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Currently, there is a growing demand for renewable energy harnessed from fluid 
dynamics within the oil and gas industry. The surge in demand has propelled electricity to 
become a vital and irreplaceable form of universal energy worldwide. Vortex-Induced 
Vibrations (VIV) energy harvesting shows great potential as a technology for capturing 
energy from flowing bodies of water. The purpose of this research is to investigate the 
numerical aspect of VIV in rigid circular cylinders with the intention of capturing 
renewable energy from the sea. The investigation employs a Vortex-Induced Vibration 
Aquatic Clean Energy (VIVACE) converter to analyze the vibration characteristics of 
densely packed cylinders featuring varying mass ratios (m*) at both minimum and 
maximum values. Another purpose of the study is to investigate the effect that m* has on 
the performance of a VIV converter that is comprised of four cylinders positioned in a 
staggered pattern. For the purpose of analyzing power conversion in the VIV energy 
converter model across a wide range of mass ratios (from 2.36 to 12.96), simulations are 
carried out with a Reynolds number of 82000. The findings indicate that the highest 
converted power reaches a peak of 7.48 W with a mass ratio of 2.36, whereas a greater 
mass ratio of 12.96 results in only 4.33. The study highlights the substantial influence of 
mass ratios on the extraction of power output from VIV. The results essentially offer 
crucial information about the optimum mass ratio in closed four cylinder arrays to design 
VIV energy harvesting to produce clean and renewable energy sources. 
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1. Introduction 
 

Vortex-Induced Vibrations (VIV) are of significant relevance in the offshore sector. The vibrations 
are observed in the form of hydrodynamic forces, which generate vortices that interact with pliable 
structures. The observed phenomena of nonlinear flow structure arise from this interaction, and it 
has significant significance in multiple engineering disciplines, including subsea, civil, aeronautical, 
oceanographic, and mechanical [1]. A significant amount of studies have been dedicated to 
understanding the intricacies of VIV, including a wide range of numerical and experimental studies 
as well as extensive review publications [2-5]. Numerous issues raised by VIV have been the driving 
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force for a significant amount of investigation in the field. The effects of VIV are far-reaching and 
have an immense effect on the design and operation of offshore constructions as well as other fluid 
systems. In order to get a more in-depth understanding of VIV, recent attempts have made use of 
analyses, numerical simulations, and experiments. Some of the researchers who contributed to this 
study are Gonçalves et al., [3], Han et al., [4], Wang and Zhao [6] and also Williamson and Govardhan 
[7], and these are only a few of them. VIV may be generated by two distinct forms of oscillations: 
self-excited oscillations and forced oscillations, which are alternatively known as vibration-induced 
vortices. Furthermore, VIV may occur either spontaneously or as a result of involuntary oscillations 
at different speeds and magnitudes [8-10]. The research conducted by Min et al., [10] showed that a 
Reynolds number of 80 successfully mitigated the wake, hence facilitating the positioning of a 
compact control cylinder downstream of the primary cylinder within close proximity of the wake [11]. 

Instead of attempting to dampen the vibrations, the VIV will be transformed into a source of 
energy that may be put to good use [12]. As a result, the engineering industry came up with a 
mechanism to solve the issue and make use of the vast quantities of renewable electricity that are 
accessible in the marine environment and other forms of water [13]. One of the most difficult 
challenges in the current economic climate and a potentially severe scenario for the natural gas and 
oil sector is to ensure that the industry has sufficient energy to support its economic expansion while 
simultaneously reducing its effect on the environment. One of the devices that Bernitsas et al., [14] 
developed is called the VIVACE converter. This device was developed on the basis of optimizing 
vortex shedding rather than removing it. A VIVACE converter is able to transform the energy of the 
ocean into electrical energy. Energy can be generated by a variety of sources, including wind, tidal, 
solar, ocean waves, and mechanical vibrations, among others. The VIVACE converter type has a 
notable capacity for producing a high-power conversion ratio, enabling it to create energy even when 
subjected to currents as low as 0.25m/s. This specific ability facilitates the extraction of significant 
amounts of energy from ocean and river currents, hence increasing their economic effectiveness. In 
order to establish a high-power configuration for the VIVACE converter array, as seen in Figure 1, it 
is necessary to link many converters. 
 

 
Fig. 1. A schematic of VIV power generation [15] 

 
Besides, the study of VIV for energy harvesting has been the subject of extensive research, 

particularly concerning the influence of m* on amplitude and frequency responses. The m* has been 
highlighted as a crucial role in these responses. Fredsoe and Sumer [16] further elaborated on this, 
emphasizing that a lower m* tends to result in higher amplitudes and frequencies in the VIV 
phenomenon. They also noted that the specific m* utilized in previous studies varied depending on 
the fluid medium. For instance, in air, a high m* ranging from 100 to 1000 was typically employed, 
while in water, a lower m* ranging from 1 to 10 was more common. This understanding underscores 
the importance of considering the fluid medium when determining the effect of m* on VIV. 

Recent research has delved into specific scenarios of VIV involving cylinders with varying m*. 
Reyes and Mandujano [17] investigated the VIV of a cylinder at low m*, exploring the dynamics under 
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different conditions. Gonçalves et al., [18] contributed to this area by studying two degrees of 
freedom VIV of circular cylinders with small m*. They found that as the m* decreased, the amplitude 
increased, with specific values recorded for different configurations. Additionally, Liu et al., [19], 
conducted a numerical investigation focusing on m* less than 1.0. Their study provided insights into 
the behavior of VIV for low m* under specific conditions, such as Reynolds number and damping 
ratio. These studies collectively contribute to the understanding of how m* impacts VIV phenomena 
in varying conditions and configurations. 

According to Zahari and Dol [20], the electricity that is created from the water current not only 
originates from a source that is both renewable and environmentally friendly but also gives 
precedence to the preservation of the environment when it comes to delivering power to the 
offshore station. The increased demand that occurs during maintenance activities causes the power 
consumption on the offshore platform to be much greater. Therefore, for the platform to function 
continuously, it is necessary to have electrical services that are both consistent and reliable. This is 
especially important for independent platforms that rely significantly on machines to function. 

This study aims to explore the impact of mass ratio on vibration synchronization in a model of VIV 
energy extraction. It employs Computational Fluid Dynamics (CFD) methods to analyze the harvested 
energy from VIV across four cylinders with different mass ratios. The research demonstrates the 
effectiveness of utilizing multiple cylinders compared to a single cylinder in power generation. 
Notably, the configuration of four staggered cylinders with varying mass ratios show significant 
influence on energy harvesting due to differences in wake energy. 
 
2. Methodology 
2.1 Governing Equations 
 

In a fluid channel, simulations were conducted on the flow of an unsteady, Newtonian, and 
incompressible fluid past a cylinder. The equations that regulate fluid motion are referred to as the 
Navier-Stokes equation. 
 
2.1.1 Continuity equations 
 

The continuity equation, often referred to as the instant mass conservation equation, is 
formulated by applying the principle of mass conservation to a specific fluid volume in the case of a 
general fluid, as shown in Eq. (1) [21]. 
 
Its differential form is written as 
 
𝜕𝜌

𝜕𝑡
+ ∇ . (𝜌 �⃗� ) = 0             (1) 

 
where, 
𝜌 is the fluid density 
𝑡 is time 
�⃗�  is the flow velocity vector 
 

The first term 
𝜕𝜌

𝜕𝑡
 denotes the rate of change of density in regard to time. Meanwhile, the second 

term ∇ . (𝜌 �⃗� ) express the divergence of the vector field 𝜌 �⃗�  at a specific point fixed in space. Eq. (2) 
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provides an expression for the continuity equation that can also be represented through the use of 
the substantial derivative [21] 
 
𝐷𝜌

𝐷𝑡
+ ∇ . (𝜌 �⃗� ) = 0             (2) 

 
2.1.2 Momentum equations 
 

The conservation equation for momentum is established by applying Newton's second law of 
motion to the fluid control volume, where the rate of change of fluid particle momentum equals the 
combined surface and body forces. This law applies because the fluid control volume is a form of 
liquid. It is specified in Eq. (3) that the momentum equation is as follows [22] 
 

𝜌
𝜕�⃗⃗� 

𝜕𝑡
+ (𝜌 �⃗�  ∙  ∇) = 0 − ∇p + ρb + ∇ ∙ τ          (3) 

 
where, 
p is the pressure 
b is the source term (generally gravity) 
τ is the viscous stress tensor 
 

In the case when the fluid is Newtonian, the viscous stresses are directly proportional to the rate 
at which strain will occur over time. The stress tensor in Eq. (4) is simplified by the Stokes hypothesis 
when applied to a Newtonian fluid [22] 
 

𝜏𝑖𝑗 = 𝜇(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑢𝑖
) −

2

3
𝜇𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑢𝑘
           (4) 

 
where 𝜇 is the dynamic viscosity of the fluid. 

Following the completion of several validation procedures, the turbulence model of k-ω was 
utilized for the simulation in the CFD study. This was done in accordance with the various types of 
flow and the required degree of accuracy in the turbulent flow simulation, which was performed on 
the background velocity profile and wake. 
 
2.2 Geometrical Modelling and Boundary Condition 
 

Figure 2 presents four different cylinders that were used in this investigation. These cylinders 
were identified as C-P, C-Q, C-R, and C-S. On both sides of C-P and C-Q, C-R and C-S are positioned in 
a symmetrical position and are slightly staggered from one another. The simulation was then 
performed based on a single degree of freedom (SDOF). The damping constant, denoted by c, and 
the spring damper, denoted by k, make up the elastic system. The values of the physical parameters 
that were utilized in the current model are reported in Table 1. It is important to note that the 
simulation utilized the Reynold Number, which is equal to 8.2 × 104. This particular value corresponds 
to the turbulent flow regime because the condition of the wake is absolutely turbulent [23]. 
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Fig. 2. Schematic drawing of the four cylinders (not to scale) 

 
Table 1 
Physical Parameter for Present Model 
Parameter Value 

Mass ratio (m*) 2.36-12.96 
Diameter ratio, d/D (m) 0.09 
Damping ratio (ξtotal) 0.02 
Reduced Velocity (Vr) 8 
Reynolds Number (Re) 8.2 × 104 
Density,ρ (kg/m3 ) 1025 
Kinematic viscosity, v (m2/s) 1.1 x 10-6 
Spring stiffness K (N/m) 814 

 
A Reynold Number of 82000 was found to match the mean velocity of the uniform flow inside the 

inlet boundary. For the model consisting of several cylinders with a variety of m*, the Reynolds 
number, damping ratio, and spring stiffness will all be constant variables. Also, the majority of the 
VIV responses are determined by the m* and lowered velocity, both of which are critical parameters. 
The respective definitions are described in Eq. (5) and Eq. (6). 
 

𝑚∗ =
4𝑚

𝜋𝜌𝐷2 
              (5) 

 

𝑉𝑟 =
𝑉

𝐷𝑓𝑛 
              (6) 

 
The equation incorporates many factors, including m, which denotes mass per unit length and is 

associated with decreased velocity, the ratio of cylinder wavelength to diameter throughout its 
trajectory, and 𝑓𝑛, which represents the standard water frequency at which a cylinder oscillates in 
water [16,24,25]. In order to evaluate the energy transfer from the cylinder's flow throughout a single 
cycle, Eq. (7) and Eq. (8) are used. 
 

𝐸𝑉𝐼𝑉 =
1

2
𝐾𝐴2 + 2𝜋²𝐶𝑡𝑜𝑡𝑎𝑙𝑓𝑜𝑠𝑐𝐴²           (7) 

 

𝑃𝑉𝐼𝑉 =
1

𝑇𝑜𝑠𝑐
𝐸𝑉𝐼𝑉             (8) 

 
The flow of VIV power is assessed during each oscillation cycle, where 𝐾 represents the spring 

stiffness, 𝐴 denotes the amplitude of the waves, 𝐶𝑡𝑜𝑡𝑎𝑙  is the coefficient of damping in a system, and 
𝑓𝑜𝑠𝑐  expresses the cylinder's vibration frequency [25]. After that, the power-to-volume density of the 
VIV converter model, denoted by 𝑃𝑉𝐼𝑉_𝑉, was computed using the VIV power of the stagger cylinders 
𝑃𝑉𝐼𝑉  as described in Eq. (9). 
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𝑃𝑉𝐼𝑉_𝑉 =
𝑃𝑉𝐼𝑉

1×𝑋𝑌
              (9) 

 
The boundary criteria outlining the domain are shown in Table 2, offering an in-depth 

perspective. Slip walls were carefully chosen so that there would be no shear stress between the fluid 
and the walls while modeling the pressure outlet limits. Particularly, the consideration of viscous 
stress at the outflow was not taken into account. Moreover, it is crucial to emphasize that the 
solution successfully reached stability while using a 0.05-second time step. 
 

Table 2 
The Boundary Condition of the Present Model 
Type of boundary conditions Surface Name 

Wall C-P, C-Q, C-R and C-S 
Symmetry Top, Bottom, and Sides 
Inflow Inlet 
Outflow Outlet 

 
2.3 Mesh Independence Study 
 

For the purpose of achieving a stable solution for the numerical models, mesh independence 
research was carried out. A cylinder's computational mesh configurations for the simulation domain 
are shown in Figure 3. At a number of elements that varied from 100,000 to 130,000, the simulations 
started to converge at approximately Ay/D = 0.9382, as can be observed from the diagram in Figure 
4. In brief, the recorded response data of the amplitude demonstrate a satisfactory correlation. 
 

  
(a) (b) 

Fig. 3. Computational domain meshes of a cylinder. (b) Illustration of close-
up mesh 

 

 
Fig. 4. Mesh Independence Study for the present model 
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2.4 Model Validation 
 

The validation process is carried out in order to ascertain whether or not the computational 
technique used by the existing CFD model is both feasible and successful. Figure 5 presents the 
configuration and computational meshes of four cylinders. Validation of the current model was 
carried out by taking into consideration the research carried out by Zhang et al., [25]. Table 3 provides 
a breakdown of the physical criteria that are required for the validation process. There is a significant 
connection between the present model and published literature, as shown in Figure 6. On the 
horizontal axis, the X(D) distance is plotted against the maximum amplitude, Ay/D. The error rate for 
validation was maintained below 5%. Based on the results of the computations, it is important to 
highlight that increasing the velocity results in a significant reduction in the amplitude of the cylinder. 
 

  
(a) (b) 

Fig. 5. (a) Computational domain meshes of four cylinders, (b) Illustration of close-up mesh 

 
Table 3 
Physical Parameter for Model Validation 
Parameter Value 

Mass ratio (m*) 1.36 
Diameter D (m) 0.09 
Damping ratio (ξtotal) 0.02 
Reduced Velocity (Vr) 8 
Reynolds Number (Re) 8.2 × 104 
Density ρ (kg/m³) 1025 
Kinematic viscosity v (𝑚2/s) 1.1 x 10-6 
Spring stiffness K (N/m) 814 
Distance X(D)  2, 4, 6 and 8 
Distance Y(D) 7 
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(a) (b) 

  
(c) (d) 

Fig. 6. Comparison and validation of the amplitude-frequency between the present model and Zhang 
et al., [25] 

 
3. Results 
 

For the purpose of this investigation, four cylinders with different m* were examined. When the 
frequency of oscillation has reached the same level as the frequency of vortex shedding, a cylinder is 
considered to be "locked-in." The most significant amplitude oscillations were observed in this 
particular region. Figure 7 depicts the frequency response of the cylinder as a function of the 
decreased velocity, 𝑉𝑟. At the outset, there was instability or lack of synchronization between the 
Vortex Shedding frequency, 𝐹𝑉𝑠 and the Vibration frequency, 𝐹𝑉. The explanation for this is because 
the cylinders are vulnerable to the impact of fluid forces. It is apparent that while the reduced velocity 
was low, the frequencies were similarly low because the vortex shedding failed to develop 
completely. 

At 𝑉𝑟= 8, the occurrence of a lock-in regime is quite evident. Here, with an increase in reduced 
velocity, the vibration amplitude gradually decreases. This phenomenon is attributed to the slower 
mean flow in the wake compared to the free stream. According to findings by Derakhshandeh and 
Alam [26], both the lock-in range's size and the vibration amplitude within this range are contingent 
upon the m*. 

The lock-out region is characterized by a significant rise in frequency from 𝑉𝑟= 10 to 𝑉𝑟= 18. This 
surge may be due to the considerable volumes of vortices that are present in the wake during high-
velocity flow. As a consequence, the frequencies for vortex shedding behind the cylinder are 
increased. In addition, it exhibits the largest amplitude over the entirety of the response range. In 
their study, Xu et al., [27] proposed that the synchronization of vortex shedding was responsible for 
triggering significant oscillations in amplitude. The significant amplitude at extremely high reduced 
velocities was determined to be sustained by flow interference. 

The Strouhal number (𝑆𝑡) was defined as the linear relationship between the vortex shedding 
frequency curve and the cylinder. The examination of the graph demonstrates the presence of a 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 117, Issue 2 (2024) 1-14 

9 
 

linear equation, denoted as y = 0.17x + 0.0127. As a result, the calculated value suggests that 𝑆𝑡 is 
equal to 0.17, which approximately corresponds to 0.20. The impact of both the length of vortex 
formation and lateral diffusion of vorticity inside the shear layers on the Strouhal frequency was 
proven by Desai et al., [28]. The researchers measured diffusion by adding a diffusion length that is 
linked to the thickness of the shear layer. They claimed that a longer diffusion length leads to the 
production of vortices, which in turn results in a lower Strouhal number. Furthermore, the authors 
contended that the increased duration of vortex formation enhances the importance of diffusion 
length since the shear layer diffuses prior to the formation of the vortex. 
 

 
Fig. 7. Frequency ratios 

 
The results of the amplitude ratio graph are shown in Figure 8. It is critical to highlight that the 

fundamental objective of this study is to investigate the influence of m*. The velocity of the lowest 
cylinder in the series (C-Q) is significantly impacted by the interrupted flow originating from C-P and 
the neighboring cylinders, C-R and C-S, particularly when the cylinders are in close proximity (see 
Figure 9). The analysis of VIV responses in cylinders with high and low m* demonstrates significant 
disparities that may be attributable to changes in m* [29]. Numerical simulations are conducted to 
extensively investigate the influence of various m* on the vibrations of the four cylinders inside the 
VIV waves. The simulations include a range of m* from 2.36 to 12.96. It is evident from the 
observation of C-Q that lower m* provides greater amplitudes than larger m*. It should be noted 
that the frequency of vibrations rises as the velocity of the flow increases. Moreover, when 
integrating experimental findings, it becomes apparent that numerical amplitudes exhibit a 
comparable pattern to power conversion. The distinct power levels generated by lock-in and lock-
out reactions are contingent upon the differentiation of decreased velocity and m* ranges. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 117, Issue 2 (2024) 1-14 

10 
 

 
Fig. 8. Amplitude Ratio for the four cylinders with different m* 

 

 
Fig. 9. Vorticity contour of four cylinders 

 
The converted power 𝑃𝑉𝐼𝑉  for each of the four cylinders with different m* is shown in Figure 10, 

offering a more transparent representation of the link between power and m*. Deformations occur 
as a consequence of the close proximity of cylinders during the process of power conversion. This 
study investigates the comparison of converted power between low and high m*. Considering that 
power is a measure of the energy consumption rate (calculated by dividing energy by time), the 
amount of energy may be determined by multiplying the power unit by the time unit. By functioning 
in a manner similar to that of a generator, the power converter, which is an integrated electrical 
device, is able to successfully harness the energy that is collected inside the VIVACE system in order 
to create electrical power. 

As shown in the prior discussion, the cylinder located upstream (C-P) encounters low vibration as 
a result of obstruction caused by the cylinder located downstream (C-Q). A drop in the m* leads to a 
rise in both amplitude and power production, whereas an increase in the m* is associated with a 
decrease in power generation. The power curve for C-P exhibits a peak of 2.8 W when the highest 
converted power gathered from VIV responses is m* = 2.36. In contrast, the power curve has a 
minimum converted power of 1.61 W at m* = 12.96. 

A noticeable gap is seen when comparing the m* of C-Q with those of other cylinders. Obstruction 
from C-Q causes flow disturbance in C-P, resulting in a substantial rise in amplitude in C-Q. The 
increased speed of the cylinder downstream, caused by the energy generated by the wake and the 
effects of contact, highlights the area with a high amount of energy. The maximal power conversion 

C-P C-Q 

C-S 

C-R 
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reaches its highest at 7.48 W when m* is equal to 2.36. Nevertheless, it is worth noting that a high 
m* significantly lowers the energy conversion curve. 

The greatest converted power achieved by C-R is 2.99 W, whilst C-S achieves a maximum of 2.14 
W. In contrast, it can be seen that the minimal power production for C-R is 1.28 W, whereas C-S 
generates a mere 1.2 W at m* = 12.96. The analysis of power conversion curves reveals that the 
strategic arrangement of cylinders facilitates enhanced energy extraction from high to low m*. It is 
evident that the configuration of the four closely spaced cylinders maximizes the power-to-volume 
ratio. 
 

 
Fig. 10. Maximum Power and Energy Conversion for the four cylinders with 
different m* 

 
The parameter identified as 𝑃𝑉𝐼𝑉_𝑉 represents the power-to-volume density, which quantifies the 

energy conversion capability of a cylinder in relation to the volume of ocean current it catches. Figure 
11 displays a graph illustrating the power produced per unit volume (per 1 m3 of water), denoted as 
𝑃𝑉𝐼𝑉_𝑉. This research examines the power stored in a system of space per unit volume. Although the 
power generated by a single converter may not be significant, comparing it to a single cylinder for a 
generator might uncover notable differences in power production. 

The power-to-volume density curve exhibits alignment with both the amplitude ratio curve and 
the converted power curve. According to the graph, it can be seen that the four cylinders exhibit a 
greater power-to-volume density when their m* is lower, resulting in an increase in velocity 
reduction. As the m* decreases, the power-to-volume density increases, leading to greater densities 
for C-P, C-R, and C-S. 

The alignment of the observation with converted power indicates that C-Q is the leading power 
generator. This may be attributed to the increased vibration caused by vortex flow originating from 
C-P, resulting in a higher power-to-volume density. When the m* of m* is low, specifically at m* = 
2.36, the power-to-volume density exhibits a maximum value of 65.99 W/m3 and a lowest value of 
18.85 W/m3. 
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Fig. 11. Maximum Power-to-Volume Density for the four cylinders with 
different m* 

 
4. Conclusions 
 

The present research used numerical simulation to investigate the influence of m* on the 
response of VIV in the VIV converter model. Additionally, the research analyzed the energy 
conversion aspect of the studied model. Furthermore, the study attempted to examine the variance 
in power-to-volume density for VIVACE power production at varied m*, an area that has received 
minimal previous investigation. In order to accomplish this objective, the research conducted a 
comprehensive examination of eight m*, namely 2.36, 3.68, 5.19, 6.54, 7.91, 8.76, 10.63, and 12.96, 
which were used as constituents for the four cylinders. 

The investigation emphasizes considerable attention to the variation in m* while exploring the 
varied properties of vortices. In order to get a comprehensive comprehension of the VIV phenomena 
and increase power production, it is crucial to conduct more studies. Further research is necessary 
to determine the critical elements that influence VIV and fabricate suitable methods for mitigating 
diverse m* in order to augment power production. Hence, a number of suggestions are proposed to 
further investigate the influence of various m* on VIV converters, which are necessary for the 
transformation of environmentally friendly energy into electrical power. 

To significantly increase the average power-to-volume density, it is advisable to decrease the m* 
and increase the reduced velocity for the four cylinders. The current study demonstrates that the 
maximum average power-to-volume density obtained is 290 W/m3 when the value of m* is equal to 
2.36. In essence, reducing the m* while sustaining an elevated decreased velocity raises the average 
power-to-volume density. This improvement guarantees an ample power supply to cater to the 
demands of the offshore sector. 
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