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ABSTRACT Submarine Pipeline End Manifold (PLEM) is the converge end or termination of submarine
pipelines, which is used to provide additional support for equipment in the submarine production system
on the seafloor. However, PLEM is vulnerable to extreme waves (i.e., tsunami waves). In this study, a
two-phase flow model is developed with the finite volume method for simulating the tsunami-like wave
impinging on the PLEM. Depending on the real-world tsunami wave recorded in 2011 tsunami event,
a tsunami-like wave is generated numerically depending on N-waves theory. In order to ensure the accuracy
of the calculation, this model is verified against some theoretical and experimental studies firstly. Then,
the hydrodynamic characteristics and forces on the PLEMs under the different tsunami-like waves are
investigated systematically. Due to the flow causes strong disturbance to different parts of the PLEMs,
the Fast Fourier Transform (FFT) method is adopted to analyze the irregular hydrodynamic force signals
for better to understand the characteristics of forces in the frequency domain. In the simulations, different
environmental and PLEM structural variables are considered, such as wave height, pipe distance, and PLEM
bottom seat length. The hydrodynamic characteristics under different tsunami-like waves passing the various
submarine PLEMs are discussed, which indicates that the vortex field evolutions and hydrodynamic forces
under different waves on the PLEM are significantly different.

INDEX TERMS Tsunami-like wave, submarine pipeline end manifold (PLEM), hydrodynamic forces, flow
field, vortex.

I. INTRODUCTION
Due to submarine earthquakes, landslides, volcanic and other
disturbances above or below the seawater, a substantial vol-
ume of water might fluctuate severely which would induce a
series of water waves. The wave height increases while the
wavelength and speed decrease when the water wave spreads
to shallow sea and coastal area, resulting in the phenomenon
of tsunami. Since the tsunami waves are fast, high and
strong, it can cause severe damages to industrial equipment,
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buildings, and offshore structures, leading to huge los-
ses [1], [2]. For example, the tsunami event that happened
in Japan in 2011 brought about destructions of 30% of
the responding industrial facilities and 7% of the surveyed
hazardous materials facilities [3]. On 22 December 2018,
a tsunami that followed an eruption and partial collapse of
the Anak Krakatau volcano in the Sunda Strait struck several
coastal regions of Banten in Java and Lampung in Sumatra,
Indonesia. At least 426 people were killed and 14,059 were
injured. Therefore, it is urgent to understand the fundamen-
tal damaging mechanisms to increase the resilience of the
infrastructures during tsunami events [4], [5]. Owing to the
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unpredictable nature of a tsunami event, it is difficult to
conduct a field experiment. Thus, most of the studies on
that topic were carried out by the physical experiments and
numerical simulations.

In some studies, solitary wave is employed as the tsunami
wave due to the two waves have some similarities in form
and stability Aniel-Quiroga et al. [6] conducted a series
of laboratory experiments on scaled models of two typical
Mediterranean rubble-mound breakwater typologies under
tsunami waves. In this research, the action of tsunami wave
was split into two parts: (1) the first impact of tsunami wave
was caused by a large solitary wave; (2) the subsequent over-
flow was approached by applying a pump-driven wavemaker.
Ha et al. [7] studied three-dimensional numerical simulation
of solitary wave using the immersed boundary (IB) method.
Maza et al. [8] investigated the interaction between the man-
grove forests and the solitary wave instead of the tsunami
wave. However, the survey of the real-world tsunami wave
indicates that solitary waves rarely happen in the tsunami
events. Besides, the evolution of the tsunami wave is com-
pletely different from solitary wave at the temporal and
spatial scales [9]. Hence, there are some limitations in study-
ing the impact of solitary wave instead of tsunami wave
on structures. As a good description of the profile for the
tsunami wave could be sufficient to provide a reasonable
estimation of the impact on the marine structures, such as
submarine pipeline, submarine mudmat, and offshore plat-
form. The tsunami wave which is recorded at the Iwate
South station in the 2011 Tohoku Japan tsunami event is
observed as a leading-depression wave firstly which induces
the decrease of sea level. Then, with the propagation of the
tsunami wave, the elevation of the wave surface increases
depending on the profile of the tsunami waves. In order to
describe the 2011 Japan tsunami wave reasonably, according
to the N-waves theory, the tsunami wave recorded at Iwate
South station is calculated and replicated using a combination
of three sech2(∗) profiles.

In order to reveal the effects of the tsunami wave on
the marine structures, the proposed real-world tsunami-
like wave is employed to investigate the tsunami waves
impacting on Submarine Pipeline End Manifold (PLEM).
Under the tsunami waves, the hydrodynamic loads of PLEM
might exceed the design limit instantaneously, leading to
irreversible strength damage or loss of overall balance of
structures [10] Therefore, to study on hydrodynamic charac-
teristics of PLEMs under tsunami waves is gradually attracted
to by researchers. Wang et al. [11] proposed a mathemati-
cal model for the optimal layout of cluster manifolds with
PLEMs under extreme marine conditions. Nam et al. [12]
carried out experimental and numerical study on coupled
motion responses of a floating crane vessel and a lifted subsea
manifold in deep water. Wang et al. [13] developed a math-
ematical model of installation process of subsea manifold to
analyze the displacement of subsea manifold under different
factors.

However, existing researches seldom consider the hydro-
dynamic characteristics of interaction between tsunami
waves and PLEMs using real-world tsunami waves. Besides,
since the tsunami wave and solitary wave are quite unlike,
the effect of real-world tsunami wave on the offshore struc-
tures also differs from that of solitary wave. This paper
focuses on this point using CFD simulation method, in which
the effects of the real-world tsunami-like wave acting on
PLEMs are analyzed and discussed in detail. The numerical
model in this paper solves the incompressible Navier-Stokes
equations discretizedwith Finite VolumeMethod (FVM), and
the free surface is captured using the Volume of Fluid (VOF)
method. The numerical model is verified in two cases. The
systematic study of the real-world tsunami-like wave acting
on PLEMs is conducted after the validations. The comparison
of the hydrodynamic characteristics under different tsunami-
like waves is given, demonstrating remarkable differences
in the wave impinging forces. Furthermore, the effects of
tsunami-like wave on different PLEMs are also investigated,
from which meaningful conclusions are summed up.

II. MODEL DESCRIPTION
A. NUMERICAL SOLVER OF FLUID DOMAIN
The Reynolds Averaged Naiver-Stokes (RANS) solver is
adopted to simulate the unsteady incompressible viscous
flows with a free surface. The governing equations in the
vector form can be written as

∇ · u = 0 (1)
ρ∂u
∂t
+ ρ∇ · (uu) = ∇ · (µ∇u)+∇u · ∇µ−∇p+ ρr · g

(2)

where ∇ is the gradient operator, u is the water velocity
vector, ρ is the density, t is the time, µ is effective viscosity
including laminar and turbulence viscosity (µl and µt ), p
is the pressure, ρr is the reference density, g is the gravity
acceleration.

Considering the effect of the turbulence on the PLEMs,
the classic Smagorinsky turbulence model is adopted, which
has been successfully applied in predicting the wave forces on
marine structures and wave breaking process [7], [14]. With
this model, the turbulent viscosity is calculated as

µt = C2(V 1/3)2
√
(∂ui/∂fj + ∂uj/∂fi)2/2 (3)

whereC = 0.18 is a constant coefficient which is determined
by model validation, V is the control cell volume, u and f are
velocity and coordinate, respectively, at the i (x, y, z) or j(x,
y, z) spatial coordinate location.

The interface between water and air can be defined by
transportation equations of volume of fluid (VOF) as

∂γ /∂t +∇ · (γu) = 0 (4)

where γ is the volume fraction which is defined by
whether the grid control volume is filled by water or air
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γ = 0, 0 < γ < 1 and γ = 1 represent the air, interface and
water in the grid cell, respectively.

The local density and laminar viscosity is calculated
depending on the volume fraction.

s = sair + γ · (swater − sair ) (5)

where s presents local density ρ or laminar viscosity µl .
The non-staggered finite volume method is used over all

mesh system [15]. In the simulation, the convective term
is discretized depending on the TVD type scheme combing
the first-order upwind scheme and the second-order Gamma
scheme. Both the diffusion term and pressure gradient term
are approximated as the central difference by using values at
the auxiliary nodes. The velocities at the faces of the control
cell are interpolated from those at the center of the control cell
using themomentum interpolation for coupling the governing
equations (RANS). And then, the velocity and pressure are
resolved using the Pressure Implicit Split Operator (PISO)
method. An adaptive time step size was determined from
gravity, convective and viscous terms and the Switching
Technique for Advection and Capturing of Surfaces (STACS)
was used to keep the sharpness of the free surface.

B. WAVE GENERATION METHOD
Solitary waves and tsunami-like waves are numerically gen-
erated depending on the dynamic mesh technology. The wave
elevation η of solitary waves on a still water depth h could be
formulated as

η(x, t) = Hsech2[k(x − xo − Ct)] (6)

where H is the wave height; k is the effective number; xo is
the wave peak location at initial time t; C is the wave speed.
Depending on N-waves theory, the tsunami-like wave is

numerically generated using a combination of three solitary
sech2(∗) wave profiles [16]–[21]. And the combination wave
can be expressed as

η(xi, t) =
3∑
i=1

Hisech2[kiCi(t − to − ti)]

=

3∑
i=1

Hisech2[ωi(t − to − ti)] (7)

where Hi, ki, Ci, ti and ωi are the wave elevation, effective
number, reference time and wave frequency corresponding
to the parameters of the three different combination soli-
tary waves, respectively. The parameters are normalized as
follows.

(H1/Ho, ω1/ωo, t1/To) = (−0.119, 0.0856, 6.556)

(H2/Ho, ω2/ωo, t2/To) = (0.328, 0.0947, 8.776)

(H3/Ho, ω3/ωo, t3/To) = (0.873, 0.31244, 10.54) (8)

Based on the tsunami wave generation theory, the velocity
up of numerical wave paddle can be formulated as

up =
3∑
i=1

Ciηi/(h+ ηi) (9)

In the calculation domain, the wave absorbing layer has
been adopted at the outflow boundary by adding an artifi-
cial fraction factor. At the top of the computational domain,
the atmospheric pressure is imposed. At both sides of the
domain, the symmetric boundary is used and the wall bound-
ary is set at the bottom.
Due to the hydrodynamic forces on the PLEM oscillate

seriously under the tsunami-like wave, the Fast Fourier Trans-
form (FFT) method is used to transfer the forces signals from
time to frequency domain, which is helpful to analyze the
power of the tsunami-like wave on the PLEMs. The FFT
of non-periodic continuous-time force signal F(t) can be
expressed as [22]

P(ω) =
∫
∞

−∞

F(t)e−jωtdt (10)

where F(t) is the force signals in time domain; P(ω) is the
power signals in frequency domain; j is an imaginary number.

III. MODEL VALIDATIONS
A. WAVE PROFILES
The profiles of the solitary and tsunami-like waves are ver-
ified depending on the comparison between the analytical
solutions and the numerical results. Wave height H and still
water depth h which compose the total wave depth ht are
2 m and 8 m, respectively. The length and height of the
calculation domain are set as 1500 m and 20 m respectively,
due to the long wavelength of the tsunami-like wave. The
mesh consists of 380,132 cells and in the propagation region
of the wave height, 40 mesh layers are used. The tsunami-
like wave is generated by the numerical wave paddle at
different times in Fig. 1. With the movement of the paddle,
the water is compressed and the water level rises. Depending
on the different movement velocities of the paddle, different
waves can be generated. The predicted wave profiles are
compared with analytical solutions as shown in Fig. 2, which
depicts that the numerical data are in good agreement with
analytical solutions. Besides, the duration and wavelength of
tsunami-like wave are much longer than that of solitary wave.
It implies that the energy contained in the tsunami-like wave
is more than that of solitary wave.

B. WAVE FORCES
Solitary wave punching on the subsea pipeline is simulated
to evaluate the calculation capability of this model. The cor-
responding experiment was carried out by Sibley [23]. The
whole calculation domain is 40m in length and 0.5 m in
height. The wave height H and water depth h are 0.034 m
and 0.17 m, respectively, and the period of the wave is
0.99 s. The pipeline diameter is 0.034 m. From the pipeline
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FIGURE 1. Tsunami-like wave generation at different times.

FIGURE 2. Comparison between the numerical data and analytical solutions.

center which is located at x = 3 m to the bottom, the dis-
tance is 0.0884 m. The whole mesh consists of 421,588
grids, and around the pipeline, the finest grid spacing is
0.05 mm. To ensure the calculation accuracy, a mediummesh
(214,554 grids) and a coarse mesh (51,586 grids) are also
generated for comparison. The calculation was performed
on a Dell Precision 3630 Tower which includes 12 cen-
tral processing units (CUPs). The CPU type is Intel (R)
Core (TM) i7-8700 CUP @ 3.20GHz. The run times with
the fine, medium and coarse meshes are 5, 12 and 25 h,
respectively. The vorticity contours around the pipeline at
different times are drawn in Fig. 3. When the solitary wave
approaches the pipeline, the vortices are generated at t= 3.8 s.
With the passing of the wave, the vortices gradually develop
(t = 4.1 s) and grow (t = 4.4 s). Finally, these vortices shed

from the pipeline after the wave passes the pipeline. The
comparisons between the predicated hydrodynamic forces
normalized by ρghA(A = πD2/4) and measured data are
plotted in Fig. 4. The hydrodynamic forces denote pressure
and shear stress. In the rest of the paper, all hydrodynamic
forces are normalized using the same method. Forces for
the dense and medium meshes which are in good agree-
ment with corresponding measurements are nearly identical,
whereas those computed on the coarse mesh are noticeably
different from measurements. So, the resolution of dense
mesh is sufficient. The computational capability of present
model is well validated in predicting the wave profiles and
hydrodynamic forces. Please refer to Qu et al. [24] for
more details regarding this numerical model and its other
validations.

178906 VOLUME 7, 2019
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FIGURE 3. Vorticity contours at different times.

FIGURE 4. Hydrodynamic force comparisons between the numerical and experimental data; (a) horizontal force; (b) vertical force.

IV. RESULT AND DISCUSSION
The flow characteristics and hydrodynamic forces on PLEM
after different tsunami-like waves impinging on various
PLEMs consisted of upstream pipe (UP), downstream pipe
(DP) and bottom seat (BS) are studied in the following sec-
tions. The length and height of calculation domain are 1500m
and 20 m, respectively. The origin of the coordinate system
locates at left-bottom corner and the left side of PLEM is at
the x= 80 m. The height (Hb) of the BS is 0.6 m and distance
(Sa) from the center of the pipes (UP and DP) to the top of
the BS is 0.4 m. The diameters (D) of the pipes are 0.8 m.
The still wave depth (h) is kept as 8 m for all the calculations.
Besides, H is wave height, Lb is the length of BS, and S is
the distance between two centers of the pipes, as depicted
in Fig. 5. The time series of water surface are recorded at

the elevation sensors (A: x = 70 m and B: x = 100 m).
Depending on the boundary layer theory and combining with
themesh scale in validation case, the finest mesh scale around
the PLEM is 0.2 mm and the mesh is gradually stretched from
working zone (0 < x < 200 m) with the scaling ratio of 1.2.
The calculation meshes consist of 541,476 to 642,582 grids
and 40 mesh layers are employed to resolve the propagation
region of wave height.

A. FLOW PHENOMENA
In this section, the basic case simulation with wave height
H = 2 m, distance S = 2 m and length Lb = 10m is carried
out. When the wave enters the calculation domain, the wave
profiles at sensor A and B are recorded, as shown in Fig. 6.
Correspondingly, the moments of vorticity contours shown

VOLUME 7, 2019 178907
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FIGURE 5. Schematic calculation domain for wave impacting PLEM.

FIGURE 6. The wave profiles recorded at sensor A and B.

in Fig. 7 are signed in Fig. 6 with the blue circle. The flow
field develops from a stationary state. With the generation of
wave, when the leading-depression wave portion of tsunami-
like wave arrives at the PLEM, the water level decreases
inducing an upstream flow. A few weak detached vorticities
are generated in front of every part of PLEM at 90 s. Then,
the water level increases following the increment of wave
at the preceding elevated wave portion, and the flow direc-
tion reverses to downstream. A few vorticities are produced
behind the pipes (UP and DP) and at the corners of bottom
seat (BC) due to the block effect of objects on the wave flow
at 110 s. With the propagation of the wave, the water level
continues to increase and the flow velocity increases, too.
The vorticities become bigger and bigger, and are shed from
the PLEM. The vorticities shed from the UP act on the DP
where the combining vortices in different sizes and intensities
appear from 110 s to 130 s. When the peak of wave at the
secondary elevated wave portion is above the PLEM from
130 s to 135 s, the mutual interaction between the PLEM and
the wave is the strongest and the flow oscillates severely in
the vicinity of the PLEM. Due to the superposition of eddies
generated by different parts of the PLEM, some irregular and
intensity vorticities emerge above the BS. After the vorticities
shed from the PLEM, a Karman vortex street forms at 130 s.
By the time the tsunami-like wave passing over the PLEM,
the vortices have dissipated but there are still many pairs
of vorticities rotating in the flow due to the oscillation of
the water. Finally, the vortices are distributed in the whole
flow domain. Moreover, due to the wave energy dissipation
by the PLEM, the waveform changes. The peak elevation at
the rear side sensor B decreases about 3.4% compared with

that recorded at the front side of the PLEM. In other words,
although there is a strong interaction between the wave and
PLEM, only little energy took by the wave is dissipated.

When the tsunami-like wave impinges the PLEM,
the hydrodynamic horizontal and vertical forces on every
part (UP, DP, and BS) of PLEM are recorded. Due to the
leading-depression wave is weak, before the 80s, there have
been little negative forces on the PLEM. With the increase
of the water level and velocity, the forces on the PLEM
increase. When the wave passes over the PLEM, the hydro-
dynamic horizontal forces on the pipes (UP and DP) oscillate
severely as seen in Figs. 8a, because when the wave passes the
PLEM, more vortices which act on the pipes are generated
between the pipes due to the interaction between the wave
and PLEM. The vortices are unstable and volatile, so the
forces on the pipes vibrate intensely. However, the horizontal
forces on the BS are relatively stable. Comparing with the
pipes, the bottom seat (BS) mainly suffers the hydrodynamic
horizontal forces under the flow and the vortices from the
upstream to downstream causes little horizontal shear force
on BS. In the vertical direction, every part of the PLEM
oscillates strongly due to the effect of the shedding vortices
(Fig. 8b). The amplitude of the vertical force on the BS is
larger than on the pipes because the vortices shed from the
pipes swap up and down causing larger stress on the top of
the BS. Moreover, the duration of the forces on the BS is
also much longer than other parts (UP and DP). In order to
analyze the power of the tsunami-like wave on the PLEM
and compare the effects of tsunami-like wave on different
parts of PLEM, the Fast Fourier Transform (FFT) method is
employed [25] and horizontal and vertical power spectrums
about UP, DP and BS are shown in Figs. 9a and 9b. The
energy in the low frequency range is higher for BS compared
to UP and DP. Because comparing with the pipes (UP and
DP), the scale of the BS is much larger which suffers more
hydrodynamic forces. Besides, the lower the frequency is, the
weaker the oscillation of force on the object is. The change
of hydrodynamic horizontal force on the BS is moderate so
that the power on the BS reduces rapidly to the zero with
the increase of frequency. However, the power on the pipes
exists in different frequency due to the violent oscillation
of the forces. This indicates that although the hydrodynamic
forces on the pipes (UP and DP) are smaller than that of the
BS, vortices shed from the pipes cause serious impact on the
vibration of the pipes. Besides, the vertical force on the BS
oscillates more serious than the horizontal force because the
shedding vortices generated above the BS are applied on the
upper surface of BS and cause the change of the vertical force.
Overall, due to the complex structure of the PLEM, under the
tsunami-like wave, every part of the PLEM suffers serious
hydrodynamic loads and receive the impact of the shedding
vortices. The phenomena are harmful to the PLEM.

B. EFFECT OF WAVE HEIGHT ON PLEM
In the marine environment, the effects of waves with dif-
ferent heights on the marine infrastructures are significantly
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FIGURE 7. Snapshots of vorticity contours at different time instances.

FIGURE 8. Forces on the PLEM in the temporal domain; (a) horizontal
force; (b) vertical force.

different. So, in this study, beside the wave height of 2 m,
the various tsunami-like waves with heights of 1, 1.5, 2.5
and 3.0 m are also considered and the comparison of wave

FIGURE 9. Power on the PLEM in the frequency domain; (a) horizontal
power; (b) vertical power.

profiles is shown in Fig. 10. The two moments at the peaks of
the preceding and secondary elevated wave parts are marked
in the wave profiles, correspondingly, the snapshots of
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FIGURE 10. Wave profiles and corresponding vorticity contours at different wave heights; (a) H = 1 m; (b) H = 1.5 m; (c) H = 2.5 m; (d) H = 3 m.

vorticity contours at these two moments are following the
wave profiles. Comparing with the wave profiles, with the
increase of wave height, the change of wave profile at differ-
ent wave height conforms to the law of tsunami wave prop-
agation. When the tsunami wave is under shoaling, the wave
height increases but the wavelength decreases. When the
preceding elevated wave arrives at the PLEM, a few vortices
shed from the UP, DP and BS, respectively. However, when
the secondary elevated wave approaches the PLEM, more
vortices are being shed and the vorticity is larger than that
under the preceding elevated wave because the velocity and
flux around the PLEM under the secondary elevated wave
is larger than preceding elevated wave. Besides, when the
vortices break away from PLEM, they combine together and
some big vortices are generated. With the increase of the
wave height, both the number of the vortices and vorticity
increase, and the interaction between the vortices and PLEM
is enhanced.

It is seen that the flow fields under different wave heights
change severely, resulting in dramatically varying hydrody-
namic loads. The maximum forces on every part of PLEM
under different wave heights are depicted in Fig. 11. With the
increase of the wave height, the horizontal forces on upstream
pipeline UP and bottom seat BS increase linearly. However,
the fluctuation of horizontal forces on the downstream pipe
DP is not regular. Because with the increase of the wave
height, the velocity also increases, the flow interacts with the
UP and BS directly. The more the velocity is, the larger the
hydrodynamic forces on the UP and BS are. Due to the block
of the UP on the DP, the flow velocity reduces before it arrives
at the DP and the forces caused by the unidirectional flow
reduce, but the vortices shed from the UP impinge on the
DP directly. The combination of the flow and vortices cause
the significant oscillation of the hydrodynamic forces on the
DP. So when the wave height changes from 1 m to 2.5m,
the hydrodynamic forces on the DP increases.When the wave
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FIGURE 11. The maximum hydrodynamic forces on the PLEM under different wave heights; (a) horizontal forces; (b) vertical forces.

FIGURE 12. The power spectrum of PLEM under different wave heights; (a) horizontal hydrodynamic forces; (b) vertical hydrodynamic forces.

height is over the 2.5 m, the forces reduce slightly. With the
increase of the wave height, the vertical hydrodynamic forces
on every part of the PLEM increases. At the same case, the
vertical forces on the BS are more than that of the UP and DP
on which the forces are similar to each other.

During the processing of the tsunami-like wave propaga-
tion, the hydrodynamic forces on the PLEMoscillate severely
which have been transferred to the power spectrum using
FFT in Fig. 12. When the frequency is near to the zero,
the horizontal power on the UP at different wave heights is
bigger than other frequencies, whichmeans that the change of
hydrodynamic forces on the UP is smooth and the oscillation
of the forces is weak. However, when the horizontal power
on the DP and BS reaches the maximum, the frequency is
more than that of UP, because the vortices shed from the
UP have important effects on the DP and the oscillation
frequency of the forces increase. Besides, it is found that
with the increase of the wave height, the energy took by the
tsunami increase and the power of the tsunami-like wave on
the PLEM also increase. Comparing with the pipes (UP and
DP), the power on the BS is the largest because the bigger
the object is, the more serious the effects of the flow and
vortices are. With the increase of the frequency, the power on

the PLEM reduces gradually because when the frequency is
over the oscillation frequency of forces on PLEM, the power
on PLEM is over the limit range of the energy. In other words,
the effect of high frequency oscillation force on pipeline is
weak. As for the vertical power on the PLEM, due to the
serious effect of the vortices, the power on the DP vibrates
strongly inducing theDP is easily damaged because of fatigue
failure.

C. EFFECT OF WAVE ON DIFFERENT PLEMS
In the marine engineering system, many PLEMs with dif-
ferent structure forms exist in submarine oil and gas fields.
In order to investigate the effects of tsunami-like wave on
different PLEMs, the change factors of PLEM which are the
different distance between two pipes (UP and DP) and the
length of bottom seat (BS) are considered in this section.
In the study, the wave height H and still water depth h are
2 m and 8 m, respectively.

1) DISTANCE BETWEEN UP AND DP
The impacts of the center distance (S) between upstream
pipe (UP) and downstream pipe (DP) on the hydrody-
namics around PLEM have been numerically investigated.
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FIGURE 13. Snapshots of vorticity contours at different distances; (a) S = 1.25D; (b) S = 2.5D; (c) S = 3.75D; (d) S = 5D; (e) S = 6.25D; (f) S = 7.5D.

FIGURE 14. The maximum hydrodynamic forces on the PLEM with different distances; (a) horizontal forces; (b) vertical forces.

Six different distances are chosen, S = 1.25D, 2.5D, 3.75D,
5D, 6.25D and 7.5D. Fig. 13 shows the vorticity contours
with different distances when the maximum water elevation
is above the PLEM. When the distance S is 1.25D, the gap
between two pipes is so small that the vortices are trapped in
the gap. Due to the block of vortices in the gap, the velocity
before the DP is very small. The vortices shed from DP are
very weak and quickly fade. When the distance S is 2.5D,
the length of the shedding vortices is just equal to the distance
of the gap between two pipes, which means that the eddies
just break away from the upstream pipeline (UP) and then
touch the downstream pipe (DP). Comparing with vorticity
contour with S = 1.25D, the number of vortices and the
intensity of vorticity increase and more vortices shed from
PLEM. When distance S increases more than 2.5D, some
pairs of vortices in the gap between two pipes can be seen
clearly in Fig. 13. The vortices shed from UP cause the
oscillation of flow around the DP and impact on the DP
directly. The vortices break down after they impinge the DP.

Behind the DP, the vortices are generated again due to the
oscillation of the flow. Especially, at S = 5D, the vortices
behind the DP shed periodically and the flow phenomena
of Kármán vortex street are formed. When the distance S is
7.5D, some pairs of vortices behind the UP appear obviously
between two pipes (UP and DP), because the distance S is so
long that the vortices can develop enough. Moreover, in every
case, a pair of vortices behind the BS is generated due to
the backflow. When distance S is longer than 2.5D and the
vortices behind the DP arrive at the back end of the BS,
the combination of vortices from pipes and BS shed from
PLEM. The longer the distance S is, the larger the intensity
of the vortices behind the DP is and the bigger the combina-
tion vortices behind the PLEM are. In general, the tsunami-
like wave can induce a series of vortices shedding from the
PLEM during its long wave duration. The vortices in the gap
have important effects the DP. With the increase of the dis-
tance S, the effects of the vortices on every part of PLEM are
enhanced.
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FIGURE 15. The power spectrum of PLEM with different distances for hydrodynamic forces.

Although the external environmental conditions of still
water depth and wave height are unchanged, the hydro-
dynamic forces on the different PLEMs change seriously
because of the change of the structure. The maximum hydro-
dynamic forces on the UP, DP and BS in horizontal and
vertical directions are depicted in Fig. 14 in which the ratio
σ is of the distance S to the pipeline diameter D. With the
distance increase, the hydrodynamic horizontal force on the
BS is unchanged. It is deduced that the change of the upper
structure of the PLEM has little influence on the bottom
structure. However, due to the strong influence of the vortices
on the pipes, the maximum horizontal forces on the pipes
change ups and downs. There are two explanations for these
phenomena. Firstly, due to the block of UP, the flow veloc-
ity reduces before the flow arrives at the DP. The smaller
the distance is, the greater the impact of flow on the DP.
Secondly, the vortices shed from UP with different frequen-
cies and strength impinge on the DP under different distances.
When the distance is very small, the vortices without strength
decay have strong impacts on the DP. Moreover, When the
vortex shedding frequency from UP is similar to that from
the DP, the resonance also causes the increase of the forces.
Therefore, due to various influence factors, the horizontal
forces on the PLEM are very unstable. With the increase
of the distance, the fluctuation amplitude of vertical forces
on the UP and DP is rather small but the vertical forces on
the BS reduce slightly. Fig. 15 shows the power spectrum
for the total hydrodynamic forces. When the ratio σ is less
than 2.5, the power on the PLEM is less than other cases.
When the ratio σ is 3.75, the power on the UP vibrate
severely following the change of the frequency, which is
indicated that the vortices shed from UP are extremely irreg-
ular. Compared with the UP and DP, the power on the BS
is the largest and the oscillation of the forces is the most
serious.

2) LENGTH OF BS
In order to analyze the hydrodynamic characteristics of
PLEMs with different lengths under the tsunami-like wave,
five lengths of PLEMbottom seat are selected as Lb = 6.25D,
7.5D, 8.75D, 10D, 11.25D and 12.5D. The vorticity contours
at different lengths under the tsunami-like wave are shown
in Fig. 16. When the preceding elevated wave peak is above
the PELM, only a few pairs of the shedding vortices are
generated behind the pipes and BS due to the low velocity
of flow. Even so, at the short BS, the interference effects
among the vortices shed from DP and BS are significant
and the rotation direction of the vortices change. When the
secondary elevated wave peak approaches the PLEM, many
strong vortices shed from every part of the PLEM. When
the length of BS is very short, it is extremely difficult to
distinguishwhich part of the PLEM these vortices come from.
Because the vortices shed from DP exhibit strong mutual
interaction with the whirlpools behind the BS badly, and they
combine together and shed from the PLEM irregularly. With
the increase of the PLEM length, the interaction between
different vortices is weakened. When the length Lb is 10D,
a Kármán vortex street is generated behind the pipes and a
pair of the attachment vortices are behind the BS. Once the
length increases to 12.5D, the vortices behind the pipes and
BS do not interact with each other. In conclusion, although
the flow fields are different at various BSs, the length of the
BS does not have a significant impact on the flow field due to
two reasons. Firstly, the flow velocity is very low around the
BS which is on the seabed. Secondly, the pipes above the BS
have disturbed the flow seriously before the water flows from
the front to the rear of the BS, which can reduce the pressure
difference around the BS.
However, although the flow fields are not changed signif-

icantly, it is necessary to investigate whether the change of
the BS shape has significant effects on the hydrodynamic
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FIGURE 16. Snapshots of vorticity contours at different BS lengths; (a) λ = 6.25; (b) λ = 7.5; (c) λ = 8.75; (d) λ = 10.

forces on the PLEM or not. The hydrodynamic forces on the
PLEM are recorded and the maximum hydrodynamic forces
are depicted in Fig. 17 where the ratio λ is of the BS length Lb
to the pipe diameter D. In the horizontal direction, with the
increase of the BS length, the hydrostatic forces increase but
the hydrodynamic forces on the UP and BS changes weakly.

The hydrodynamic horizontal forces on the DP are larger
than that of the UP and BS. Especially, when the ratio of
the BS length to the pipe diameter is 10, the frequencies
of the shedding vortices from UP and DP are similar causing
the resonance phenomenon of DP, so the horizontal hydrody-
namic force on the DP at ratio of 10 is the largest than other
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FIGURE 17. The maximum hydrodynamic forces on PLEM with different BS lengths; (a) horizontal force; (b) vertical force.

FIGURE 18. The power spectrum of PLEM with different BS lengths for hydrodynamic forces.

cases. As for the vertical hydrodynamic forces, at the sameBS
length, the force on the BS is larger than that of UP and DP.
When the ratio is 9, the hydrodynamic vertical force on the
BS is the largest because of the serious effect of combination
vortices from UP and DP on the BS. The change of the UP
and DP is very small with the increase of BS length. The
power spectrum for the total hydrodynamic forces is depicted
in Fig. 18. When the ratio is 12.5, the power on every part of
the PLEMs is less than that under other ratios. The longer
the BS, the lower the power on the PLEMs. The big bottom
seat (BS) can provide strong support for the PLEM. In other
words, compared with the UP and DP, the power on the BS is
the largest. Besides, due to the effect of vortices on the PLEM,
the forces on the PLEMs oscillate and the power exists at
different frequencies.

V. CONCLUSION
In this paper, the attack of tsunami-like waves on the
Submarine Pipeline End Manifolds (PLEM) is investigated
depending on our numerical model. The effects of wave
height, distance between two pipes (UP and DP) and length
of bottom seat (BS) on the hydrodynamic forces of PLEM
are studied. Depending on the FFT method, the power on
every part of PLEM is also analyzed under different con-
ditions. The main conclusions drawn from the investigation
can be summarized as follows: (1) With the propagation of
the tsunami-like wave and the increase of the wave level,
more and more vortices behind every part of PLEMs are
generated and they combine together interacting with the
PLEMs. When the secondary elevated wave peak is above
the PLEM, the mutual interaction between the PLEM and
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the wave is the strongest and the vortices vibrate severely
around the PLEM. Due to the effects of the vortices on the
PLEM, the hydrodynamic forces on the PLEM also oscillate
strongly. In the power spectrum, it is observed that the force
and power on the BS are bigger than other parts of the PLEM,
however, the oscillation frequency of the BS is lowest, which
means that BS is easy to be damaged by the flow but the
vortices cause little effect on the BS. Comparing with the BS,
the vortices are more harmful to the pipes (UP and DP). (2)
With the increase of wave height, the interaction between the
vortices and the PLEMs are enhanced and both the number of
vortices and vorticity increase. Besides, the higher the wave
is, the larger the velocity of the wave is. Themaximum hydro-
dynamic forces on the UP and BS increase monotonously
with wave height, however, due to the strong influence of the
vortices shed from UP on DP, the maximum hydrodynamic
forces on the DP increase when the wave height is less than
2.5 m, then the forces reduce slightly when the wave height
is over 2.5 m. (3) When the structure of the PLEM changes,
the distance between the pipes has some influence on the
maximum hydrodynamic forces on the PLEM, and the vor-
tices shed from PLEM are also different. When the distance
between the two pipes is very small, a pair of vortices exist
in the gap and connect two pipes. With the increase of the
distance, vortices cause strong mutual interactions between
UP and DP. If the length of the BS changes, when the length
of BS is very short, it is extremely difficult to distinguish
which part of the PLEM these vortices come from because
vortices from different PLEM parts combine together and
shed from PLEM irregularly. When the length Lb is 10D and
wave peak approaches the PLEM, a Kármán vortex street
is generated behind the pipes and a pair of the attachment
vortices are behind the BS. The simulation results indicate
that comparing with the pipes, the power and forces on the
bottom seat are the largest which is easily damaged if the
forces on the BS are larger than ultimate stresses. However,
the pipes which are affected seriously by the vortices are
vulnerable to fatigue failure. Overall, it is believed that the
findings drawn from this work could enhance our under-
standing of the interaction between tsunami wave and marine
engineering.
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