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a b s t r a c t

Taking the cylindrical float of the floating fence of a floating litter collection device as the research object,
based on the shallow immersion characteristics of the cylindrical float, the Morison equation is modified,
and the interaction between regular waves and the partially immersed horizontal cylindrical float is
discussed in combination with scale model test. The results show that the modified Morison equation
can accurately predict the wave force of the horizontal cylindrical float and reveal the influence of
amplitude, immersion depth and period on the wave force of the cylindrical float. For partially immersed
cylindrical floats, the wave force increases with the increase in wave height and decays with the increase
in period. The positive value distribution of the wave force is larger than that of the negative direction,
and the difference between the positive and negative directions is mainly affected by the immersion
depth.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the increasing problem of floating litter in coastal cities
and scenic locations around the world, governments worldwide
have paid an increasing amount of attention to the collection of
floating litter, and while attempting to control the entry of litter
into the sea, these governments have adopted various ways to clean
up the floating litter. A wave-driven floating litter collection device
can overcome the shortcomings of the manual collection of floating
litter, such as time cost and labour, and this device achieves the
active collection function of no energy consumption during the
whole period. The floating litter collection device is generally ar-
ranged along a bay in a “V” shape, and two floating fences are set up
on both sides of the sea trash so that the litter floating along the
current is intercepted, congregated along the floating fence and
transmitted to the collection bucket for centralized collection (as
shown in Fig. 1). The structural stability of floating fences de-
termines the safety and reliability of floating litter collection de-
vices. Therefore, the study of the effect of waves on the floating
fence is not only helpful to further understand the evolution

mechanism of the wave flow field after wave action affects the
floating fence but can also act an important reference and play an
evaluation role in the structural design of the fence. Due to the
variability in wave directions at sea, to adapt to the waves from
different directions and maintain a small body shape resistance
coefficient, the section shape of the fence float is mostly circular. In
this paper, the wave force on the horizontal cylindrical float of the
fence will be discussed.

According to the size of the cylinder, two different methods can
be used for the calculation of the cylindrical wave force: for large
diameter components (D/L > 0.25), the diffraction theory proposed
by Maccamy and Fuchs (1954) of the American Engineering Corps
in 1954 is usually adopted, while for small diameter components
(D/L < 0.15), the Morison equation proposed by Morison et al.
(1950), University of California, USA, in 1950 is mainly adopted.

For the wave force problem on a small diameter cylinder, a great
deal of research has been done since the Morison equation was
proposed (Bidde, 1971; Chakrabarti, 1972; Nath, 1987; Porter and
Evans, 2009; Gian et al., 2015; Wang et al., 2017), but most of the
research was done for the vertical cylinder. For nonvertical cylin-
ders, the study of Maull and Norman (1979) and Ramberg and
Niedzwecki (1982) shows that for small diameter cylinders with
different elevations parallel to the crest line, the wave pressure
calculation can also be in the form of the Morison equation, and the
numerical changes in the inertial force coefficient Cm and drag force
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coefficient Cd are preliminarily determined. Xue et al. (1983) used
the second-order Stokes wave theory and nonlinear compensated
flow theory to analyse the horizontal component force of the wave
pressure on a horizontal cylinder. Based on the measured experi-
mental data of the maximum horizontal component force and its
phase angle, the inertia coefficient, resistance coefficient and the
ratio of the horizontal cylinder are determined, and the functional
relations of their variations with water depth are obtained, which
enables calculation of the horizontal component force of the wave
force on the horizontal small diameter cylinder by using the Mor-
ison equation. By establishing a numerical model, Li and Lin (2010)
calculated the force acting on the horizontal cylinder under the
action of waves and discussed the effects of linear and nonlinear
waves on the drag force coefficient Cd and inertia force coefficient
Cm. Yao et al. (2016) studied the basic relationship between hy-
drodynamic coefficients and wave elements of horizontal bar
structures through flume testing. By simultaneously using the
Morison equation and the variation process line of the drag force
coefficient Cd, the inertia force coefficient Cm with time in the
process of wave action was obtained, and the fitting formula of the
relationship between hydrodynamic coefficients and wave ele-
ments was given.

Structures such as floating fences, including floating litter
collection devices, are always floating on the sea because they are
subjected to more buoyancy than their own gravity, and very few
parts are submerged in the water. At present, there is little dis-
cussion about the hydrodynamic characteristics of partially sub-
merged horizontal cylinders on the theory, which presents troubles
in the design and analysis of these new structures, such as the sea
fence we mentioned above. The results of the study by Dixon et al.
(1976) show that the vertical wave forces at the time of the sine
wave action and the partially submerged cylinder can be predicted
by the modified Morison equation containing the inertial coeffi-
cient Cm (depending on the frequency, amplitude, and ratio of the
radius to the immersionwater depth), and it is proved that Cm ¼ 2.0
can better predict the wave force. Based on the results of Dixon
et al. (1976), Hu et al. (2011) carried out numerical simulations of
the interaction between waves and nonsubmerged horizontal cyl-
inders, and the vertical wave forces of horizontal cylinders were
calculated, and the calculated results are close to the experimental
results of Dixon. Easson et al. (1985) carried out empirical formula
statistical analysis on the interaction between linear regular waves
and partially submerged horizontal cylinders. The theoretical
models of the wave force spectrum of cylinder’s horizontal and
vertical directions are established, and the wave force spectrum of
the horizontal cylinder under random wave conditions is theoret-
ically predicted, but the prediction results are quite different from
the actual measurement. The reason for the above error is that the

fully submerged Morison equation is still used to calculate the
hydrodynamic force of the floating cylinder structure with a small
diameter, and the force characteristics of the partially submerged
cylinder moving on the free surface cannot be fully considered.
Based on the wave load calculation of a floating hose at sea by Chen
et al. (2015), the shape and stress characteristics of a floating hose
at sea are analysed, the mechanical analysis model of floating hose
at sea is established, the shortcomings of directly using the existing
Morison equation to calculate the wave load of a floating hose are
pointed out, and the improved Morison equation is put forward
according to the basic principle, but this equation does not consider
the effect of freewater surface change on thewave force. The pipe is
affected by the wave force. In addition, considering that the im-
mersion depth of each float is not consistent in practice, the in-
fluence of the change in immersion depth on the hydrodynamic
coefficient of the horizontal cylinder still needs to be studied.
Therefore, based on the improved Morison equation and the real
test of the model, the wave force characteristics of the horizontal
cylindrical float on the fence of the partially immersed littering
collection device are studied, and the effects of incident wave
height, immersion water depth and wave period on the wave force
of the horizontal cylinder are analysed.

2. Modified Morison equation

The horizontal wave force of a fully submerged horizontal fixed
cylinder can be calculated by the Morison equation:

Fx ¼ Fd þ Fi

¼ 1
2
CdrAxuxjuxj þ CmrV

vux
vt

¼ 1
2
CdrDuxjuxjlþ Cmr

pD2

4
vux
vt

l

(1)

In the equation, Fi is inertia force, Fd is horizontal drag force, A is
cross-sectional area through the axis, V is the volume of the cyl-
inder, r is density, ux is water velocity, vux/vt is water acceleration,
Cd is the drag force coefficient, Cm is the inertia force coefficient, l is
cylinder length, and D is cylinder diameter.

The essence of the inertia force is that the fluid particles around
the cylinder are disturbed and the velocity changes due to the ex-
istence of the cylinder, and then, the pressure distribution in the
original flow field is changed, resulting in the force acting on the
cylinder. The drainage volume of the cylinder and the original
movement of the flow field determine the inertial force around the
flow. The generation and change in the drag force is closely related
to the formation, development and separation of the boundary
layer on the surface of the cylinder; that is, it is closely related to the

Fig. 1. Schematic diagram of marine litter collection installations.
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projection area of the cylinder perpendicular to the flow direction.
However, as shown in Figs. 2 and 3, when the cylindrical float is
only slightly submerged, the projected area A and the volume of
water V are much smaller than that of full immersion.

To accurately calculate the wave force of the cylindrical float in a
shallow immersion state, the Morison equation is modified. When
the wave propagates to the cylindrical float, according to the spe-
cific shape and stress characteristics of the small diameter cylin-
drical float whose diameter is much smaller than the wavelength,
the depth affected by the wave can be known:

~dx ¼
8<
:

D aþ h0 � D
aþ h0 0 � aþ h0 <D

0 aþ h0 <0
(2)

In the event of wave motion, the immersion depth of each
particle in the cylinder is different, so the immersion depth at the
centre is taken, whereh0 ¼ h(0,t) is the free water surface at the
centre of the cylinder and d is the immersion depth of the cylinder
when the water is still. The projection area of the cylindrical float
perpendicular to the direction of the wave is as follows:

~Ax ¼ ~dx,l (3)

The drainage volume is as follows:

~V ¼ ~S,l (4)

where

~S¼

8>>>>>>>>>>><
>>>>>>>>>>>:

pD2

4
aþ h0 � D

h
p� arccos

�h0
a

�i
a2 þ h0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � h0

2
q

a � aþ h0 <D

arccos
�jh0j

a

�
a2 � jh0j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � h0

2
q

0 � aþ h0 < a

0 aþ h0 <0

(5)

and a ¼ 2/D is the radius of the cylindrical float.
Then, the horizontal wave force acting on the partially

immersed horizontal cylinder can be written as follows:

Fx ¼1
2
Cdr~duxjuxjlþ Cmr~S

vux
vt

l (6)

Similarly, the vertical wave force can be written as follows:

Fz ¼ 1
2
Cdr~AZu

2
z þ Cmr~V

vuz
vt

þ rgð~V � V0Þ

¼ 1
2
Cdr~dZu

2
z lþ Cmr~S

vuz
vt

lþ rgð~V � V0Þ
(7)

whereV0 is submerged volume at mean water level and

Fig. 2. Schematic diagram of a partially submerged horizontal cylindrical float.

Fig. 3. Definition sketch of waves passing the partially submerged horizontal cylinder.

Fig. 4. Layout of the physical model experiment.
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~dz ¼

8>>><
>>>:

2a aþ h0 � affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � h20

q
0 � aþ h0 < a

0 aþ h0 <0

(8)

hðx; tÞ¼H
2
cosðkxþutÞ � aþ d (9)

L¼
 
gT2

2p

!
tanhðkhÞ (10)

q¼ kx� ut (11)

The velocity and acceleration in the above equation can be
selected according to the wave conditions. Because the velocity and
acceleration of each water quality point are not the same, we take
the velocity and acceleration at the axis of the cylinder to represent
the average velocity and average acceleration in the range (with
x ¼ 0).

The value of the drag coefficient Cm and the inertia force coef-
ficient Cd in the Morison equation has always been among the hot
research topics of many scholars (Maull and Norman, 1979;
Ramberg and Niedzwecki, 1982; Dixon et al., 1976; Sundar et al.,
1998; Sumer and Fredsøe, 2006; Sarpkaya, 2010; Liu et al., 2019),
and these coefficients aremainly related to the Reynolds number Re
(¼ Um D/v, v ¼ the kinematic viscosity of water, Umax ¼ the
amplitude of in-line water particle velocity at the centreline of the
cylinder), Keulegan-Carpenter number Kc (¼ Um T/D) and surface
roughness.

Importing the least square method, the coefficients Cd and Cm
can be calculated as follows

Fig. 5. (a)Sketch of the wave force sampling unit; (b) Front view of flume experiment.

Table 1
Main parameters of floating pipe of 1:5 (still water).

Main parameters Prototype value Analogue value

Total length/m 3.45 0.69
Float diameter/m 0.5 0.1
Draft/m 0.03 0.006
Weight/kg 38 0.304

Table 2
Experimental test parameters.

Main parameters Analogue value

Diameter 0.1 0.05
Water depth/m 0.5
Wave height/m 0.04 0.08 0.12 0.16
Period/s 1.34 1.79 2.24 2.69
Immersion depth/m 0.006 0.013 0.025 0.05 0.1

Fig. 6. Variation of Cd and Cm with Kc for shallow submerged cylindrical float with d ¼ 0.006 m and d ¼ 0.013 m and fully submerged cylindrical float with d ¼ 0.1 m.
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Cd ¼

����
A4 A2
A5 A3

��������
A1 A2
A2 A3

����
; Cm ¼

����
A1 A4
A2 A5

��������
A1 A2
A2 A3

����
(12)

in which

A1 ¼
X

X2ðiÞ
A2 ¼

X
XðiÞXðiÞ

A3 ¼
X

Y2ðiÞ
A4 ¼

X
FmðiÞXðiÞ

A5 ¼
X

FmðiÞYðiÞ

9>>>>>>>=
>>>>>>>;

(13)

Fm(t) is the measured value of wave force, and

XðtÞ¼1
2
rl~duxjuxj (14)

YðtÞ¼ r~S
vux
vt

l (15)

3. Scale model tests

3.1. Test equipment and arrangement

The experiment is carried out in the wave running water tank of
the port navigation laboratory of the Xiamen Institute of Technol-
ogy. The surface of the water tank is flat with a size of
35 m � 0.7 m � 0.8 m (length, width and height, respectively), and
the effective water depth is 0.6 m. The wave running water tank
adopts piston type wave maker, can build a maximumwave height
of 0.2 m, and at the other end of the water tank is a wave-absorbing
device. The experimental model is arranged approximately 15 m
from the wave-making machine in the water tank, as shown in
Fig. 4.

The force is measured by the three-dimensional total force
sensor, and the measuring range is 100 N. The relative error is less
than 0.5% of the full range. The sensors are determined before
measurement, and the linear confidence level is above 0.999. The
length and diameter of the model cylindrical float are 0.69 m and
0.1 m, respectively. The total force metre is bound to the model as a
whole and is fixed by a custom rigid cross rod. The vertical rod can
slide, markedwith scale, and the immersion depth of themodel can
be adjusted at will. The bottom of the rod is a rigid fixture, which
can be firmly fixed to the model, as shown in Fig. 5. The experi-
mental acquisition frequency is 0.01 Hz, the acquisition time is
1 min, and the average value is taken three times in each group.

Fig. 7. Evolution curves of horizontal wave forces under different wave heights: (a) H ¼ 0.04 m; (b) H ¼ 0.08 m; (c) H ¼ 0.12 m; and (d) H ¼ 0.16 m.
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3.2. Operating conditions of tests

Considering the making conditions of the model and the test
conditions of the wind-wave-current flume, the scale ratio of the
model is ll ¼ 1:5. The size of the model is shown in Table 1, and the
wave conditions of the test are shown in Table 2. Except for the
fixed water depth, the other parameters are combined accordingly.

4. Analysis and comparison of results

4.1. Hydrodynamic coefficients of inertia Cm and drag Cd

From Sarpkaya (1977), it is found that Reynolds number, Re, is
not an effective independent parameter as the effect of v is rela-
tively small and also due to the small range of Re used in this
investigation (2000e45,000). Hence hydrodynamic coefficients are
correlated with KC, d, h only. And for linear waves, we have

Kc ¼pH
D

(16)

In this section, the variation of the force transfer coefficients
evaluated from the least square method is discussed. The variation
of hydrodynamic coefficients of inertia Cm and drag Cd with Kc is
shown in Fig. 6, respectively, for d ¼ 0.006 m, d ¼ 0.013 m and
d ¼ 0.1 m. It is observed from Fig. 6 that Cd and Cm shows the
decreasing trend with the increase in Kc when Kc < 6 and slowly-
changing trend with the increase in Kc when Kc > 6. On the other

hand, it is observed from Fig. 6 that Cm and Cd are decreases with
the increase in submergedwater depth dwhen Kc < 6 and remained
consistent when Kc > 6. In general, attention should be paid to the
case that H < 2D, the hydrodynamic coefficients of shallow im-
mersion is larger than that of full immersion. By averaging, we get
Cm ¼ 2.1 and Cd ¼ 1.2 in this investigation.

4.2. Influence of wave height change on wave force

In this section, the evolution of the horizontal and vertical wave
forces on the cylindrical float under different wave heights is ana-
lysed, and the results are shown in Figs. 7 and 8. In the figures, the
period T ¼ 1.79 s, water depth h ¼ 0.5 m, cylinder immersion depth
d ¼ 0.006 m, model diameter D ¼ 0.1 m, length l ¼ 0.6 m, and wave
heights are H ¼ 0.04 m, 0.08 m, 0.12 m and 0.16 m. Under these
experimental conditions, the corresponding maximum relative
wave height H/h ¼ 0.32 > 0.2 must be considered nonlinear, so the
Stokes wave theory is used in the calculation. The comparison be-
tween Figs. 7 and 8 shows that the calculated results of the modi-
fied Morison equation are in good agreement with the
experimental values, which simultaneously verifies the rationality
and correctness of the model experiment and the calculation
method.

In addition, the following conclusions can be obtained from
Figs. 7 and 8: (1)When the immersion depth d¼ 0.006 m, there are
more columns above the static water surface, so the positive dis-
tribution of the horizontal wave force is larger than that in the

Fig. 8. Evolution curves of vertical wave forces under different wave heights: (a) H ¼ 0.04 m; (b) H ¼ 0.08 m; (c) H ¼ 0.12 m; and (d) H ¼ 0.16 m.
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negative direction, and the vertical wave force is basically positive.
(2) Themagnitude of thewave force increases with increasingwave
height H. (3) Because the horizontal cylinder is detached from the

free water surface when
�

1
u arccos

�
� 2d

H

�
; 1

u

�
2p � arccos

�
�

2d
H

�	�
, the wave force is zero in this time interval, and the interval

is correspondingly increased with H.

4.3. Effect of submerged water depth change on wave force

In this section, the influence of different inundation depths d on
the wave force of the cylindrical float is given. The cylindrical float
size is the same as that in the 4.2 section, and the period T ¼ 1.34 s,
water depth h ¼ 0.5 m, and wave height H ¼ 0.08 m. Figs. 9 and 10
show the evolution of the wave force when the immersion depth is
0.006 m, 0.013 m, 0.025 m, and 0.05 m. The following can be
observed in this evolution: (1) the wave force increases with
increasing immersion depth d; (2) with increasing immersion
depth d, the difference between the positive distribution and
negative direction of the wave force decreases and becomes
smaller; and (3) with increasing immersion depth d, the interval
where the wave force is zero decreases and becomes smaller.

4.4. The influence of periodic variations on the wave force

In this section, the influence of the wave period on the wave

force is discussed. The immersion depth d ¼ 0.006 m, water depth
h ¼ 0.5 m, and wave height H ¼ 0.08 m. Figs. 11 and 12 show the
wave force process line when period T is 2.24 s and 2.69 s,
respectively. Combined with the wave force process line, T ¼ 1.34
sis given in Figs. 9 and 10 and T¼ 1.79 s is given in Figs. 7 and 8, and
the effect of the period on the wave force is not much different in
these cases.

To more deeply understand the influence of period, Fig. 13
shows the variation trend of the maximum value of the positive
wave force and themaximumvalue of the negativewave forcewith
period. When the period is small (T2[0.75,1.25]), the wave force
changes greatly and decays rapidly with the increase in period,
while when the period is larger (T > 1.25), the decreasing trend in
the wave force remains nearly unchanged.

5. Conclusions

Taking the horizontal cylindrical float of the floating fence of the
floating litter collection device as the research object, based on the
shallow immersion characteristics of the cylindrical float, the
Morison equation is improved, and the wave force of the interac-
tion between the wave and partially immersed horizontal cylin-
drical float is studied in combination with the model test. The
effects of wave height, immersion depth and period on the hori-
zontal wave force of the cylindrical float were studied, and the
following conclusions were obtained.

Fig. 9. Evolution curves of horizontal wave forces under different immersion depths: (a) d ¼ 0.006 m; (b) d ¼ 0.013 m; (c) d ¼ 0.025 m; and (d) d ¼ 0.05 m.
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1) The results obtained using the modifiedMorison equation are in
good agreement with the data obtained from the model
experiment, and the correctness of the calculation method and
the model test is verified;

2) The wave force of the cylindrical float increases with increasing
wave height (immersion water depth) and decays with
increasing period;

3) For partially immersed cylindrical floats, the positive size dis-
tribution of the wave force is larger than that of the negative

Fig. 10. Evolution curves of vertical wave forces under different immersion depths: (a) d ¼ 0.006 m; (b) d ¼ 0.013 m; (c) d ¼ 0.025 m; and (d) d ¼ 0.05 m.

Fig. 11. Evolution curves of horizontal wave forces under different periods: (a) T ¼ 2.24 s and (b) T ¼ 2.69 s.
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direction, and the difference between the positive and negative
directions is mainly affected by the immersion depth.

4) When h þ d < 0, the free water surface is separated from the

cylinder, so in the time period of
�

1
u arccos

�
� 2d

H

�
; 1

u

�
2p �

arccos
�
� 2d

H

�	�
, the wave force on the cylinder is zero, and the

range of zero increases with the increase in water depth and
decreases with the increase in immersion water depth.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was supported by Key Projects of National Key
Research and Development Plan of China (2017YFC1404804),

Demonstration Project of Innovation and Development of Marine
Economy of China in Fuzhou in the 13th Five-Year Plan (FZHJ16) and
Blue Bay Renovation Project of Pingtan Comprehensive Pilot Zone
in Fujian Province of China.

References

Bidde, D.D., 1971. Laboratory study of lift forces on circular piles. J. Waterw. Harb.
Coast. Eng. Div. 97, 95e614. https://cedb.asce.org/CEDBsearch/record.jsp?
dockey¼0018531.

Chakrabarti, S.K., 1972. Nonlinear wave forces on vertical cylinder. J. Hydraul. Div. 98
https://doi.org/10.1016/0889-9746(91)80009-3. Pap n 9333.

Chen, C., Zhang, S.F., Zhang, Q.X., Wu, L., 2015. Wave load computation of offshore
floating hose based on improved morison equation. J. Logistical Eng. U 2,
40e43. http://en.cnki.com.cn/Article_en/CJFDTotal-HQGC201502010.htm.

Dixon, A.G., Greated, C.A., Salter, S.H., 1976. Wave forces on partially submerged
cylinders. J. Waterway. Port C-ASCE 105, 421e438. https://cedb.asce.org/
CEDBsearch/record.jsp?dockey¼0009134.

Easson, W.J., Greated, C.A., Duranni, T.S., 1985. Force spectra from partially sub-
merged circular cylinders in random seas. J. Waterway. Port C-ASCE 111,
856e879. https://doi.org/10.1061/(ASCE)0733-950X(1985)111:5(856).

Gian, B., Nils, G., Torsten, S., Loan, N., 2015. Long wave flow interaction with a single
square structure on a sloping beach[J]. J. Mar. Sci. Eng. 3, 821e844. https://
doi.org/10.3390/jmse3030821.

Hu, Z.Z., Causon, D.M., Mingham, C.G., Qian, L., 2011. Numerical simulation of
floating bodies in extreme free surface waves. Nat. Hazard Earth Syst. 11,
519e527. https://www.researchgate.net/publication/50828929.

Li, Y., Lin, M., 2010. Hydrodynamic coefficients induced by waves and currents for
submerged circular cylinder. Procedia Eng. 4, 253e261. https://doi.org/10.1016/
j.proeng.2010.08.029.

Liu, Q., Sun, T., Wang, D., Wei, Z., 2019. Wave uplift force on horizontal panels: a
laboratory study. J. Oceanol. Limnol. 1e13 https://doi.org/10.1007/s00343-019-
8292-9.

Maccamy, R.C., Fuchs, R.A., 1954. Wave Forces on Piles: A Diffraction Theory. US
Army Beach Erosion Board, Washington DC. No. TM-69. https://www.
researchgate.net/publication/235139845.

Maull, D.J., Norman, S.G., 1979. A horizontal cylinder in waves. In: Nelson, J.M. (Ed.),
Mechanics of Wave Induced Forces on Cylinders. T.L. Shaw Pitman Books
Limited, London, p. 359pp.

Morison, J.R., Johnson, J.W., Schaaf, S.A., 1950. The force exerted by surface waves on
piles. J. Petrol. Technol. 2, 149e154. https://www.onepetro.org/journal-paper/
SPE-950149-G.

Nath, J.H., 1987. On wave force coefficient variability. J. Offshore Mech. Arctic Eng.
109, 95e306. https://doi.org/10.1115/1.3257023.

Porter, R., Evans, D.V., 2009. Water-wave trapping by floating circular cylinders.
J. Fluid Mech. 633, 311e325. https://doi.org/10.1017/S0022112009006831.

Ramberg, S.E., Niedzwecki, J.M., 1982. Horizontal and vertical cylinders in waves.
Ocean Eng. 9, 1e15. https://doi.org/10.1016/0029-8018(82)90041-5.

Sarpkaya, T., 1977. In-line and transverse forces on cylinders in oscillators flow at
high Reynolds numbers. J. Ship Res. 21, 200e216. https://doi.org/10.4043/2533-
MS.

Sarpkaya, T., 2010. Wave Forces on Offshore Structures. Cambridge university press,
Cambridge ,UK.

Fig. 12. Evolution curves of vertical wave forces under different periods: (a) T ¼ 2.24 s and (b) T ¼ 2.69 s.

Fig. 13. The trend of maximum wave force with period.

B. Liu, D. Fu, Y. Zhang et al. International Journal of Naval Architecture and Ocean Engineering 12 (2020) 733e742

741

https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0018531
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0018531
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0018531
https://doi.org/10.1016/0889-9746(91)80009-3
http://en.cnki.com.cn/Article_en/CJFDTotal-HQGC201502010.htm
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0009134
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0009134
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0009134
https://doi.org/10.1061/(ASCE)0733-950X(1985)111:5(856)
https://doi.org/10.3390/jmse3030821
https://doi.org/10.3390/jmse3030821
https://www.researchgate.net/publication/50828929
https://doi.org/10.1016/j.proeng.2010.08.029
https://doi.org/10.1016/j.proeng.2010.08.029
https://doi.org/10.1007/s00343-019-8292-9
https://doi.org/10.1007/s00343-019-8292-9
https://www.researchgate.net/publication/235139845
https://www.researchgate.net/publication/235139845
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref11
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref11
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref11
https://www.onepetro.org/journal-paper/SPE-950149-G
https://www.onepetro.org/journal-paper/SPE-950149-G
https://doi.org/10.1115/1.3257023
https://doi.org/10.1017/S0022112009006831
https://doi.org/10.1016/0029-8018(82)90041-5
https://doi.org/10.4043/2533-MS
https://doi.org/10.4043/2533-MS
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref17
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref17


Sumer, B.M., Fredsøe, J., 2006. Hydrodynamics Around Cylindrical Structures. World
Scientific, Singapore.

Sundar, V., Vengatesan, V., Anandkumar, G., Schlenkhoff, A., 1998. Hydrodynamic
coefficients for inclined cylinders. Ocean Eng. 25, 277e294. https://doi.org/
10.1016/S0029-8018(97)00014-0.

Wang, X., Lin, Z.-Y., You, Y.-X., Yu, R., 2017. Numerical simulations for the load
characteristics of internal solitary waves on a vertical cylinder. J. Ship Mech. 21,

1071e1085. https://doi.org/10.3969/j.issn.1007- 7294.2017.09.003.
Xue, H.C., Guo, D., Yan, Y.X., 1983. Non-linear analysis of wave force on horizontal

cylinder. Ocean Eng. 1, 38e51. http://www.cnki.com.cn/Article/CJFDTotal-
HYGC198301009.htm.

Yao, X.J., Gui, F.K., Meng, A., Chen, T.H., 2016. Experimental study on hydro-
coefficients of horizontal cylinder structure in waves. Ocean Eng. 34, 80e87.
http://www.en.cnki.com.cn/Article_en/CJFDTOTAL-HYGC201601011.htm.

B. Liu, D. Fu, Y. Zhang et al. International Journal of Naval Architecture and Ocean Engineering 12 (2020) 733e742

742

http://refhub.elsevier.com/S2092-6782(20)30033-9/sref18
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref18
http://refhub.elsevier.com/S2092-6782(20)30033-9/sref18
https://doi.org/10.1016/S0029-8018(97)00014-0
https://doi.org/10.1016/S0029-8018(97)00014-0
https://doi.org/10.3969/j.issn.1007- 7294.2017.09.003
http://www.cnki.com.cn/Article/CJFDTotal-HYGC198301009.htm
http://www.cnki.com.cn/Article/CJFDTotal-HYGC198301009.htm
http://www.en.cnki.com.cn/Article_en/CJFDTOTAL-HYGC201601011.htm



