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Abstract: Due to their high efficiency, low heat loss and associated sustainability advantages, im-
pinging jets have been used extensively in marine engineering, geotechnical engineering and other
engineering practices. In this paper, the flow structure and impact characteristics of impinging jets
with different Reynolds numbers and impact distances are systematically studied by Flow-3D based
on PIV experiments. In the study, the relevant state parameters of the jets are dimensionlessly treated,
obtaining not only the linear relationship between the length of the potential nucleation zone and
the impinging distance, but also the linear relationship between the axial velocity and the axial
distance in the impinging zone. In addition, after the jet impinges on the flat plate, the vortex action
range caused by the wall-attached flow of the jet gradually decreases inward with the increase of the
impinging distance. By examining the effect of Reynolds number Re on the hydraulic characteristics
of the submerged impact jet, it can be found that the structure of the continuous submerged impact
jet is relatively independent of the Reynolds number. At the same time, the final simulation results
demonstrate the applicability of the linear relationship between the length of the potential core region
and the impact distance. This study provides methodological guidance and theoretical support for
relevant engineering practice and subsequent research on impinging jets, which has strong theoretical
and practical significance.

Keywords: PIV; Flow-3D; impinging jet; hydraulic characteristics; impinging distance

1. Introduction

The submerged impinging jet is the impinging flow of a free jet against a solid wall
or a flexible wall in a homogeneous media-filled environment. Impinging jets have a
wide range of applications in many practical projects. For example, in subsea dredging,
it avoids the frictional losses of traditional mechanical excavation methods and reduces
costs. In geotechnical excavation, high-pressure water jets have the advantage of being
highly efficient, dust-free and low-heat. Therefore, the water jet operation method is a
sustainable non-mechanical operation method [1–3]. For this reason, research related to
impinging jets has been a hot topic. The flow characteristics of a submerged impinging
jet depend on various factors such as the shape of the nozzle, the radius of the nozzle,
the height of the impingement, the angle of the impingement and the flow state of the
ambient fluid [4–8]. A large number of experimental studies have been conducted for sub-
merged impinging jets, mainly by Particle Image Velocimetry (PIV) [9–11], Laser Doppler
Velocimetry (LDV) [12–14] and Laser-Induced Fluorescence (LIF) [15–17]. Numerous re-
searchers have obtained a large number of results using the above-mentioned experimental
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techniques, including structural differences in the development of impinging jets under
different working conditions, the coupling effect between the structure of impinging jets
and the impinging pressure, the coiled suction effect of impinging jets and the energy
ex-change characteristics with the ambient fluid, the vortex structure generation law of the
ambient fluid, etc. In addition to experimental studies, optimization of algorithms [18,19],
modeling of the problem to be solved [20,21], and CFD (Computational Fluid Dynamics)
techniques, which have developed rapidly in recent years, are also important tools for the
study of jets. Long et al. [22] proposed a design guideline for the nozzle distance of jets
based on the law of turbulent jet development and compared the performance of two-phase
CO2 injectors with different nozzle distances using CFD simulations. Ni et al. [23] used
CFD numerical calculation methods as a means of assessing the performance of dredging jet
pumps, and used Design of Experiment (DOE) methods to effectively analysis the sensitiv-
ity of design parameters to dredging performance and the interaction between parameters.
Zhang et al. [24] used a version of the RNG k-ε turbulence model and R600a working fluid
to investigate the effect of nozzle position on entrainment ratio, pressure lift ratio and the
performance of the ejector. Fu et al. [25] established an axisymmetric two-dimensional
mathematical model for transonic compressible flow inside a steam ejector to investigate the
flow characteristics inside steam ejectors, aiming at optimizing primary steam nozzle outlet
section distance and mixing chamber throat diameter simultaneously. Lucas et al. [26] used
the computational fluid dynamics simulation software Fluent to establish a two-phase flow
CO2 ejector heterogeneous model using a numerical simulation of the internal flow field
of a CO2 injector based on a non-homogeneous phase model. The phase change, pressure
and velocity changes of the internal flow field of the ejector were analyzed. Ma et al. [27]
established a rock breaking model based on the SPH method by using the constitutive
relation of abrasive material, the corresponding material parameters and the state equations
to analyze the particular feature of rock deformation and breakage in oil and gas resources
exploitation. He et al. [28] established a coupling model for simulating the rock mass
destruction process under the impact of a high-pressure water jet based on the arbitrary
Lagrangian-Eulerian finite element method (ALE-FEM). Guo et al. [29] used CFD methods
to numerically simulate the flow field inside the multi-port jet wind field model, in order to
analyze the flow characteristics of the wind field under the action of a multi-port jet fan. The
effects of different nozzle numbers and arrangements on the performance of the flow field
were compared and analyzed, and the vortex dynamics theory was introduced to analyze
the development of the distribution of the vortex structure in the flow field and its effect
on fluid mixing. Most of the above scholars used ANSYS Fluent as a means of numerical
simulation. However, Flow-3D as a unique CFD solution technology [30–32], often used
in areas such as marine engineering and hydraulic engineering, has rarely been used for
research in the field of impinging jets. At the same time, the velocity decay characteristics of
the impinging jet and its coupling characteristics with the ambient fluid are still a hot topic
of research in related fields, and no systematic conclusions and explanations have been
formed for the above-mentioned hot topics. At present, there are many scholars who do
not stick to one tool alone, but use both experiment, numerical simulation and theoretical
analysis to investigate the object of study [11,33–38].

Therefore, this paper is based on the fluid simulation technology Flow-3D, combined
with some experimental data from Wang et al. [39]. This study investigates the accuracy
and applicability of Flow-3D in simulating the impinging of continuous submerged jets
on a wall, focusing on the flow structure and velocity decay characteristics of the impact
region of the impinging jet to analyze the effect of the two parameters on the hydraulic
characteristics of the impinging of continuous submerged jets on a wall by varying the
impinging distance and Reynolds number. This study is intended to provide strong support
for the subsequent research and development of impinging jet technology.
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2. Governing Equations and Turbulence Model

The continuous submerged jet in this article is a fully developed turbulent flow, in
which the turbulent kinetic energy contained in the jet is rapidly exchanged with the
ambient fluid upon impacting the wall, accompanied by the generation of a large number
of non-constant flow structures. In view of the above characteristics of the submerged
impinging jet, the RNG k-ε turbulence model is proposed to be used for the related flow
prediction. The RNG k-ε turbulence model [40] corrects the turbulent viscosity coefficient
and therefore has a greater advantage in describing low-intensity turbulence and flows
with strong shear zones with the following equation:
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where: vt is the eddy current viscosity coefficient, µ is the dynamic viscosity coefficient, the
empirical constants cε1 and cε2 are 1.42 and 1.68, respectively, c3 = 0.012, η0 = 4.38, cµ = 0.085,
the Prandtl numbers αk and αε correspond to the turbulent kinetic energy k, and dissipation
rate ε, which are both 0.7194.

3. Calculation Regions and Boundary Conditions

The geometric model is shown in Figure 1; it consists of three parts: jet pipe, overflow
baffle and solid wall. The inner diameter D of the jet pipe is 20 mm, length L is 1200 mm,
so the aspect ratio L/D is 60. It ensures that the turbulent flow at the outlet of the jet pipe is
fully developed. The vertical distance between the center of the jet pipe and the surface of
the solid wall of the jet pipe is H. The initial water height Hw is 180 mm, and the overflow
baffle keeps the water level constant. In order to match the numerical calculation with the
experiments described below, a solid wall with a length Ls of 5000 mm is set.
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Figure 1. Geometric model.

The computational domain and grid division are shown in Figure 2, and the whole
computational domain is covered by only one block. Due to the large ratio of the length
and diameter of the pipe, the turbulent effect at the outlet of the jet pipe is stronger, and the
action between the jet and the wall surface is intense. In order to predict the development
of the jet more accurately, the grid of the jet pipe and the solid wall surface area is locally
encrypted. The overflow baffle is located on the left and right side of the entire calculation
domain, low grid coverage. It is easy to cause the bezel to be incomplete or displayed after
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favorize. Therefore, a grid node is set at both ends of the baffle to ensure that the baffle can
display and function normally.
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Figure 2. Model grid schematic.

The form of the grid in Flow-3D is a structured finite difference grid. Unlike the
common CFD grids, Flow-3D grids are less accurate in describing complex geometries and
must be locally encrypted. The grid covers the whole model and is fully institutional, so it
has high computational efficiency and the accumulated error values are small. In order to
save computational time and to obtain the flow characteristics of a typical mid-section of an
impinging jet, the model as a whole is meshed with a two-dimensional structured grid and
the area between the outlet of the jet pipe and the impinging plane is encrypted. The grid
size of the encrypted area is 5 mm × 5 mm, and the ratio of the size of the encrypted area
to that of the ambient fluid grid cannot exceed 1:3 in order to ensure the computational
quality, so the grid length of the ambient fluid is taken as 12 mm, and the boundary layer is
encrypted. The upper boundary of the grid area is set as the velocity inlet, the direction is
vertical downward, and the size is Vb (Vb is the average velocity of the section at the outlet
of the jet pipe). The lower boundary is set as the wall boundary, and the fluid cannot cross
this boundary. The left and right boundaries are set as the pressure boundary, the pressure
on the specified boundary is 0 Pa and the water level is 180 mm.

4. Experimental Verification

As in the previous experimental work on impinging jets by the group [41], the exper-
imental setup for an impinging jet on the wall is shown in Figure 3a. The experimental
device consists of five parts: jet pipe, water tank, solid wall, piping system and measuring
system. The geometry of the numerical model is consistent with its dimensions. The
dimensions of the experimental tank are 5000 mm × 350 mm × 400 mm (length × width
× height). Its side walls and base are made of transparent glass. The vertical distance
between the inner water level and the plate is 180 mm. The jet pipe adopts a straight
brass pipe with an inner diameter of D = 20 mm and a length of L = 1200 mm; that is, a
length-diameter ratio of 60, to ensure that the turbulent flow at the outlet of the pipe is fully
developed. The piping system consists of submersible centrifugal pumps, flow meters,
valves and water pipelines. The reading of the flow meter Q is the flow rate in the jet pipe.
It is worth noting that the impact angle θ of the jet can be adjusted by the angle disk in the
experimental setup in the range of 0◦ to 90◦. In the experiment, the two-dimensional PIV
system of the LaVision model is used to capture and measure the velocity of the jet and
the direction of the fluid flow in the impact region. Two Yttrium-Aluminum Garnet (YAG)
pulsed lasers are placed on the lower side of the water tank with a laser wavelength of
532 nm, a single pulse energy of 135 mJ and a duration of 5 ns. Hollow glass beads are used
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as tracer particles with a particle diameter of 10–15 µm and a relative degree of 1.05–1.15.
The particle image information of the test area is recorded by a 12-bit CCD digital camera
with a spatial resolution of 1600 × 1200 pixels and a maximum sampling frequency of
15 Hz. Figure 3b shows the PIV image of the impact region of the jet at Re = 23,400 and
H/D = 3 operating conditions [42].
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To verify the reliability of the numerical simulation, the impinging distance H in the
geometry model parameters is set to 3D (60 mm). The flow velocity in the pipe is set to
1.18 m/s. At this point, the Reynolds number in the circular pipe can be calculated using
the following equation:

Re =
d · v · ρ

µ
(5)

where d is the pipe diameter, m; v is the fluid flow rate, m/s; ρ is the fluid density, kg/m3;
µ is the dynamic viscosity of the fluid, Pa·s. Therefore, the Reynolds number in the circular
pipe can be found as 23,400.

Figure 4a compares the calculated V/Vmax (Vmax is the maximum velocity at the exit of
the jet pipe) curve with the empirical formula V/Vmax = (1–2r/D)1/n for the fully developed
turbulent velocity distribution of the circular pipe and the results obtained from the model
experiment. When n is 6 or 7, the empirical formula is considered to be approximately
consistent with the fully developed turbulent velocity distribution of the circular pipe.
As can be seen from the figure, the results of the submerged impinging jet applying the
RNG k-ε turbulence model are in good agreement with the empirical formulation and
the results of the model experiments, indicating not only that the flow at the jet outlet is
a fully developed circular pipe turbulence, but also that the RNG k-ε turbulence model
is suitable for the numerical simulation of the current model. Figure 4b shows the same
corroboration of the above point, from which it can be seen that the numerical results of the
axial flow angle of the jet are in good agreement with the experimental results, especially
during the development of the jet. However, it is undeniable that there are still some
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differences between the two in the impact region. It can be noted that the fluid diffusion in
the impact region in the experiments is small and the flow angle does not change much,
while the results of numerical simulations show that the flow angle of the fluid in the
jet decreases rapidly during the impingement process, but the trend of change remains
consistent with the experimental results. Considering the accidental or systematic errors
between numerical simulation and experiment, the experimental and numerical simulation
results can be considered to be well matched.
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5. Results and Discussion
5.1. Flow Field Analysis of Submerged Jet under Different Impinging Distances

Figure 5 shows the axial distribution of the jet at different radial positions (r/D = 0,±0.25
and ±0.5) V/Vb at different impinging distances for a Reynolds number Re of 23,400. As
can be seen from the figure, regardless of the value of the impinging distance, at r/D = 0
(at the axis of the jet pipe), V/Vb first remains constant and then starts to fall, where this
distance at which the velocity remains constant is called the length of potential core region
Hp/D (Hp is the absolute length of the potential core region). The length of the potential
core region Hp/D determined by the “95% guideline” [43]. That is, the axial length from
the hole to the point where um decays to 0.95 uj (outlet velocity of the jet pipe). The figure
shows that the length of the potential core region Hp/D and the distance from the end
of the potential core region to the impinging plate (H/D-Hp/D) both increase with the
increase of the impinging distance H/D. This is consistent with the conclusions drawn in
the literature [44]. In the initial segment (IS), when r/D = ±0.5, V/Vb first decreases and
then increases. The reason is that r/D = ± 0.5 of the radial position of the jet leaving the jet
pipe first by the environmental fluid hindrance effect leads to a decrease in its velocity, and
then, due to the jet boundary layer and the environmental fluid mixing with each other to
promote the environmental fluid by the jet mainstream structure volume absorption and
movement with the jet, an increase in the flow rate of the ambient jet results.
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Figure 5. Along-range distribution of the dimensionless axial velocity of the jet at different impact distances.

Figure 6 shows the variation of Hp/D and (H/D-Hp/D) with H/D. As can be seen
from the figure, Hp/D is almost 0 when H/D is 1. This is caused by the limited space during
the development of the jet, and the shear layer starts to decay rapidly before it touches
the central potential nucleus region. When 2 ≤ H/D ≤ 5, both Hp/D and (H/D-Hp/D)
increased linearly with the increase of H/D. When H/D exceeds 5, as H/D increases, the
increment of Hp/D begins to decrease. The reason for this is that when the impinging
distance increases to a certain value (H/D ≥ 5), the longer the impinging distance is, the
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longer the jet will be affected by the resistance produced by the ambient static fluid while it
is developing. The jet can no longer continue to develop at the same speed.
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Figure 7 shows the variation of Hp/H with H/D. Hp/H dimensionless sizes the
corresponding length and can better describe the relative length of the potential core region.
As can be found from the figure, when 1 ≤ H/D ≤ 2, Hp/H increases rapidly. However,
when H/D is gradually increased in the range of 4 to 7, the magnitude of the increase in
Hp/H keeps decreasing, compared with H/D = 6, when H/D = 7, Hp/H only increased by
about 0.44%. At H/D = 8, Hp/H starts to decrease compared to the former, it shows that
under the condition of Re = 23,400, the relative length of the potential core region reaches the
maximum value when H/D = 7. As a whole, when 5 ≤ H/D ≤ 8, Hp/H remains basically
unchanged. The value can be taken as the average of Hp/H at 4 impinging distances, and
is 0.673. Its maximum error with Hp/H at 4 impinging distances is only 3.94%.
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Figure 8 shows the distribution of the flow angle φ for different radial positions (r/D 
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Figure 7. The relationship between the potential core length Hp/H and the impact height H/D.

Figure 8 shows the distribution of the flow angle ϕ for different radial positions (r/D = 0,
±0.25 and±0.5) of the jet at different impinging distances for Reynolds number Re = 23,400.
The flow angle is defined as ϕ = arctan(−Vy/Vx), which can reflect the flow direction at
any point in the jet. As can be seen from the figure, when r/D = 0, the ϕ at the end of the
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potential core zone is always around 90◦. When the jet leaves the potential core zone, the
size of ϕ on the axis (r/D = 0) starts to decrease gradually as the axial distance increases,
the axial velocity on the axis starts to be smaller, and the circumferential velocity starts to
increase, so the length of the potential core zone can also be defined as the length of the jet
axis where ϕ remains around 90◦. When r/D = ±0.5, with the increase of H/D, the range
of ϕ at the end of the potential core region gradually approaches 90◦. It shows that with
the increase of H/D, the component of the water flow velocity at the end of the potential
core region in the axial direction is gradually increasing.
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Figure 9 shows the velocity magnitude V/Vb, the horizontal velocity component
|Vx|/Vb and the vertical velocity component |Vy|/Vb along the jet axis for different
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impinging distances. The position of the two sub-attenuation regions (potential core region
and transition region), and the impinging region of the free jet region, can be clearly
distinguished from the figure.
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When H/D = 1, the V/Vb and |Vy|/Vb of the outlet section of the jet pipe (l/D = 0)
are obviously smaller than the corresponding velocity of the section at other impinging
distances. However, |Vx|/Vb is larger than the corresponding velocity of other impinging
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distances. The reason for this is the small impinging distance. The jet is strongly influenced
by the wall, and the wall jet region forms earlier and influences the development of the jet
in the free jet region.

When H/D ≥ 2, in the potential core region, V/Vb remains basically unchanged. In
the transition region, the magnitude of V/Vb decreases with the increase of l/D. In the
impinging region, |Vx|/Vb increases significantly with the increase of l/D. On the contrary,
|Vy|/Vb decreases rapidly, and its decreasing trend is basically the same as that of V/Vb.
This shows that in the impinging region, although the axial velocity of the jet gradually
decreases and the flow direction starts to change, the velocity of the jet in the axial direction
(r/D = 0) is still greatly affected by its axial velocity, and is relatively less affected by the
axial velocity.

The trend of jet velocity in the impact zone is mainly linearly decreasing, and the
linear relationship can be expressed by Equation (6):

V
Vb

= k× (l/D) + b (6)

where k is the slope, and |k| represents the decay rate of the jet velocity in the impinging
region; the larger |k| is, the faster the velocity of the jet axis attenuates in the impinging
region; the smaller |k| is, the slower the velocity decays; and b is the intercept. The values
of k and b are related to H/D and have certain errors. The values and standard errors are
shown in Table 1.

Table 1. Slope and intercept of the linear variation of V/Vb as a function of l/D in the impinging
region at different impinging distances and their standard errors.

Impinging
Distance H/D Slope k (ki+1−ki) × 10−2 Standard Error K Intercept b Standard Error b

1 −1.02709 0.03184 1.11785 0.0186111.10900

2 −0.91600 0.02053 1.89851 0.031411.33400

3 −0.90266 0.02614 2.76997 0.067830.78100

4 −0.89485 0.02336 3.65376 0.082071.67900

5 −0.87806 0.02715 4.47909 0.122442.86400

6 −0.84942 0.02813 5.19117 0.154944.88700

7 −0.80055 0.02342 5.68175 0.15247.09600
8 −0.72959 0.01698 5.89248 0.12745

The linear function is shown in Figure 9a. The variation trend of V/Vb with l/D in the
impinging region is basically consistent with the linear function. Comparing the slope of
the linear function under each impinging distance in Table 1, it can be found that while
H/D is increasing, |k| is decreasing. It shows that within a certain range, the increase
of H/D can reduce the decay rate of V/Vb in the impinging region. After the impinging
distance increases to 3, (ki+1−ki) gradually increases with the increase of the impinging
distance. That is, the rate at which |k| decreases is gradually increasing. As shown in
Figure 10, the |k| value shows an arc-like decrease. It was fitted using polynomials, and
the second order polynomials fit the |k| values better. Its equation is as follows:
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∣∣∣k∣∣∣ = −0.008(H/D)2 + 0.05(H/D) + 0.81 (H/D ≥ 3) (7)

On observing Figure 9a, it is found that the abscissa of the intersection of the l/D-
V/Vb curve and the abscissa axis of V/Vb = 0 at each impinging distance is the same as the
impinging distance H/D. Then:

V
Vb
− 0 = k(l/D− H/D) (8)

Substituting Equation (7) into (8), the relationship between the velocity V/Vb of the
jet axis in the impinging region and l/D can be obtained when H/D ≥ 3:

V
Vb

=
(

0.008(H/D)2 − 0.05(H/D)− 0.81
)
(l/D− H/D) (9)

Figure 11 shows the velocity distribution of the jet impinging on the wall under
different impinging distances. When H/D is 1, the length of the high-speed jet at the pipe
is short due to the strong wall resistance. When H/D is greater than 1, the range of action
due to wall resistance is limited. Compared with the former, the jet has been developed
to a certain extent and then impinging on the wall. Especially when H/D increases to
3, the width of the potential core region decreases with the increase of the axial distance.
The larger the H/D, the more obvious the phenomenon is. It shows that when the H/D
increases to 3, the flow velocity in the potential core region attenuates more obviously. This
phenomenon is a direct consequence of the decreasing flow velocity in the free jet region
near the wall as H/D increases. It further shows that the velocity of the wall jet region
decreases with the increase of H/D and the velocity of the velocity decay in the potential
core region is synchronous.
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Figure 11 shows the velocity distribution of the jet impinging on the wall under dif-
ferent impinging distances. When H/D is 1, the length of the high-speed jet at the pipe is 
short due to the strong wall resistance. When H/D is greater than 1, the range of action 
due to wall resistance is limited. Compared with the former, the jet has been developed to 
a certain extent and then impinging on the wall. Especially when H/D increases to 3, the 
width of the potential core region decreases with the increase of the axial distance. The 
larger the H/D, the more obvious the phenomenon is. It shows that when the H/D in-
creases to 3, the flow velocity in the potential core region attenuates more obviously. This 
phenomenon is a direct consequence of the decreasing flow velocity in the free jet region 
near the wall as H/D increases. It further shows that the velocity of the wall jet region 
decreases with the increase of H/D and the velocity of the velocity decay in the potential 
core region is synchronous. 
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5.2. Analysis of Submerged Jet Flow Field under Different Reynolds Numbers

Figure 12 shows the axial distribution of the jet at different radial positions (r/D = 0,
0.165, 0.330 and 0.495) V/Vb under different Reynolds numbers Re (H/D = 3). As can be
found from the figure, for all Re, the relationship between V/Vb and l/D remains the same
at a certain radial position. The length of the potential core region Hp/D is around 1.05. It
is suggested that the value of Re has essentially no effect on the axial velocity distribution
of the jet and the length of the potential core region.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 19 
 

  
(e) H/D = 5 (f) H/D = 6 

  
(g) H/D = 7 (h) H/D = 8 

Figure 11. Velocity distribution of impinging jet on wall under different impinging distances. 

5.2. Analysis of Submerged Jet Flow Field under Different Reynolds Numbers 
Figure 12 shows the axial distribution of the jet at different radial positions (r/D = 0, 

0.165, 0.330 and 0.495) V/Vb under different Reynolds numbers Re (H/D = 3). As can be 
found from the figure, for all Re, the relationship between V/Vb and l/D remains the same 
at a certain radial position. The length of the potential core region Hp/D is around 1.05. It 
is suggested that the value of Re has essentially no effect on the axial velocity distribution 
of the jet and the length of the potential core region. 

  
(a) Re = 11,700 (b) Re = 23,400 

  
(c) Re = 35,100 (d) Re = 46,800 

 
Figure 12. Along-range distribution of the dimensionless axial velocity of the jet at different Reyn-
olds numbers. 

Further, it is interesting that regardless of the value of Re, the curves for V/Vb and l/D 
at different radial positions both approximately intersect at the same point (l/D = 2.4, V/Vb 
= 0.65) in the impinging region. Additionally, there is a significant change in speed before 
and after this point. At the beginning, the jet flows from the initial section through the 
transition section, and the velocity first remains constant and then slowly decreases, at 
which time the velocity on the jet axis is greater than the flow velocity on both axes. When 
the jet reaches the position of l/D =2.4, the velocity on the jet axis begins to drop sharply, 
and the magnitude of the velocity starts to be lower than the velocity on both axes. 

Figure 13 shows the distribution of the flow angle φ of the jet at different radial posi-
tions (r/D = 0, ±0.25 and ±0.5) for different Reynolds numbers Re (H/D = 3). As can be found 

Figure 12. Along-range distribution of the dimensionless axial velocity of the jet at different Reynolds numbers.



Sustainability 2023, 15, 5159 14 of 20

Further, it is interesting that regardless of the value of Re, the curves for V/Vb and
l/D at different radial positions both approximately intersect at the same point (l/D = 2.4,
V/Vb = 0.65) in the impinging region. Additionally, there is a significant change in speed
before and after this point. At the beginning, the jet flows from the initial section through
the transition section, and the velocity first remains constant and then slowly decreases, at
which time the velocity on the jet axis is greater than the flow velocity on both axes. When
the jet reaches the position of l/D =2.4, the velocity on the jet axis begins to drop sharply,
and the magnitude of the velocity starts to be lower than the velocity on both axes.

Figure 13 shows the distribution of the flow angle ϕ of the jet at different radial
positions (r/D = 0, ±0.25 and ±0.5) for different Reynolds numbers Re (H/D = 3). As
can be found from the figure, in the initial segment range, when −0.5 ≤ r/D ≤ 0.5, no
significant change in the size of the flow angle of the jet, which is concentrated around
90◦. After the jet leaves the initial section and enters the transition and main sections, its
flow angle starts to produce a noticeable change. The farther the radial position is from the
axis, the greater the change of the flow angle. The above phenomenon shows that the jet is
within the axial distance from the jet pipe to the end of the potential core region, the velocity
of the jet is mainly based on the axial velocity, and its circumferential velocity accounts
for a very small proportion, which can be ignored. As the jet leaves the initial section and
enters the transition section, the axial velocity decreases and the circumferential velocity
increases conversely. When the jet impinges near the wall, the flow angle at the position
of the jet axis is 45 degrees. That is, the axial velocity component and the circumferential
velocity component are equal.
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In the overall observation of Figure 13, it can be seen that when the impinging distance
remains constant, no matter how the Reynolds number changes, the change trend of the
flow angle of the jet at a radial position with the axial distance is basically the same. This
phenomenon is consistent with the conclusions drawn from Figure 12.

Figure 14 shows the distribution of the velocity magnitude V/Vb, horizontal velocity
component |Vx|/Vb and vertical velocity component |Vy|/Vb along the jet axis at differ-
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ent Reynolds numbers. As can be found from the figure, when the Reynolds number is
11,700, the velocity along the jet axis in the initial section and transition section is slightly
larger than the velocity in this range at other Reynolds numbers. The variation in Reynolds
number in the impinging region has less effect on the magnitude of the velocity along
the axis of the jet. The possible reason is that the low-velocity jet, when the Reynolds
number is small, enters the static water body from the jet pipe. The resistance is less than
the resistance of a high velocity flow with a higher Reynolds number. As a result, it has
been able to maintain its original pace of development relatively well.

The velocity along the jet axis at a Reynolds number of 11,700 is slightly prominent in
the initial and transitional sections. However, the horizontal velocity component remains
essentially the same over the range, with only slight differences in the impinging region.
Nevertheless, the magnitude of the axial velocity of the jet in the impinging region remains
essentially the same. This indicates that the difference in horizontal velocity components
at different Reynolds numbers in this range has a negligible effect on the magnitude of
the axial velocity of the jet. In addition, comparing the vertical velocity component and
the velocity of the jet axis with the axial distance, it can be found that the change trend of
the two is basically the same. It shows that the velocity of the jet axis is controlled by the
vertical velocity component, and the horizontal velocity component has little effect.

Apart from this, it can be found that regardless of the variation in Reynolds number,
the variation trend of jet axial velocity with axial distance is consistent. This indicates that
the Reynolds number has little effect on the axial velocity of the jet, consistent with the
above conclusion. Equation (9) is still applicable to describe the variation of the jet axial
velocity with axial distance at other Reynolds numbers.

Figure 15 shows the flow velocity distribution of the impinging jet on the wall under
different Reynolds numbers. It can be seen from the figure that with the increase of
Reynolds number, the equilibrium state of the liquid surface is broken, near both sides
of the jet pipe and the water tank side wall position at the higher water level; the water
level in the middle of the two positions is lower. The reasons for this phenomenon can be
generalized in two points. First, when the Reynolds number is large, the entrainment effect
of the high-speed jet is stronger, and the formation of larger vortices on either side of the jet
pipe causes a higher water level at that location. Second, the limitation of the length of the
water tank causes the wall to have a greater impinging on the water flow near the wall of
the water tank, resulting in a higher water level at this location.

An observation of the impinging jet at each Reynolds number in the figure shows
that the jet is in this interval from the jet pipe outlet to the wall. Whether it is free jet zone,
impinging region or wall jet zone, the velocity distribution of each section has not changed
significantly. It shows that the velocity distribution of an impinging jet has little sensitivity
to the Reynolds number and verifies the above conclusion again.
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6. Conclusions

In this study, the hydraulic characteristics of continuous submerged impinging jets
were carried out based on Flow-3D, and the effects of impinging distance H/D and
Reynolds number Re on its flow characteristics and flow structure were analyzed. The
following conclusions were obtained:

(1) Flow-3D can properly simulate the flow of continuous submerged jets impacting a
wall. Meanwhile, the prediction results based on the RNG k-ε turbulence model are in
good agreement with the empirical equations and the results of the model experiments,
indicating that the RNG k-ε turbulence model is suitable for the numerical simulation
of the submerged impinging jet.

(2) The length of the potential core region Hp/D increases with the increase of the
impinging distance H/D. Among them, when 2≤H/D≤ 5, the length of the potential
core region Hp/D increases linearly with the increase of the impinging distance H/D;
when H/D > 5, the length of the potential core region Hp/D still increases with the
increase of the impinging distance H/D, but the increase decreases.

(3) The length of the potential core region can be defined as the length at which the flow
angle in the axial direction of the jet is kept near 90◦. As the impinging distance H/D
increases, the component in the direction of the flow axis at the end of the potential
core region gradually increases.

(4) The velocity V/Vb of the jet axis in the impact zone decreases linearly with the
development of the jet. At the same time, the action range of the vortex caused by the
wall flow of the jet after impacting the flat plate is gradually reduced inward with the
increase of the impinging distance H/D.

(5) The flow structure and flow characteristics of continuous submerged impinging
jets are relatively independent of the Reynolds number Re; i.e., the length of the
potential core region and the relationship between the axial velocity of the jet within
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the impinging zone and the impinging distance are also applicable to the conditions
at other Reynolds numbers.

In summary, the present work focused on the impact effects and flow field structure
at different Reynolds numbers and impact distances. This will not only help to enrich
the classical impact jet theory and deepen understanding of the interaction mechanism
between the impact jet and the wall, but also serve as a methodological guide and theoretical
support for relevant engineering practice. However, the scope of our study is still not
comprehensive. In our subsequent work, we will build on this paper and work on the
high accuracy visualization of impinging jets on a spatial scale (with the help of the TSI
V3VTM system). At the same time, the hydraulic characteristics and scouring effects of
impinging jets under the influence of multiple factors will be considered, such as multiphase
media (gas phase, solid phase), nozzles of different shapes and sizes, differentiated jet inlet
conditions (e.g., pulsing) and ambient fluids with different initial velocity conditions.
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