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Abstract: Sediment erosion around submarine pipelines is a popular topic, widely investigated in
both ocean and submarine-pipeline engineering. In this paper, the incompressible smoothed-particle
hydrodynamics (ISPH) method is modified for simulation of local scouring process around the
submarine pipeline under the action of unidirectional flow. The erosion model is based on the
Clear Water Particle-Turbid Water Particle—Critical Shear Stress (CWP-TWP-CSS) concept, and a
sand-water two-phase model is proposed to deal with the sediment-entrained flow. The results
of the numerical simulation are compared with the experimental data to verify the accuracy and
applicability of the numerical model. The scouring process around the pipeline is investigated under
different conditions, i.e., pipeline diameters, gap ratios, and flow velocities. The ISPH model is
further used to study the flow characteristics of the scour pits around the submarine pipeline and the
influence of the vortices on the maximum scour depth, to provide a theoretical basis for the stability
design of submarine pipelines.

Keywords: submarine pipeline; ISPH; sediment erosion model; shear stress

1. Introduction

In recent years, there has been an increased utilization of offshore petroleum resources
globally, leading to rapid developments in offshore engineering technologies such as
offshore oil drilling platforms and submarine oil pipelines. Among these, submarine oil
pipelines play a crucial role as the primary means of transporting marine oil and gas
resources. However, the installation of submarine oil pipelines on the seabed and their
frequent burial in sediment pose significant challenges for their inspection and maintenance.
The corrosive nature of seawater, damage caused by third-party activities, and the complex
and ever-changing marine environment all present serious challenges to the safety and
stability of submarine oil pipelines. In the event of an accident, not only would there be
substantial economic losses, but also potential pollution of the marine environment.

Erosion of the sediment around submarine pipelines is a common issue in engineering,
as excessive erosion can lead directly to pipeline damage. Consequently, this issue has
received significant attention from engineering designers and has remained a popular
research topic in the academic community [1-5]. To assess the safety of submarine pipelines
placed on the seabed, accurate prediction of the surrounding sediment-erosion process
and scour depth is essential [2]. In recent years, with the rapid development of computer
technology, numerical simulation studies have gained widespread attention due to their
low investment cost, adaptability to various fluid and complex boundaries, high flexibility,
and absence of scale effects. Given the difficulties in directly measuring the specific local
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scouring processes around hydraulic and marine structures, economical and efficient
numerical simulations have become a more effective approach [6].

Regarding the study of sediment scour mechanisms at the bottom of pipelines under
unidirectional flow conditions, Chiew [1] explored the principles behind scour phenomena
on non-cohesive seabeds, and proposed methods to prevent scour near pipelines, consider-
ing pipelines as the main cause of scour. Chiew [2] further developed an empirical function
to predict the maximum scour depth of submarine pipelines under specific conditions.
The research conducted by Dey and Singh [7] suggested that the equilibrium scour depth
increases with increasing water flow depth. Cheng et al. [8] investigated the propagation
velocity of three-dimensional scour after the initiation of scour around submarine pipelines
under steady flow conditions and proposed a prediction formula. In the study of scour de-
velopment around submarine pipelines, experimental research by Sumer et al. [9] indicated
that scour always occurs locally and develops along the direction of the pipeline. Sumer
et al. [10] demonstrated that scour downstream of the pipeline is significantly influenced
by organized wake flow, which involves the shedding and downstream stable flow of
large-scale vortices from the pipeline.

In numerical simulation studies of pipelines under unidirectional flow, Li et al. [11]
proposed a numerical model based on potential flow theory to simulate the formation of
equilibrium scour holes beneath submarine pipelines, allowing for approximate estimation
of scour depth under clear water conditions. Liang et al. [12] developed a two-dimensional
numerical model for flow conditions and examined the simulation performance of two
turbulence models, the standard k-e model and the subgrid-scale (SGS) model, for rele-
vant scour processes. Liang et al. [13] studied the Reynolds number dependency of two-
dimensional scour beneath submarine pipelines in steady flow using a numerical model
and the difference in scour developments beneath a model pipeline and the corresponding
prototype pipeline. Zhao and Cheng [14] utilized numerical methods to investigate local-
ized scour beneath a backfill pipeline under steady flow conditions. The research revealed
that gap ratio significantly affects the flow and scour profiles. Yeganeh-Bakhtiary et al. [15]
developed a Euler-Euler two-phase model to study tunnel erosion beneath submarine
pipelines exposed to unidirectional flow. The transport rate beneath the pipeline rapidly
increases during the initial stage and gradually decreases as tunnel erosion beneath the
pipeline concludes.

The Smoothed-Particle Hydrodynamics (SPH) method has been widely applied in
computational fluid dynamics, particularly in simulating transient and non-steady flows
involving complex interface surfaces [16]. However, there has been relatively limited
research on sediment initiation and erosion under turbulent conditions [17-19]. Wang
et al. [17] modified the incompressible SPH method to simulate the erosion process behind
the seawall under continuous tsunami overflow. Fonty et al. [18] employed an SPH for-
mulation to solve two-phase flow with high density ratios. Bertevas et al. [19] showed a
two-phase mixture model in SPH formulation and its application to turbulent sediment
transport. The disturbance caused by submarine pipelines to the flow field results in com-
plex variations in both horizontal- and vertical-flow patterns [20], which has an important
effect on sediment transport. Due to the lack of detailed validation for turbulence and sedi-
ment transport models in particle methods, the suitability of SPH for simulating localized
sediment scour and deposition around pipelines has not been fully understood [21-23].
Mirmohammadi and Ketabdari [21] presented an SPH approach to simulate scouring due
to waves around a marine pipeline on a sloping sea bed, in which sediment particles were
modeled as non-Newtonian fluid and the Bingham model was utilized for simulation
of the seabed behavior. Morteza et al. [22] used the similar SPH two-phase flow model
to simulate current-induced scour beneath marine pipelines. Wang et al. [23] proposed
a three-dimensional ISPH erosion model to simulate the scouring process around large
vertical cylinders, which exhibited good agreement with experimental measurements in
terms of scour morphology and range.
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The main work of this article is to numerically simulate the erosion of sediment around
submarine pipelines using the ISPH method. The work is presented as follows. Following
the Introduction, the ISPH method is presented. It couples a two-phase flow model, an SPS
(sub-particle-scale) turbulence model, and the developed clear water particle-turbid water
particle—critical shear stress (CWP-TWP-CSS) sediment initiation and erosion model [17]
to simulate local scour around a submarine pipeline under the action of two-dimensional
unidirectional water flow. Then, validation of the model against the measurement is given,
together with comparison with previous models. Both a fixed-bed flow field and moving-
bed scour model are established, and the numerical simulation results are compared with
the scour pit morphology and cross-sectional flow velocities from experimental data in
the literature to validate the accuracy and applicability of the numerical model in this
study. Next, a numerical flume is established for two-dimensional unidirectional-flow
scour modeling, and studies on sediment erosion around the pipeline are conducted
under different conditions, including different pipeline diameters, gap ratios, and inlet
flow velocities. The numerical simulation results are discussed and analyzed to study
the influence of different conditions on the depth of pipeline scour and the development
process of scouring. Next, discussions follow about potential limitations of the model and
recommendations for future research. Finally, the research conclusions are drawn.

2. Method

The ISPH method discretizes the fluid in the computational domain into discrete
particles of the same size. Each particle has its own physical quantities such as density,
mass, velocity, etc., and numerical calculations are performed based on the Navier-Stokes
(N-S) equations.

2.1. The Spatially Averaged N-S Equation

Governing equations include the mass conservation equation and the incompressible
form of the N-S equation in the Lagrangian frame with the operation of spatial filter, closed
by the SPS (sub-particle-scale) turbulence model [24], which is equivalent to the LES in the
Eulerian frame.

V-u=0, (1)
Du 1 2 1 -
— =——Vpt+tg+wVut+—-V-1, 2
Dt po  PTETIO P0 @
where D /Dt denotes the total derivative, u represents the spatially filtered velocity, pg
represents the density of fluid, vy represents the molecular viscosity, g§ denotes the gravita-

>
tional acceleration, p is the pressure and 7 represents the SPS stress tensor, which can be
calculated by the Boussinesq eddy-viscosity assumption,

— —
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where S denotes the strain rate tensor of the filtered velocity, k represents the SPS turbulent

N
kinetic energy, I denotes the identical matrix in the tensor form, and v; denotes the
turbulent eddy viscosity and can be evaluated by the Smagorinsky sub-grid scale model [25].
The detailed information for the SPS stress model can be found in Wang et al. [16].

2.2. Numerical Algorithms

The two-step projection approach is used to solve Equations (1) and (2). Following
Chorin and Marsden [26], the algorithm is expressed as follows,

unJrl = u" + Au* + Au*, (4)
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where u" and u" 1 represent the flow velocity at time levels n and 7 + 1, respectively; At

is the time step; Au* denotes the increment of velocity in the prediction step; the updated
position vectors and velocity are x* = x" + u*At and u* = u" + Au*, respectively; and Au**
is the increment of velocity in the correction step.

Substituting #" ! = u* + Au** into Equation (6) yields

ur’l-i-l L - _lvpn-l-]At. (7)
£o

Taking the divergence of Equation (7) and considering the continuity requirement
V - u™1 = 0 in the next time step, the pressure Poisson equation (PPE) is derived as

Alg. (Vp"™) =V .u*. (8)
o
The pressure is calculated by solving Equation (8) implicitly. Then, the velocity
correction vector at the correction step can be calculated from Equation (6) and the final
updated velocity is obtained by Equation (4). Thus, the final updated position vector is
X" = x* + Autt oAt
In the ISPH method, the operations for calculating spatial derivatives of physical
properties can be written in the following forms:

N
ol =Y W, 9)
j=1
N [ 2t
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where ¢ denotes the particle density and ¢y is the initial particle density atn =0, and S, is

the rate of strain for neighboring particles “j” with respect to particle “i”. The formulation

"2
1

n
of ; j:i can be found in Khayyer et al. [12]. W is the kernel function employed in ISPH, and
calculated by the cubic B-spline function [27]. The Laplacian operator for the pressure field
V - (Vp!™1) is discretized by Khayyer and Gotoh [28] by using Equation (12), in which
the higher-order Laplacian method has been shown to improve and stabilize the pressure
calculation. pi = pi — pj and xj; = x; — x; are defined, respectively.

2.3. CWP-TWP-CSS Erosion Model

The CWP-TWP-CSS erosion model is proposed to deal with the process of both bottom
erosion and suspended sediment movement within the frame of the ISPH method [16]. Both
CWPs and TWPs are proposed to deal with the sediment-entrained flow. The CWDPs are the
clear water particles originating from the initial setting or inlet boundary, while the TWPs
are the turbid water particles of water-sediment mixture originating from bottom erosion.



Water 2024, 16, 1445

50f23

The initial sediment initiation is determined by comparing the shear force exerted on the
wall particles with the critical shear stress (CSS) for sediment initiation. The theoretical
zero point for the wall particles is set at the center of a virtual particle located just below
the particle about to initiate.

Based on the integral interpolation theory within the ISPH framework, the tangential
flow velocity at the target particle is calculated as follows,

Up; = ﬁ (u(xj)cosf — v(x;j) sin @) W(|xj — x;
7

)V (13)

where 1;; denotes the tangential flow velocity component of fluid particle i, u(x;) and
v(x;) are the flow-velocity components of the fluid particles around the target particle,
respectively, 6 is the slope of the bed, and V; is the volume of the fluid particles around the
target particle.

Similarly, the tangential stress acting on the target particle is solved by the formula of

turbulent shear stress [29]
2 2
i o2fdui\” _ 2 ( Upi
= (xs) (ds) = (xkDyp) (DP> , (14)

where Tj; denotes the shear stress of fluid particle i, x denotes the von Karman constant
(0.4), s is the coordinate value of the slope normal, and Dp is the diameter of the numerical
model particle.

A critical start-up shear equation for sediment that better characterizes sediment
dynamics was proposed by Manenti et al. [30],

T, Used 2
T*C:(%v)d:f< v > )

where T, represents the critical Shields number, 7 is the critical shear stress of sediment,
vs and vy are the bulk weight of sediment and water, respectively, u.. is the critical drag-
flow rate, and d is the particle size of the real sediment in the experiment; f is an implicit
function with respect to the particle Reynolds number Re*, from reviewing the curves in
the literature, as in Figure 1.
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Figure 1. Shields Curve Diagram [31].

If the calculated wall particles are subjected to a shear stress that exceeds the critical
starting shear stress of the corrected slope,

Thi = Twer (16)
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the particles are transformed from the properties of wall particles to turbid water particles
(TWPs) and start from the bottom, recalculating the initial density of the particles and
participating in the calculation of the N-S equations to be solved, while the newly exposed
virtual particles will become new wall particles. The density of TWPs will be updated
in a timely way, according to the method described in Sections 2.1 and 2.2. and the
sediment concentration can be obtained from the known values of the densities of the
numerical particles.

3. The Validation of the Model
3.1. Validation of the Flow Field

Before simulating the sediment erosion around the submarine pipeline, the flow
field calculation around the pipeline is validated using the experimental data from Oner
et al. [32]. The model used in the validation has a length of 7.26 m, a total number of
particles of 124,259, a numerical particle diameter of 0.005 m, and a pipeline diameter D of
0.05 m. The flow direction is from left to right, with the outflow velocity set to be the same
as the inflow velocity, and the water depth is 0.32 m.

Based on the selected measurement points in the experiment, Figure 2 compares the
velocity profiles at different distances from the pipeline, namely, x = —D, x= —0.5D, x =0,
x=0.5D, and x = D (the negative sign represents the upstream side of the pipeline). The
blue lines represent the numerical results, while the red lines represent the experimental
results. It can be observed that the numerical results are in good agreement with the
experimental data, confirming that the ISPH numerical model can accurately simulate the
flow field changes near the pipeline.

0.07 0.07 0.07
(@ (b) (c) (d)
0.06} 0.06} 0.06}
0.05} 0.05 0.05}
0.04} 0.04} 0.04}
0.03} 0.03} 0.03}
0.02} 0.02} 0.02}
0.01} 0.01} 0.01}
—a— Computed
—&— Measured
: : 0.00 L& : : 0.00 : : 0.00 : : 0.00 : :
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u (m/s) u (m/s) u (m/s) u (m/s) u (m/s)

Figure 2. Measured (red line) and computed (blue line) horizontal-velocity profiles at cross-sections
x=-D(a),x=—-0.5D (b), x =0 (c), x =0.5D (d), and x = D (e).

To give a quantitative description of the agreement, the following root-mean-square
errors are presented in Table 1 for horizontal-velocity profiles at different locations,

1 n
Emp = - Z(expi — comi)z, 17)
i=1

where exp; and com; are the experiment and calculation results.

Table 1. The root-mean-square errors for horizontal velocity profiles at different locations.

x -D —0.5D 0 0.5D D
€rms (M/s) 0.0175 0.0083 0.0274 0.0177 0.0090
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3.2. Validation of the Sediment Erosion Models

To validate the coupling effect of the turbulence model and sediment erosion model,
the scour around a submarine pipeline was simulated. The influence of the gap ratio
between the pipeline and the bed on the scour was investigated and compared with the
numerical results of Akter-Uz-Zaman [33]. The diameter of the pipeline is set as D = 0.05 m,
with a total of 126,322 particles and a numerical particle diameter of 0.005 m. It is important
to note that particles entering the outflow region are assigned the actual flow velocity at the
current time, ensuring a more realistic and stable simulation of the flow field. The inflow
velocity is set to 0.65 m/s. Based on the Shields curve and the formula in Figure 1, the
estimated critical shear stress for sediment initiation is set to T = 0.1 N.

Figure 3 shows the velocity contours of the flow field at t =3.7s,5.4s, 75,87 s,
10 s, and 11 s, respectively. It can be observed that as scouring progresses, the area below
the pipeline is gradually eroded, reaching an equilibrium depth of approximately 0.6 D.
A protruding sand dune appears in the rear, with a height of approximately 0.4 D and
different slopes on the front and back sides of the sand slope. Figure 3 also demonstrates
the impact of the sand slope on the water flow velocity. As the water flow reaches the
top of the sand slope, the velocity decreases, leading to sediment deposition. Below the
pipeline, the increasing gap causes more sediment particles to be entrained by the flow
and carried to the rear of the pipeline, where they interact with the shear flow above the
pipeline, generating a wake vortex.

= . B W I .

: 0 02 04 06 08 1 4 ;0 .02 04 06 08 1

3.05 32
x(m)

(e) ®

Figure 3. Velocity contours of flow field at t =3.7 s (a), 5.4 s (b), 7 s (), 8.7 s (d), 10 s (e), and 11 s (f).

To validate the accuracy of the sediment erosion model, four different sets of pipeline
gap ratios, e/D, were set in this study, where e represents the distance from the bottom
of the pipeline to the bed surface. For example, ¢/D = —0.25 indicates that the pipeline is
buried 0.25D into the bed. The specific parameters (inlet flow velocity U, pipeline diameter
D, water depth £, and gap ratio e/D) are shown in Table 2.
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Table 2. Parameters of the scour model.
Test U (m/s) D (m) H (m) e/lD
1 0.65 0.05 0.23 —-0.25
2 0.65 0.05 0.23 0.25
3 0.65 0.05 0.23 0.5
4 0.65 0.05 0.23 1.0

In Figure 4, the corresponding gap ratios for (a), (b), (c), and (d) are e/D = —0.25, 0.25,
0.5, and 1.0, respectively. By comparing the ISPH simulation results with the SedFoam
results of Akter-Uz-Zaman [27], it can be observed that the bed profile results are basically
consistent. As the pipeline position increases, the equilibrium scour depth gradually
decreases. In the range of 0 < ¢/D < 1.0, it can be found that the bed profiles are greatly
influenced by burial depth. In the case of ¢/D < 0, there is almost no changes for the bed
profiles, indicating that the pipeline buried deeper in the sand bed is relatively stable. To
give a quantitative description of the agreement, the following root-mean-square errors of
simulated bed profiles are presented in Table 3 for four different gap ratios e/D = —0.25,
0.25,0.5, and 1.0.

n
Emms = \/3[ Y (ISPH; — SedFoam;)?, (18)
i=1

where ISPH; and SedFoam,; are ISPH and SedFoam results.

1.0 1.0
(@ (b)
0.5 0.5
0.0 0.0
o o_
505 505
-1.0 -1.0
-1.5 -1.5
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0.0 0.0
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x/ID x/ID
Figure 4. Bed profiles around the pipeline for four different gap ratios e/D= —0.25 (a), 0.25 (b), 0.5 (c),
and 1.0 (d). Red lines are SedFoam results of Akter-Uz-Zaman [27] and blue lines are ISPH simulation
results. The black circle denotes the location of pipeline.
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Table 3. The root-mean-square errors of simulated bed profiles for four different gap ratios.
e/D —0.25 0.25 0.5 1.0
y/D 0.1414 0.0871 0.0565 0.1319

4. ISPH Simulation of Local Scour around Submarine Pipelines

In this section, a numerical flume with dimensions close to actual offshore engineering
is established, with a length of 14 m and a sand bed thickness of 0.4 m. The water depth
is 2.0 m. The diameter of the pipeline is 0.3 m, and the numerical particle diameter of the
model is 0.01 m, with a total of 276,553 particles after discretization. The critical shear stress
for sediment initiation is calculated to be T = 0.99 N, based on the Shields curve and the
shear stress calculation formula. In this section, the influence of factors such as the gap ratio
e/D between the pipeline and the sediment bed, inflow velocity, and pipeline diameter on
the equilibrium scour depth and erosion process will be explored. The specific settings for
the calculation conditions are shown in Table 4.

Table 4. Test conditions.

Test e/D ug (m/s) D (m) Re

S1 0 0.65 0.3 1.95 x 10°
S2 0 0.8 0.3 240 x 10°
S3 0 0.95 0.3 2.85 x 10°
S4 —0.25 0.95 0.3 2.85 x 10°
S5 0.25 0.95 0.3 2.85 x 10°
S6 0.5 0.95 0.3 2.85 x 10°
s7 0.75 0.95 0.3 2.85 x 10°
S8 1 0.95 0.3 2.85 x 10°
S9 0 0.95 0.4 3.80 x 10°
510 0 0.95 0.5 4.75 x 10°

4.1. Effect of Gap Ratios

The ratio of the distance from the submarine oil pipeline to the sand bed (gap ratio
/D) to the pipeline diameter has a significant impact on the erosion process of sediment
around the pipeline. When ¢/D is less than 1.0, it has a greater impact on the seabed around
the pipeline and affects the water flow near the seabed surface.

In order to study the influence of different gap ratios (/D) on the erosion process and
scour depth of the pipeline, this section mainly analyzes the numerical simulation results
of the S3, 54, S5, 56, S7, and S8 cases. The scour depth on the seabed around the pipeline
increases with time. From Figure 5, it can be observed that at 10 s, when ¢/D = —0.25,
sediment starts to mobilize behind the pipeline, transforming into sediment particles and
initiating erosion. However, in cases where ¢/D > 0, the water flow causes significant
erosion on the bottom of the pipeline, leading to rapid erosion development. Moreover,
with an increase in the gap ratio e/D, the scour depth also increases. When ¢/D = 1.0, the
scour depth at the bottom decreases compared to ¢/D = 0.75, indicating that the influence of
the gap ratio on the scour depth diminishes after the pipeline is lifted to a sufficient height.

From Figure 6, it can be observed that at t = 15 s, the erosion extent behind the pipeline
is greater compared to 10 s for the case of e/D = —0.25. In the cases where ¢/D > 0, it can be
seen that the mobilized sediment accumulates behind the pipeline, forming a sand slope
with a noticeable inclination. Similar to 10 s, the scour depth increases with an increase
in the gap ratio ¢/D. When ¢/D = 0.5, the accumulated sand dune behind the pipeline is
higher, indicating intense sediment transport around the pipeline. It can be observed that
the erosion develops more rapidly in Figure 6 than that in Figure 5. At 15 s, the erosion
extent on the sediment bed in front of the pipeline is greater compared to 10 s, and the scour
depth also increases. The curve in the x-direction from 5.0 m to 5.2 m shows a significant
decrease compared to 10 s.
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Figure 5. Bed profiles around the pipeline at ¢ = 10 s for different gap ratios.
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Figure 6. Bed profiles around the pipeline at t = 15 s for different gap ratios.

From Figure 7, it can be observed that at 20 s, in the case of e/D= —0.25, the erosion
extent behind the pipeline increases, and a sand pit forms in front of the pipeline. This is
because as erosion progresses, the mobilized sediment in front of the pipeline is carried
away by the water flow, forming a sand pit. In the cases where ¢/D > 0, the mobilized
sediment accumulates behind the pipeline, and a sand pit also forms behind the pipeline.
It can be observed that at this point, the surroundings of the pipeline have reached an
equilibrium state. The scour depth remains constant. For ¢/D = 0.25, a higher slope sand
dune forms behind the pipeline. Additionally, it can be observed that in the case of burial
depth e/D = —0.25, the erosion development of the pipeline is slower compared to other
scenarios, and the scour depth reaches its maximum at this stage.

Figure 8 presents the bed profiles around the pipeline (left column) and velocity
contour of the flow field at 10 s for gap ratios e/D= —0.25, 0, and 0.25, respectively. Figure 9
show those for gap ratios ¢/D = 0.5, 0.75, and 1.0, respectively. The “pro” property represents
the particle property, with pro = 10 representing water particles and pro = 30 representing
sediment particles (red representing sediment and cylinders, and blue representing water),
while “u” represents the horizontal flow velocity. The flow direction is from left to right
(the same hereinafter).
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Figure 8. Bed profiles around the pipeline (left column) and velocity contour of the flow field (right
column) at 10 s when the gap ratio e/D is —0.25 (a), 0 (b) and 0.25 (c).
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Figure 9. Bed profiles around the pipeline (left column) and velocity contour of the flow field (right
column) at 10 s when the gap ratio e/D is 0.5 (a), 0.75 (b) and 1.0 (c).

From Figures 8 and 9, it can be observed that there is a gradual increase in the scour
depth below the pipeline as the gap ratio ¢/D increases. However, when ¢/D exceeds 0.5, the
scour depth below the pipeline no longer undergoes significant changes. Additionally, the
sediment accumulation also varies, with sediment accumulation gradually moving away
from the pipeline.

To show the influence of different gap ratios (¢/D) on the morphology of erosion pits
and the maximum scour depth, Figure 10 presents the variation in the maximum scour
depth y/D with time for different gap ratios e/D. It can be observed that the erosion intensity
develops rapidly during the initial erosion stage, almost several times faster than in the
later stage, and follows a certain pattern, where the slope of the curve increases with an
increase in the gap ratio. However, as erosion progresses, the change in scour depth tends
to reach an equilibrium state, and a larger gap ratio leads to a greater maximum equilibrium
scour depth. However, when ¢/D = 0.75 and 1.0, the erosion development near the pipeline
is similar, and there is little difference in the scour depth. This is because the gap ratio of
the pipeline reaches a certain level, where its influence on the bed erosion is not significant.



Water 2024, 16, 1445

13 of 23

0.6 - - ¢e/D=0
—¢/D=0.25
05! - —¢/D=05
e/D=0.75
- e/D=1.0
0.4f e E T T T = e — m - L - B
K%
Qo3 7’ e e
s P
/),
02 ¢/~
v,
I/
0.1+ /»
U
0.0 : : ; ’ } '
6 8 10 14 16 18 20

12
t(s)
Figure 10. Maximum scour depth over time for different gap ratios.

Figure 11 represents the horizontal velocity profiles near the pipeline at x= —1.0D,
x=—0.5D,x=0D,x=0.5D, and x = 1.0D for gap ratios ¢/D =0, 0.25, 0.5, and 1.0, respectively.
It can be observed that the flow field develops sufficiently when the flow enters the erosion
zone. At x = —1.0 D, the velocity increases with an increase in the gap ratio. This is due to
the flow circulation around the pipeline, which increases the flow velocity above and below
the pipeline. At x = —0.5D, the flow-velocity variations become more pronounced, due to
the influence of the pipeline. Atx = 0D, it can be visually observed that the velocity increases
both above and below the pipeline, due to the obstruction of the pipeline. At x = 0.5D, the
trend is similar to that in front of the pipeline, but the flow velocity decreases behind the
pipeline. At x = 1.0D, the flow velocity also decreases, due to the flow circulation around
the pipeline. The occurrence of flow separation near the pipeline makes the development
of the flow field near the pipeline very complex. Sediment is carried and transported by
the water flow, leading to sediment accumulation behind the pipeline and erosion of the
bed surface below the pipeline, resulting in an increase in scour depth and an enlargement
of vortex size.
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Figure 11. Cont.



Water 2024, 16, 1445

14 of 23

A5 -0 08 0.0 05 10 15 A5 -0 05 0.0 0s 1.0 15
0 30
(c) (d)
15 25
20 2.0
% 1.5 % st
1.0 1.0}
05 05|
l
00 01201 2012012012 0.0 01 201 201 201 20 1 2
1w/ wite

Figure 11. Horizontal velocity profiles around the pipeline for different gap ratios 0 (a), 0.25 (b),
0.5 (c), and 1.0 (d).

4.2. Effect of Different Inlet Flow Velocities

Different inflow velocities have varying impacts on pipeline erosion. In complex un-
derwater environments, the location where the pipeline is laid may be subject to tidal forces,
earthquakes, ocean currents, waves, or fishing activities, which can potentially damage the
pipeline. However, in deep-sea environments, the impact of waves on submarine pipelines
can be negligible. Earthquakes, tsunamis, or human activities such as fishing activities,
which may damage submarine pipelines, are occasional events. Therefore, the influence
of ocean currents becomes an important factor in causing pipeline scour and has been a
major concern for researchers worldwide. In this section, we primarily focus on the study
of constant and uniform inflow applied to pipelines laid on the seabed. We aim to explore
the impact of different inflow velocities on scour depth, erosion processes, and equilibrium
scour time around the pipeline. In this section, we select a pipeline diameter of D = 0.3 m,
a gap ratio of ¢/D = 0, and three different inflow velocities: 0.65 m/s, 0.8 m/s, and 0.95 m/s.
We compare the morphology of erosion pits around the pipeline on the sediment bed
and summarize the influence of different inflow velocities on scour depth and the erosion
process.

Figures 12-14 show the bed profiles around the pipeline at three instantaneous mo-
ments (t =10s, 15 s, and 20 s) under inlet flow velocities of 0.65 m/s, 0.8 m/s, and 0.95 m/s,
respectively. The erosion extent in front of the pipeline at 15 s and 20 s is greater than at
10 s, with larger scour depth. The bed profiles from x = 5.0 m to x = 5.2 m in the x-direction
decrease significantly compared to the bed profiles at 10 s. The erosion pits gradually
extend towards the front of the pipeline.

In Figure 15, as the inflow velocity increases from 0.65 m/s to 0.95 m/s, it can be
observed that the scour pits below the pipeline gradually become larger. Over time, the
scour depth also increases, and there is a significant accumulation of sediment behind the
pipeline, with a more pronounced slope. It can be concluded that as the velocity increases,
the impact on scour depth becomes greater, showing a proportional relationship. In other
words, higher inflow velocities result in deeper scour depths.
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Figure 12. Bed profiles around the pipeline at t = 10 s for different inlet flow-velocity conditions. The
black circle denotes the location of pipeline.
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Figure 13. Bed profiles around the pipeline at ¢ = 15 s for different inlet inflow-velocity conditions.
The black circle denotes the location of pipeline.
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Figure 14. Bed profiles around the pipeline at t = 20 s for different inlet flow-velocity conditions. The
black circle denotes the location of pipeline.
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Figure 15. Bed profiles around the pipeline (left column) and velocity contour of the flow field (right

column) of incoming flow velocities of 0.65 m/s (a), 0.8 m/s (b) and 0.95 m/s (c).

Figure 16 shows the curve of the maximum scour depth (y/D) as a function of time for
different inlet flow velocities. It can be observed that the maximum scour depth increases
with time. Under the condition of an inflow velocity of 0.95 m/s, the maximum scour depth
near the pipeline can reach 0.3D. As the inflow velocity increases, the slope of the curve
becomes steeper. However, as the erosion progresses, the change in scour depth becomes
less significant. A higher inflow velocity results in a larger equilibrium scour depth.
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Figure 16. Maximum scour depth over time for different inlet flow velocities.

4.3. Effect of Different Pipeline Diameters

The diameter of submarine pipelines also affects the erosion process around the
pipeline. Under the same conditions of water depth, velocity, and burial depth, a larger
pipeline diameter results in a more pronounced interaction between the pipeline and the
sediment-laden water flow, leading to more significant changes in the flow field velocity.
To explore the impact of different pipeline diameters on erosion, we selected a gap ratio of
¢/D = 0 and three different pipeline diameters: D = 0.3 m, D =0.4 m, and D = 0.5 m, with an
inflow velocity of 0.95 m/s. Numerical simulations were conducted to examine the erosion
on the bed surface around the pipeline. Figures 17-19 show the morphology of scour pits at
10s,15s, and 20 s, respectively, under conditions of pipeline diameters D =0.3m, D = 0.4 m,
and D = 0.5 m. When D = 0.5 m, the morphology of the scour pits is not significantly
different from the other two conditions, but there is a larger accumulation of sediment
behind the pipeline. As the pipeline diameter increases, there is a greater accumulation of
sediment behind the pipeline, resulting in the formation of higher sand slopes.
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Figure 17. Bed profiles around the pipeline at ¢ = 10 s for different pipeline diameters.
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Figure 19. Bed profiles around the pipeline at ¢t = 20 s for different pipeline diameters.

6.4

From the velocity contour maps of different diameters shown in Figure 20, it can
be observed that as the pipeline diameter increases, the influence of the pipeline on the
nearby flow field becomes more pronounced. The red area above the pipeline increases,
indicating an increased flow velocity through the pipeline. Moreover, as the pipeline

diameter increases, the flow velocity also increases.

As the pipeline diameter increases, the velocity decreases in the area behind the
pipeline. A larger diameter creates a larger region of low velocity, resulting in slower flow.
With the gradual increase in the gap below the pipeline, the velocity beneath the pipeline
also increases. This increase in velocity, along with the widening of the gap between the
pipeline and the bed surface, leads to deeper erosion and more sediment accumulation

behind the pipeline.
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Figure 20. Bed profiles around the pipeline (left column) and velocity contour of the flow field (right
column) for different pipeline diameters D = 0.3 m (a), 0.4 m (b), and 0.5 m (c).

In order to better understand the influence of different pipeline diameters on erosion
morphology and maximum scour depth, curves depicting the variation in maximum scour
depth with time were plotted under the same inflow velocity condition. Figure 21 shows
that when the pipeline diameter is 0.3 m, the maximum scour depth (y/D) is the greatest,
while it is the smallest when the diameter is 0.5 m. The erosion intensity also rapidly
develops during the initial erosion stage, with a speed several times faster than that of
the later erosion stage. Furthermore, a certain pattern emerges: as the pipeline diameter
increases, the slope of the curve becomes smaller and the maximum scour depth reached
decreases. After a certain period of erosion, the change in scour depth becomes minimal.
Additionally, larger pipeline diameters result in smaller equilibrium scour depths.
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Figure 21. Maximum scour depth over time for different pipeline diameters.

4.4. The Equilibrium Time for Different Conditions

The time it takes for erosion to reach equilibrium under different conditions can
provide insights into the development rate of erosion in engineering projects. When erosion
reaches an equilibrium state, the scour depth no longer undergoes significant changes.

Figure 22a shows the scour equilibrium times for different gap ratios e/D. Under the
condition of ¢/D = 0, the scour equilibrium time near the pipeline is the slowest, taking 11 s.
On the other hand, under the condition of ¢/D = 1.0, the scour equilibrium time near the
pipeline is the fastest, taking 9 s. As the gap ratio (¢/D) increases, the scour equilibrium
time gradually decreases.
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Figure 22. Scour equilibrium time t, under different conditions. (a) different gap ratios; (b) different
pipeline diameters; (c) different inlet flow velocities.

Figure 22b shows the scour equilibrium times for different pipeline diameters, D.
Under the condition of D = 0.5 m, the scour equilibrium time near the pipeline is the
slowest, taking 14 s. Conversely, under the condition of D = 0.3 m, the scour equilibrium
time near the pipeline is the fastest, taking 11 s. As the pipeline diameter increases, the
scour equilibrium time gradually decreases.

Figure 22c shows the curves of scour equilibrium times for different inlet flow veloci-
ties. The fastest scour equilibrium time is observed at an inlet flow velocity of u = 0.95 m/s,
which takes 11 s. On the other hand, the slowest scour equilibrium time is observed at an
inflow velocity of u = 0.65 m/s, which takes 14 s. As the inlet flow velocity increases, the
time to reach scour equilibrium becomes shorter.

From the above analysis, it can be observed that a smaller gap ratio, lower inflow
velocity, and larger pipeline diameter can all slow down the scour equilibrium time. This
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provides a useful approach for protecting against sediment erosion near the pipeline in
the future. If we can reduce the inflow velocity near the pipeline and bury the pipeline
as deeply as possible into the seabed, it can greatly prevent the development of erosion,
impede sediment transport, and avoid the formation of scour pits beneath the pipeline.

5. Discussion

The CWP-TWP-CSS erosion model shows promise in enhancing the accuracy of the
ISPH method in simulating scour behind pipelines subjected to unidirectional steady
flow. It effectively predicts both the ultimate scour depth and the shape of the scour pit.
Compared to alternative methods, such as the critical velocity method, the CSS model
demonstrates superiority in stability and accuracy in capturing scouring processes. Addi-
tionally, exploring the relationship between scouring depth and vortex size numerically
could elaborate on the physical mechanisms underlying the relationships of relative scour
depth under different conditions, i.e., pipeline diameters, gap ratios, and flow velocities.
The faster erosion pace in numerical simulations compared to physical experiments is
attributed to the size of numerical particles. Addressing this challenge would improve
the model’s predictive capabilities. In the future research, the k-¢ turbulence model will
be incorporated and a three-dimensional local scour process around the pipelines will be
simulated by the 3D ISPH two-phase flow model. Additionally, more complex seabed
topographies, such as sand waves and other periodic undulating topographies [34,35], will
be studied to understand their impact on sediment erosion around pipelines.

6. Conclusions

In this study, the ISPH method is modified to simulate the sediment erosion process
around a two-dimensional submarine pipeline. The SPS turbulence model, sediment ero-
sion model, and two-phase flow model are incorporated to investigate the local erosion
phenomena around the submarine pipeline under the action of water flow. The characteris-
tics of the flow field and vortex motion, and their impacts on the equilibrium scour depth
are thoroughly explored under different conditions, including gap ratios (e/D = —0.25,
0, 0.25, 0.5, 0.75, and 1.0), pipeline diameters (D = 0.3 m, 0.4 m, and 0.5 m), and inflow
velocities (1 = 0.65 m/s, 0.8 m/s, and 0.95 m/s). The main conclusions are summarized
as follows:

(1) The simulation results of the flow field and erosion model, obtained by establishing the
simulation model for sediment erosion around the submarine pipeline and comparing
these with experimental results, demonstrate that the ISPH method is applicable for
studying sediment erosion around submarine pipelines.

(2) When the pipeline diameter is D = 0.3 m and the inflow velocity is u = 0.95 m/s,
the maximum scour depth initially increases and then decreases with the increase
in the gap ratio e/D. The maximum scour depth is achieved when e/D = 0.5. When
the pipeline diameter is D = 0.3 m and the gap ratio is 0, the maximum scour depth
increases with the increase in the inflow velocity. The maximum scour depth is
achieved when u = 0.95 m/s. When the inflow velocity is u = 0.95 m/s and the gap
ratio is 0, the maximum scour depth gradually decreases with the increase in the
pipeline diameter. The minimum maximum scour depth is achieved when D = 0.5 m.
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