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Abstract 

Heave plates exert a unique influence on the motions of marine structures floating in seas or oceans. Due 
to their low thickness and sharp edges, the hydrodynamic performance of these plates is influenced by such 
physical and oscillatory parameters as the Keulegan–Carpenter (KC) number, frequency, perforation ratio, 
cavity arrangement, cavity size, plate thickness, and proximity to free surface and sea floor. The present 
study tries to present an understanding of the hydrodynamic behavior of solid and perforated heave plates  
at low KC number by analyzing the flow regime and the related equations. Assessments have shown that 
at low a KC number, where the amplitude of oscillations is limited, the viscous damping derived from flow 
separation is proportionate to the area of the edges. Therefore, compared to solid plates, increasing the 
lengths of the edges by creating inner edges increases the viscous damping of these plates. Hence, in 
addition to solid plates, the performance of perforated plates has also been evaluated in this study. In this 
study, in addition to the other parameters, a new parameter – i.e., plate edges area-to-plate area ratio (Re/a) 
– has been used as basis to compare the results. Also, by investigating the experimental data of different
researchers, a comprehensive study of the performance of heave plates will be provided. Finally, the
parameters necessary for a better understanding of the hydrodynamic performance of these plates and the
damping caused by the oscillations of a floating body in fluid will also be discussed.
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1. Introduction

In recent years, interest in developing advanced engineering systems based on fluid-structure
interaction and vortex induced vibration has been increasing. One of the interesting topics of this 
field, which is emphasized in the marine industry in the form of oil platforms and renewable energy 
systems, is the unique effects of heave plates on the hydrodynamic damping of floating structures. 

Many experimental and theoretical investigations have been carried out to understand the flow 
regime passing through thin rigid plates in fluids. The reason is that understanding this problem 
has important applications in the study of forces caused by submerged bodies oscillating and the 
hydrodynamic behavior (especially damping) of these plates in fluid. (Brown, 1964; Stephens et al., 
1965; Woolam, 1978; Griffin and Ramberg, 1976; Dalzell, 1978; Singh, 1979; Graham, 1980; Bearman et 
al., 1985) Previous studies have highlighted the distinct advantages of these plate, so much so that 
by the end of the 90’s, their use had become a necessity in many floating structures used to extract 
hydrocarbon materials (Fig. 1, right panel). The followings include some of these studies: Spars 
(Cavaleri and Mollo-Christensen, 1981; Glanville et al., 1991; Tao, et al., 1999; Tao and Cai, 2004; Zhou 
et al, 2013; Nallayarasu et al., 2014), Truss spar (Fischer and Gopalkrishnan,1998; Downie et al., 2000-
A; Magee et al., 2000; Halkyard,1996; Kim et al., 1999; Wang, et al., 2001; Prislin et al., 1999), Tension 
Leg Platforms (Lake et al., 2000; Thiagarajan and Troesch, 1994) and Semi-submersibles (Roddier et 
al., 2009; Chakrabarti et al., 2007). These studies show that in extreme weather conditions, 
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particularly cases such as resonance motions, these plates can prevent damage in the sub-structural 
systems of floating structures (e.g., risers, excavation pipes, and bracing systems). Regarding this, 
Sudhakar and Nallayarasu (2011) showed that the maximum force acting on a Spar floating platform 
with a plate at the bottom is 30% lower than that of a classic Spar platform. 

Fig. 1. Left panel: Geometrical properties; Right panel: Truss Spar (right side, Guardian, 2012), Wind Turbine (top-
middle, Cermelli, C.A.,2014; top-left, Lefebvre and Collu, 2012) and Wave Turbine (bottom-left, Yu et al., 2018; 

bottom-middle, National Geographic, 2014)  

Given the importance of climate change and the environmental policies of industrial countries, 
different energy-producing systems, i.e., floating wind turbines and wave energy converters, have 
been used from the start of the new century. In these systems, heave plates are one of the main 
subsystems. Some of these studies regarding this include: Wind Turbine (Kaufer et al., 2009; 
Jonkman and Buhl, 2007; Roddier et al., 2009; Subbulakshmi and Sundaravadivelu, 2016; Zhang and 
Ishihara, 2018; Karimirad and Moan, 2011); Wave converter (Coe et al., 2019; Penalba et al., 2018; Martin 
et al., 2019); Horizontal plate (McIver, 1985; Martin and Farina, 1997; Börner and Alam, 2015). In 
general, the aforementioned studies indicate that these plates increase the added mass, which keeps 
the resonant frequency of the floating body away from the frequency of first-order high-energy 
waves, without any change in the structural mass (Zhu and Lim, 2017). In addition to the added 
mass, the damping created by these plates is also very important, because the sharp edges of these 
plates can accelerate the vortex shedding process, which leads to the improvement of the system’s 
viscous damping (Graham, 1976, 1980). Regarding this, Zhu and Lim (2017)  showed that installing a 
heave plate on a cylinder increases the damping ratio of the cylinder by 200%. In general, the 
added mass and hydrodynamic damping of the heave plates can be important factors due to two 
reasons in controlling or decreasing the floating body’s response in the acceptable range:   

 It should be noted that due to the environmental conditions of seas, the hydrodynamic 
coefficients (damping and added mass) are not always beneficial. For example, by 

 

Hydrodynamic damping of solid and perforated heave plates oscillating at low KC number based on experimental data

2



evaluating the conditions of oil platforms, Li and Teng (2002) demonstrated that overly 
increasing the added mass causes the frequency of the oscillations to approach that of the 
waves. Therefore, increasing the added mass of a system does not always improve the 
stability performance of a floating body 

 The marine structures go through a slow damping process. Due to the low oscillation 
amplitude of offshore structures, which stems different factors such as high draft and steady 
conditions of the sea in most days of the year (low KC), the viscous damping drastically 
decreases. Therefore, when the amplitude of the applied forces is small, it is possible for 
the system’s response to be large due to the proximity of the waves’ frequency to the to the 
resonant frequency. So, it is expected for the inertial force (added mass) to be dominant 
(Dowine et al., 2000 A) and not the viscous damping. 

Therefore, to simultaneously tackle both of these challenges, i.e. logically increasing the added 
mass and creating additional damping, the present study, in addition to solid heave plates, it has 
been tried to describe the effects of perforations on the damping coefficient of heave plates.  Many 
researchers have tried to perforate heave plates to increase edge length. The followings include 
some of these studies: (Taylor, 1956; Castro, 1971; Wood, 1964; Zdravkovich, 1981; Bernardinis, 1981; 
Chwang, 1983; Wu et al., 1998; Dowine et al., 2000 B; Molin, 2001; Evans and Peter, 2011; Malavasi et 
al., 2015).  

Also, in addition to all of the aforementioned, at low KC number (KC≤1), the Morison equation 
does not yield accurate estimations for perforated, sharp-edged polyhedral bodies. In fact, there is 
no basis according to which the Morison equation can be used at low KC numbers, because no 
semi-steady drag is formed in the wake plates. Maull & Milliner (1978) recommended using the 
Blasius’ equation to calculate the forces. However, calculation process is too complex. Therefore, 
because no accurate estimations have been provided for average force cycles in sharp-edged flat 
plates at low KC numbers, one of the main objectives of this study is accumulating and assessing 
the results of different investigations on flow regime at low KC numbers. 

In flow regimes around sharp-edged flat plates, the forces are commonly expressed using 
appropriate values for the added mass and damping coefficients. These coefficients are functions 
of the Keulegan-Carpenter number and, to some extent, the frequency parameter (Keulegan and 
Carpenter, 1958),  

𝐾𝐶 =
2𝜋𝐴௠

𝐷
   .   𝛽 =

𝐷ଶ𝑓

𝜈
                         (1) 

in which 𝛽, Am, D, f, and ν are the frequency parameter, the amplitude of oscillations, diameter 
of the plate, oscillation frequency, and kinematic viscosity, respectively. 

 At low KC (KC≤1), the amplitude of the oscillations is small (𝐾𝐶 =
ଶగ஺೘

஽
< 1 →

஺೘

஽
<< 1), the 

frequency of the oscillation is seen to have a little influence on the added mass coefficient for 
perforated and solid plate (An and Faltinsen,2013; Tao & Drayred (2008); Li et al., 2013). Therefore, 
the oscillation acceleration is very small ( 𝜂̈ = 𝐴௔௥௘௔𝜔ଶsin (𝜔𝑡) ≪ 1, see Equation 2). In such cases, 
if perforated plated are used, due to the through of fluid flow by cavities, the added mass coefficient 
decreases with increasing perforation ratio at low KC number (Dowine et al., 2000 A, B; An and 
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Faltinsen,2013; Tao & Drayred (2008); Li et al., 2013). As a result, the effect of the first term of 
Equation 2 becomes smaller (−𝐴௧௛௘௢௥௘௧௜௖௔ 𝜂̈). Therefore, it is expected that at low KC, the added 
mass coefficient of perforated and solid flat plates is almost independent of oscillation frequency. 
Also, it is noted that, the amplitude can also affect the damping as well as added mass when the 
plate is oscillating near free surface. Thus, most applications of heave plates to offshore structures 
have been trying to avoid such effect by placing the heave plates away from the free surface. The 
present paper focuses on the investigation specifically on hydrodynamic damping of heave plates 
oscillating at low KC number which is typical the heave plate applications to offshore structures. 
Under such low KC, the effect of amplitude on damping is relatively weak. However, as KC 
increases, such effect on both damping and added mass of heave plates oscillating near free surface 
can be significant. Also, in a 1998 decay test on isolated square plates, Prislin et al. (1998) showed 
that the damping coefficient in Reynolds number (Re>10^5) is dependent only on KC. To illustrate 
this dependence, some researchers have presented a new definition of KC (critical KC or 
perforation KC, Equation 12) (Molin and Nielsen, 2004; Molin, 2011; An and Faltinsen, 2013).  

    Hence, based on all of the aforementioned, the hydrodynamic damping of such plates is 
influenced by the following physical and oscillatory parameters: 

 Oscillatory properties such as the Keulegan-Carpenter number and frequency 
 Geometrical and physical properties of the plates including perforation ratio, perforation 

array, perforation size, thickness-to-edge ratio of the plates, proximity to free surface and 
sea floor. 

Table 1: Investigation of geometric parameters in various studies 
Experimental Subject 
He et al., 2007; Tao and Dray, 2008; Tian et al., 2013; Li et al., 2013; The thickness 
Zhu and Lim, 2017; Zhang et al., 2018; Brown, et al., 2018; Abazari et al., 2019; Mahesh 
et al., 2021 

The size of the plates 

Prislin et al., 1998; Abazari et al., 2019; Zhang and Ishihara, 2018; Mahesh et al., 2021; 
Mentzoni and Kristiansen, 2020 

The distances between multiple plates 

Bernardini, 1981; Molin and Nielsen, 2004; Vu et al., 2004, Chua et al., 2005; Sandvik et 
al,.2006; Tao and Dray, 2008; Molin et al., 2008; Wadhwa et al., 2009; An and Faltinsen, 
2013; Li et al., 2013; Malavasi et al., 2015; Tian et al., 2016; Brown, et al., 2018; Mentzoni 
and Kristiansen, 2019 

The perforation 

Singh, 1979; Shen et al., 2012, Li et al., 2013; Mentzoni and Kristiansen, 2019 The edge taper angles 
Molin et al., 2008; Wadhwa et al., 2009; An and Faltinsen, 2013; Li et al., 2013; Garrido-
Mendoza et al., 2014; Lopez-Pavon and Souto-Iglesias, 2015; Thiagarajan an Menro, 
2020; 

The distance of free surface 

Singh, 1979; Bernardini, 1981; Thiagarajan and Troesch, 1994; Lake et al. 2000; Pattern of vortex shedding on plate 
Thiagarajan and Troesch, 1998; Mentzoni and Kristiansen, 2020; Thiagarajan an Moreno, 
2020; Zhu and Lim, 2017; 

Current, Wave 

Vu et al., 2004; Molin and Nielsen, 2004; Chua et al., 2005; Tao and Dray, 2008; Molin 
et al., 2008; Li et al., 2013; An and Faltinsen., 2013; Lopez-Pavon and Souto-Iglesias, 
2015; Tian et al., 2016; Zhu and Lim, 2017; 

Frequency of oscillation 

Chua et al., 2005; Li et al., 2013; Tian et al., 2016; Mentzoni et al., 2019; Size of hole 
Zhang et al., 2020; Abazari et al., 2020 flexible plates 

     These parameters have caused the majority of studies on heave plates to be carried out on the 
geometrical properties of solid plates (Table 1). Abazari et al. (2020) evaluated the effects of non-
solid of plates using compound solid-elastic plates (Fig. 5). The authors found that plate edges with 
lower stiffness (more elasticity) have a higher level of damping compared to solid plates. So, non-
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solid plates can influence results. Therefore, in all tests, it has to be ensured that the plates are 
solid. To achieve this, Molin et al. (2008) used transverse stiffeners and Lopez-Pavon and Souto-
Iglesias (2015) installed sensors on the plates. Also, to induce oscillations on the plate, Chua et al. 
(2005) used four bars on the four corners instead of a single central bar. This was done apparently 
to ensure that the same amount force was being applied to the four sides of the plate.  

Based on what was discussed, this manuscript focuses on increasing our understanding of the 
hydrodynamic behavior of oscillating perforated and solid plates at low KC numbers by assessing 
the geometrical properties (Fig. 1, Left panel) and motion of these plates. By investigating the 
experimental results presented by other researchers, this study also attempts to provide a complete 
overview of the performance of heave plates and strives to evaluate the technical aspects of the 
Vortex Induced Vibration of floating bodies. The manuscript is composed of the following 
sections: 

 Investigating analytical equations and oscillating experimental models 
 The flow regime around the solid and perforated plates 
 Describing the effects of free surface (this part includes two sections: plates in unbounded 

fluid and plates in the vicinity of free surface) and investigating the effects of frequency, 
perforation, thickness-to-diameter ratio of the plate, edges area-to-plate area ratio, distance 
ratio from the free surface 

 The effects of scale on added mass and damping coefficients of heave plates 
 

2. Forced oscillation tests 

In many studies, a 3-D flow field, which is created from the interaction of a wave with a body, 
is approximated using a simple 2-D oscillating flow. This 2-D flow consists of two  mechanical 
oscillators, one to simulate the oscillations of the structure, and the other to represent a nonlinear 
model of the fluid’s behavior. These are known as the radiation-diffraction problem (Faltinsen, 
1993). To simulate this challenge, two types of mechanisms have been used that can be divided 
into before and after the 90s. In the past, oscillation experiments were mostly carried out based on 
the diffraction model in U-tube water tanks (Singh, 1979; Sarpkaya, 1975) (Fig. 2, Right Panel). After 
the year 1990, however, with the advancement of experimental equipment, tests being were carried 
out based on the radiation model, i.e., the model in which the body moves relative to the fluid (Fig. 
2, Left Panel). This type experiment can be performed in a tank or a small basin as well. Some of 
the geometrical properties and the employed equipment are given in Table 2. These equipment 
include: 

 Load Cell: It was used to record the heave force on the plate system during the tests.  
 LVDT (linear variable displacement transducer): It was used to verify the oscillation of 

the plate with the given displacement for the forced oscillating system. 
 Vertical Planar Motion Mechanism (PMM) heave motion controlled by a planar motion 

mechanism.  
 Potentiometer, piezoelectric, accelerometer: To measure the position, displacement and 

acceleration of disks. 
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Fig. 2. Right panel: U tube water tank (Singh, 1979), Left panel: Tank (side right, Tao and Dray, 2008), Basin (side 
left, Mendoza et al., 2014)  

Table 2: Geometrical properties and employed equipment of some laboratories in many studies 

Loading Mechanism 
Tank size in meters 
(Length x Width x 
Depth of water) 

Country Name of the facility 
 

 Diameter of tube: 0.61 United 
Kingdom 

U tube water tank, Imperial College Singh, 1979 

A vertically mounted shaker 
. 

1.73x0.584x1.22 USA Marine Hydrodynamics Laboratory 
University of Michigan 

Lake et al, 2000, 
He et al., 2008 

The circular motion delivered by the motor 
was converted to linear motion using a ball 
screw and linear bearings. 

circular tank of 1m 
height and 1.65m in 
diameter. 

Australia Laboratory at University of Western 
Australia 

Vu et al., 2004 

heave motion controlled by a planar 
motion mechanism (PMM) 

4.940x2.120x 1.675 Australia Griffith School of Engineering, 
Griffith University. 

Tao and Dray, 
2008 

 40x16 France BGO-First facilities, in 
la Seyne sur mer (near Toulon). 

Molin,2008 

Vertical Planar Motion 
Mechanism (PMM) 

1x1x (0.67~0.8) Australia Laboratory at University of Western 
Australia 

Wadhwa et al., 
2009 

the crank is driven by a servo 
motor with a constant rotation speed. 

1x1x1.1 China Shanghai Jiao Tong 
University 

Tian et al, 2013 

servomotor 
 

60x4x2.5 China State Key Laboratory of Coastal and 
Offshore Engineering, Dalian 
University of Technology, China 

Li et al., 2013 

vertical motion of the plate is excited by 
two vertically moving hydraulic actuators., 

40x10x1.4 Norway the Marine Cybernetics Laboratory at 
the Norwegian University of Science 
and Technology, 

An and Faltinsen, 
2013 

electric actuator (FESTO 
DNCE 63-300-BS-10-PQ). 

100x3.8x2.2 Spain Technical University of Madrid 
(UPM), Madrid, Spain 

Lopez and Souto-
Iglesias (2015) 

A Parker ETH032 linear 
actuator driven by a 750 W Parker servo 
motor (Parker BE341F) 

8x1x (0.7~0.9) USA Marine Ocean and 
Offshore Research (MOOR) wave 
tank, University of Maine 

Abazari et al., 
2019 

Actuater 13.5x1x0.6 Norway  Mentzoni and 
Kristiansen, 2020 

a Parker ETH032 linear actuator driven by 
a 750 W Parker servo motor 

8x1x (0.7~0.9) USA Marine Ocean and 
Offshore Research (MOOR) wave 
tank facility at the University of 
Maine 

Krish 
Thiagarajan & 
Javier Moreno, 
2020 

Test decay: counter weight 90x4x2.5 India Indian Institute of Technology 
Madras, Chennai, Tamil Nadu, India 

Mahesh et al., 
2021 
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3. Hydrodynamic equations based on the radiation experimental model 

The total force caused by the oscillations of the radiation experimental model with the 
frequency 𝜔 includes components viscous damping (in-phase with oscillating velocity) and added 
mass (out-of-phase with velocity, or in-phase with acceleration). The damping and added mass 
terms are decomposed proportional to the square of the velocity, and the acceleration, respectively: 

𝑓௥ = −𝐴௧௛௘௢௥௘௧௜௖௔ 𝜂̈ − 𝐵𝜂̇                (2) 

Wherein 𝜂̇, 𝜂̈, and  𝐴௧௛௘௢௥௘௧௜௖௔  are the oscillation velocity, the oscillation acceleration, and the 

added mass, which is equal to 
ଵ

ଷ
𝜌𝑑ଷ for isolated circular plates (Sarpkaya, 1981). Also, B is the 

strength (i.e., the damping) term, which determines the floating hydrodynamic specifications and 
is influenced by the square of the velocity difference between the oscillations of the fluid and the 
plate. In nature, each body has only one damping system. However, due to the high complexity of 
the governing equations, the system is subdivided into different components. So much so that the 
damping systems of plates oscillating in fluids are considered to be a combination of the structural 
damping (also known as fractional damping), radiation and viscous damping.  The followings 
include of these strength terms: 

 Given the small oscillation amplitude and independence from the Reynold’s number, at 
a low KC number (which is the subject of this study), the effect of the frictional force 
with respect to the total drag force has to be a smaller than 2%~3% (Faltinsen, 1993). 

 Radiation damping is completely under the influence of the free surface condition and is 
created by the interaction between the waves radiated by the oscillations of the model in 
the free surface. (Takaki and Lee, 2003) Therefore, in the oscillations of plates which are 
under the influence of free-surface conditions, radiation damping is dominant, which can 
create surface waves in the free surface. 

 Viscous damping, which is influenced by the velocity difference between the oscillating 
plate and the surrounding fluid, creates a vortex shedding (Graham, 1980). This is affected 
by the edges of the plate. The experimental results reported by Sudhakar and Nallayarasu 
(2011) showed that for plates with high draft, radiation damping is a small fraction of 
viscous damping. Therefore, this type of damping is usually dominant at locations away 
from the free surface. 

The effects of all of the aforementioned damping components are expressed in the form of a 
drag coefficient. This drag force is equal to: 

𝐹ௗ௥௔௚ = 𝐵𝜂̇(𝑡)     ≈     𝐹ௗ௥௔௚ =
1

2
𝜌𝐶ௗ𝐴௔௥௘௔ 𝜂̇|𝜂̇|              (3)    

wherein Cd and 𝐴௔௥௘௔are the drag coefficient and the area of the solid plate, respectively. The drag 
coefficients are obtained via the Fourier averaging method (Sarpkaya, 1981) and using the 
eigenvalues of the velocity potential. Another method that can be used is the approach presented 
by An and Faltinsen (2013) which assumes the vortex to be symmetrical along the plates. By 
linearizing the nonlinear parameters, we would have: 
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𝐶ௗ = −
3

4𝜌A௔௥௘௔𝜂ଶ𝜔
න 𝐹௥(𝑡) cos(𝜔𝑡) 𝑑𝑡

்

଴

                        (4) 

In most studies on damping, due to drag being dominant at low KC numbers and the 
simplification of the analyses, the damping term is linearized using Lorents’ equivalent equation, 

i.e. cos (𝜔𝑡)|cos (𝜔𝑡)| ≈
଼

ଷగ
cos (𝜔𝑡). Therefore, drag and damping coefficients (𝐵𝜂̇(𝑡)) are 

linked via the Fourier analysis in the following form (Sarpkaya, 1981): 

𝐵 =
1

3
𝜌𝜐𝐶ௗ𝐷𝛽(𝐾𝐶)                                                  (5) 

in which D, β, and  υ are diameter of the plate, the frequency number, and the dynamic viscosity, 
respectively. Finally, the results are usually compared using the non-dimensional form of the 
damping coefficient (Cb), which is obtained by dividing the damping coefficient by 𝜔𝐴௧௛௘௢௥௜௖௔௟: 

𝐶௕ =
4

3
𝐶ௗ(𝐾𝐶)                                                              (6) 

Cb is under the complete influence of the KC number and the Cd coefficient. Also, since in the 
radiation model test, the oscillations are controlled by the operator, identifying the performance of 
the drag coefficient has been a priority for many researchers working on heave plates. Therefore, 
in the next section, we described this coefficient. 

3.1. Drag coefficients of solid plate 

Graham (1980) considered the average of the forces created by vortices proportional to the 
separation pattern and the Keulegan-Carpenter number, and presented the drag coefficient in the 
form: 

𝐶ௗ = 𝐴(𝐾𝐶)୬                                                         (7) 

n and A are non-dimensional coefficients. 

3.1.1. The n coefficient 

Graham (1980) considered this coefficient to be proportional with the separation angle of the 
vortices. The reason is that at low KCs number, the maximum displacement of the fluid particles 
in the unbounded fluid is a small compared to the dimensions of the plate. Therefore, it is 
impossible for the vortices to move away from the edges of the plate without significant 
oscillations (high KC), unless under the influence of the velocity field induced by the other 
vortices. Therefore, the separation angle is an important parameter in calculating vortex-induced 
forces, which are generally influenced by the shape of the edges of the plates (n): 

n =
(3 − 2𝜆)

(2𝜆 − 1)
, 𝜆 = 2 −

𝛿

𝜋
                       (8) 

δ is the inner angle of the plate’s edge at the separation point. For square flat plates, round edges, 
and other edges types, Graham (1980) proposed the values of 0, 90, and 0 to 90 for the parameter 
δ. Tao and Thiagarajan (2003-a) and Garrido-Mendoza et al. (2014) investigated the effects of shedding 
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angle. They specified that the sign of this angle is dependent not on the direction of movement, 
but on the condition in which movement starts. For the flat plates, Graham (1980) assumed n to be 
equal to -¾. For most KC number in the unidirectional regime, Lake et al. (2000) proposed the value 
of ¾ for n in the equation (7). But, Including the effect of the shape of the plate’s edge in the 
damping coefficient proposed by Graham (1980) and Singh (1979) (Equation 7) is inconsistent with 
the results reported by Li et al. (2013) at low KC numbers for round edges smaller than 1 (λ=1). 
Li stated that the shape of the plate’s edge does not affect the drag coefficients. This can be due to 
the different experimental setups, i.e. U tube water and forced oscillation tests. Based on the Li et 
al. (2013) study, in which the drag coefficient decreases as the KC number increases, Zhang (2018) 

made use of the equation 𝑛 = −
ଵ

௄య
, in which K3 represents the shape of the plate and not the shape 

of the edge. For circular and octagonal of plates a value of 2.5 and for square plates a value of 3 is 
assumed for K3. In any case, for square and flat-edged plates, the drag coefficient is a function of 

the expression 𝐾𝐶ି
భ

య, which is similar to the results reported by Singh (1979).  

3.1.2. The A coefficient  

Graham assumed A as a function of the vortex force obtained from experiment. A is a non-
zero empirical modification factor used to correct flow distribution in the outer edge of the disk or 
plate. Singh (1979) and Graham (1980) proposed, respectively, values of 8 (experimental  result) 
and 11.8 (theoretical result) for A. By including the effect of the plate’s thickness in the equation 
proposed by Thiagarajan and Troesch (1998) for the plate attached to a cylinder, Tao and 

Thiagarajan (2003b) defined the parameter as 𝐴 =
௧೛೗ೌ೟೐

ௗ೛೗ೌ೟೐
. Also, using the data reported by Tao & 

Drayred (2008), Zhang (2018) defined the parameter as 𝐴 = 1.7 ൬
௧೛೗ೌ೟೐

ௗ೛ೌ೗೟೐
൰

ି
భ

య.ళ
. Equations (9-a) and (9-b) 

have been proposed for the drag coefficients in the studies carried out by Tao and Thiagarajan 
(2003b) and Zhang (2018), respectively. 

𝑐ௗ = ൬
௧೛೗ೌ೟೐

ௗ೛ೌ೗೟೐
൰ (𝐾𝐶)

య

ర                               (9 − 𝑎)  

𝐶ௗ = 1.7 ቆ
𝑡௣௟௔௧௘

𝑑௣௔௟௧௘
ቇ

ି
ଵ

ଷ.଻

(𝐾𝐶)
ି

ଵ
௄య            (9 − 𝑏) 

These equations are obtained by fitting the numerical results to the experimental data. It has to 
be noted that these equations lack generality and cannot be applied to other experimental results. 
But recommended, however, is that the equation proposed by Graham (Equation 7) can be used as 
a basis for equations predicting the drag coefficient of isolated plates which are away from 
boundary. 

3.2. Drag coefficient for perforated plates 

Perforated plates are quite suitable for the passive regulation of fluid flow and convectional 
heat transfer. For this reason, many researchers have tried to use perforated plates for the control 
and modification of flow using dimensional, analytical and semi-analytical models. 
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Based on the dimensional model, the effects of the perforations are expressed using the concept 
of dissipation factor. This dissipation factor is correlated with pressure drop and the corresponding 
average flow velocity (Euler dimensionless number). 

∆𝑝 = 𝑓௙

𝜌𝑈ଶ

2
 →    𝑓௙ = 2

∆𝑝

𝜌𝑈ଶ
                        (10)       

in which U, ff, ρ, p, and u are the apparent velocity of the fluid inside the porous medium, 

dissipation factor, fluid density, pressure, and average velocity of the fluid, respectively. 
୼௣

ఘ௨మ
 is the 

Euler number and is used as the pressure drop factor. 

Based on the initial analytic model, the effects of perforations inside the medium are commonly 
evaluated using the Darcy (1856) equations. Assuming a very tiny size for the perforations (as a 
result, wake plate is laminar), Taylor (1956) and Chwang (1983 & 1998) used the Darcy model. In 
actual conditions, however, the pressure gradient in the perforations is nonlinear. Thus, 
Forchheimer (1901) defined the non-dimensional pressure drop as follows: 

𝑓ௗ =
𝐷௛

𝐿

Δ𝑝

𝜌𝑢ଶ
                                                         (11) 

wherein L and Dh are, respectively, the thickness of the plate (or the thickness of the porous 
medium) and the hydrodynamic diameter of the empty spaces and the perforations. Furthermore, 
Benjamin et al., (2012) introduced the non-dimensional form of the Darcy-Forchheimer (D-F) 
model. Also, Tanner et al., (2019) showed that in plates with a single large perforation at very small 
Reynolds numbers, there are parts of plate in which pressure drop is independent from the 
Reynolds number. In similar studies, e.g., Bayazit (2014) and Malavasi et al. (2012), similar results 
were obtained. In general, the result of conclusion being that at Reynold’s numbers higher than 

the threshold, pressure drop is dependent on other parameters such as perforation and the 
୲

஽೓
   ratio. 

Also, using a semi-analytic model which is based on the assumptions of the potential theory  
(e.g., non-rotational), a series of equations were proposed by Molin (2001). The most important 
point of the proposed method is that the hydrodynamic coefficients for added mass and the 
damping are functions of the amplitude of motion. In this method, similar to the Darcy model, it 
is assumed that the plate’s thickness is very small and that the plate contains infinite perforations. 
In general, for perforated plates, the effects of the plate’s perforation have to be taken into account 
in the above-mentioned model. These effects include: 

a. Modifying the area of the plate (using perforation ratio in the drag force equation), for 
plates with non-continuous perforations and grid plates this value is, respectively, equal to 

𝑧 =
 ௔௣௘௥௧௨௥௘ ௔௥௘௔

௦௢௟௜ௗ ௔௥௘௔
 and 𝑧 = 1 −

௡ௗ

஽
, in which n is the number of bars, d is the diameter of 

each bar, and D is the diameter of the plate. 

b. Taking into account the average velocity along the length of the plate (𝑈ഥ =
୙

௭
), pressure 

drop distribution in perforation plates is similar to  an inverted u shape. Pressure distribution 
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on perforated plates is similar to that in solid plates (Faltinsen, 1993-analytical method for 
solid plates & Mentzoni et al., 2020-experimental method for grid plate). 

c. Introducing the nonlinear pressure drop parameter μ into the drag equation to consider the 
effects of the perforations, using this parameter, Molin (2001, 2004) tried to include the 
effects of pressure drop in the equations in the form of a strength coefficient (𝜅), and used 
the inverse pressure drop coefficient (1/μ) in place of the Morrison drag coefficient 

(κ∝1/μ). Various references usually consider the ratio ୼௉

ఘ௨మ (Euler’s non-dimensional 

number in equations 10 and 11) as the strength coefficient (𝜅). This coefficient, which 
contains the intrinsic pressure drop characteristics caused by friction, drag, and normal 
stresses, is completely dependent on the perforation ratio, defined by Molin, (2011) as 𝐶ௗ ∝

 
ଵ

ఓ
 
(ଵି௭)

௭మ  . The parameter μ is usually between 0.5 and 1. 

By considering what was discussed above, the damping of plates is influenced by the 
Keulegan-Carpenter functions (amplitude oscillations and dimension of the plate) and the 
perforation ratio. Therefore, the local Keulegan-Carpenter number or perforation Keulegan-
Carpenter number was defined by Molin (2001) and Molin & Nielsen (2004). 

𝑘𝑐෪(𝑝𝑜𝑟) =
𝜂

𝐷

(1 − 𝑧)

2𝜇𝑧ଶ
                                           (12) 

D and η are the diameter and amplitude of motion of the plate, respectively. It has to be 
mentioned that Molin formulated the above-mentioned equations with the assumption that the 
plates are thin and that there are infinitely many very small pores (local inertial effects are 
insignificant). Then, by defining the perforation Keulegan-Carpenter number, the effects of pore-
induced damping (PID) were taken into account. This way, the pressure differential is only related 
to the average of the square of the translational velocity, meaning that the flow/plate velocity is 
not taken into account. Therefore, the equations only consider the effect PID. However, it is 
important to also account for the effects of the plate’s edges and their effect on damping. For this 
reason, Sandvik et al. (2006) introduced the plate relative velocity – which is equal to the difference 
between the average plate velocity and the average velocity of the fluid passing through the pores 
(𝜂̇௥
തതത = ൫𝜂̇ − 𝜂̇௣

തതതതതതതതത൯) – into the drag force equation. This was done to account for the effect of flow 
separation at the end of the plate. Therefore, we have: 

∆𝑃 =
1

2
𝜌𝐶ௗ𝐴௔௥௘௔(1 − 𝑧)𝜂̇௥

തതത |𝜂̇௥
തതത|                         (13) 

In the pore configuration section, we will discuss in what parts, pores, and edges separation 
has the highest influence. 

4.  Flow physics 

Our understanding of the hydrodynamics of thin plates oscillating at low KC numbers is very 
limited. This is because unlike what is seen in cylinders (Sarpkaya, 1981), the drag force is more 
complicated than the inertial force at low KC numbers (Graham, 1980). One of the ways of having 
a better understanding of the flow regime around these plates is to use the flow visualization 
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method for evaluating the physics of the flow. This way, the effects of different parameters will 
be suitably identified, and they can be even introduced into the equations. Multiple studies have 
been carried out on this subject. Using this method, Singh (1979) defined different flow regimes on 
both sides of a solid vertical plate at different KC numbers, while the system was under the 
influence of in-line forces (Fig. 3): 

 Symmetric, KC<3: In this regime, considering that the flow amplitude is small, flow does 
not quite develop around the plate. In this regime, shear layers develop symmetrically and 
the vortices are weak on both sides of the edge. Therefore, there is no interface between 
the shear layers. 

 Anti-symmetric, 3<KC<7: In this regime, as the KC number increases, the shear layers 
separated from the edges on both sides of the plate start to make contact (share an 
interface), leading to the rise of a vortex on one of the sides, which is faster and larger. 
When the flow is reversed, some of the flows move under the plate, appearing as a weak 
jet. Then, as the flow develops, a new vortex starts to take form in the lower edge. 

 Cycle, 7<KC<25: In this regime, the flow pattern is quite stable and cyclic which would 
persist for hours after adjustment. It appears that the prerequisite for the development of 
this regime is the complete development or shedding of a vortex in each cycle. In this 
regime, various stable vortices occur in one side of the edge in each semi-cycle, which 
often occupy the entire width of the plate. In the following, while this strong vortex is shed, 
it draws the weaker vortex on the other edge towards it and then be shed as a jet-like 
manner. 

 
Fig. 3. Flow physics on both sides of a solid vertical plate, in-line flow (Singh,1979) 

The Singh’s flow pattern related to both sides of the vertical plate is completely under the 
influence of the KC number and the diameter of the plate. However, flow pattern related to both 
sides of the horizontal plate completely different. In a numerical investigation, Graham (1980) and 
Bernardinis et al. (1981) defined the flow regime around the edges of thin plates as independent, 
interface, and Uni-directional, emphasizing the importance of the thickness of the plates and how 
it affects the flow pattern around these plates. Also, with the help of flow visualization, Thiagarajan 
and Troesch (1994) asserted that at large KC numbers, the flow pattern around the edges of the plate 
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is completely anti-symmetric. Other studies have also been carried out on this subject by Sireta et 
al. (2008), Rusch et al., 2020 and Mentzoni et al. (2020). By defining a critical KC number and with 
the help of the drag variation curve, Tao and Thiagarajan (2003-b) categorized the flow regime 
amplitude of horizontal oscillating plates into three regimes at low KC numbers (Fig. 4). 

 Independent: In this regime, at high thickness to diameter ratios, two negative vortices, 
which are created on top and beneath the plate due to the plate’s downward movement, 
do not come in contact and behave independently from one another. 

 Interface: This regime usually appears at an earlier stage in thinner plates, because the 
shear layers on the top and bottom come in contact. In this regime, when the plate 
moves downward, the vortices on the lower edge join the stronger upper vortices (these 
two vortices have the same sign), resulting in the creation of an even stronger vortex 
pair on the upper edge. It has to be mentioned, however, that no interaction takes place 
between the upper and lower vortices in a full cycle. 

 Uni-directional: Similar to the previous regime, this regime appears at thickness to 
smaller diameter ratio of the plate. In this regime, powerful negative vortices are 
created when the plate moves downwards. These vortices collide with the strong 
positive vortices created in the previous semi-cycle when the plate was moving 
upwards. In the following, when the direction of motion reverses, an interaction 
between these two negative and positive vortices takes place, resulting in the coupling 
of the two vortices. Finally, because the negative vortex is a stronger, the two vortices 
(the negative and positive vortices) are shed as jet at an angle from the axial direction. 

 

Fig. 4. Flow regime of horizontal oscillating plates (different thicknesses) at low KC 
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Tao and Thiagarajan (2003a) showed that this angle is not dependent on the fluid’s free surface 
and the plate’s thickness-to-diameter ratio. It is, however, under the complete influence of the KC 
number, so much so that when the KC number increases, the angle also experiences an increase. 
It should be mentioned that at low KC numbers, the slope of this increase is more noticeable. In 
the studies on flow regimes of vertical and horizontal plates, in cyclic and unidirectional regimes, 
this angle is slightly different. In the case of vertical plates, the shedding angle only occurs at high 
KC numbers and is diagonal with respect to the direction of the flow. However, in horizontal 
plates, the angle tends toward axial and the diagonal directions at low and high KC numbers, 
respectively (Graham, 1980). 

Finally, Studying the physics of the flow on both edges of vertical and horizontal plates shows 
the influence of a dimensionless geometrical parameter – i.e., thickness to diameter ratio of the 
plate. For very small thickness to diameter ratios (e.g., smaller than 0.01), this ratio causes the 
unidirectional flow to happen at a much smaller KC. Therefore, considering the thickness-to-
diameter ratio, it is possible for one regime to occupy at larger range of KC numbers. For this 
reason, when the interface regime is been changed into a unidirectional regime, we will witness a 
translational zone at low KC numbers (He et al., 2008). It is more probable for the damping peak to 
happen in this translational zone. This, however, requires more investigation. Overall, studying the 
physics of the flow and equations around heave plates reveals that the hydrodynamic performance 
of the plates is influenced by boundary conditions, physical properties, and oscillation parameters. 
In the next section, investigated these parameters. 

5.  Effect of boundary conditions on the damping coefficient of heave plates 

Due to the influence of free-surface boundary conditions on the damping coefficient, this 
section will be presented in two subsections: 

 Plates in unbounded fluid 
 Plates close to free surface 

In this section, the influence of the conditions of the fluid’s free surface on parameters such as 
frequency and perforation will be investigated. Due to the different uncertainties associated with 
the carrying out of a test, the experimental results reported by different researchers will be 
compared.  The final trend of these results will then be taken as a basis for this study. For this, 
influential parameters such as thickness-to-diameter ratio of the plate, edges area-to-plate area 
ratio, and the ratio of distance from the free surface to the diameter of the plate (obtained from the 
studying the physics of the flow) will be used.  

5.1.  The effects of unbounded fluid condition on the damping coefficient of plates  

5.1.1.  Solid plates in unbounded fluid 

As shown in the flow physics and equations sections, one of the parameters affecting the 
hydrodynamic behavior of plates in unbounded fluid’s is the thickness of the plate. Through wind 
tunnel experiments on vertical plates, Bayazit et al. (2014) showed that in turbulent flow, thinner 
plates cause a larger pressure drop compared to thicker plates. Regarding this, Lake et al. (2000) 

Hydrodynamic damping of solid and perforated heave plates oscillating at low KC number based on experimental data

14



stated that at low KC numbers, plate thickness (thickness-to-dimension ratio, t/d ≈ 0.0416) 
influences the coupling of newly-formed vortex rings with the vortices created in the previous 
cycle. Therefore, to compare different studies, the experimental results have been presented using 
a non-dimensional t/d ratio parameter (Fig. 5, right side). In this figure, the results of Lake et al. 
(2000) (brown plus) and He et al., (2008) (green line) show similar damping coefficients for t/d ratio 
of about 0.04 (these two studies, as indicated in Table 2, have been performed in the same site). 
Also, He et al., (2008) (red line) and Tian et al. (2016) (blue circles) show similar damping 
coefficients for t/d ratio of about 0.03 at KC>0.4. As seen in the left side of Fig. 5, Li et al. (2013) 
(black squares) and Vu et al. (2004) (purple circles) have reported similar damping coefficients for 
t/d ratio of about 0.01. Furthermore, the studies of Chua et al. (2005) (blue circles), Tian et al. (2016) 
(green triangles), and Tao and Drayred (2008) (red squares) also report almost identical results for 
the t/d ratio of 0.02. 

In general, by comparing the results of these studies (shown in Fig. 5 & 6-left side), it appears 
that by increasing the t/d ratio, the damping coefficient decrease at similar KC numbers. The same 
results can also be seen in the studies of other researchers (He et al., 2008; Chua et al., 2005, Li et al., 
2013-left side). but, comparing the data shown in Fig. 5 (left side) shows that although the studies 
of Chua et al. (2005) (blue circles), Tian et al. (2016) (green triangles), and Tao and Drayred (2008) 
(red squares) have had a larger t/d ratio than the studies of Li et al. (2013) (black squares) and Vu et 
al. (2004) (purple circles), they have higher damping coefficients. This means that the t/d ratio 
might not be a reliable basis of comparison for the experimental results reported by different 
researchers. Therefore, another parameter capable of accounting for all of these properties should 
be used. 

 

Fig. 5. Comparison of experimental results of solid plates in unbounded fluid  

The flow physics study in the previous section showed that in addition to the thickness of the 
plate, the plate’s edge is also an influencing factor because of the inherent continuity and cohesion 
between the vortices created around the edges. furthermore, the area of the plate is important due 
to its influence on inertia (McNown et al., 1959). Therefore, in this study, in addition to the other 
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parameters, a new parameter – i.e., plate edges area-to-plate area ratio (Re/a) – has been used as 
basis to compare the results.  

 
Fig. 6. Comparison of experimental results of solid plates in unbounded fluid (Left side-Li et al., 2013; right side-

other studies) 

The Re/a ratio is a reliable parameter at low KC numbers. The reason is that the effects of 
added mass on damping coefficient – which are in the equations describing the Cd coefficient – 
are taken into account. Also, the results of the square and rectangular plates can be compared. In 
conjunction with the t/d ratio parameter, this newly-defined parameter is used to compared results 
of different studies on unbounded fluids (see Fig. 6,). As seen in Fig. 6 -right side, the parameter 
Re/a provides a better comparison of the results of different studies investigating models with 
varying geometric properties (Table 3). By decreasing the ratio to Re/a>0.1 (Fig. 6, right side), we 
witness an increase in the damping coefficient in all of the studies. further decreasing the value of 
the ratio (Re/a<0.1) leads to a decrease in almost all of the damping coefficients. It has to be 
mentioned that at the values smaller than 0.1 (Re/a<0.1), scatter and irregularity can be seen in 
some of the oscillation ranges. This phenomenon might be due to another parameter (e.g., 
frequency). Therefore, the effects of frequency will be discussed in the followings. 

5.1.2.  Effect of oscillation frequencies on solid plates 

It is expected that frequency dependence of the damping coefficient of the solid plates is not 
pronounced at low KC oscillation in unbounded fluid domain. Because, the non-dimensional 
damping coefficient equation (Equation 6) shows that the frequency term has been removed from 
the equations in order to make them non-dimensional. But, through experimental investigations 
Vu et al. (2004) and Chua et al. (2005) highlighted the sensitivity of the damping coefficient to 
changes in frequency at low KC numbers. But, Li et al. (2013) showed that for KC>0.2, the drag 
coefficient of plates in unbounded fluids is not influenced by the frequency parameter (Fig.7, right 
side). This has been corroborated by the results reported by Tian et al. (2013).  
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Fig. 7 presents the results of the studies performed by Chua et al. (2005), Li et al. (2013) and Vu 
et al. (2004) for isolated rectangular plates in unbounded fluids at frequencies lower than 1 Hz. In 
all of these studies, the t/d ratios and the e/d ratios of the plate are almost identical. According to 
this figure, frequency changes do not exert a meaningful influence on the damping coefficient-KC 
number curve. 

In general, there is a contradiction between the results of different researchers regarding the 
dependence of the damping coefficient on frequency. For example, unlike the studies mentioned 
above, the results reported by Abazari et al. (2019) shows that frequency changes can significantly 
alter the overall trend of the damping coefficient-KC number curve. Tao & Drayred (2008) have 
emphasized the low sensitivity of the damping coefficient to frequency. However, Tian et al. (2016) 
stipulated that frequency exerts either no influence at all or significantly changes the damping 
coefficient-KC number curve. The reasoning of the authors for the latter is that the hydrodynamic 
force exerted on the plates is proportional to the square of the frequency variable. Therefore, the 
changes of the damping coefficient with respect to frequency should also be of the second order 
(similar to the results of Abazari et al. (2019)). The results reported by Tian et al. (2016) invalidated 
the claims made by Tao & Drayred (2008) regarding the low dependence of damping coefficient on 
frequency.  

 
 Fig. 7. Comparison of solid rectangular plates at different frequencies 

Assessing the equation of the non-dimensional damping coefficient (Equation 6) shows that 
there is no direct correlation between the damping coefficient and frequency of oscillations. 
However, the frequency may affect the damping coefficient slightly which can be demonstrated 
by solving the integral part of the drag coefficient equation (Equation 4). To ensure a reliable review 
of the effects of frequency change on the damping coefficient, the experimental results of Tao, 
Chua, and Tian, which have similar t/d and Re/a ratios, have been compared (Fig. 8-left side). 
According to this figure, the influence of frequency on the damping coefficient is low, meaning 
that one should not expect for the effects of frequency on the damping coefficient to be of the 
second order and to fundamentally shift the overall trend of the damping coefficient-KC number 
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curve. It has to be mentioned that this conclusion only holds true if the heave plates do not have a 
motional phase difference with the waves (similar to spars). Otherwise, it appears that change in 
the oscillation frequencies of these plates brings about changes which go far beyond scatter in the 
damping coefficient curve (similar to wave energy converters).  

 
Fig. 8. Comparison of solid rectangular plates at different frequencies with Re/a and t/d similar (left side), overall 

pressure drop distribution in perforation plates (Mentzoni and Kristiansen, (2020)-right side) 

In any case, the above-mentioned contradictions might be due to the conditions of the 
laboratories. Because of; 

A) To simulate the actual conditions in experiments: in most tests involving the radiation 
model, researchers try to keep oscillations within the resonant of the frequency range. As a result, 
the drag coefficient is under the influence of the natural and resonant frequencies of the system. 
For plates connected to cylinders (which have the same surface as the free surface), these resonant 
frequencies are easily calculated. For example, in an experiment on a plate connected to a cylinder, 
Thiagarajan and Troesch (1998) used a full-scale model’s (including the cylinder and the plate) 
natural frequency of about 0.41 Hz to apply the vertical oscillating force. Also, Tao et al. (2007) 
used the very low frequency of 0.035 Hz (which falls into the natural frequency range of the scaled 
cylinder-plate model under study) to carry out numerical simulations. But the resonant frequency 
cannot be clearly identified in tests involving isolated plates: Fist, the resonant frequency of these 
plates happens at small values. The reason is the low thickness of most heave plates, causing them 
to behave similar to a slender element (e.g., mooring lines). This is the reason why the resonant 
frequency of these plates takes place at low frequencies. Second, the isolated plates are jointed to 
a planar motion mechanism only using slim rebars. So, they have a low water plan at the free 
surface. Therefore, finding the natural frequency of isolated plates is difficult. Third, since the 
plate is oscillating in a stationary water, we are only dealing with the experimental radiation model. 
This issue causes the conditions of the experiment on isolated plates not to be ideal. The reason is 
that instead of the frequency of the waves, the frequency of forced oscillations must be used as the 
reference parameter. Fourth, in lieu of the mass of the entire body (the cylinder and the plate), the 
added mass of the plate should be used make the damping coefficients of isolated plates non-
dimensional. However, instead of the KC number, some researchers (e.g., Lopez-Pavon and Souto-
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Iglesias (2015)) have tried to explain these effects using the ratio of angular velocity of oscillations 
to natural oscillations (𝜔/𝜔௥). 

B) Laboratory equipment: dimensions of the tanks used in different experimental setups (given 
in Table 2) to influence the boundary conditions. 

C) Different test conditions: For example, Chua et al. (2005) used 4 rods to apply force on the 
four corners of the plate, whereas Li et al. (2013) employed a single rod in the middle of the plate. 

5.1.3.  Effect of perforation plates on the damping coefficient 

The mechanisms of creating resisting (damping) forces by oscillating solid heave plates stems 
from the pressure difference in the field around the plate. This leads to a difference in velocity in 
the movement field of the fluid around the plate, causing flow separation and vortex shedding in 
the plate’s outer edges. Therefore, the local flow around the plate’s outer edges and a small 
component of the surface shear are the main reasons of damping at low KCs (Lake et al., 2000). 
These results reveal that one of the solutions to increased damping is to increase the area of the 
edges. This can be achieved by creating inner edges (via perforations and holes) throughout the 
area of the heave plate. 

Solid and perforation plates create these resisting forces through different ways. In solid plates, 
damping is created from flow separation and the formation of a vortex shedding only from the 
outer edges. In perforation plates, by contrast, in addition to the outer edges, the inner edges 
(perforations) are also involved in the damping process (Wang et al., 2002). Regarding this, Mentzoni 
and Kristiansen (2020) showed that the effect of flow separation in the outer edges is more important 
than in the inner edges. This can be due to two reasons: the first reason is that similar to solid plates 
(Faltinen, 1993), the overall pressure drop distribution in perforation plates is in the shape of an 
inverted U (Fig. 8-right side). This means that pressure drop in the outer edges is higher than it is in 
the inner edges. The reason is that in the outer edges, there is an evident discrepancy between the 
velocities of the particles of the fluid in the edge and the outer area surrounding the edges. In the 
inner edges, however, this velocity difference is a smaller on the top and bottom of the plate and 
in the locations of the perforations. Therefore, it is expected that stronger vortices to be created in 
the outer edges. The second reason is the non-distribution of reinforcing pressure in the 
perforations by increasing the KC number. In this case, pressure distribution in the edges is normal. 
Because by increasing the KC number, the pressure distribution curve becomes smoother, to the 
point that even the level of pressure drop in the locations of the perforations is lower compared to 
the same locations in solid plates. In this condition, the flow has a more uniform pressure 
distribution, similar to the wake of a cylinder (Mentzoni and Kristiansen, 2020). However, at low KC 
numbers, the level of pressure drop in perforated plates is higher than solid plates in the locations 
of the perforations, which needs to be studied further. 

Fig. 9 presents the results of the study carried out by Li et al. (2013), An and Faltinsen (2013), 
Mentzoni and Kristiansen (2020), Sandvik et al. (2006), and Tian et al. (2016) for rectangular plates with 
similar perforation ratio, but different thickness-to-diameter ratios and frequencies. All of these 
studies reported similar results. This can also be seen in the results of the studies carried out by 
Tao and Dray (2008) and Vu et al. (2004) in which identical porosities and different thickness-to-
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diameter ratios have been used (Fig. 10, right side). These results, therefore, highlight the 
importance of using a more reliable parameter (i.e., perforation) over other parameters. 

 

Fig. 9. Comparison of perforation plates with similar perforation ratio 

 

Fig. 10. Comparison of the perforation plates with different porosities and similar t/d ratios (cb-left side, cd-right 
side) 

The studies (Fig. 10, left side) show that as perforation increases, the damping coefficient also 
experiences an increase. Li et al. (2013) demonstrated that by increasing perforation (from 0.0 to 
10%) and the KC number (from 0.2 to 0.8) always results in an increase in the drag coefficient. 
Upon reaching a KC number of 1, the drag coefficient becomes equal to that of solid plates. Also, 
Fig. 10 by increasing perforation (from 10% to 20%), the damping coefficient experiences a 
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decrease. Regarding this, Tian et al. (2016) showed that the highest value for the drag coefficient 
occurs at a KC number and perforation of 0.6 and 10%, respectively (Fig. 10, right side). 

Tao and Dray (2008) carried out experimental forced oscillation investigations at different 
frequencies with porosities ranging from 5%, 10% and 20% (Fig. 10, left side). The authors found 
that the hydrodynamic damping of an oscillating perforation plate is more sensitive to the 
amplitude of motion and less sensitive to the oscillation frequency, especially at KC ranging from 
0.8 to 1. They also showed that by increasing the perforation of plates that are away from the free 
surface, the influence of frequency becomes more pronounced. The results showed that at low KC  
numbers, frequency does not exert a significant influence on the damping coefficient of plates with 
low perforation. However, this is still expected to cause some scatter in the damping coefficient. 
This is similar to results obtained for solid plates. 

In general, there are two important points in the results of the mentioned studies. The first point 
is that at low KC numbers, as the perforation increases to about 15%, the damping coefficient 
increases compared to solid plates. Then, as the perforation increases further, the damping 
coefficient experiences a decrease. This is due to the disturbance in the flow of fluid in the wake 
of the plate, which prevents the creation of a vortex. The second point is that as the KC number 
increases (until KC>0.1), the influence of perforation increase on the drag coefficient becomes 
considerably weak, so much so that further increase in the perforation of the plate causes the drag 
coefficient to fall below that of solid plates (Fig. 10, right side). This conforms to the results of the 
analytical study carried out by Molin et al. (2001). Molin et al. (2001) demonstrated that at KC>1, the 
damping of perforation plates cannot be higher than that of solid plates. 

5.1.4. The effects of perforation shape, dimension, and holes array of perforation plates on the 
damping coefficient 

The studies mentioned in the previous section showed that perforation is an important 
parameter. However, since pressure drop in the plates is U-shaped, the perforations become more 
influential if they are closer to the edge of the plate. Because decrease in pressure is higher at the 
edges. Therefore, it would be logical to expect that the array, number, and size of the perforations 
on heave plates to influence the damping coefficient.  

In 2019, through an experiment performed in a horizontal channel on vertical plates with 
constant perforation and two types of perforations (a large hole in the middle and smaller holes 
over the entire area of the plate), Tanner at el. (2019) showed that difference in pressure drop 
between the two types of perforations is not significant. Through experiments on plates with 
similar porosities (about 10%) and staggered perforations with different sizes, Tian et al. (2016) 
showed that the size and diameter of the perforations do not meaningfully influence the damping 
coefficient. Also, by performing experiments on two plates with similar porosities (5%) but 
different perforations, Li et al. (2013) demonstrated that the plates have the same damping 
coefficient at low KC numbers. These studies indicate that at low KC numbers, the governing 
parameter is the perforation ratio and not the size of the perforations. Hence, recommended, in 
numerical simulations in which modeling perforations is difficult, and equivalent plate with a 
single perforation can be used. 

Hydrodynamic damping of solid and perforated heave plates oscillating at low KC number based on experimental data

21



Another component which can potentially influence the damping coefficient is the array of 
perforations. By carrying out the experiments on vertical plates with similar porosities, Bayazit 
(2014) showed that the square-array hole pattern causes a higher pressure drop than the staggered-
array hole pattern. Therefore, the arrangement of the perforations is another important parameter 
which needs to be investigated further in horizontal perforation plates. 

5.2. The effects of free surface on the damping coefficient of plates 

Another important parameter influencing the hydrodynamic behavior of plates is the boundary 
conditions of the free surface. The reason for this is that when heave plates are sufficiently close 
to the free surface, it is possible for their damping coefficient to be influenced by the radiation 
waves induced by the oscillations of the model. In this situation, the vortex shedding caused by 
the oscillations of the plates can cause scatter with creating waves in the free surface (Garrido-
Mendoza et al., 2014).   At free surface, this damping includes both viscous damping and radiation 
damping. Some studies have been carried out on the effectiveness of the draft of these plates. 
Lindholm et al. (1965) showed that the presence of a free surface can have a significant influence 
on the properties of oscillating plates(frequencies), provided that its draft is smaller than half of 
the plate’s diameter. However, using experimental results, Prislin et al. (1998) showed that 
interaction between the oscillating plate and the free surface occurs at a draft smaller than the 
diameter of the plate. 

5.2.1. Effect of distance from the free surface on the damping coefficient of solid plates 

As previously mentioned, as the distance to free surface-to-plate diameter ratio decreases, 
(Rdepth<=1), small waves start to appear on the free surface in forced vibration tests. By testing 
isolated rectangular plates with the dimensions of 400 x 400 and under the influence of the free 
surface (Rdepth<=1), Li et al. (2013) stipulated that when the value of KC/2π is larger than the 
thickness-to-diameter ratio (t/d), it is expected the t/d ratio not to be influential. To illustrate the 
importance of this parameter, the results of the tests carried out by Molin et al. (2008), Garrido-
Mendoza et al. (2014), Wadhwa et al. (2009 & 2008), Lopez-Pavon and Souto-Iglesias (2015) on plates 
in free surface condition have been compared in Fig.11 (left side). According to this figure, for a 
similar (t/d) ratio and a different Rdepth ratio, the damping coefficients reported by Garrido-Mendoza 
et al. (2014) (dark brown) are larger than those reported by Lopez-Pavon and Souto-Iglesias (2015) 
(green). But, at the same depth ratio (Rdepth= 0.77), Lopez-Pavon and Souto-Iglesias (2015) (green) 
and Garrido-Mendoza et al. (2014) (dark blue) reported similar values. This comparison shows that 
in the similar oscillation frequencies and the Rdepth<=1, the Rdepth ratio is a more important than the 
other parameters. 

Also, Fig. 11 (left side) show that as the Rdepth ratio decreases, the damping coefficient 
experiences a considerable increase. In fact, it can be mentioned that change in the parameter Rdepth 
can completely influence the slope of the curve describing the damping coefficient and shift. 
Therefore, in this type of condition, the effect of the thickness ratio is very small. This is the cause 
which in some experimental and numerical studies carried out (i.e. Li et al. (2013)), the effect of 
thickness on the drag coefficients was not taken into account and only a constant thickness was 
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assumed. However, although it appears that under normal conditions this assumption holds true, 
conditions are entirely different in cases in which resonant frequencies occur.  

 

Fig. 11. Comparison of experimental results of solid plates close to free surface 

5.2.2. Effect of frequency on the damping coefficient of solid plates 

Oscillation frequency is among the important factors of plates when they are under the 
influence of free surface conditions (Lindholm et al., 1965). Wadhwa et al. (2009) performed 
experiments on isolated circular steel plates with diameter and thickness of, respectively, 200 mm 
and a 2 mm. The experiments were carried out close to the free surface and inside a rectangular 
glass tank (Table 3). Unlike tests carried out far away from the free surface, these tests highlighted 
the effect of oscillation frequency on the damping coefficient. The results of different studies 
investigating the effects of free surface on solid plates have been shown in Fig. 11 (right side). 

Molin et al. (2008) studied isolated solid plates in the vicinity of the free surface. The authors 
used circular plates with the diameter and thickness of, respectively, 600 mm and 1 mm, at 
distances of 5 cm and 25 cm from the free surface (Fig. 11, right side). In that study, it was shown 
that for the same distance ratio from the surface (Rdepth= 0.42), the damping coefficient is higher 
at the frequency of 1.25 Hz than it is at 0.83 Hz. Also, this can be clearly seen in the damping 
coefficient-frequency curve reported by Molin et al. (2008) for a depth of 0.08 (Rdepth= 0.08) (Fig. 
11, right side-top). The authors also showed that when KC=0.1, the damping coefficient takes on 
its highest value at the frequency of 0.55 Hz. This clearly demonstrates the important influence of 
frequency on the hydrodynamic behavior of heave plates under free surface conditions. 

 Also, as seen in Figure 11 (right side), the experiments of Lopez-Pavon and Souto-Iglesias (2015) 
and Bezunartea-Barrio et al. (2019) on plates attached to cylinders showed that different oscillation 
frequencies change the damping coefficient, even at constant distances from the free surface 
(Rdepth= 0.76 and Rdepth= 0.775) and similar thickness-to-diameter ratios (t/d). This can also be 
observed in the results of Lopez-Pavon and Souto-Iglesias (2015). In that research, the damping 
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coefficient increases when the frequency is increased from 0.25 Hz to 0.5 Hz. There is, however, 
a small discrepancy between the results reported by Lopez-Pavon and Souto-Iglesias (2015) and 
Bezunartea-Barrio et al. (2019). Although in both of those studies the distance from the surface is the 
same, the difference between the results is due to using different frequencies (0.25 Hz and 0.3 Hz) 
and different thicknesses. An important point to note in the results of Bezunartea-Barrio et al. (2019) 
in Fig. 11 (right side) is that the maximum damping value occurs at the frequency of 0.3 Hz. As 
this frequency increases, the damping coefficient decreases. Generally, these results showed that 
under free surface conditions, frequency is the governing factor in the behavior of plates subjected 
to forced oscillation test.  

It is also important to point out that closer the oscillation frequencies are to the resonant 
frequency the damping coefficient increases and vice versa. The resonant frequency in the studies 
of Lopez-Pavon and Souto-Iglesias (2015) and Bezunartea-Barrio et al., (2019), which have used plates 
in conjunction with cylinders, are 0.63 Hz and 0.3 Hz, respectively. Therefore, in the study carried 
out by Ana-Barrio et al., (2019), the frequency of 1.17 Hz caused a significant reduction in the 
damping coefficient. An example of this can be seen in the damping coefficient-frequency curve 
reported in the Molin et al. (2008) for Rdepth= 0.08 (Fig. 11, right side-top). However, and also Molin 
et al. (2008) have only used isolated plates (Fig. 11-right side). Hence, it is very difficult to determine 
the resonant frequency. Furthermore, it has to be mentioned that to compare the results of 
experiments on isolated plates (e.g., Molin et al. (2008)) with other tests involving cylinders attached 
to plates (e.g., Bezunartea-Barrio et al. (2019); Thiagarajan and Moreno (2020); Molin et al.  (2008)), the 
effects of the cylinder have to be taken into account. Therefore, for a more accurate analysis of 
plates and also to consider the effect of the cylinder, in the studies by Bezunartea-Barrio et al. (2019), 
Lopez-Pavon and Souto-Iglesias (2015) and Thiagarajan and Moreno (2020), the added mass was 
reduced by 10%. 

Another parameter that can potentially influence plates close to the free surface is the t/d 
(thickness/diameter) ratio. In general, under free surface conditions, and considering the damping 
equation – i.e., Cb=KC*Cd/(4π) – the influence of geometric parameters is far less important. 
Therefore, the t/d ratio of the plate is far less important, even at low KC numbers (this also 
diminishes the importance of the amplitude of oscillations). 

5.2.3. The effect of perforation on the damping coefficient 

Through forced oscillation experiments, Dowine et al., 2000-A & B and Geoffroy (2002) found 
that perforation plates have a higher level of damping than solid plates at KC numbers smaller 
than one. Under free surface conditions, Molin et al. (2008) and An and Faltinsen (2013) carried out 
forced oscillation tests on, respectively, isolated circular and rectangular plates with different 
porosities and frequencies (0.5, 0.8 Hz). The results of experiments on perforation plates showed 
that perforation is a more influential factor (Fig. 12). The results of Molin et al. (2008) obtained for 
low KC numbers and similar frequencies and distance from the free surface (Fig. 12) showed that 
the damping coefficient of these plates increase when the perforation ratio reaches to about 10%. 
Then, as the perforation ratio increases to 20%, the damping coefficient decreases compared to 
solid plates. 
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This can also be seen in the results reported by An and Faltinsen (2013) (Fig. 12, left side), in 
which when the perforation increases from 7.9% to 15.89%, the damping coefficient experiences 
a decrease. Therefore, these results demonstrate that at low frequencies and under free surface 
conditions, choosing an optimized value for the perforation results in an increase in the damping 
coefficient. 

 
Figure 12: comparison of the experimental results obtained from perforation plates under free surface conditions 

5.2.4. Effect of frequency on the damping coefficient of perforated plates 

In forced oscillation tests under free surface conditions, as it is the case for solid plates, the 
influence of oscillation frequency on perforation plates is also significant. The results of An and 
Faltinsen (2013) have been shown in Fig. 13 in the form of a Cb-frequency diagram for a KC number 
of 0.69 (KC= 0.69) for indicating the influence of frequency on the drag coefficient.  

Fig. 13. Comparison of experimental results of perforation plates close to free surface 
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The results show that at KC=0.69, the highest damping coefficient occurs at a frequency of 
0.72 Hz.  

Also, as the frequency increases from 0.4 Hz to 0.72 Hz, the damping coefficient undergoes 
an increase, until it starts to decline upon reaching a frequency of 1.14 Hz. Comparing the results 
with different frequencies (Fig. 13, Cb-KC diagram) shows that, in general, as the Rdepth ratio 
becomes a smaller, the influence of frequency becomes more pronounced. Generally, at oscillation 
frequencies higher than 1 Hz, small values of distance from Rdepth ratio lead to a considerable 

decrease in the damping coefficient. This has also been observed for solid plates. 

6. Effects of the scaling 

In experimental models, some uncertainties can skew the results. One of these uncertainties is 
the scale of the models. Today, the results of experiments on scaled models (the Froude method) 
are considered to be reliable. However, when it comes to general constants such as viscosity, there 
are uncertainties which stem from the scaling of the Reynolds and Froude numbers (Windt et al., 
2018). This uncertainty is far more important at low KC numbers than it is at high KC numbers. 
The reason is that at low KC numbers, the effects of the scale for the model can lead to the results 
being overestimated (Mundon et al., 2017). Also, the infinitely small forces at KC numbers tending 
toward zero need to be measured. To investigate the effects of scale, the results of experimental 
models with different scales (1:20~80) – which were based on the initial model of the turbine of 
the Hiprwind 1.7MW project – were compared 

 The properties of the scaled models are given in Table 4. In all of these studies, the draft of the 
plate is smaller than its diameter (Rdepth<1). The results of all of the models, therefore, are under 
the influence of free surface. In Fig. 14, the changes in damping coefficient with respect to the KC 
number are compared for different scales based on the Rdepth ratio of the plate. In Fig. 14, although 
the models with different scales and the same Rdepth ratio behave in a somewhat similar manner, 
some differences can be seen. These might be due to: 

 Difference in the frequency of oscillations: This parameter is important, particularly when 
the plate is under free surface conditions. Therefore, selecting a suitable frequency of 
oscillations can be instrumental in reaching more realistic results and diminishing the scale-
associated uncertainty in forced oscillation tests. The resonant frequencies of models with 
the scales 1:20, 1:27, and 1:45 are 0.63 Hz, 0.4 Hz, and 0.3 Hz, respectively. Therefore, it 
is expected for the frequency of smaller models (1:80, Menro) to be below 0.3 Hz. 

 Amplitude of oscillations: In forced oscillation tests, using a scaled model and an 
appropriate KC number can reduce the effects of these uncertainties (Bezunartea-Barrio et 
al., 2019). This also is compatible with the dimensionless damping coefficient equation. 

     Since these tests (Table 4) are mostly focused on Rdepth<1 and KC<1, the influence of frequency 
of oscillations are rather important. However, the effects of the plates thickness still needs to be 
acknowledged when the uncertainties of scaled models in unbounded fluid are being discussed. 
Other parameters that need to be discussed in terms of the uncertainties associated with scaled 
models are the solidity, perforation and perforation size (in perforated plates).  
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Table 4  : Main dimensions of the platform (prototype and model scale, 1:20). 
 

CHARACTERISTIC  SYMBOL PROTOTYPE SCALE 1:80, 
THIAGARAJAN 
AN MENRO, 
2020; 

SCALE 1:45, 
BEZUNARTEA-
BARRIO ET. 
AL,(2019) 

SCALE 1:27, 
BEZUNARTEA-
BARRIO ET. 
AL,(2019)  

SCALE 1:20, 
LOPEZ-PAVON 
AND SOUTO-
IGLESIAS, 2015 

SCALE1:20, 
GARRIDO-
MENDOZA ET 
AL., 2014 

HEAVE PLATE DRAFT h (m) 15.5 0.19 0.341 0.562 0.77 0.5, 0.77 
COLUMNS 
DIAMETER 

Dc (m) 7 0.088 0.156 0.257 0.35 0.354 

HEAVE PLATE 
DIAMETER 

D (m) 20 0.25 0.44 0.725 1 1 

HEAVE PLATE  
THICKNESS 

td (mm) * 4.3 1.3 2.2 5 5 

HEAVE PLATE 
DEPTH-DIAMETER 
RATIO 

( h/D)depthR 0.775 0.76 0.775 0.775 0.775 0.5, 0.77 

HEAVE PLATE 
THICKNESS-
DIAMETER RATIO 

td/D * 0.0172 0.003 0.003 0.0049 0.005 

LEG MASS M (Kg) 663000 - 7.1 31.5 82.83 - 

* FULL SCALE HEAVE PLATE STEEL THICKNESS NOT AVAILABLE                        
  - LEG MASS NOT AVAILABL 

   
   

 
Fig. 14. Comparison of experimental results of plates with different scales 

7. Conclusion 

The strategies and ways in which heave plates are utilized are important in the effective control 
and movement management of floating structures against ocean waves. This study presents a deep 
investigation of the behavior of heave plates and introduces reliable solutions to compare the 
results of different researchers regarding the hydrodynamic performance of plates.  

In this study, in addition to the other parameters, a new parameter – i.e., plate edges area-to-
plate area ratio (Re/a) – has been used as basis to compare the results in the unbounded fluid flow 
(Rdepth>1). The parameter Re/a provides a better comparison of the results of different studies 
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investigating models with varying geometric properties. By decreasing the ratio to just above 0.1 
(Re/a>0.1), we witness an increase in the damping coefficient. Further decreasing the value of the 
ratio to below 0.1 (Re/a<0.1) leads to a decrease in the damping coefficients for almost all cases. 
Therefore, it is recommended the area of the heave plate to be approximately 10 times the area of 
the edges to maximize the damping mechanism of heave plate. 

The evaluation carried out in the unbounded fluid flow showed that the pressure drop at the outer 
edges is higher than it is at the inner edges (hole). The reason is that at the outer edges, there is an 
evident discrepancy between the velocities of the fluid particles the edge and the outer area 
surrounding the edges. Thus, as the array of the inner edges  is closer to the outer edges, more 
damping is created. Also, these studies indicate that as the KC number increases (until KC>0.1), 
the effect of perforation increasing the drag coefficient becomes considerably weak, and further 
increase in the perforation of the plate causes the drag coefficient to fall below that of solid plates. 
This is due to the disturbance in the flow of fluid in the wake of the plate by perforations, which 
prevents the creation of a vortex. The optimal perforation ratio is about 10% to 15%. 

 Investigation of the experimental data of different researchers in the unbounded fluid flow showed 
that the frequency of oscillations does not exert profound influence on the damping coefficient. It 
does, however, cause some scatter in the damping coefficient-KC number curve. As flow 
visualization showed, at low KC numbers, it is unlikely to see the collision of the vortices shed 
from the two edges, instead the collision of the secondary vortices in each cycle (the separation 
length is almost constant) often taking place. Secondly, assessing the equation of the non-
dimensional damping coefficient (Equation 6) reveals that there is no direct correlation between the 
damping coefficient and frequency of oscillations. However, it can be demonstrated that the 
frequency may influence the damping coefficient as a weak effect by solving the integral part of 
the drag coefficient equation (Equation 4).   

When heave plates oscillating near free surface, change in the value of Rdepth can significantly 
shift the slope of the damping coefficient diagram. Under such circumstances (oscillating near free 
surface), the effects of the frequency of oscillations are rather important . 

At the end, in addition to suitable thickness, spaces from the free surface and perforation, 
locating in the transition area, it is clearly evident that when the interaction of heave plate with 
surrounding flow developing from the interface regime into a unidirectional regime, it can often 
result in maximizing the damping coefficient in different ocean conditions.  
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