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ABSTRACT

Water jet technology has been increasingly applied to subsea trenching operations in recent years. In this
paper, from the practical point of view of subsea salvage, based on Flow-3D fluid software, it is concluded that
the calculation results obtained by using nested grid, and the error is about 13% smaller than the previous
simulation results, which proves that the grid division method is feasible and credible. The target distance is an
important parameter affecting water jet scouring, and in this paper, based on the nested grid, with different target
distances as variables and the maximum scouring pit depth as the measurement parameter, the relationship between
the target distance | and the maximum pit depth during water jet pit punching operation was investigated. And an
empirical formula for the variation of pit depth with target distance in the main section under a specific condition
is obtained.

1. Introduction

The shipping industry is an important pillar of China's national economy, with the continuous development
of water transportation, increase in base makes the number of water wrecks also skyrocketed, timely salvage of
wrecked objects is of economic and environmental importance. The water jet is a high-energy jet set obtained by
using water as a raw material and passing it through a narrow nozzle under high pressure . As an emerging technical
means with cleaner and more efficient characteristics, it has been widely used in the field of dredging in recent
years, and many studies have been done by scholars at home and abroad.

Rouse ' found experimentally that the velocity of the jet is the most important factor affecting the jet flushing
mud. Dunn ! found experimentally that the critical shear stress generated during the flushing process is the key
to the creation of the flushing crater. N. Rajaratnam © studied the effect of factors such as target distance on the
effect of sediment flushing. Aderibigbe [ experimentally found the pattern of wash pit shape under the impact of
vertical water jet. Liu Cheng [°! proposed three stages of scour pits by experiments. Wang Jian-jun!'” found
experimentally that the maximum scour pit depth showed a logarithmic relationship with scour time. Zhang Li-
shan ! formed a submerged water jet mud flushing experimental setup can be used for the study of various types
of sediment flushing methods.

The above-mentioned domestic and foreign scholars' research is mainly through physical bench tests, but
there are uncertainties in the physical experiment itself such as whether the scaling ratio is reasonable, errors
arising during the measurement operation, and the influence of the set-up sensors on the data. In recent years CFD
software has been widely used in numerical simulation about sediment scouring. Compared with traditional bench
experiments, simulation has the characteristics of low cost, high speed and high efficiency, without the existence
of sensors, which can obtain data without dead ends and without affecting the simulation object itself. Liu Cheng-
lin "% ysed Flow — 3D to simulate the sediment downstream of the horizontal jet scouring fixed bottom plate,
and found that the experimental results matched well by comparing and analyzing the numerical simulation and
the original experiment, which proved that the sediment model in this software can be used for the analysis of the



relevant variables in physical experiments.

Target distance is an important factor affecting jet flushing!”), and a suitable target distance can make the
starting effect of vertical jet and the nudging effect of horizontal diversion match well and improve the efficiency
of flushing pits, so it is important to investigate the influence law of target distance variable on the effect of flushing
pits. In this paper, we use Flow-3D fluid software to study the effect of different target distances [ on water jet
sand flushing parameters by numerical simulation, and analyze the effect of different grid divisions on simulation
results.

2. Theoretical equations

The object of study in this paper is a vertically scoured submerged water jet. When the jet is vertically flushed
into the sand bed, it is blocked by the sand bed, causing the original jet to reflect and diverge. The reflection flow
is in the opposite direction to the original jet, and the interaction of the two forces makes the pressure increase at
the critical surface of the jet and the sand bed, and the lost energy is transferred to the sand bed in the form of force,
and when this force is greater than the critical starting stress of the sediment, the sediment on the surface of the
sand bed starts to enter the suspended state. The diversion of the jet makes the jet flow along the surface of the
sand bed to both sides, and the process will entrain the sediment that enters the suspension state together to both
sides, and when it is pushed to a certain distance, the suspended sediment gradually sinks under the interaction of
gravity and friction, and finally forms the scouring area of the jet.

In this paper, the Cartesian coordinate system is used and the controlling equations for water flow include the
fluid continuity equation and the momentum equation.

Continuity equation.
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Where u, v, w are x, y, z the flow components in the three directions; Ay, 4,, A, are x, y, z the
fraction of area that is flowable in the three directions; Vj is the fraction of flowable volume; p is the density of
water; p is the pressure acting on the fluid microelements; G, G,, G, is the x, y, z the acceleration of
gravity in three directions; f,, fy, f, for x, y, z the acceleration of viscous forces in the three directions; K
is the drag increase term in the sediment transport model.

This simulation uses the RNG k — ¢ model, compared to the standard k — & model, the RNG model
corrects its analytical formula for low Reynolds number to effectively improve the accuracy of the sidewall effect,
and is more suitable for solving the flow state in general(!?! ,

Turbulent kinetic energy k Equation.
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Dissipation rate of turbulent kinetic energy & Equation.
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Where k is the turbulent kinetic energy; ¢ is the dissipation rate of turbulent kinetic energy; uerr = gt +

2
Uy, W is the turbulent viscosity coefficient, u, = pCM%, C, =0.0845; a, and a, are respectively the
turbulent kinetic energy and dissipation rate corresponding to the Prandtl numbers, a;, = a, = 1.39; G, isthe

a
term for the generation of turbulent kinetic energy k, G, = He G aul u’) au’ ; Cle = Cie— 77(11+—Z:730), Cye and
C,, are empirical constants, C;, = 1.42, C,, = 1.68, ny = 4.377, B = 0.012.

The controlling equations for sediment include the nudging mass transport rate equation and the suspended
mass diffusion equation.

Equation for the rate of sand transport by pushing mass.

(7

_ 2 _ 1
b= bl [m]z [ng (p"p %) e

Suspended mass diffusion equation.
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Where g, is the bed load transport rate of bed width; p,, is the density of sand; £ is bed load coefficient;
g 1is the acceleration of gravity; d is the diameter of the sand; d, is the dimensionless particle diameter of the
sand; .- is the critical bed shear; C; is the mass concentration of suspended sediment; u is the velocity of the
water-sand mixture; vy is the kinematic viscosity coefficient of the fluid; ¢ is the volume concentration of

suspended sediment; D is the diffusion coefficient.

3. Model Validation

3.1 Model setup

By reading the previous literature and referring to the models of Wen Lil'31, Tian Lil'Y | the submerged water
jet vertical sand flushing simulation verification experiments were carried out, and the geometric model is shown
in Fig. 1.
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Fig. 1 Geometric model

The overall dimensions of the geometric model are 130cm * 100cm, the thickness of the deposited sand
40cm. The nozzle is placed in the middle of the model, and the outlet diameter is taken to be D = 2.5mm, the jet
target distance is 15cm. In order to make the experimental data convenient for analysis, take the initial sand plane
Z = Ocm, with this as a benchmark, set the initial water level height Z = 50cm.

The simulation was performed for a total of 10s, the initial liquid level height 0.5m, and hydrostatic pressure
was used. Regarding the sediment, with reference to the previous experimental data, selected sediment median
particle size ds, = 1.8mm, density p = 2650kg/m3, the maximum sediment deposition fraction C;, = 0.5, the
angle of rest underwater is ¢ = 45°.

3.2 Nested meshing and boundary condition setting

In performing the meshing, it was found that previous authors have used a single grid block division to adjust
the size of the grid by adding fixed points in three directions and setting the grid size and number, which reduces
the number of grid blocks and makes it possible to calculate fewer boundaries for iterations, but there are some
problems as follows:

1) when performing the boundary condition setting, it is not an accurate representation and solid structures
need to be added to constrain it. 2) although the program accepts X, Y, Z directions to make cuts with different
mesh sizes, but when the mesh aspect ratio is too high, the calculation is prone to non-convergence, which may
cause numerical errors. 3) For the symmetric model in this paper, it can be found through pre-experiments that the
jet is not a completely vertical jet, but there is a leftward or rightward inclination, as shown in Fig. 2. And the
inclination of the jet will dissipate part of the vertical energy, which makes the effect of punching the pit weaker
and cannot reach the expected value of the theory, and because the deflection of the jet will make the pit shape
also become irregular, and the left and right deviations are large, so that the measured parameters cannot express
the effect of the pit punching well.

Fig. 2 Tilt phenomenon of vertical jet

In this paper, a total of two meshing schemes are used based on the previous ideas:

1) using nested meshes, for the main region, after considering the computational accuracy and efficiency, the
main cell mesh size is selected as 1cm. Add six fixed points at the outer wall of the nozzle and at the overflow
plate, and the grid size in the X direction grew gradually from the center to both sides. In the Z direction, three
fixed points were added at the outlet plane, initial sand plane, and static horizontal plane of the nozzle. New nozzle
grid blocks are added and meshing it separately. The grid division results are shown in Fig. 3, and the total number
of grid cells is 16225.

2) A nested grid is used, and different from the first set of grids, the second set of grids only cover one side
of the model(X = 0). And without affecting the premise of the punch pit, the appropriate increase in the outer wall
thickness of the nozzle to adapt to the nested grid boundary matching conditions, the grid division results are
shown in Fig. 4. The total number of grid cells is 7670.



Fig. 3 Schematic diagram of grid division of option 1 Fig. 4 Schematic diagram of grid division of option 2

The boundary conditions are set in Table 1.

Table 1 Boundary condition setting

Fluid fraction is O.

Main area grid block Nozzle area grid block
Specified pressure boundary. . .
X Fluid elevation 0.5m. X Grid block boundaries. Symmetry.
Op‘;lon Y Symmetric boundaries. Symmetry. Y Symmetric boundaries. Symmetry.
Zmin No slippery wall surfaces. Wall. Zmin Grid block boundaries. Symmetry.
7 Specified pressure boundary. 7 Specified velocity boundary.
max Fluid fraction is 0. max V, = —-5m/s.
Xmin symmetric boundaries. Symmetry. Xomin Symmetric boundaries. Symmetry.
Specified pressure boundary. . .
Xmax Fluid elevation 0.5m. Xmax Grid block boundaries. Symmetry.
OpItIlon Y Symmetric boundaries. Symmetry. Y Symmetric boundaries. Symmetry.
Zmin No slippery wall surfaces. Wall. Zmin Grid block boundaries. Symmetry.
Specified pressure boundary. Specified velocity boundary.
Zmax Zmax

V, = -5m/s.

Due to the symmetry of jet scour, this paper studies the effect of target distance on the profile of the sand pit
from a two-dimensional perspective®7], and simplifies the three-dimensional model into a two-dimensional

model, which greatly reduces the computational effort.

3.3 Validation of results

The depth of scour pit is an important index to measure scour pit!'*/1'8, The change of scour depth with time
is shown in Fig. 5.
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Fig. 5 Variation Trend of maximum scour depth with time

In general, both experimentally and in simulation, the maximum washout pit depth tends to grow
logarithmically with time, i.c., at the beginning of the washout, the pit depth increases rapidly in a short period of
time, and then the growth rate gradually slows down. In Wen Li's®! experiment, the maximum punching pit depth
grew rapidly to 12.1cm within 0~3.6s, and then the speed slowed down and continued to grow to 15.1cm. The
simulated results were in good agreement in the early stage, but after t > 2.6s, the maximum pit depth basically
stabilized at 9.2cm and did not change anymore, which was much different from the actual experiment. In the
numerical simulation of Li Tian [!], the maximum pit depth in 0~2.6s basically matches the experimental results
and grows rapidly to 9.2cm, and then the growth rate slows down after t > 2.6s, which is not as fast as the
experimental one but still continues to grow, and grows to 12.2cm when t = 10s, and its growth curve matches
the experimental results more closely.

Scenario I of this paper, as can be seen from Fig. 6, the maximum pit depth growth curve basically overlaps
with the numerical simulation results of Li Tian, especially in t > 8s, slightly better than the simulation results
of the previous authors. Scheme II is based on Scenario I to do the grid expression only for the side of X > 0,
thus avoiding the phenomenon of the jet swaying from side to side. It can be found that the curves of Scheme II
are more consistent with the experimental results than those of other numerical simulations. Although when t >
2.6s The growth rate after is still not as fast as the experiment, but it can keep a high consistency with the
experimental growth trend, which is not achieved by the previous numerical simulation. At t = 10s, the
maximum washout pit depth reaches 14.2cm. The error of the final result is smaller than that of Li Tian's!'"]
simulation at 13%.

From the above analysis, it can be concluded that the submerged water jet model established in this paper can
better represent the scouring process, and the computational results obtained by using nested grids and expressing
only for the side of X > 0 are more consistent with the experimental results, so the gridding idea is feasible and
credible.

4. Numerical simulation of the effect of target distance variables on scouring characteristics

In the previous simulation, it was found that the presence of the side walls also affects the scouring of the jets,
In the actual seabed scouring operation, the fluid area is the whole sea area, so the return flow of the jets should
not be disturbed by the wall surface. Therefore, the model needs to be further optimized. Adjusting the size of the
model to 160cm * 100cm, the grid division of the model refers to the idea of the Scheme II, grid expression
only for the side of X > 0, based on the previous grid division, new X = 0.8m fixed points are added, the grid

size of the cell is still 1c¢m. The mesh division is shown in Fig. 6, and the boundary conditions are the same as
Scheme II in Table 1.
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Fig. 6 Schematic diagram of the grid division

According to the literature, the size of jet scour pit is negatively correlated with the particle size of
sediment!"*120] and positively correlated with the diameter of nozzle outlet?!!. In order to make the scouring effect
more obvious, the sediment particle size is selected dg, = 0.9mm, density p = 2650kg/m3, the maximum
sediment deposition fraction C;, = 0.5, the angle of rest underwater is ¢ = 45°. Take the outlet jet diameter D =
3mm.

The simulation is carried out for a total of 100s, and the target distance ! = 15cm as an example to illustrate
the morphological changes of the punch pit, Fig. 7 is a schematic diagram of the variation of the punch pit profile
with time for the working condition of the target distance [ = 15cm.
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Fig. 7 Schematic diagram of the variation of the punch pit profile with time for the working condition of
the target distance [ = 15cm

From Fig. 7, it can be seen that the profile of the scour pit has an overall increasing trend with the increase of
time especially 0~10s the fastest growth rate within the 10s~20s The growth continues, but the rate slows
down. After 20s, the profile of the scour pit was maintained within a certain range with slight fluctuations up and
down, while after 50s, the scouring was almost static, and the profile of the scour pit almost stopped changing with
time growth. Through the pre-experiment, it is found that the profile of the scour pit of each group conforms to
this rule. After considering the efficiency of scouring and the error of measurement, t = 30s was chosen as the
end time of this paper.

Using the depth of the punch pit as a parameter to measure the punch pit®®* Figure 8 shows the depth of the
punch pit at the end of each group.
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Fig. 8 Depth of scour pit for 30s under various working conditions

It can be seen from fig.8 that when the scouring time is 30s, with the increase of target distance, the maximum
scour depth decreases at first, then increases and then decreases. When the target distance is very small, there is
almost no energy loss when the jet reaches the sand level, and the depth of the scour pit is large. However, with
the increase of the target distance, the depth of the scour pit decreases rapidly. From the suspended sediment
concentration (Fig. 9), a large amount of suspended sediment accumulates above the scour pit, the suspended load
sinks under the action of gravity and covers the pit wall, which makes the maximum depth of scour pit decrease,
which is about the target distance [ = 10cm a minimum value is obtained.

After passing through the minimum point, the maximum depth of the scour increases with the increase of the
target distance and takes a maximum value at [ = 25c¢m. In this process, the starting effect of the vertical jet
matches well with that of the horizontal diversion, the generated vortex is small, and the suspended load is
transported far enough to sink, forming a flat and regular pit wall. Fig. 10 shows the graph of suspended sand
concentration at the target distance [ = 20cm, and it can be found that the suspended sediment concentration is
obviously reduced and evenly distributed on the pit wall.
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Fig. 9 | = 5cm Suspended sand concentration Fig. 10 [ = 5cm Suspended sand concentration

After the maximum point, the maximum scour depth decreases with the increase of target distance. When the
target distance is too large (I > 40cm), at this time, the scouring effect of the jet has been greatly weakened,
combined with the actual situation, when the target distance is large, the scouring of the jet is more to cause the
ruggedness of the sediment rather than scouring sediment, so the maximum punching scour depth starts repeatedly.
Before reaching the sand level, the jet dissipates seriously, and there is no enough energy to start a large amount
of sediment, and the amount of suspended sediment is reduced, the suspended sediment also moved to both sides
with the larger horizontal diversion, as shown in Fig. 11. The concentration of suspended sediment in this stage
is low and mainly distributed near the accumulated sand dunes.
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Fig. 11 [ = 49¢m Suspended sand concentration

Except for the cases when the target distance is very small and the target distance is large, the maximum scour
depth basically follows the trend of a peak-shaped function, and the empirical formula of the variation of the
maximum scour depth with the target distance can be derived by using the method of scatter-fitting curve, as shown
in Figure 8.
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Where x is the target distance, and y is the maximum depth of the punch pit, y, = 9.65; x, = 24; w =
6.7 ; A =8.65.

5. Summary

In this paper, a simulation study of sand flushing experiments with submerged water jets is carried out based
on Flow-3D fluid software. First of all, the simulation of sand scouring by predecessors is verified, and a new grid
generation idea is proposed. Through comparison, it is found that the calculation results obtained by using nested
grid and only expressing the model on one side are more consistent with the results of the physical experiments,
and the error is about 13% smaller than that of the previous simulations, which proves the feasibility and credibility
of the gridding idea. Then, combined with the idea of nested grid, the simulation experiments of submerged water
jet with different target distance variables are carried out. Through the analysis of experimental results, the
maximum depth of the scour decreases at first, then increases and then decreases with the change of target distance,
and the causes of its formation were briefly analyzed from the perspective of the concentration of suspended sand.
Finally, the empirical formula of the peak function of the main section is obtained by the scattered point fitting

method. The conclusion can provide guidance for the practical application of water jet under specific conditions.
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