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Abstract: The impinging jet is a classical flow model with relatively simple geometric boundary
conditions, and it is widely used in marine engineering. In recent years, scholars have conducted
more and more fundamental studies on impact jets, but most of the classical turbulence models
are used in numerical simulations, and the accuracy of their calculation results is still a problem
in regions with large changes in velocity gradients such as the impact zone. In order to study the
complex flow characteristics of the water flow under the condition of a submerged jet impacting
a stationary wall, the Wray–Agarwal turbulence model was chosen for the Computational Fluid
Dynamics (CFD) numerical simulation study of the impacting jet. Continuous jets with different
Reynolds numbers and different impact heights H/D were used to impact the stationary wall, and the
results show that the jet flow structure depends on the impact height and is relatively independent of
the Reynolds number. With the increase in the impact height, the diffusion of the jet reaching the
impact area gradually increases, and its velocity gradually decreases. As the impact height increases,
the maximum pressure coefficient decreases and the rate of decrease increases gradually, and the
dimensionless pressure distribution is almost constant. In this paper, the flow field structure and
pressure characteristics of a continuous submerged jet impacting a stationary wall are explored in
depth, which is of great guidance to engineering practice.

Keywords: submerged water jet; stationary wall; numerical simulation; impact pressure;
flow characteristics

1. Introduction

A submerged impinging jet is a flow structure in which the fluid is shot out of the
orifice or slit, enters the same medium, and impacts its solid wall, mixing with the ambient
fluid [1]. At present, submerged impinging jets are widely used in marine engineering.
Wang et al. [2] conducted an in-depth study of the application of water jet technology in
solid fluidized extraction of marine natural gas hydrate (NGH) by designing orthogonal
experiments and gave the spirit boundary breakage velocity for gas hydrate deposition.
Liu et al. [3] proposed a new biomimetic antifouling method based on water jet for marine
structures, and the experimental and numerical simulation results showed that the method
is able to prevent the attachment of unicellular fouling organisms, thereby hindering the
entire fouling process. In addition, submerged impinging jets are used in underwater
cutting operations, subsea pipeline and cable laying [4–6], etc. Therefore, the study of
submerged impinging jets is of great practical significance to the development of marine
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engineering and its affiliated industries. In order to provide theoretical support for engi-
neering research, basic research on impinging jets is also essential. In recent years, many
domestic and foreign scholars have conducted a large number of experimental and numeri-
cal simulation studies on impinging jets. JA Fitzgerald et al. [7] investigated the turbulent
structure and impact zone of the impinging jets under two different nozzles using flow
visualization and found that the size of the impact zone increases linearly with the impact
distance and its size is independent of the jet Reynolds number. Abdel-Fattah et al. [8]
used numerical calculations and experiments to study the impact of two-dimensional dual
jets under different conditions, and the results showed that, as the jet angle increases, the
stagnation point moves radially in the direction of the main flow, and the recirculation zone
becomes wider. Hassan et al. [9] used time-resolved–particle image velocimetry (TR–PIV)
technology and polarographic measuring instrument to study the influence of large-scale
vortex structures on the shear stress of the circular impinging jet wall and found that the
shear stress amplitude of the upstream wall increases, while the shear stress amplitude of
the downstream recycling area decreases sharply, in the separation zone of the boundary
layer. Charmiyan et al. [10] used tomography velocity measurement technology to conduct
an experimental study on the slit impinging turbulent jet and found that the maximum
turbulence intensity of the jet appeared in the shear layer, and there was an attenuation
zone near the impact wall, and the turbulence intensity at the center of the jet gradually
increases as it approaches the impact wall. Pieris et al. [11] used the TR–PIV technology to
conduct an experimental study on the slit impinging jet produced by a nozzle with a high
aspect ratio and found that the instability of the jet shear layer is the main reason for the
primary vortex formed by the impinging jet, and the vortices merge near the impingement
area. The secondary vortex is caused by the interaction between the merged primary vortex
and the wall, and its formation frequency is a quarter of the primary vortex shedding
frequency. Markal et al. [12] studied the hydrodynamic and thermal characteristics of
coaxially confined impinging jets through experiments and found that increasing the ratio
of impact distance to Reynolds number can significantly improve the uniformity of heat
transfer. Zhang et al. [13] used the Wray–Agarwal turbulence model to study the unsteady
flow characteristics of the pulsed jet impinging on the rotating wall and found that the
radial distribution of the velocity near the jet outlet gradually became non-uniform over
time and, finally, coincided with the velocity at steady state. Xu et al. [14] used the Standard
k–ε model, Re–Normalization Group (RNG) k–ε model with wall function, and the low
Reynolds number k–ε model, to numerically simulate the impinging jet flow field of a
semi-confined circular tube, and the results showed that the simulation errors of the stan-
dard k–ε model and the low Reynolds number k–ε model were too large, while the results
of the RNG k–ε model were closer to the experimental data. Chen et al. [15] simulated
and studied turbulent impinging jets, and after comparing them with the experimental
results, it was found that the accuracy of the improved model calculation was significantly
improved, especially for the prediction of the turbulent kinetic energy distribution in the
stagnant region. Jiao et al. [16] used the standard k–ε model and the wall function method
to numerically simulate the semi-enclosed flow field of a submerged liquid jet impacting a
flat plate at different impact heights and found that the center of the return zone moved
downstream as the impact height increased, while the distance from the impacting flat
plate remained essentially constant.

From the establishment of mathematical models for theoretical studies [17–25] to
quantitative analysis by high-precision experiments [26–29], the methods researchers use
to solve scientific problems are constantly advanced. At the same time, the advancement
of science and technology and the increasing sophistication of CFD technology [30] have
brought great changes to the research methods of impinging jets. With the increasing
accuracy of research results from simple experimental studies to experimental studies with
high-precision testing techniques [31] and then to the combination of experimental studies
and numerical calculations [32–37], the understanding of impinging jets has been deepened.
However, there is still a certain deviation between the numerical calculation results and
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experimental results, especially in an impact area with a high-pressure gradient and rapid
speed change. Therefore, it is very necessary to improve the accuracy of numerical calcu-
lations of impinging jets. In this paper, the Wray–Agarwal turbulence model, developed
based on the k–ω model, is used to study the coupling flow of continuous jet impact on a
static wall under flood conditions, and to analyze the flow field characteristics and impact
pressure characteristics of the flow, which is of great significance to engineering practice.
Table 1 briefly lists the turbulence models used in the existing literature and the extent to
which they have been improved in this paper.

Table 1. The advantages and improvements of this paper, compared with existing literature.

Existing Literature Turbulence Model Used The Improvements of This Paper Compared with
the Literature

Xu et al. [14]
Standard k–ε

RNG k–ε with wall function
Low Reynolds number k–ε

In the literature, all three turbulence models failed to
predict the flow characteristics and heat transfer

properties of the impinging jet field completely and
accurately, but the Wray–Agarwal turbulence model
used in this paper agrees well with the experimental
data and predicts the flow structure of the impinging

jet more accurately.

Chen et al. [15] Improved RNG k–ε

The accuracy of the improved RNG k–ε turbulence
model used in the literature has been improved
somewhat, but there are still some errors in the

prediction of the mean velocity and turbulent kinetic
energy in the near-wall region. However, compared

with the Particle Image Velocimetry (PIV)
experimental results, the Wray–Agarwal turbulence

model used in this paper solves the prediction
problem of the flow in the near-wall region better

and the error is better controlled.

Jiao et al. [16] Standard k–ε

The literature and the previous two have reached
similar conclusions that the standard model cannot
accurately predict the flow structure and turbulence

intensity distribution in the impact zone and
near-wall flow of a water jet impinging on a flat
plate. With reference to the high-precision PIV

experimental data, the numerical simulation results
in this paper have strongly demonstrated that the

Wray–Agarwal turbulence model has good results in
simulating the flow in the near-wall region of the

impinging jet.

2. Modeling and Numerical Methods
2.1. Model Building

Figure 1 is a schematic diagram of a submerged jet impacting a stationary wall; the
fluid was sprayed horizontally through a sufficiently long circular nozzle and impacted
the wall of the stationary disk, forming the entire impinging jet flow field in the cylindrical
water tank and finally flowed out through the gap between the stationary disk and the
cylindrical water tank. The nozzle was perpendicular to the wall of the rotating disk, and its
centerline coincided with the centerline of the disk. In order to better study the continuous
jet impacting the stationary wall, a spatial right-angle coordinate system o1xyz was estab-
lished. The coordinate origin o1 was the center of the disk, the z-axis was perpendicular
to the disk wall, and the x-axis and y-axis were perpendicular to each other and parallel
to the wall of the disk. In order to investigate the general law of impinging jets, the fluid
domain above the disk was taken as the study object, and the size and spatial position of
the model are dimensionless, with the inner diameter D of the nozzle. The inner diameter
of the nozzle D = 10 mm, the outer diameter Dw = 12 mm, the radius of the cylindrical
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flume Rc = 25D (250 mm), and the radius of the stationary disk R = 15D (150 mm). The
correctness of the numerical simulation model was verified by comparing the numerical
simulation results of the axial distribution of the dimensionless velocity of the jet with the
experimental results of the PIV.

Figure 1. Schematic diagram of jet impacting a stationary disk.

2.2. Numerical Methods and Boundary Conditions

The jet flow field is a submerged impinging jet, and the jet medium is incompressible
water. The solution was performed by the computational fluid dynamics software ANSYS
FLUENT 19.2. The Reynolds–Averaged Navier–Stokes (RANS) method was chosen to solve
the Reynolds stress term. The convective term was discretized in a second-order windward
format. The pressure and velocity coupling adopted the SIMPLE–consistent (SIMPLEC)
algorithm. The residuals of the final iterative results were less than 10−5, and the total
number of iterative steps exceeded 20,000.

(1) Inlet boundary: the nozzle inlet face was set up as a velocity inlet;
(2) Outlet boundary: the outlet was far from the impact origin, and the turbulent flow

reached relative equilibrium, so a pressure outlet was used;
(3) Wall condition: the solid wall was set up as a non-slip wall surface.

2.3. Grid Independence Analysis

For the numerical calculation of impinging jets, compared with unstructured grids,
structured grids have the advantages of easier fitting regional boundaries and more accurate
simulation of flow details [38]. Therefore, the model was delineated with a hexahedral
structured mesh using the professional commercial software ANSYS ICEM CFD 19.2 [39].
A hexahedral grid can effectively reduce the pseudo-diffusion caused by poor grid quality
and can also improve the computational speed. The grid was encrypted near the impact
wall where rapid changes in velocity and pressure occurred by controlling the number of
grid nodes. It was ensured that the aspect ratio of the grid and the dimensions between
adjacent grids would not differ significantly and that the angle was greater than 18◦ and
less than 90◦. The grid node spacing of the first layer on the impact wall was set to 0.1 and
gradually increased in the ratio of 1.1 away from the impact wall, to realize the encryption
of the boundary layer.

Theoretically, the denser the grid, the more accurate the computational results obtained.
However, the grid cannot be encrypted indefinitely because the denser the grid is, the
more computationally intensive the solution is, and the longer the computational cycle is,
while our computational resources are limited. Additionally, as the grid is encrypted, the
rounding error of the computer floating-point operation will increase, which requires us
to find a more suitable number of grids that will neither lose accuracy considerably nor
significantly consume computational resources. Figure 2 shows the average velocity of the
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cross-section in the jet at different grid sizes G. As the grid size G gradually decreases, the
average velocity of the cross-section in the jet decreases as well; when the grid size G ≤ 2.5,
the average velocity of the cross-section in the entire jet flow field remains essentially
constant, which meets the requirement of grid independence [40–42]. Considering the
coordination of computational accuracy and computer resources, G = 2.0 was selected to
mesh the model, as shown in Figure 3. The total number of computational domain grids
is 3,523,120, the number of nodes is 3,445,790, the minimum value of mass is 0.7, and the
maximum value of y+ is 8.3.

Figure 2. The average velocity of the cross-section in the jet.

Figure 3. Grid of submerged impinging jet calculation model.

2.4. Turbulence Model Verification

The Wray–Agarwal (W-A) turbulence model is a single-equation turbulence model
established by the k–ε closed model [43]. The W–A turbulence model uses the ω equation
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with cross-diffusion terms, but also retains the link to the k–ε model, which improves
the accuracy of predicting equilibrium flow and the ability to interpret non-equilibrium
flow [44].

Vortex viscosity equation is defined as follows:

µτ = fµρR (1)

R = k/w (2)

R is the transport equation as follows:

∂ρR
∂t

+
∂ρujR

∂xj
=

∂

∂xj

[
(σRµτ + µ)

∂R
∂xj

]
+ ρC1RS + ρ f1C2kω

R
S

∂R
∂xj

∂S
∂xj
− (1− f1)ρC2kε

R ∂S
∂xj

S
(3)

The presence of the two terms C2kω and C2kε makes the Wray–Agarwal turbulence
model behave as a single-equation k–ω model or a single-equation k–ε model, with f 1 as
the switching function. f 1 switching function is a modified version of the hybrid function
used in the SST k–ω model described as follows:

f1 = tanh(arg4
1) (4)

arg1 = min

[
max(

√
R

0.164d
√

S
,

150ν

d2S
),

2RS2

d2CrossDi f f

]
(5)

CrossDi f f = S
∂R
∂xj

∂S
∂xj

+ R
∂S
∂xj

∂S
∂xj

(6)

where µτ denotes the viscosity of turbulence (Pa/s); ρ denotes the density of the fluid
(kg/m3); fµ denotes the damping function; k represents the pulsating kinetic energy of
turbulence (J); ω is the specific dissipation rate; ν is the kinematic viscosity (m2/s); d is the
distance to the nearest wall (m).

In this numerical simulation study, six turbulence models—namely, BSL k–ω, SST k–ω,
standard k–ε, RNG k–ε, realizable k–ε, and Wray–Agarwal, were selected to numerically
calculate the jet impact on the stationary wall, and the calculated results were compared
with the PIV experimental results (Re = 35,100, impact height H/D = 3).

Figure 4 shows the axial distribution of the dimensionless velocity V/Vj (Vj is the
average velocity of the jet outlet) obtained from different turbulence model calculations
and PIV experiments. As can be seen from the figure, in the free-jet region (1 ≤ z/D ≤ 3)
(z is the vertical distance from the corresponding point to the impact wall), the dimension-
less velocity V/Vj remains basically constant. Compared with other turbulence models, the
dimensionless velocity V/Vj calculated by the Wray–Agarwal turbulence model is closer
to the PIV experimental value. In the impact region (0 < z/D ≤ 1), the dimensionless
velocity V/Vj decreases rapidly, and the calculated results of different turbulence models
are relatively concentrated, which is in good agreement with the PIV experimental data.
In a comprehensive comparison, it is found that the prediction results based on the Wray–
Agarwal turbulence model fit better with the experimental results, so in this study, the
Wray–Agarwal model was used for numerical simulation.

2.5. Nozzle Length Analysis

Within a certain distance, the fluid in the circular pipe flows, acting together with
the influence of factors such as frictional resistance, and the velocity distribution on the
same cross-section constantly changes. After the fluid develops for a certain distance, the
thickness of the boundary layer gradually stabilizes, and the velocity distribution in the
radial direction remains basically unchanged. At this time, the fluid flow in the circular
pipe is considered to be fully developed. In order to avoid interference with the subsequent
impinging jet flow due to the insufficient development of the circular pipe flow in the study,
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this section discusses the length of the circular pipe in the experiment that can make the
turbulent flow fully developed.

Figure 4. The axial distribution of the dimensionless velocity V/Vj at the center of the jet.

2.5.1. Choice of Nozzle Length

The inlet of the circular pipe adopts the average velocity inlet (Re = 10,000), while the
outlet is set as the pressure outlet (P = 1 atm). In order to better describe the fluid flow in
the pipe (Figure 5), a rol coordinate system was established, with the center of the pipe inlet
as the coordinate origin o, the radial direction as the r-axis, and the axial direction as the
l-axis, taking the fluid flow direction as the positive direction.

Figure 5. Dimensionless velocity V/Vj distribution nephogram in the cross-section of a circular pipe.

Figure 5 shows the distribution nephogram of the dimensionless velocity V/Vj in the
cross-section in a circular pipe of length 60D. As can be seen from the figure, with the
flow of the fluid, the velocity of the fluid near the wall of the pipe decreases due to the
viscous shear stress. The velocity of the main flow in the pipe first increases and then
remains unchanged, and a high-speed core region appears. As the flow develops, the
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high-speed core region gradually narrows and then disappears; the high-speed core region
arises at about L/D ≈ 10.5 and disappears at L/D ≈ 28. When L/D ≥ 30, the distribution of
dimensionless velocity V/Vj on the cross-section of the pipe remains constant.

As shown in Figure 6, in order to quantify the development of turbulent flow along the
pipe, the radial distribution of the dimensionless velocity V/Vj at different pipe positions
was investigated. It can be seen from the figure that the maximum velocities at different
axial positions of the circular pipe all appear on the axial center of the circular pipe (r/D = 0),
and the radial distribution of V/Vj is symmetrical about the circular pipe axis. For the differ-
ent pipe positions selected (l/D = 10, 20, 30, 40, 50, and 60), the maximum value of the pipe
flow V/Vj appears at the center of the pipe with l/D = 20. After the fluid enters the circular
tube, the fluid velocity near the wall (|r/D| ≥ 0.375) decreases rapidly, as the flow in the
circular tube develops, and then remains constant, but the fluid velocity in the mainstream
region (|r/D| ≤ 0.375) first increases, then decreases, and then remains unchanged; the
closer to the center of the pipe, the greater the velocity increase. When L/D > 40, the radial
distribution curves of the dimensionless velocity V/Vj coincide, indicating that the flow
of the circular pipe is fully developed, and the magnitude of V/Vj at the same position
remains constant.

Figure 6. The radial distribution of the dimensionless velocity V/Vj at different tube positions.

2.5.2. Demonstration of the Full Development of Turbulence

Through a large number of studies on the turbulent flow of a circular pipe, scholars
at home and abroad have obtained an empirical formula for the radial distribution of the
turbulent flow of a circular pipe, which is

V
Vmax

= (1− 2
r
D
)

1
n (7)

In Equation (7), the 1/n power is used to describe the radial distribution of the velocity
in the pipe. Cooper et al. [45] found that when n = 7, the empirical equation was able
to describe approximately the radial distribution of turbulent flow velocities in a fully
developed circular pipe.

Figure 7 shows the radial distribution of the dimensionless velocity V/Vmax at the
outlet of the pipe under the conditions of different Reynolds numbers and L/D = 50 and
compared with the above empirical formula of turbulent velocity distribution. It can be
seen from the figure that, in the mainstream region (|r/D| ≤ 0.375), the radial distribution
of V/Vmax at the outlet of the pipe under different Reynolds numbers is basically the
same, and there is a certain deviation in the dimensionless velocity V/Vmax distribution
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near the wall under different Reynolds numbers. The larger the Reynolds number, the
smaller the resistance of the laminar flow along the pipe, and the smaller the deviation of
V/Vmax distribution. The radial distribution curve of the dimensionless velocity V/Vmax
at the outlet of the circular pipe under different Reynolds numbers agrees well with the
empirical formula for the turbulent velocity distribution of the fully developed circular
pipe. Therefore, the circular pipe with L= 50D can ensure the full development of the
turbulent flow under different Reynolds numbers.

Figure 7. Radial distribution of dimensionless velocity V/Vmax under different Reynolds numbers.

3. Research on Continuous Jet Impacting on Static Wall
3.1. Flow Field Analysis of Impinging Jet

In order to better describe the jet’s flow field structure, the flow field structure of the
jet’s full flow field under the conditions of impact height H/D = 8 and Reynolds number
Re = 35,100 is given in Figure 8a–c, showing the velocity nephogram and vector diagram of
the jet’s cross-section (on the xoz plane) and its near-wall region (0 ≤ z/D ≤ 1), respectively.
It can be seen from Figure 8b that after the fluid is ejected from the nozzle, the diameter
of the jet gradually increases, and the velocity gradually decreases, due to diffusion and
entrainment of the surrounding fluid. From the velocity nephogram and vector diagram
of the near-wall flow field in Figure 8c, it can be seen that after the fluid impacts the disk
wall, the flow direction deflects radially, forming a wall jet parallel to the disk wall. The
wall jet spreads radially in all directions to the vertical sidewall and is forced to turn again,
eventually forming a huge recirculation zone on both sides of the jet in the two-dimensional
plane and forming a vortex ring-like structure in the three-dimensional cylindrical flume,
as shown in Figure 8a.

Figure 9 shows the distribution of the dimensionless velocity V/Vj along the radial
direction x/D in the midsection (xoz plane) of the continuous jet impinging on the stationary
wall jet with different Reynolds numbers and H/D = 3 conditions. It can be seen from the
figure that, under the same Reynolds number, in the free-jet region (z/D ≥ 1), the radial
distribution of the dimensionless velocity V/Vj varies less along the radial direction as the
axial height z/D decreases; in the impact region (0 ≤ z/D ≤ 1), the radial distribution of
the jet’s dimensionless velocity V/Vj changes greatly with the decrease in axial height z/D.
When the Reynolds numbers are different, there is no significant change in the distribution
of the dimensionless jet velocity V/Vj along the radial direction at the same axial height z/D.
It is shown that, for a continuous jet impacting a stationary wall, at the same impact height,
the jet flow structure is relatively independent of the Reynolds number.
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Figure 8. The flow structure of a continuous jet impacting a stationary wall: (a) full flow field;
(b) cross-section of flow field; (c) near wall.

Figure 10 shows the axial distribution of the dimensionless velocity V/Vj at different
radial positions of the cross-section in the continuous jet impacting the stationary wall
jet under the conditions of impact height H/D = 3 and Reynolds number Re = 35,100. It
can be seen from the figure that the axial distribution of the dimensionless velocity V/Vj
at the radial position symmetrical about the jet center (r/D) completely coincides. When
the radial position r/D = 0 or ±0.25, the dimensionless velocity V/Vj gradually decreases
in the free-jet region (1 ≤ z/D ≤ 3) as the jet develops; it rapidly decreases in the impact
region (0 ≤ z/D ≤ 1), and the magnitude of the decrease gradually increases. When the
radial position r/D = ±0.5 (i.e., located in the shear layer between the jet and the ambient
fluid), the dimensionless velocity V/Vj increases rapidly from 0 as the jet develops, and the
increasing velocity decreases. The jet turns near the impact wall, and the dimensionless
velocity V/Vj increases rapidly again.

The flow angle ϕ represents the angle between the flow direction at any point in the
cross-section of the flow field and the +x axis, and is given by ϕ = arctan (−Vz/Vx), as
shown in Figure 11a. Figure 11b shows the axial distribution of the flow angle ϕ at different
radial positions in the cross-section of the continuous jet impinging on the stationary wall
jet under the condition of impact height H/D = 3 and Reynolds number Re = 35,100. It can
be seen from the figure that the flow angle of the jet’s central axis of remains unchanged at
90◦ and the numerical calculation results are basically consistent with the PIV experimental
results. The axial distribution of the flow angles at radial positions symmetrical about the
axis of the jet is symmetrical about 90◦; at the axial position 1 ≤ z/D ≤ 3, the flow angle
ϕ remains constant at 90◦; at the axial position z/D = 1, the jet turns and the flow angle ϕ
starts to change.
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Figure 9. The radial distribution of the dimensionless velocity V/Vj at different axial positions in the
cross-section of the jet: (a) Re = 11,700; (b) Re = 23,400; (c) Re = 35,100.

Figure 10. Axial distribution of velocity V/Vj at different radial positions of the cross-section in the jet.

3.2. Analysis of the Flow Field of the Impact Jet with Different Impact Heights

Figure 12 shows the flow structure diagram on the cross-section xoy of the impinging
flow field under the conditions of Re = 35,100, H/D = 2 and 8. From the streamline diagram,
we can infer that when the cross-sectional height z/D = 0.5, the fluid spreads from the center
to the periphery; the flow direction changes and moves in the circumferential direction
near the wall of the sink. When the cross-sectional height z/D = 1, the environmental fluid
flows toward the edge of the jet due to the jet’s entrainment near the center of the jet. As
the cross-sectional height z/D increases, the turning position of the fluid is gradually close
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to the wall of the tank; the jet velocity increases, the diameter becomes smaller, the coiled
suction effect is enhanced, the range of flow to the center of the jet becomes larger, and the
range of flow to the surrounding area becomes smaller.

Figure 11. (a) Schematic diagram of the flow angle ϕ; (b) the axial distribution of the flow angle ϕ at
different radial positions in the cross-section of the jet.

Figure 12. Flow structure diagram of different cross-sections of continuous jet impinging on stationary
wall: (a) H/D = 2; (b) H/D = 8.

Figure 13 shows the cross-sectional vorticity diagram in the flow field of the continuous
jet impacting the stationary wall under the conditions of Reynolds number Re = 35,100 and
impact height H/D = 2 and 8. It can be seen from the figure that the vorticity at the center



J. Mar. Sci. Eng. 2022, 10, 228 13 of 19

of the jet in the circular pipe is relatively low, and the vorticity near the wall gradually
increases; when the jet leaves the pipe, the vorticity distribution area gradually expands
with the development of the jet; after reaching the impact wall, the vorticity gradually
decreases as the wall jet develops.

Figure 13. Cross-sectional vorticity diagram in the flow field at different H/D: (a) H/D = 2; (b) H/D = 8.

Figure 14a,b show the dimensionless velocity V/Vj distribution on the jet axis under
conditions of different Reynolds numbers, with impact height H/D = 6, and different
impact heights, with Reynolds number Re = 35,100. It can be seen from Figure 14a that the
distribution of the dimensionless velocity V/Vj on the jet axis at different Reynolds numbers
almost coincides. This shows that the velocity distribution on the axis is independent of the
Reynolds number. It can be seen from Figure 14b that the velocity on the central axis of the
jet in the core area remains almost unchanged, and as the impact height increases, the core
area gradually increases; the jet velocity decreases rapidly on the centerline of the impact
zone, and when it reaches the wall surface, the dimensionless velocity V/Vj decreases to
0, and the height of the impact zone is about 1D. When H/D ≥ 6, the jet has a transition
zone, and the jet’s velocity attenuates before reaching the impact zone; as the impact height
increases, the transition zone gradually increases, the linear loss gradually increases, and
the velocity of the fluid gradually decreases when the fluid reaches the impact zone. After
comparing the numerical calculation results with the PIV experiment results at different
impact heights, it is found that in the impact zone (0 ≤ z/D ≤ 1), the velocity distribution
on the jet center axis is basically the same; in the free-jet zone (z/D ≥ 1), the velocity change
trend on the jet center axis is the same, and there is a very small deviation.
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Figure 14. Distribution of dimensionless velocity V/Vj on the axis of the jet: (a) different Reynolds
numbers; (b) different impact heights.

3.3. Time-Averaged Pressure Distribution of Impinging Jet

Figure 15 shows the pressure nephogram (Re = 35,100) on the cross-section of the
continuous jet impinging on the stationary wall under different impact heights. As can be
seen from Figure 15, the pressure in the nozzle gradually decreases with the development
of fluid flow; a high-pressure region is formed near the impact origin about the centerline
of the jet, symmetrically approximating a semicircle. The pressure is distributed in a semi-
annular pattern, and the closer to the impact origin, the higher the pressure. As the impact
height increases, the pressure gradually decreases, the size of the high-pressure region is
almost constant, and the shape gradually approaches a semicircle.

As a dimensionless number describing the relative pressure in the flow field, the
pressure coefficient Cp plays a vital role in the study of fluid mechanics. This paper uses
the pressure coefficient Cp to quantitatively analyze the relative pressure in the flow field.
The relationship between the pressure coefficient Cp and the dimension is as follows:

CP =
P− P∞

1
2 ρV j

2
(8)

Figure 16 shows the axial distribution of the axial pressure coefficient Cp of the jet at
different heights. It can be seen that in the impact zone (0 ≤ z/D ≤ 1), as the axial position
z/D decreases, the pressure coefficient Cp gradually increases, and the increasing speed first
gradually increases and then gradually decreases. When the axial position 0.65 ≤ z/D ≤ 1,
the axial distribution of the axial pressure coefficient Cp of the jet basically coincides under
different impact heights; when the axial position 0 ≤ z/D ≤ 0.65, the axial distribution of
the axial pressure coefficient Cp of the jet at different impact heights gradually separates as
the axial position z/D decreases.

Figure 17 shows the variation in the maximum pressure coefficient Cpmax on the impact
wall with the impact height H/D and is fitted with a curve. The fitting formula is

Cpmax =
Pmax − P0

1
2 ρV2

j
= −0.007

(
H
D

)2
+ 0.011

H
D

+ 1.217 (9)
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Figure 15. Nephogram of cross-sectional pressure distribution in impinging jets at different impact
heights: (a) H/D = 1; (b) H/D = 2; (c) H/D = 3; (d) H/D = 4; (e) H/D = 6; (f) H/D = 8.

Figure 16. Distribution of the axial pressure coefficient Cp of the jet in the impingement zone.
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Figure 17. Change in maximum pressure coefficient Cpmax on the impact wall at different impact
heights H/D.

It can be seen from the figure that when the impact height increases from H/D = 2 to
H/D = 4, the maximum pressure coefficient decreases from 1.21 to 1.15, which is a decrease
of 0.06; when the impact height increases from H/D = 4 to H/D = 6, the maximum pressure
coefficient decreases from 1.15 to 1.04, which is a decrease of 0.11; when the impact height
increases from H/D = 6 to H/D = 8, the maximum pressure coefficient decreases from 1.04
to 0.87, which is a decrease of 0.17; as the impact height increases, the maximum pressure
coefficient Cpmax decreases at a gradually increasing rate.

The maximum impact pressure Pmax is used for the dimensionless treatment of the
impact pressure. Figure 18 shows the axial distribution of the dimensionless pressure
P/Pmax on the axis of the jet at different impact heights. It can be seen from the figure that
the axial distribution of the dimensionless pressure P/Pmax on the axis of the jet at different
impact heights basically coincides, and the maximum impact pressure is reached at the
impact wall. This shows that the pressure distribution on the central axis of the impinging
jet at different impact heights has a good similarity. At the same time, we can observe
that the figure shows a clear inflection point at z/D = 0.3. The reason is that the fluid is
ejected through the nozzle, due to the influence of the surrounding stationary environment
fluid, and the axial velocity is rapidly reduced and converted into the pressure energy of
the jet as the jet approaches the impact wall; the growth rate of P/Pmax then rises. As the
impinging jet gradually approaches the wall, the axial velocity of the jet rapidly becomes
zero within a short distance, the kinetic energy contained in the axial velocity of the jet is
all converted into pressure energy, P/Pmax reaches its maximum value, and the growth rate
of P/Pmax decreases in the near-wall area, resulting in an obvious inflection point in the
image at z/D = 0.3.



J. Mar. Sci. Eng. 2022, 10, 228 17 of 19

Figure 18. The axial distribution of dimensionless pressure P/Pmax on the axis of the jet in the
impingement region.

4. Conclusions

In this paper, continuous submerged impinging jets with different impact heights
were investigated using numerical calculations based on the Wray–Agarwal turbulence
model. The main conclusions are as follows:

(1) The Wray–Agarwal turbulence model is able to better predict the flow characteristics
when a continuous jet impinges on a stationary wall. It is found through numerical
simulations that the jet flow structure depends on impact height H/D and is relatively
independent of the Reynolds number.

(2) The dimensionless average velocity V/Vj along the centerline of the jet remains con-
stant in the core region but drops rapidly in the transition and impact region. As the
impact height increases, the degree of diffusion of the jet reaching the impact region
increases, and the velocity gradually decreases. Near the stagnation point (x/D = 0),
the fluid radial velocity first increases and then decreases.

(3) The pressure coefficient Cp on the jet axis increases gradually with the decrease in the
axial position z/D, and the increasing trend first increases and then decreases. As the
impact height increases, the maximum pressure coefficient Cpmax gradually decreases,
and the rate of decrease gradually increases.

(4) The dimensionless pressure P/Pmax distribution basically coincides under different
impact heights, and all reach the maximum impact pressure at the impact wall.

The above conclusions can provide some theoretical guidance to marine engineering.
In the case of underwater dredging, reef cutting, or hull cleaning, the impact distance
can be controlled to achieve different engineering effects under a certain amount of water
injection. At the same time, we should also pay attention to the diffusion area formed
after the jet impacts the wall in actual marine engineering. We believe that the diffusion
area can effectively remove the waste materials generated by underwater dredging and
other projects, an idea that needs to be further studied. In addition, the pressure law at the
impact point of the jet should also be considered, and we should make good use of the
impact point of the jet to achieve the best engineering application.
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