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ABSTRACT

Scouring experiments were conducted using a three-dimensional laser scanning technology for angles of the jet
spanning the interval from 0° to 30°, and the characteristics of the scour hole in equilibrium conditions were
investigated accordingly. The results indicate that the optimal scouring effects occur when the jet angle is in
the ranges between 15° and 20°. Moreover, the dimensionless profiles of the scour hole exhibit a high degree
of similarity at different jet angles. Numerical simulations conducted using the Flow-3D software to investigate
the bed shear stress along the jet impingement surface have shown that this stress is influenced by both the resul-
tant force and the jet impingement surface area. It reaches its maximum value when the jet is vertical, decreases
rapidly as the jet starts to tilt, then increases slightly, and decreases again significantly when the angle exceeds 20°.
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Nomenclature

Uy Jet velocity at the nozzle exit

v, Velocity in Z-direction

d Diameter of the nozzle

dso Medium diameter of quartz sand

h Impinging distance in the jet direction

H Vertical distance from the nozzle outlet center to the sand bed surface
O Density of quartz sand

O Density of water

Ap Difference in density, as p; — p,,

AP Pressure difference between inlet and outlet

At Scour time

Am Scour mass

Vimax OO Maximum scour diameter

Emax OO Maximum scour depth

(x,») Coordinates of any point on the outer contour of the jet
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o Jet angle

p Complementary angle of the jet angle

0 Jet diffusion angle

g Gravitational acceleration

0 Flow rate

N Power consumed by the jet

L Distance from the jet to the scouring surface along the axis direction
E Specific energy

E. Erosion parameter

F, Froude number

F Resultant force on the scouring surface (Z-direction)
dF Force at point dA4

Fo Resultant force for vertical scouring

Ay Jet impingement area

dA Area element at the scouring surface point (x,y)

Ay Impingement area for vertical scouring

T Average bed shear stresses for scouring at a certain angle
T Average shear stresses of the jet on the scouring surface
To Average bed shear stresses for vertical scouring

. Ratio of shear stress, as t/1¢

Ve mase Maximum velocity on the scouring surface

V. Average velocity on the scouring surface

1 Introduction

Submarine trenching is an important aspect of marine engineering [1]. Before laying submarine cables
and pipelines, it is usually necessary to place them in trenches to reduce the potential mechanical damage
from anchoring ships or other manual activities, while also minimizing the effects of tides, currents, and
geological movements of the seabed on the integrity of the pipelines [2]. Water jet technology is an
efficient method for scouring and maintaining the seabed, using high-velocity water columns to create an
ideal trench for pipeline laying [3]. The success of this work depends on accurately predicting the
interaction between seabed sediments and characteristic water jets [4—0].

Many scholars have conducted studies on the scouring phenomenon of submerged jets on erodible sand
beds. Yeh et al. [7] conducted physical experiments to investigate the topographic changes caused by the
scouring of circular vertical turbulent jets. They investigated the effect of horizontal jet velocity on the
scour profile and refined the dimensionless profile previously proposed by Aderibigbe et al. [8]. The
characteristic length of the scour profile was determined in the asymptotic region. When the scour profile
was scaled with a suitable length scale, self-similarity was observed. Qian et al. [9] constructed a
dynamic model for sand scour using a dual nozzle system with adjustable jet angles using Flow-3D
software. Their analysis of the flow field characteristics at different jet velocities and movement rates
revealed that velocity had a greater effect on scour depth than on scour width. They also determined an
optimum medial jet angle to enhance trench excavation efficiency. Huang et al. [10] studied the kinetic
performance of water jets at different impinging distances and angles. They provided qualitative
descriptions of the relationship between the maximum shear stress on the scouring surface and the
impinging pressure distribution.

In practical engineering applications, parameters such as the power of a pump, the size of the nozzle and
the working environment are typically predetermined, while the jet angle is one of the few adjustable
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variables that significantly affect the scouring effects. However, previous studies have primarily focused on
the two-dimensional characteristics of scour holes without fully considering the loading conditions on the
impingement surface. Underwater scouring represents a complex three-dimensional problem, and it is
crucial to consider the bed shear stresses that exceed the shear resistance of the soil on the jet
impingement surface.

The scouring effects of oblique water jets on sand bed was systematically investigated through
experimental and simulation analyses in this study. The scour depth, scour area and scour mass were
evaluated at different jet angles. The effects of varying jet angles on flow structure and bed shear stresses
were presented and explained through impingement area and velocity distributions. This study provides
some reference for engineering applications.

2 Experiment and Numerical Simulation
2.1 Experimental Equipment

The submerged scouring experimental platform is shown in Figs. 1a and 1b. The dimensions of the
experimental water tank is 100 cm % 120 cm X 100 cm. Above the frame, there is a fixed guide rail
equipped with a calibrated handlebar and slider, which facilitates precise adjustments of the nozzle’s
position and inclination angle. Water for the experiment is pumped into the jet pipe using a centrifugal
pump. The pump’s speed is controlled by varying the motor’s frequency, which regulates the exit velocity
of the jet. In this experiment, the efflux velocity of the jet was set to Uy = 6 m/s. During the scouring
process, the overflow water enters the overflow cabinet, and the water circulation is achieved through an
inline centrifugal pump.
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Figure 1: (a) Schematic diagram of the experimental platform; (b) jet scouring test bench; (c) sieving
process; (d) sediment size distribution
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The diameter of the nozzle (d) is 4 mm, and it is generally considered that the optimum impinging
distance is 20~30 times the nozzle diameter [11—13]. In this study, the impinging distance (/) was set to
100 mm. The sand used in the experiment is specially processed quartz sand obtained through sieving
[14-16], as shown in Fig. lc, with density p, = 2650 kg/m? and median diameter dsyp ~ 1.47 mm; the
sieving results are presented in Table 1, and the sediment size distribution is presented in Fig. 1d. To
capture the three-dimensional scour profiles, laser radar (Fig. 2) was employed [17,18]. A red laser with a
longer wavelength (650 nm) was utilized to minimize scattering interference from suspended sediment on
the laser.

Table 1: Particle size distribution of sand

Sediment size <1.18 mm 1.18~1.4 mm 1.4~1.7 mm 1.7~2.36 mm
(14 mesh) (12 mesh) (10 mesh) (8 mesh)
Percentage 7.5% 31.5% 53.9% 7.1%

Figure 2: Laser radar

2.2 Experimental Procedure

There are two types of submerged scouring: dynamic scouring-when the jet flow is in operating
condition, and static scouring-when the jet flow is stopped [8]. And there is a significant difference
between dynamic scouring and static scouring, and under certain conditions, the depth of dynamic
scouring can be approximately three times that of static scouring [19-21].

Experiments were conducted within a jet angle (o) range of 0 to 30°, as shown in Table 2, each group can
be categorized into dynamic scouring (0~10 s) and static scouring (10~20 s) [22], the specific experimental
steps are as follows.

Prior to each experiment, the sand bed was leveled and compacted, and the motor was opened to slowly
fill water into the water tank from the side until the water surface exceeded the sand bed by more than
150 mm, ensuring that the nozzle remained submerged during the entire scouring process. The nozzle
outlet was blocked, and the jet angle of the nozzle was adjusted. Floating foam on the water surface was
removed, and the water was allowed to settle until it became clear. Once a constant head was established,
the nozzle was opened to initiate the experiment. The dynamic scouring process lasted for 10 s.
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Table 2: Scouring test conditions

Jet angle («) Dynamic scouring Static scouring Jet angle (x) Dynamic scouring Static scouring

0° 10 s 10 s 16° 10 s 10 s
2.5° 10 s 10s 18° 10 s 10 s
5° 10 s 10 s 20° 10 s 10 s
7.5° 10s 10s 22.5° 10 s 10s
10° 10 s 10 s 25° 10 s 10 s
12.5° 10 s 10s 27.5° 10 s 10 s
15° 10s 10 s 30° 10 s 10s

After completion of the dynamic scouring, the jet was switched off and the suspended sediment was
allowed to settle, i.e., static scouring. Then, the drainage valve located at the bottom of the platform was
gradually opened, allowing for a slow and controlled drainage through the perforated filter on the
platform’s bottom surface. The objective was to maintain the shape of the scour hole without significant
alterations.

During the experiment, it was difficult to visually represent the three-dimensional contour of the scour
hole in the form of images during the scouring process due to the turbulence of the jet and the presence of
suspended sediment. Data acquisition in the physical experiment relied on laser radar, it scanned the scouring
area at a frequency of 10 Hz and transmitted the resulting data to a computer.

These steps were repeated until all experiments were completed. To ensure measurement accuracy and
reliability, each group was standardized by repeating the experiment five times and averaging the results.

2.3 Simulation Model Design

Compared to traditional experiments, numerical simulation offers the advantages of cost-effectiveness
and high efficiency [23-27]. In engineering, certain data are often challenging to obtain through
conventional physical experimental methods, and experimental errors cannot be completely eliminated.
Therefore, in this study, Flow-3D software was employed for auxiliary research to gain a better
understanding of the physical characteristics of the oblique jet.

A three-dimensional model for submerged scouring was established, as shown in Fig. 3a. The
dimensions of the three-dimensional model were 500 mm X 300 mm x 300 mm, with a sand bed
thickness of 150 mm and the baffle plate height of 150 mm. The circular nozzle had a diameter of 4 mm.
A rectangular coordinate system was established at the center of the three-dimensional model, with the
center of the nozzle outlet consistently positioned above the origin, with the impinging distance
H =100 mm.

Nested structured grids were employed to divide the computational domain. The main grid contained the
entire computational domain, while a separate grid block was added for the nozzle region to improve the
analytical accuracy in this specific area. The addition of grid nodes in the X, Y, and Z directions ensured
that the intersection of the two grid blocks matched, as shown in Figs. 3b and 3c. The structured grid
proved effective in mitigating the pseudo-diffusion effect caused by poor grid quality. The nested grid
ensured the precision of the geometric shape and resolution of the flow field near the nozzle without
impacting the aspect ratio of the main grid.
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Figure 3: (a) Schematic diagram of three-dimensional model; (b) schematic diagram of grid division; (c)
section view of model

The boundary conditions for the model are listed in Table 3. During pre-processing, the default
boundaries (Symmetry) were automatically modified to linked boundaries [28]. The mass source model
allowed for the introduction of a jet with a specific flow velocity at any point in the computational
domain. The mass source model was applied in the nozzle’s inlet, resulting in more efficient utilization of
computational resources and a more accurate representation of the boundary condition.

Table 3: Boundary conditions setting

Main grid Nozzle grid
X Outflow Default
Y Outflow Default
ZLoin Non-slip wall Default
Lnax Specified pressure Default
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Considering the proportions of different sediment particle sizes from Table 1, sedimentation models
were configured accordingly, with density p, = 2650 kg/m?, and the slope effect was considered. The
inlet velocity of the mass source Uy = 6 m/s, and the scouring time was set to 10 s. The Restart model
was used based on the result of dynamic scouring to continue the simulation of static scouring. The static
scouring process lasted for 10 s.

The grid quality has a crucial influence on the accuracy of numerical calculation. In this paper,
hexahedral grids were used to partition the computational domain, and a grid sensitivity analysis was
carried out to assess the required grid density, as shown in Table 4.

Table 4: Grid information of different cases

Case Grid sizes for Grid sizes for Composite Number of

main grid nozzle region mesh ratio mesh cells
I 4 mm 1.33 mm 3:1 1.14 x 10°
I 3 mm 1.33 mm 2.25:1 2.08 x 10°
11 3 mm 1 mm 3:1 2.65 x 10°
v 2 mm 1 mm 2:1 6.63 x 10°
v Experiment

Taking the jet angle o = 15° as an example, the profile of the scour hole (XOZ) under different grid
density is shown in Fig. 4. When the number of mesh cells of the overall calculation domain exceeded
2.08 million, the difference between the CFD numerical simulation results and the experimental results
was very small. Considering both computational accuracy and time efficiency, the nested mesh
combination III was selected for numerical simulation in this study.
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Figure 4: Grid independence test
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2.4 Basic Assumptions and Numerical Options

Flow-3D software utilizes the finite volume method for numerical simulation calculations,
representing the fluid domain through numerous small control volumes [29]. Each control volume
interacts with its surrounding volumes, and the discrete equations guarantee integral conservation for each
volume.

In the Cartesian coordinate system, the incompressible water model’s control equations include the
continuity equation and N-S equation [30,31], given as follows:

Ouy % Ou,

Sy ] +5.=0 (1)
Ou; Ou; N dp g Oui auj

0 ot + pu; 6_x] = pfi Ox; N Ox; [Heff <axj - axi)] "

Hefr = M+ 1 .

In the equation, u represents velocity; x, y, z represent the coordinate direction of velocity. p represents
density; p represents pressure; f; represents unit mass force, and in the present case, f; = 0. p represents
the effective viscosity of the fluid, which is the summation of the laminar viscosity (x) and turbulent
viscosity (i,).

The RNG k — ¢ model is capable of better predicting rotational and curved flows [32-35], including the
equations for turbulent kinetic energy equation (k) and dissipation rate equation (¢).

opk Opku; 0O ok
op% -9 >* — e 4
o | om oy <°"‘“eff ax,> G pe @
Ope  Opew; O e L€ &
E + a)q = a_x] <Ofslueff a_xj> + Cm%Gk - CZSPE (5)
Cu- K
MG R ©
o _ o (1 =n/n)
12k
n= (2E; - Ey) "= ®)
1 (Ou; Ou;
E.=— 24+
v 2 <6xj + axl-> (9)
aui auj au,»
Gk—#t<a—)g+a—)ci>a—)€i (10)

In the equation, oy and o are the Prandtl numbers corresponding to turbulence kinetic energy and
dissipation rate; Gy represents the generation term of turbulence kinetic energy k; Ci, and C,, are
empirical constants. The values of the empirical constants are shown in Table 5.
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Table 5: Empirical Constants for the RNG k—& model

C, ok % Cie Cae "o p
0.0845 1.39 1.39 1.42 1.68 4.377 0.012

The sediment model’s control equations include the transport rate equation and diffusion equation
[36,37], given as follows:

s = Pin/g(Apd? /p,)/p (11)

0Cs;
ot

+ V- (uy,Cy;) = V- V(DCy,) (12)

In the equation, ®; represents the dimensionless sediment transport rate coefficient; g represents gravity
acceleration; Ap = p, — p,,, where p, and p,, represent the densities of the sediment and water, respectively;
d; represents the median grain size of the sediment, C;; represents the concentration of the suspended
sediment; D represents the sediment diffusion coefficient, and u,; represents the velocity of suspended
sediment.

For incompressible fluids, it is standard practice to employ an implicit approach for handling the
pressure term. This strategy is integral to preserving the fluid’s incompressibility and ensuring the
numerical solution remains stable throughout the computational process. The GMRES (Generalized
Minimal Residual) algorithm has been selected as the preferred iterative solver due to its demonstrated
efficacy in achieving rapid convergence, maintaining symmetry, and accurately capturing velocity fields,
thereby making it well-suited for a wide array of fluid flow scenarios [38,39]. In addition, the viscous
stress solver, the free surface pressure solver, and the convection solver were solved explicitly. Unlike
their implicit counterparts, explicit solvers do not necessitate iterative refinement, which contributes to
reduced computational demands enhanced result stability.

In accordance with the Courant-Friedrichs-Lewy (CFL) criterion [40,41], the temporal discretization
employed in the simulation must adhere to strict stability constraints. Specifically, the time step must be
chosen such that it is less than the critical threshold dictated by the fluid velocity and the grid resolution.
Failing to comply with this requirement can lead to unexpected flows or spurious oscillations within the
flow field. Consequently, with the grid parameters and jet velocity determined, the individual simulation
time step is essentially determined. After comprehensive consideration, the smallest minimum time step
was set to 1e-8s to safeguard the integrity and accuracy of the simulation outcomes.

3 Results and Discussion

3.1 Explanations on Data Processing

Taking the jet angle o« = 15° as an example, by implementing the sampling point method, the height of
the bed surface was collected after scouring. After excluding some outliers, a three-dimensional view of the
scour hole was generated using Origin software, as shown in Figs. 5a—5c. According to the reconstructed
model, various characteristics of the scour hole, such as the scour depth, scour mass, and area of scouring
surface can be determined.

Fig. 6a illustrates the variation of maximum scour depth with time under different jet angles. Whether in
simulation or experiment, the results of dynamic scouring development under different conditions exhibited
similarities and followed a logarithmic growth pattern.
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Figure 5: (a) Perspective of the reconstructed model; (b) top of the reconstructed model; (c) front of the
reconstructed model

During the initial stage of scouring, the contour of the scour hole expanded rapidly, and the maximum
scour depth reached over two-thirds of the equilibrium state at approximately 2 s [42]. Subsequently, the
efficiency of scouring decreased sharply, when the time exceeded 7 s, the scouring gradually approached
stability. This equilibrium state indicated a balance between sediment incipience and deposition, resulting
in minimal changes to the contour of the scour hole [43].

In the experiments, once the scouring ceased, the turbulence of the water flow rapidly diminished,
allowing suspended sediments to settle under the influence of gravity and friction [44]. During this phase,
the contour of the scour hole decreased due to sediment deposition, and this process was relatively short-
lived. To simulate this sediment deposition process, the Restart model of the software was employed.

Fig. 6b illustrates the variation of sediment mass with time during scouring for simulation (o = 15°).
After dynamic scouring commences, the mass of suspended sediment rapidly increases, while the mass of
packed sediment decreases. This change diminishes after 2 s, and both masses fluctuate around certain
values until the end of the dynamic scouring. Conversely, after the initiation of static scouring, the mass
of suspended sediment rapidly decreases, while the mass of packed sediment correspondingly increases.
It reaches an asymptotic state at approximately 12 s, where the total sediment mass remains nearly
constant, indicating that most of the settling of suspended sediment occurs during this phase. The
minimal mass loss (<0.1%) further validates the accuracy and effectiveness of the simulation model.
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Figure 6: (a) Evolution of scour depth; (b) variation of sediment mass for simulation (o = 15°)

3.2 Indicators in the Asympftotic State
Fig. 7 gives a schematic representation of a typical scour hole profile generated by an oblique jet.
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Figure 7: Sketch of the scour hole generated by an oblique impinging jet
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Scour depth is a critical parameter for assessing scouring effects. The trend of scour depth (dynamic
scour) is shown in Fig. 8a. The results indicate that scouring at a certain angle has a higher scouring
efficiency compared to vertical scouring. This phenomenon can be attributed to the following factors:

1. Scouring is a process involving sediment incipience, transport, and settling. Sediment first becomes
suspended sediment, then it moves with the water flow and eventually settles due to gravity and
friction. When the jet impacts the sand bed vertically, although the vertical component of the flow
is maximized, there is insufficient horizontal diversion to transport the suspended sediment. The
influence of the vortex causes a large amount of suspended sediment to be re-covered on the scour
hole, diminishing the scouring efficiency. In contrast, when the jet impacts the sand bed at a
certain angle, the vertical component of the reaction force decreases, and there is enough energy
in the horizontal component to effectively transport the suspended sediment, thereby improving
scouring efficiency.

2. It provides a larger scour area. Oblique scouring creates a larger contact area between the jet and the
sand bed surface, this trend of change is well presented in Fig. 8b. This means that the jet can cover a
larger area and more effectively transport sediment particles. Conversely, vertical scouring only
contacts a small portion of the sand bed surface particles, limiting scouring efficiency.

In summary, the scour depth reached its maximum value within the range of 15~20°, and initially
increased and then decreased with the increase of the jet angle. It can be inferred from the fitting results
that as the jet angle continues to increase, the scouring efficiency will decrease continuously. This
indicates that the scour hole becomes wider and shallower, and the scour surface becomes irregular rather
than forming an effective scour depth.
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Figure 8: (a) Trend of scour depth variation; (b) trend of scour area variation

Scour mass is another crucial index for assessing scouring effects, as it provides a more comprehensive
and accurate reflection of material loss during the scouring process. The trend in the variation of scour mass
(dynamic scour) is shown in Fig. 9a.

Similar to the scour depth, the scour mass also reaches its maximum value within the range of 15~20°
and then exhibits a gradual decline. The appropriate jet angle ensures a well-matched combination of the
vertical diversion’s incipient effect and the horizontal diversion’s transport effect, thereby enhancing the
efficiency of scouring.
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Figure 9: (a) Trend of scour mass variation; (b) trend of specific energy variation for simulation

It should be noted that the decrease in scour mass after reaching its maximum value follows a relatively
mild trend. This can be explained as follows: As the jet angle increases, the main energy of the water jet
gradually shifts towards the horizontal direction, while the suspended sediment decreases but still
maintains a certain quantity. The increased horizontal diversion results in a larger area influenced by the
water jet and a wider scour hole, which compensates to some extent for the reduction in scour hole
volume due to the decrease in scour depth.

However, based on the fitting results and the analysis of scour depth, it can be predicted that if the jet
angle were to be further increased, the horizontal diversion would become the primary energy dissipation
direction of the jet, leading to a rugged bed surface rather than effective scouring.

By introducing the concept of specific energy (E), the working efficiency of the water jet can be better

reflected [45]. The specific energy £ is defined as the ratio of the energy consumed by the jet to scour a unit
mass of the sample. It can be expressed as follows:

N APQ

T Am/At Am/At (13)

E

In the equation, N represents the power consumed by the jet; AP represents the pressure difference
between the inlet and outlet; Q represents the flow rate; Am represents the scour mass; Af represents the
scouring time. Due to the significant errors caused by flow losses and internal leakage in power
calculations during physical experiments, this paper only computed the specific energy based on
simulation results, as shown in Fig. 9b.

The specific energy is inversely proportional to the scour mass and reflects the efficiency of energy
conversion during the scouring process. The specific energy initially decreases and then increases with
variations in the jet angle, reaching its minimum value within the range of 15~20°. Within this range, the
jet exhibits a higher scouring efficiency, requiring relatively low energy to scour unit mass of sediment.

Additionally, it can be observed that the specific energy decreases as the scour time increases. This can
be explained by the fact that the Az in Eq. (13) represents the total scour time, and the evolution of the scour
hole follows a logarithmic pattern. When the scour approaches an asymptotic state, the change in the volume
(mass) of the scour hole tends to approach zero.



1812 FDMP, 2024, vol.20, no.8

3.3 Dimensionless Analysis of Scour Profiles

Rajaratnam et al. [46] proposed the concept of the erosion parameter . in 1995. It is a comprehensive
parameter that considers multiple variables affecting the scouring characteristics. It is used to describe the
response capability of non-cohesive sediments to submerged water jets. It can be expressed as follows:

E.=F,/\/hjd = U <%) /\/gdsolp/p,, (14)

In the equation, F, represents the densimetric particle Froude number; Ap = p, — p,,, where p, and p,,
represent the densities of the sediment and water, respectively; 4 represents the impinging distance measured
in the jet direction, which is defined as # = H /cos o, where H represents the vertical distance from the nozzle
outlet center to the sand bed surface, and « represents the jet angle. To characterize the relationship between
the characteristic length of the scour profiles and scour strength, the ratio &,,,,00/h for different jet angles is
plotted against £, in Fig. 10.
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Figure 10: Variation of the maximum dynamic scour depth at equilibrium state with £,

Within the range of 1.3 < E,. < 1.6, the data obtained in this study is consistent with the findings of Mao
etal. [42,46]. The ratio &,,,00,/h shows an increasing trend with the increase of E.. However, the fluctuations
observed within this range suggest that these differences could be attributed to various factors, such as
variations in jet angles in this study. Combined with previous experimental data, the fitting result can be
well described by Eq. (15).

Emax X

= 0.48(E. — 0.53) (15)

By collecting the scour profile data in the asymptotic state under different jet angles and processing it in a
dimensionless manner, it was found that the profile curve exhibited a certain regularity, as shown in Fig. 11.
The horizontal axis represents /7,00, while the vertical axis represents &/¢,,,,00. Due to the inclination of
the jet, the scour hole profile displayed asymmetry. When calculating 7 /7,00, the maximum scour depth
Emax00 Was taken as the reference axis, and the scour width was obtained on both sides. The value of
7 /Fmax00 over the range from —1 to 1, indicating that dimensionless processing was only applied to the
scour hole area.
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Figure 11: Dimensionless processing of scour profiles

With the exception of some data points, the dimensionless scour profile curves were predominantly
concentrated around a single curve. The dimensionless profiles of dynamic and static scouring exhibited a
high degree of similarity. In comparison to the results of inclined scouring by Rajaratnam et al. [46], the
symmetry of the profile in this study was significantly higher. The reason might be as follows:
Rajaratnam’s data were obtained from larger scouring angles (45~80°), where horizontal diversion
became mainstream, resulting in the generation of a dominant vortex on the forward side of the nozzle
which kept some bed material in suspension, and the rotation direction of the vortex was toward the
nozzle, as shown in Fig. 12, the black arrows represent velocity vectors, while contour maps represent
suspended sediment concentration. When the jet was turned off, a large amount of suspended sediment
settled back onto the upstream slope, causing a significant change to the profile of the upstream slope.

Figure 12: (a) Vortex phenomenon in the experiment; (b) suspended sediment accumulation caused by vortex

Eq. (16) accurately described this dimensionless profile, which was a general form that passed through
three reference points (—1, 0), (0, —1), and (1, 0). Its significance lay in providing a fundamental mathematical
tool for predicting the shape of the scour hole under different flow conditions.

&

Emax X Vinax OO

2
— _0.987exp —2.336< d ) (16)
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3.4 Analysis of the Shear Stresses on the Jet Impingement Surface
The essential condition for soil failure under jet impact is that the bed shear stresses of the scouring
surface exceed the critical shear resistance of the soil [47-49].

When the jet impacts the sand bed vertically, the scouring surface of the jet is approximately circular, as
shown in Fig. 13. The pressure distribution on the scouring surface is uniform, with the pressure at the center
being the stagnation pressure P,,, and the pressure P at other points gradually decreasing with increasing
distance r until it reaches the ambient pressure.

O| P | Pu

Figure 13: Schematic diagram of vertical scouring

When the jet impacts the sand bed at a certain angle, the scouring surface of the jet is elliptical, as shown
in Fig. 14. At this point, the velocity distribution on the scouring surface is complex, which makes the
pressure distribution also quite complex.

Figure 14: Schematic diagram of inclined scouring

Normally we express the loading and erosion strength in terms of shear stress and critical shear
resistance. Since the critical shear resistance depends on material characteristics, the bed shear stress is an
important parameter for measuring the efficiency of scouring. In this study, the criterion for soil failure is
defined as the average shear stresses on the scouring surface exceeding the critical shear resistance of the soil.
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The coupler-curve equation of contour outside scouring surface for vertical scouring and inclined
scouring can be expressed by Eqs. (17) and (18), respectively [36].

X% +y* = (H tan 0)? (17)

2
<\/x2 + 2 + (Lsin f)* — Lcos 9> + (Lsin0)* = (x — Lcos f)* +)7 (18)

In the equation, (x, y) represents the coordinates of any point on the outer contour of the jet; L represents
the distance from the jet to the scouring surface along the axis direction; o represents the jet angle; f
represents the complementary angle of the jet angle; 0 represents jet diffusion angle. According to the
simulation results, the jet diffusion angle 0 =~ 13° for the circular jet when the jet velocity Uy = 6 m/s.
The other relevant parameters selected in this study are shown in Table 6.

Table 6: Related parameters of oblique jet

o p H L 0
Jet angle (0 ~ 30°) 90° — o 100 mm H/sinf 13°

Once the jet angle o is determined, with L, f3, and 0 being known values, the jet impingement area (4)
can be expressed as follows:

A :f(xvy) (19)
The average shear stresses of the jet on the scouring surface (7) is defined as follows:

F represents the resultant force on the scouring surface. An area element dA4 was selected at the scouring
surface point (x,y), with d4 being small enough. The force at this point is given by:

dF = dQpv. = pv.>dA (1)

In the equation, v, represents the velocity in the Z-direction at this point. Therefore, the resultant force on
the scouring surface is:

F= / / dF = / / pv.2dA (22)
Ay Ay

The velocity distribution on the scouring surface during scouring cannot be directly acquired through
physical experiments, but it can be measured using simulation software. Combined with Eq. (21), the
force distribution on the scouring surface can be plotted, as shown in Figs. 15a—15d.

The resultant force F on the scouring surface can be obtained by calculating the double integral, and the
average shear stresses T on the scouring surface can be determined. It should be pointed out that because the
velocity in the Z direction was adopted, the calculated force F represents the component of the force in the Z
direction, i.e., the force that causes an effective scouring.

Fig. 16a shows the change in average shear stresses. The ratio of shear stress (o) can be expressed by
Eq. (23). In the equation, 7 represents the calculated average bed shear stresses for scouring at a certain angle,
and 7 represents the average bed shear stresses for vertical scouring.
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Figure 15: Force distribution of scouring surface: (a) o = 0°; (b) & = 10°; (¢) « = 20°; (d) o = 30°

o =1/70 (23)

Figs. 16b and 16¢ describe the variations of the impingement area 4; and the resultant force F; at
different jet angles. The variation of velocity on the scouring surface (Z-direction) is shown in Fig. 16d.
Ap and F) represent the impingement area and the resultant force for vertical scouring, respectively.

In summary, the impingement area A; increases as the jet angle increases. The resultant force F'; follows
a trend that initially decreases, then increases, and finally decreases again as the jet angle increases. The
average shear stresses T on the scouring surface is influenced by both the resultant force F; and the
impingement area 4;. It reaches its maximum value when the jet is perpendicular to the surface and then
rapidly decreases as the jet begins to tilt. It then enters a phase of relatively mild change, with the
average shear stresses T increasing slightly within a certain range and peaking at o ~ 15°. As the jet
angle continues to increase, it decreases rapidly. The change in average shear stresses T can be divided
into the following phases:

1. When the jet scouring vertically, the resultant force F; is largest in the Z direction, and the
impingement area A, is smallest. At this point, the average shear stresses 7 reaches its maximum.

2. After the jet begins to tilt, the velocity in the vertical direction decreases, resulting in a decrease in the
resultant force ;. At the same time, the corresponding impingement area 4; increases, which leads to
a decrease in the average shear stresses 7.
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3. In the range of 10~20°, Fig. 16d indicates that the maximum velocity V. ... on the scouring surface
decreases, but the change is gentle, while the average velocity V. increases with the jet angle,
resulting in an increase in the resultant force F; within this range. The corresponding
impingement area A; also increases. Ultimately, the average shear stresses 7 rises within this
range, although the magnitude is small, with the maximum value at about o ~ 15°.

. As the jet angle continues to increase, the energy of the jet in the vertical direction rapidly decreases,
resulting in a sharp decrease in both the maximum velocity V. ..« and the average velocity V. on the
scouring surface. Consequently, the resultant force F decreases rapidly as well, and the impingement
area A, increases exponentially during this phase. Ultimately, the average shear stresses T decreases
rapidly.

. Although this study investigated jet angles within the range of 0~30°, it can be predicted that as the jet
angle increases further (o > 30°), the horizontal diversion of the jet becomes the dominant flow. As

the impingement area A increases and the resultant force F decreases, the average shear stresses T
will then decrease rapidly.
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Figure 16: (a) Trend of the impingement area A, variation; (b) trend of the resultant force F§ variation; (c)
trend of the average shear stresses 7 variation; (d) trend of the velocity variation
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4 Conclusion

Experiments and simulations were conducted to investigate the scouring phenomenon induced by an
oblique water jet on an erodible sand bed. The scour holes were reconstructed in the form of point
clouds, and the characteristics of the scour holes were analyzed over the range from 0° to 30°.
Simultaneously, the variation pattern and mechanism of the average shear stresses T on the scouring
surface were analyzed. The relevant conclusions are as follows:

1. The results of dynamic scour development at different jet angles exhibited similarities and followed a
logarithmic growth pattern. At an optimal impinging distance, the maximum scour depth reached
more than two-thirds of the equilibrium state within a relatively short time. Subsequently, the
growth rate decreased rapidly and finally reached an asymptotic state. When the jet was switched
off, the suspended sediment re-deposited on the sand bed, resulting in the static scour depth being
less than the dynamic scour depth.

2. The results indicate that the scouring effects are most pronounced when the jet angle is between 15°
and 20°, within this range, a greater scour depth and a larger scour mass can be achieved
simultaneously. Moreover, the specific energy of the jet is lower, allowing for a more effective
conversion of the fluid’s kinetic energy into scouring work, which enhances the efficiency of
scouring.

3. Atthe asymptotic state, the ratio of ¢,,,,00/A is a function of E,, exhibiting an overall increasing trend
as E. increases. The dimensionless profiles of dynamic scour and static scour exhibit a high degree of
similarity, with most dimensionless scour profile curves closely following a single curve. Eq. (16)
describes this dimensionless profile reasonably well.

4. For oblique scouring, the impingement area A increases exponentially as the jet angle increases,
while the resultant force F on the scouring surface follows a trend that initially decreases, then
increases, and finally decreases again as the jet angle increases. This variation in the resultant
force F; is primarily attributed to the change in velocity on the scouring surface. The average
shear stress 7 is influenced by the combined effects of the resultant force F; and the impingement
area A;. Specifically, it reaches its maximum value when the scouring is vertical, decreases rapidly
as the jet begins to tilt, then increases slightly, and decreases significantly after 20°.

The research results of this paper preliminarily determine that the optimum jet angle for water jet
operations is between 15° and 20°. Different scouring effects can be achieved by selecting suitable
parameters. The analysis of the average shear stresses T provides valuable references for subsequent
studies on the scouring mechanism.
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