streamwise displacement for the last 30 s of a complete sampling period at five measuring positions along the cylinder model; (b) time history of streamwise displacement in a short time interval, from 28 s to 30 s; and (c) displacement response spectra.
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Figure 13. Time histories and spectral plots of streamwise displacement with [image: ]. (a) Time-varying streamwise displacement for the last 30 s of a complete sampling period at five measuring positions along the cylinder model; (b) time history of streamwise displacement in a short time interval, from 28 s to 30 s; and (c) displacement response spectra.
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At the beginning of the first excitation region, the time history of the streamwise displacement, characterized by a small amplitude, was irregular and aperiodic, as shown in Figure 9. A similar phenomenon was also observed in the rigid cylinder experiments of Cagney and Balabani [22] and was attributed to the turbulent buffeting effects. The vibration amplitude of the flexible cylinder at the mid-span was generally larger than those near the pinned-ends due to the predominant first mode of vibration. The spectral plot showed a large peak at the frequency ratio of [image: ] and numerous small spikes, indicating some unsteadiness in the vortex shedding.



When the streamwise amplitude peaked in the first excitation region, the time history of the streamwise displacement showed a quasi-sinusoidal curve, except small irregularities observed at the measuring points near the pinned-ends of the cylinder model, as shown in Figure 10. In addition, it could be found that the dimensionless maximum displacement amplitude was roughly equal to 0.12, which was larger than the rigid cylinder results of Cagney and Balabani [22], where the dimensionless maximum displacement amplitude was between 0.06 and 0.09, with minor fluctuations in the middle of the first response branch. The spectral plot for the streamwise displacement was rather pure, with only one predominant peak observed at [image: ].



In the second excitation region, the streamwise displacement showed evident beatings in its time history, as shown in Figure 12. The time history of the displacement response was regular and periodic, and attained the maximum amplitude of 0.16. Two large peaks were found in the spectral plot. One occurred at fx/f1 = 1.0, and the other occurred at one-half of this value, which was apparently the effects of the transverse vibrations. Blevins and Coughran [34] performed the laboratory tests on the vortex-induced vibration of an elastically supported cylinder, which could vibrate in streamwise and transverse directions, and could also be constrained to move only in a streamwise direction. In the first branch, they found that the transverse response could be negligible, while the freedom to move in the transverse directions had a significant effect on streamwise VIV in the second branch. The frequency of the transverse oscillations was equal to half the frequency of the streamwise vibrations, and the cylinder followed a figure-of-eight trajectory in the second branch [7]. This is the reason why two frequency peaks can be seen in the plot of spectra of the displacement in Figure 12.



At the end of the second excitation region, irregularities were checked one more time in the time history of the streamwise displacement, as shown in Figure 13. However, different from the results shown in Figure 9 and Figure 11, a predominant peak which obviously deviated from [image: ] was observed in the spectral plot, indicating the end of the resonance.



Previous experiments carried out during the past several decades indicate that the maximum amplitude of a transverse VIV is highly dependant on a combined mass-damping parameter [image: ]. The so-called ‘Griffin plot’ is presented by compiling a large variety of investigations on VIV [3,5]. Although there are conflicting opinions regarding its validity, the Griffin plot is widely used in industry and academic fields. Similarly, it was also proved that the maximum amplitude of the streamwise VIV followed closely with the reduced mass-damping parameter Cn [20,24,34,35]. A series of experiments on streamwise VIV of a circular cylinder was carried out by Okajima and colleagues [20,33,36,37] to investigate the sensitivity of the amplitude response to Cn. In this study, an extensive compilation of a large variety of published data, together with the present results, is depicted in two log–log plots, as shown in Figure 14. Two least-square fitted curves are superimposed on the plots and their expressions are defined as:


[image: ]



(4)




in the first excitation region (see Figure 14a); and


[image: ]



(5)




in the second excitation region (see Figure 14b). It is shown that the two curves follow closely with the data, especially when Cn < 1.0, which covers the majority of the streamwise VIV of marine cylinders. A small deviation can be observed at a larger Cn. These two formulae could be used to predict the response amplitudes according to the mass-damping parameter Cn.


Figure 14. Maximum dimensionless streamwise displacements versus mass-damping parameters in the first (a) and second excitation regions (b). (■ Blevins and Coughran [34], water; ▲ Jauvtis and Williamson [9], water; □ Matsuda et al. [35], air; ● Okajima et al. [20], water; ☆ Okajima et al. [20], air; ○ present experimental data; — fitted curve).
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5. Conclusions


Laboratory experiments on streamwise VIV of a flexible slender cylinder were performed in the towing tank facility at Tianjin University. The cylinder model was made of a coaxial composite tube with a length of 3.91 m and an outer diameter of 20.0 mm, resulting in a large aspect ratio of 195.5. The mass ratio of the cylinder model was 1.39 and the structural damping ratio was 0.0598. Strain gauges were used to measure structural strain responses at five points evenly distributed along the cylinder. The modal analysis method was applied to transform the measured strain signals to the response displacement.



It was found that the RMS amplitudes in the streamwise direction reasonably agreed with the published data, which verified the fidelity of the experimental set-up and the post-processing approaches. For the streamwise VIV with 3D characteristics, the vibration amplitude in the transition region decreased with the increasing aspect ratio, and the present results provided supporting data for the conclusion. In the first excitation region, compared to the transverse response, the streamwise response showed an equivalent dominant vibration frequency but a much larger amplitude, resulting in a slightly inclined linear orbit in the x–y plane. However, in the second excitation region, the streamwise frequency was twice that in the transverse direction, and skewed figure-of-eight trajectories were observed. A pure spectral plot and a quasi-sinusoidal time history were observed when the vibration amplitude was large. A broad-peak spectral plot and an irregular and aperiodic time history were detected when the vibration amplitude was small. Finally, two least-square fitted curves were presented by compiling a large variety of investigations on streamwise VIV.
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