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ABSTRACT

Water jets are widely used in seabed scouring and desilting applications. In the present work, dedicated tests have
been conducted using a jet scour model test platform and sand beds containing grains with different sizes. The
FLOW-3D simulation software has also been used to tackle the problem form a numerical point of view. The
boundary conditions of the simulation have been optimized to reduce the gap between the numerical results
and the outcomes of the experimental tests. Scour area calculation has been based on a RNG k-ε Turbulence mod-
el. Moreover, the FAVOR (Fractional Area Volume Obstacle Representation) technology has been selected for grid
division to make the simulation results more accurate. Jet scours with inclination angles of 10–20° have been
simulated. It has been found that jet scouring is greatly affected by the environmental water flow, that is, water
flow can weaken the scouring capacity of the jets.
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1 Introduction

Aviation industry is currently and increasingly becoming prosperous. However, disastrous sea and air
accidents have become inevitable. To avoid such tragedies, taking cautious measurements and preparatory
long-time actions are highly encouraged. In line with this and due to such factors as the complexity of the
terrain, water flow of the ocean and the redeposition of the seabed sediments caused by the wrecked
body, the upper part of the black box, precious cultural relics and other salvaged objects are totally or
partially covered with a thick layer of sediment which need to be dredged in the salvage process [1,2].
Water jet desilting has a significant application in the fields of salvage engineering. To be more exact, in
order to wash away the deposited silt layer, jet desilting is used through the water jet. When the boundary
shear force generated by the jet is greater than the shear strength of the silt layer, significant exchange
occurs between silt layer and water environment, causing silt layer to suspend. Accordingly, due to the
turbulent kinetic energy of the jet as well as the gravity of the silt layer, a scour area is formed on the jet [3,4].

Waves are formed by torrents. Comparable to land hurricanes, the torrents sweep everything under the
seabed throughout the year. Approximately 5–10 submarine storms occur annually, the speed of sea water
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flow of which reaches to 0.5 m/s certain sea areas. Due to the insignificant velocity of a jet required for
seabed scouring, jet scouring is influenced by the flow velocity of seawater before salvage. Therefore,
investigating the influence of environmental water flow on jets and seabed scouring is of highly
importance. Hence, on the one hand, this study aims at determining the influencing characteristics of
environmental water flow on jets and, on the other, developing a theoretical basis for seabed scouring.

Extensive research has been carried out to study water jet scouring in a submerged environment. For
example, Rajaratnam et al. [5–7] investigated the effects of target distance, nozzle diameter, injection
speed and angle of brush depth, etc. Taştan et al. [8] studied jet scouring of cohesionless sediment and
concluded that the greater the thickness of cohesionless sediment, the greater the scour pit depth
produced by jet scouring under the same jet conditions. In another study, Beltaos et al. [9,10] examined
the impingement of axisymmetric developing jets as well as the erosion of loose beds by submerged
circular impinging vertical turbulent jets. Considering the characteristics of jet motion and using sediment
starter theory, Qi et al. [11] developed a formula for calculating the dynamic balance of jet scouring sand
pit, the effectiveness of which was verified by using the scouring data of different sediment particle sizes
and jet parameters. The development of computational fluid dynamics, led to the use of numerical
simulation to study jet scouring. To simulate the vertical jet scouring sand bed, Huai et al. [12] used CFD
and put forward semi-empirical formulas for the analysis of such parameter as scouring sand pit contour
(pit depth and pit width) during scouring balance. Qian et al. [13] used the Eulerian model to calculate
the scouring process of cohesionless sand bed under the function of two-dimensional submerged vertical
jets. Moreover, he analyzed the velocity field of sand gap and examined the features of sand movement.
However, the influence of ambient velocity on jet, especially on the scouring of low-speed jet in
submerged environment is understudied.

In other words, while the scouring feature of vertical jet in the real-time dynamic process is well
established, the influencing characteristics of jet angle on the contour of the pit following the sinking of
suspended sand particles after the scouring is overlooked in previous studies [14]. However, actual
fishing and grabbing work are carried out after the suspended sand particles sink. Similarly, while jet
erosion has been extensively investigated in stationary water, the influence of flowing water is rather
neglected. However, the advancement of the moving grid technology which corroborates the study of jets
in moving environment led to the reduction of grid quality and the accuracy of the calculations.

The geometric model inside the grid can well be defined using FLOW-3D software [15]. The application
of the software have such benefits as making the grid division faster and effectively reducing calculation time
while maintaining high accuracy of calculating the flow field.

Accordingly, in the study of seabed scouring mechanism, among the numerous factors that affect the
scouring efficiency, velocity ratio and inclined angle can particularly be stated. To facilitate the study of
scouring, FLOW-3D software can be used to simulate the condition. Hence, the present study aims at
investigating the influencing feature of seabed environmental velocity and inclined low-speed jet as well
as proposing the best scouring model under different velocity ratio and inclination angle.

2 Mathematical Model

2.1 Flow Model
The continuity and motion equations of a plane jet are calculated as follows:
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where ui denotes the average velocity of water flow in direction i; ui1 stands for the instantaneous value of
velocity in direction i; p signifies the value of water environment pressure; Sij suggests the average strain
Tensor; q means water density; and v is the viscosity coefficient of water movement.

2.2 Turbulence Model
As an improvement scheme to the k-ε Model, renormalization group (RNG) k-ε (RNG) is more widely

used. This is particularly the case for the flow in strong shear regions, which leads to more accurate results of
the calculations. Therefore, the model simulation of RNG k-ε was used in this study. Moreover, the
governing equations of turbulent kinetic energy k and kinetic energy dissipation rate ε are as follows:
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where vt stands for the turbulent viscosity coefficient, and l is the dynamic viscosity coefficient.

2.3 Sediment Scouring Model
In this study, the sediment movement was simulated under the coupling action of ambient water movement

and jet. The primary condition is that the shear force of the jet is greater than the critical shear force on the sand
bed, which can be divided into the bed and suspended loads according to the motion state of sediment. While
the former refers to sediment particles (usually large) in the form of rolling, sliding and jumping near the
scouring profile, the latter suggests the sand particles (usually small) dispersed in the water which move
with the water flow in a suspended state when the jet impinges on the sand bed. Due to the coupling effect
of water movement and inclined jet, these two motion states were considered. According to Brethour, the
sediment particle erosion and deposition model are calculated as follows:

@c

@t
þ~urc ¼ Dr2c�~uliftrc�~udriftrc (8)

~ulift ¼~nsa
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� sc=�q

p
(9)

where C stands for sediment concentration,~udrift signifies the sediment settling velocity,~ulift denotes lifting
speed, s is shear force, sc means critical shear force, and~ns is velocity vector of mass source.

3 Experimental Model and Numerical Simulation of Submerged Scour

3.1 Pool Physical Model Test
As can be seen in Fig. 1, the test system of submerged water jet included test bench, control system,

measurement system, etc. The test bench was consisted of a water tank, guide rail, nozzle mechanism, etc.
The test water tank was 120 cm long, 100 cm wide and 100 cm tall. In order for the water tank to move
horizontally through the speed regulating motor, a fixed guide rail was positioned above it. The nozzle
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height and the inclination angle can be adjusted by the movement of the vertical slider and by the rotation of the
nozzle slider, respectively. The ambient water flow system is composed of variable displacement pump,
variable frequency control, control valve and speedometer. To ensure a remarkable degree of consistency of
the whole pool velocity of the water flow, a baffle was installed behind the water outlet. Moreover, the
speedometer was installed in front of the injector so as to gain the value of ambient water flow velocity. To
realize water circulation, the device was also equipped with an overflow baffle and water collecting tank.
Accordingly, as is shown in Fig. 1, a simple and convenient measuring tool was designed for the test.

The test uses non-viscous and non-uniform sand particles. Table 1 shows the size of the sand particles, the
characteristics of which are as follows: the density, the porosity, the underwater repose angle and the critical
shields number were 2650 kg/m3, 0.5, 45°, and 0.04, respectively. Furthermore, considering the requirements
of the subject and the existing data, the flow rate of ambient water was set to 0.5 m/s. Moreover, the depth of
the brush pit needed to be more than 10 cm. The pit efficiency of an inclined jet was confirmed to be higher
than that of a vertical jet. In a previous study carried out by the researcher, the optimum efficiency was
obtained at an inclined angle of 15–20 and the nozzle diameter (d) of 3 mm. Previous studies show that when
the distance of the jet target is more than 30 times of the nozzle diameter (30 d), the depth and the diameter
of the scour pit are small and large, respectively. On the other hand, the short distance of the jet target (less
than 20 d) indicates that the depth and diameter of the scour pit are large and small, respectively. Yet, the
average distance of the jet target (between 20d and 30d), designates the relatively large depth and diameter of
the flushing pit, i.e., a better flushing effect. Accordingly, the chapter analyzes the adaptability of the model
test and simulation experiment when the target distance is 0.1 m and the jet speed is 3 m/s.

3.2 Numerical Simulation
The calculation was basically consistent with the pool model test. Accordingly, fluid software of FLOW-

3D was selected for carrying out the numerical simulation of scouring. Sand erosion model, viscosity and
turbulence model and gravity and non-intrinsic reference frame were used as the physical models for the
numerical calculation of water jet erosion [16]. Moreover, to solve the two-dimensional hydrodynamic
characteristics of incompressible viscous fluid, RANS Navier Stokes governing equations and RNG k-ε
Turbulence Model were used. FAVOR (Fractional Area Volume Obstacle Representation) was also applied

Figure 1: The scouring test bench and measuring tools

Table 1: Particle size distribution of test sand

Particle size range <0.083 cm
(20 mesh)

0.083∼0.088 cm
(20∼18 mesh)

0.088∼0.118 cm
(18∼14 mesh)

Proportion 70% 15% 15%
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to make sure if the mesh was completely resolved. In the calculation, implicit equation was used to reduce the
numerical fluctuation. The appropriate time step was selected based on the stability, accuracy and efficiency of
the solution. While the initial time step was determined as 0.01 s, the minimum was 1E-8. In the separation
solver, simple is chosen for the pressure-velocity coupling scheme. Since the simulation model was
relatively simple, the uniform mesh quadrilateral format was adopted, with the aspect ratio of 1 for the
mesh [17]. In the numerical simulation test, three types of grids with the lengths of 0.0005, 0.001 and
0.002 were selected for the sensitivity test. The results of the test demonstrated the relatively poor numerical
simulation structure of 0.002. Moreover, the accuracy was shown to be low, the contour shape was fuzzy,
and the results of 0.001 and 0.002 grids were close. Therefore, in order to save the calculation time, the
0.001 grid was used for the numerical simulation. In addition, the 0.0005 grid was adopted for the nozzle
(see Table 2). The jet erosion model simulated and predicted the sediment movement, convection and
deposition, the main parameters of which were set as the following. 1) Since gravity needs to be considered
during scouring, Gravity Model was selected for the simulation; 2) RNG k-ε Turbulence model was
selected as the viscosity and turbulence model; 3) The sediment erosion model was set in accordance with
the parameters of sand particles in the test; 4) Such factors as calculation accuracy, time, and area, as well
as the nozzle needs to be locally encrypted around. Moreover, the number of grids in the calculation area
was 19932 (including 12 grids for nozzles); and 5) To ensure the fixed height of the fluid as well as the free
flow of the water in both directions, as shown in Fig. 2, the left and right boundaries were set as outflow, it
was pressurized on the top which could change when simulating seabed scouring, the bottom was a wall,
and the nozzle outlet was the velocity boundary, with the other parts being symmetrical. The analysis
revealed that the geometry of the model meets the boundary conditions and the selected mesh converges.

Table 2: The grid quality analysis

Calculation area
grid size

Nozzle grid size (0.0005)

Computing time Simulated contour quality Composite mesh size ratio Astringency

0.0005 Long Good 1:1 Good

0.001 Moderate Good 2:1 Good

0.002 Short Obscure 4:1 Poor

Figure 2: The schematic diagram of simulation

3.3 Effectiveness
Generally speaking, the shape of the scouring pit, including its depth, width and mound height of the

deepest pit is of considerable importance. Therefore, the numerical simulation selects the data after
suspended sediment sedimentation as the research object.

In the process of simulation calculation, firstly, the calculation and simulation were carried out using
computer. This was done in accordance with the set time and boundary conditions. Then, when the
calculation time was extended, the calculation continued until the suspended sediment settled and the jet
velocity turned 0 s/m. The reliability of water jet scouring was directly determined by the accuracy of
hydrodynamic calculation. Moreover, to ensure the reliability, the parameters of the simulation platform
were debugged and verified using the measured data of pool model test.
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Fig. 3 shows the comparison of simulation model and test results when the velocity of the nozzle jet is
3 m/s. The comparison demonstrates the evolution characteristics of the two-dimensional profile of the jet
scouring sand pit in 10, 20, 30 and 40 s. As can be seen in Fig. 3, while the left side shows the numerical
simulation results, the right side is the two-dimensional diagram of test scouring. It can be observed that
the contour shape and its development trend of the comparative model test and simulation are almost
consistent. This can verify the effectiveness of the model and the credibility of the simulation results.

Figure 3: Evolution of scour pit profile with time
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Compared with an experiment, enjoy being considerably purposeful and applicable. Accordingly,
simulations have an exceptional role in theoretical and experimental research, particularly when studying
certain change features and recurring calculations. Hence, to study the influencing characteristics of jet on
scour pit, numerical simulation was carried out based on the physical test model.

4 Simulation and Analysis of Inclined Jet Erosion in Flow Environment

To further analyze the influence of the velocity of ambient water on the inclined jet scour in submerged
water jet, this study was based mainly on the invariability of target distance and nozzle. The jet ratio, i.e., the
proportion of the velocity of the jet to that of the ambient water was identified. Moreover, the influence of
velocity and the direction of water environment on scouring were studied. These are in the condition of
different jet ratios and seek the best scouring efficiency of jet in a certain water environment.
Consequently, the environmental water flow velocity of 0.5 m/s and the scouring time of 20 s were set as
the initial conditions of the simulation, which were simulated and calculated separately under different
conditions of flow direction, jet angle and jet ratio. The results were employed to study the influence of
the jet ratio on scour pit. As shown in Fig. 4, for the convenience of analysis, a and b were defined as the
downstream direction and the countercurrent direction, respectively. The simulation calculation was
carried out for 24 times under different working conditions (see Table 3). In addition, the results of the
calculation were processed in flow sight.

“Packed sediment net change selected” is selected from the geometry list and the probe is drawn on “the
isosurface list” where the depth and width of scour pits can be displayed at different positions. Finally, the
Origin Software was used to analyze the data obtained from the scour pits. Figs. 5–8 show the contour of
simulated scour pit under different working conditions. In order to improve operational efficiency, the
best scouring mode is needed to be determined. In other words, it is suggested that the volume of
scouring pit is the largest under the same conditions. In this study, since the two-dimensional model of
simulation was used, the volume was represented by the scour pit area below the sand bed plane. In

Figure 4: Schematic diagram of jet and water flow direction

Table 3: Working condition arrangement of simulation calculation

Countercurrent jet ratio Downstream jet ratio

4 6 8 10 4 6 8 10

10° 1 4 7 10 13 16 19 22

15° 2 5 8 11 14 17 20 23

20° 3 6 9 12 15 18 21 24
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addition, to determine the influence of ambient water velocity on the inclined jet, the simulation of an inclined
jet scour in the static environment is increased. The scour pit value was obtained when the value of the y-axis
was less than 0. As an example and as shown in Fig. 9, let us take the jet ratio as 6, the movement direction of
ambient water as countercurrent and the injection inclination angle as 10°. Table 3 demonstrates the calculation
of the scour pit area from the simulation conditions, the values of which are shown in Table 4. Also, Figs. 10–12
illustrate the comparison and analysis of the values using Origin Software.

Figure 5: The scour pit profile with jet ratio of 4

Figure 6: The scour pit profile with jet ratio of 6
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Accordingly, the following conclusions are drawn:

1) At the same jet velocity, the largest scouring area is obtained when the ambient water velocity is 0.
This is due to the interference of the ambient water flow with the jet and the consequent weakening of
the ability of the jet to scour the bunker.

2) Under the countercurrent condition, while a small level of the jet ratio leads to the higher level of the
dunes on the right side of the scour pit, an increase in the ration leads to an increase in the level of the
dunes on the left side. On the other hand, under the downstream condition, the dunes on the left and

Figure 7: The scour pit profile with jet ratio of 8

Figure 8: The scour pit profile with jet ratio of 10
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the right sides are higher when the jet ratio is small and when there is an increase in the jet ratio,
respectively. This phenomenon is caused by the coupling between the reflected flow formed by
the jet impinging on the sand surface and the ambient water flow.

3) Under the same condition of the jet ratio, the flow velocity of the ambient water leads the larger area
of scour pit on the countercurrent condition than that of the downstream. Accordingly, there is
relatively a large velocity between the ambient water and the component of the jet in the
horizontal direction. This makes the suspended sand to flow more easily with the ambient water,
and as a result, to increase the area of scouring pit. However, the interaction between the
movement of ambient water and jet velocity causes a change in the center of the jet, i.e., the angle
of jet scouring might be affected. Therefore, under the same jet ratio, the variation of scour area is
quite complex for different jet inclination angles.

Figure 9: The scour pit area with y axis less than 0

Table 4: Scouring area under different working conditions

Jet
ratio

Area

Scour area inclined 10° (m2) Scour area inclined 15° (m2) Scour area inclined 20° (m2)

Countercurrent Downstream Static Countercurrent Downstream Static Countercurrent Downstream Static

4 0.00332 0.00324 0.00488 0.00389 0.00317 0.00485 0.00287 0.00233 0.00508

6 0.00994 0.00826 0.01179 0.00941 0.00717 0.01218 0.00966 0.00728 0.01176

8 0.01278 0.01223 0.02233 0.01381 0.01123 0.02334 0.01455 0.01101 0.02556

10 0.02562 0.02419 0.03348 0.02505 0.02361 0.03489 0.02598 0.01908 0.03506

Figure 10: The area of scour pit with inclination of 10°
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5 Conclusion

The application of the two-dimensional RNG k-ε Turbulence model and FAVOR Technology provided
useful information about the influencing characteristics of submerged inclined jet scouring sand bed in the
ambient water flow. FLOW-3D was used to simulate the motion trajectories of different sand radius under the
action of the jet. Physical model tests confirmed and corroborated the efficiency of the numerical simulation.
The results revealed the consistency of the pit contour shape of physical model test with the simulation
results. Moreover, the scouring simulation was frequently carried out under different working conditions,
the results of which were post processed using powerful simulation software.

The results demonstrated that the environmental water flow has a significant impact on the jet scouring
behavior. In other words, the scouring capacity of water jet is remarkably weakened by the water flow.
Furthermore, under the same conditions, better results were obtained for countercurrent scouring than the
downstream. Finally, the findings of the present study provide theoretical support for operation of
submerged water jet.

Figure 11: The area of scour pit with inclination of 15°

Figure 12: The area of scour pit with inclination of 20°
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