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Abstract: Scale effect (Reynolds number effect) is one of the most important issues regarding the
accuracy of the hydrodynamic model tests carried out in wave basin, as the Reynolds number in mod-
el test is normally two orders lower in magnitude than that in the prototype. This paper presents a nu-
merical investigation on the effects of Reynolds number on the hydrodynamic characteristics of a
heave damping plate. A thin circular disk is selected to represent the heave damping plate and is
forced to oscillate along its axis sinusoidally. The numerical simulations were performed using the
large-eddy simulation method with the Smagorinsky subgrid model. For a given KC number, the ef-
fect of Reynolds number on the added mass and damping coefficients of the disk is in fact not sig-
nificant, even though a large discrepancy is observed between the flow features around the disk at
low and high Reynolds numbers. The effect of turbulent fluctuations on the hydrodynamic forces on
the disk appears to be averaged over the disk surface, so the hydrodynamic force coefficients of the
circular disk at high Reynolds numbers could be calculated based on the axisymmetric flow assump-
tion. The fundamental conclusions addressed in this paper are of great importance in both wave basin
model tests and numerical simulations for heave damping plates.
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1 Introduction

Deepwater offshore structures at sea, e.g. a Spar platform and a tension leg platform (TLP),
may experience motion responses due to incident wave forces[1-2]. The motion in vertical direc-
tion, i.e. heave motion, is specially concerned by engineers because large heave motion may
cause damages in risers, drilling pipes and mooring lines. Heave damping plates are installed
in Spar platforms and they have been demonstrated as an effective way to minimize the heave
response[3-5]. The heave damping plates significantly increase the heave added mass of the plat-
form. Therefore, the natural frequency of heave motion is decreased and be moved further out
of the wave-frequency region of significant wave energy to avoid resonance. On the other hand,
heave damping plates could provide extra damping forces in heave due to vortex shedding at
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the edges of the plates[1].
Model test in wave basin is a classic and widely recognized way to investigate and esti -

mate the hydrodynamic performance of floating offshore structures. Generally, the platforms are
scaled to model size based on the geometric similarity and Froude similarity (i.e. gravity sim -
ilarity) while the Reynolds similarity (i.e. viscous similarity) is not able to be satisfied [6]. How-
ever, for the heave damping plates in Spar platform which are often located under the water
surface as deep as 100 meters, the effects of free surface waves could be eliminated and the
viscous effects which are closely related with the flow separation and vortex shedding phe -
nomena start to play the major role in characterizing the hydrodynamic performance of heave
damping plates. The Reynolds number in model tests is about two orders lower in magnitude
than that in the prototype[7]. Although many experimental [1, 3-5, 7-11] and numerical[4, 12-18] studies
on the hydrodynamic characteristics of heave damping plates have been carried out in the
past two decades, their studies mainly focused on the geometric configurations of the heave
damping plates, e.g. size of plates[9], distances between plates[4, 15], thickness[9, 11], porosity[1, 3, 5, 13, 19]

and taper angles[18], etc. To our best knowledge, the effects of Reynolds number on the hydro-
dynamic characteristics of heave damping plates have not been well documented and studies
on this issue are awaited.

The present study aims to investigate the effects of Reynolds number on the heave
damping plates with the technique of Computational Fluid Dynamics (CFD) using large-eddy
simulation (LES) method. We consider a thin circular disk which is forced to oscillate sinu -
soidally along its axis in a fluid at rest. The axis velocity of the circular disk is as a function
of time: uz

!"t =Umax cos 2πt/! "T , where z represents the axis direction, Umax is the maximum
speed of the oscillation motion, T is the period of the oscillation and t is the time. The key di-
mensionless parameters characterizing the flow features are the Reynolds number (Re) and
Keulegan- Carpenter number (KC). The definitions of Re and KC are given as:

Re= UmaxD
ν (1)

KC= UmaxT
D = 2πa

D (2)

where D is the diameter of the disk, ν is the kinematic viscosity of the fluid and a is the am-
plitude of the oscillation motion. Following the nomenclature proposed by Sarpkaya [20], we can
also obtain the frequency number

β= ReKC = D
2

νT (3)

Therefore, for a fixed KC number, the effect of Reynolds number (Re) is equivalent to the ef-
fect of β.

In this study, we investigate the cases at KC=0.2, 0.6 and 1.0, respectively. For each KC
number, five β numbers, i.e. β=8×102, 8×103, 8×104, 8×105 and 8×106, are considered respec-
tively. Therefore, the Reynolds number considered in this study ranges from O(102 ) to O(107 ),
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which covers the Reynolds number region of heave damping plates in both wave basin model
tests and prototype.

The remainder of this paper is organized as follows. The mathematical formulations and
numerical methods used in the present study are given in chapter 2. Computational overview,
convergence and validation studies are presented in chapter 3. The results and discussions are
described in chapter 4. Finally, some concluding remarks are given in chapter 5.

2 Mathematical formulations and numerical methods

2.1 Mathematical formulations
In this study, the numerical simulations are carried out with the large-eddy simulation

method, in which large-scale motions are explicitly computed and small-scale eddies are mod-
eled with a subgrid scale (SGS) model in order to represent the effects of unresolved motions
on the resolved scales. A filtering is introduced to decompose the variable 准 into the sum of a

filtered component 准軍 and a subgrid scale component 准′, i.e. 准=准軍+准′. By applying the filter-
ing operation to the Navier-Stokes (N-S) equations for an incompressible flow, the filtered N-
S equations can be expressed as follows:

坠u軈i
坠xi

=0 (4)

坠u軈i
坠t + 坠

坠xj
u軈i u軈j軈 軈=- 1

ρ
坠p軈
坠xi

+ν 坠
2
u軈i

坠xj 坠xj
- 坠τi j

坠xj
(5)

where i, j=1-3; x1, x2 and x2 (or x, y and z) denote three coordinates in Cartesian coordinate

system; u軈1, u軈2 and u軈3 are the corresponding resolved velocity components; ρ is the density of

the fluid; p軈 is the resolved pressure; and the subgrid stress τi j is given by

τi j=ui uj-u軈i u軈j (6)
The first term on the right-hand side of equation (6) can not be computed directly from

equations (4) and (5), thus τ i j must be modeled in order to close the equations. The SGS
model proposed by Smagorinsky[21] is used in the present study, and τi j is written as

τi j -
1
3 δi j τi j =-2νt S軈i j (7)

where δi j is the Kronecker delta; S軈i j =0.5 坠ui /坠uj+坠uj /坠ui軈 軈is the strain rate in the resolved
velocity field; νt is the subgrid eddy viscosity.

Using dimensional analysis, the eddy viscosity ν t can be calculated by the following
formula

νt = Cs軈 軈△
2

S軈 (8)

1394 船舶力学 第 17 卷第 12 期



where the constant Cs=0.2; △ is the filter-width. In this study, the Van Driest damping function

proposed by Van Driest [22] is applied; △=min △mesh, κ/C△△ △n 1-exp -n
+
/A

+△ △△ △△ △, where △mesh is

the cubic root of the mesh cell volume; κ=0.41 is the von Kármán constant; C△=0.158; A
+
=26;

n is the wall normal distance; n
+
is the nondimensionalized wall normal distance, taken as n

+
=

u*n/ν, where u* is the wall friction velocity; S軈 = 2S軈i j S軈i j△ △.
2.2 Numerical methods

The open source CFD code OpenFOAM is used here to solve the equations described in
chapter 2.1. OpenFOAM is mainly applied for solving problems in continuum mechanics. It is
built based on the tensorial approach and object oriented techniques[23]. The PIMPLE algorithm
which merged PISO (Pressure Implicit with Splitting of Operators) and SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) is used in the present study. The spatial schemes for
interpolation, gradient, Laplacian and divergence are linear, Gauss linear, Gauss linear cor -
rected and Gauss linear schemes, respectively. All these schemes are in second order. The sec-
ond order Crank-Nicolson scheme is used for the time integration. Further details of these
schemes are given in OpenFOAM[24].

3 Computational overview, convergence and validation studies

3.1 Computational overview
A spherical computational domain is used in this study and the circular disk locates at

the center of the computational domain, see Fig.1(a). The diameter of the computational do -
main is 40 D, which is large enough to eliminate the effects of far field boundaries on the cal-
culated results. The origin of the coordinates locates at the center of the disk and the z-axis
coincides with the axis of the disk. On the disk surface, no-slip boundary condition is speci -
fied for the velocity and the pressure is set as zero normal gradient. At the outer boundary, the
velocity is set as zero normal gradient and the pressure is fixed at zero. The whole computa -
tional domain is discretized with hexahedral elements, and the grid near the disk surface is
refined in order to resolve the steep gradient there. Fig.1(b) shows the mesh structures on the
disk surface. The thickness of the disk is 0.02 D.

(a) Entire computational domain (b) Mesh structures on the disk surface
Fig.1 Computational domain and mesh structures overview
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The oscillation motion of the circular disk is simulated by using the deforming mesh
technique. The grid points relocate at each time step in a spring-like way and the topology of
the mesh does not change during the simulation in order to sustain a good mesh quality.

The computations are carried out on the TH-1A system in National Supercomputer Cen -
ter in Tianjin. The parallel computing technique is adopted and the computational domain is
divided into 36 subdomains. Each case runs for 15 periods of oscillations and the results pre -
sented in this paper are calculated from the latest 10 cycles, this is to eliminate the transient
effects at the beginning of the calculations.
3.2 Convergence and validation studies

To assert the effects of grid and time resolutions on the calculated results, the grid and
time step convergence studies are carried
out for the case at KC=0.2 and β=8×104.
The main characteristics of three typical
configurations with different grid resolutions
and time steps are shown in Tab.1, where n1

represents the height of the first node away
from the disk surface, △t is the time step.

Fig.2 shows the time histories of the axis drag force coefficient (Cz) on the disk obtained
from the cases with different configurations as well as the comparison with the experimental
measurement by Tao and Dray[1]. Here Cz is defined as

Cz=
Fz

0.5ρSUm

2 (9)

where F z
!"t is the axis force acting on the

disk and it is directly calculated by integrat-
ing the pressure and viscous shear stress over
the disk surfaces; S is the projected area of the

disk, taken as S=πD
2
/4. As shown in Fig.2, the

results for the cases with Set-II and Set-III
collapse together, indicating a reasonable con-
vergence for the special and time resolutions.
To make the calculations accurate, Set-III
with 1 329 152 mesh elements and a time step of T/5 000 is used for the cases with other KC
and β numbers.

Furthermore, the experimental results obtained by Tao and Dray[1] are reproduced and re-
peated in each period in Fig.2 for comparison. It appears that the present calculated results
agree well with the experimental measurements by Tao and Dray[1]. It is reported that the phase
lag between the axis force and the displacement is crucial in determining the energy transfer
to the fluid due to the small magnitude of damping force[1]. He[11] also emphasized that the ac-

Tab.1 Details of the cases with different
grid and time resolutions

Set Elements n1 /D △t/T
Set-I
Set-II
Set-III

166 144
577 344
1 329 152

0.002 00
0.001 33
0.001 00

1/2 500
1/3 750
1/5 000

Fig.2 Time histories of the axis drag force coefficient
on the disk at KC=0.2 and β=8×104.
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curate measure in the phase lag between the axis force and the displacement is the key to the
successful measurement of damping coefficient. Fortunately, the calculated phase by the pre -
sent simulation is in good agreement with the experimental results by Tao and Dray[1], see Fig.2.
Therefore, it is concluded that the present numerical approach can provide satisfactory results
for the heave damping plate.

4 Results and discussions

4.1 Hydrodynamic force coefficients
The hydrodynamic added mass coefficient (Ca ) and damping coefficient (Cd ) are the two

key parameters regarding the hydrodynamic characteristics of the oscillating structures. In this
study, Ca and Cd are calculated from the axis force histories by Fourier analysis, as follows [25]:

Ca=
1

πρ坌Um

T

0乙Fz
乙乙t sin ω乙 乙t dt (10)

Cd =-
3ω

4 ρSUm

2

T

0乙Fz
乙乙t cos ω乙 乙t dt (11)

where 坌 is the immersed volume of the disk; ω is the angular frequency of the oscillation,
here ω=2π/T.

Following the formulations proposed by Tao and Dray [1], the hydrodynamic force coeffi-
cients (Ca and Cd ) are further nondimensionalised with respect to the theoretical ideal fluid

added mass of a disk, m′=1/3ρD
3
. Hence, the added mass and damping coefficients are rewrit-

ten, respectively, as:

A′= ρ坌m′ Ca (12)

B′= νρβD K乙 乙C
6m′ω Cd (13)

Fig.3 shows the variations of added
mass coefficient (A′) with respect to the fre-
quency number 乙乙β . It is observed that A′
increases as KC increases in the considered
KC region (0.2≤KC≤1.0), i.e. large oscil-
lation motion results in large added mass.
This is consistent with the measurements by
Tao and Dray[1], but in contrast to the poten-
tial solution[13] which gives constant added mass (A′=1) independent of KC. For the cases at
KC=0.2 and β<104, A′ decreases as β increases, and A′ appears independent of β as β>104.
For the cases at KC=0.6 and 1.0, A′ increases as β increases when β<105. Similar with that of
KC=0.2, A′ for KC=0.6 and 1.0 becomes less sensitive to the variations of β for high β values.

Fig.3 A′ versus β for the oscillating disk at
KC=0.2, 0.6 and 1.0
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For the heave damping plates in Spar plat-
form at sea, the frequency numbers ��β are
in the order of O(106-7 ), while the model
tests carried out in wave basins are usually
at β~O(104-5 ). Effects of β on A′ are getting
weaker as β increases, and the added mass
in the model test carried out is approxi-
mately equivalent to that in the prototype
Spar at sea.

Fig.4 shows the variations of damping
coefficient (B′) versus frequency number ��β
at various KC numbers. As shown in Fig.4,
B′ increases as KC increases, this is again
consistent with the measurements by Tao and Dray [1]. It appears that the effects of β on B′ is
small. Therefore, the damping coefficient B′ of heave damping plate in the wave basin model
tests is equivalent to that in the prototype Spar at sea.

Overall, unlike the case of a circular cylinder, the added mass and damping coefficients
of heave damping plates are not so sensitive to β for a given KC. This is because the flow sep-
aration point is fixed at the edge of the heave damping plate but varies along the surface of
the circular cylinder. It is good news for wave basin model test that the Reynolds number ef -
fects (scale effects) are minimized in the case of a heave damping plate. Therefore, the heave
damping plate in Spar platform could be scaled to model size by simply following the geomet -
ric similarity law.
4.2 Vortical structures

Characteristics of the hydrodynamic forces on the disk are closely related with the fea -
tures of the flow around the disk. The vortical structures are investigated in this section for
better understanding the underlying physics in the hydrodynamic mechanism of the heave
damping plate. Tab.2 shows the instantaneous vortical structures around the disk for all the
considered cases in this study, i.e. the cases at KC=0.2, 0.6, 1.0 and β=8×102, 8×103, 8×104,
8×105 and 8×106. The deep dark region in each picture represents the heave damping plate.
Here the vortical structures are identified by the iso-surface of the Q-criterion[26]

Q=- 1
2 S

2
+ Ω

2� �
where S and Ω denote the strain and the rotation tensor, respectively. The instantaneous flow
was obtained at t=T/4, i.e. the disk reaches the maximum displacement with respect to the
mean position.

As shown in Tab.2, the flow is approximately axisymmetric when β=8×102, and the vorti-
cal rings are formed due to the laminar vortex shedding. For the cases at β≥8×103, significant
non-axisymmetric vortical structures are observed, and the flow is indeed turbulent. As it has

Fig.4 B′ versus β for the oscillating disk at
KC=0.2, 0.6 and 1.0
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been shown in Figs.3 and 4 that the variations of added mass and damping coefficients are
not very sensitive to the variations of β, it appears that the effect of turbulent fluctuations on
the disk is averaged over the surface of the disk. A similar turbulent fluctuation averaging ef -
fect is observed in the process of the thermal convection in a water tank with a freely floating
plate[27]. In other words, though the flow at high β numbers is actually turbulent, the hydrody-
namic forces acting on the disk is equivalent to that at low β numbers where the flow is lami-
nar and axisymmetric. Therefore, it means that one can obtain reliable force results by simpli -
fy the non-axisymmetric turbulent flow into an axisymmetric flow. This is of great significance
in engineering applications that a simplified axisymmetric problem could be solved using two-
dimensional (2D) numerical simulations which requires much fewer computational resources
compared with the three-dimensional (3D) computations. There have been some 2D numerical
simulations carried out with success by using this simplification [14,16]. However, it should be
noted that great attentions should be paid while interpreting the flow features and vortex shed -
ding/interaction modes, because flow around the structures at high β numbers are actually non-
axisymmetric and turbulent.

Tab.2 Vortical structures of the cases with various KC and β numbers at t=T/4

105

104

103

β/8 KC=0.2 KC=0.6 KC=1.0

102
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Continue 2
β/8 KC=0.2 KC=0.6 KC=1.0

106

5 Conclusions

Three-dimensional numerical simulations for a thin circular disk oscillating sinusoidally
along its axis in a fluid at rest have been performed with the large-eddy simulation method.
Fifteen typical cases are investigated at KC=0.2, 0.6, 1.0 and β=8×102, 8×103, 8×104, 8×105

and 8×106, resulting a Reynolds number in the range of 1.6×102≤Re≤8×106. The effects of β
(or Re) on the added mass coefficient, damping coefficient and the vortical structures are in -
vestigated. The main conclusions are summarized as follows:

(a) Both added mass and damping coefficients increase as KC increases in the range of
0.2≤KC≤1.0. For a given KC number, the effects of β (or Re) on the added mass and damp-
ing coefficients are actually not significant. The scale effects are minimized in the case of
heave damping plate and the heave damping plate in Spar platform could be scaled to model
size simply following the geometric similarity law.

(b) Flow around the disk is approximately axisymmetric at β=8×102, and the flow becomes
non-axisymmetric and turbulent when β≥8×103.

(c) The effects of turbulent fluctuations on the hydrodynamic forces on the disk are aver -
aged over the disk surface, thus the hydrodynamic force coefficients on the circular disk at
high Reynolds number could be calculated by solving the simplified problem based on the ax -
isymmetric flow assumption.

Overall, this paper presents a detailed investigation on the effect of Reynolds number on
the hydrodynamic forces on the heave damping plate and flow features around the heave
damping plate. These findings are of practical significance in both wave basin model tests and
numerical simulations for heave damping plates.
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雷诺数对垂荡阻尼板水动力特性影响的研究

田新亮， 杨建民， 李 欣， 沈玉稿
（上海交通大学 海洋工程国家重点实验室， 上海 200240）

摘要: 海洋工程水池模型试验中的雷诺数约比实际尺度平台的雷诺数低两个数量级，因此，雷诺数（即尺度效应）是影响

海洋工程水池模型试验精度的一个重要因素。 文章采用数值模拟的方法研究了雷诺数对垂荡阻尼板水动力特性的影响。
研究中，采用一块沿着自身轴线做强迫余弦振荡运动的薄圆盘代表垂荡板。 数值模拟中采用了基于 Smagorinsky 亚格子

模型的大涡模拟方法。 研究表明，在同一个 KC 数下，雷诺数对垂荡板的附加质量和阻尼系数的影响并不显著，尽管在低

雷诺数和高雷诺数下垂荡阻尼板周围的流场形态迥异。 湍流脉动对垂荡阻尼板水动力特性的影响被平板表面平均化了。
在不关心流场形态时，可基于轴对称假设对圆形垂荡阻尼板的水动力系数进行求解。 研究为带有垂荡板的平台的水池模

型试验和数值模拟研究均提供了有益的参考。
关键词: 垂荡阻尼板； 薄圆盘； 振荡运动； 大涡模拟
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