% applied sciences

Article

Turbulence Statistical Characteristics and Energy Dissipation
Rate Analysis of Vertical Jet Energy Dissipators

Haijun Ma

check for
updates

Academic Editor: Adrian Irimescu

Received: 1 February 2025
Revised: 14 March 2025
Accepted: 22 March 2025
Published: 25 March 2025

Citation: Ma, H.;Sun, X,; Li, Y.
Turbulence Statistical Characteristics

and Energy Dissipation Rate Analysis

of Vertical Jet Energy Dissipators. Appl.

Sci. 2025, 15, 3560. https://doi.org/
10.3390/app15073560

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Xihuan Sun * and Yongye Li

College of Water Resources Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
mhj131380@163.com (H.M.); liyongye@tyut.edu.cn (Y.L.)
* Correspondence: sunxihuan@tyut.edu.cn

Abstract: The energy dissipation of hydraulic structures is crucial to the overall safety
and stability of hydraulic engineering projects. In order to isolate energy dissipators from
hydraulic engineering projects and address the issues of vibration damage caused by the
discharge structures, a new type of vertical jet energy dissipator was developed by placing
crushing needles at the nozzle of the vertical jet pipeline. The crushing needles were mainly
used to break the high-energy jet into several smaller jets. As the air is mixed with the
water flow, the mechanical energy of the water flow is converted into internal energy and
dissipated in the air. The structural parameters of the vertical jet energy dissipators include
the size and number of crushing needles. In this paper, the first-order and second-order
statistical characteristics and energy dissipation rate of vertical jet energy dissipators under
different structural parameters are studied by means of numerical simulation and a physical
model test. The results show that, within the scope of this study, the energy dissipation rate
of a vertical jet increases with the increase in Reynolds number, the number of crushing
needles, and the size of crushing needles; and the energy dissipation rate of the vertical jet
increases by 1.04 to 4.89 times compared with that without crushing needles. Under the
same Reynolds number, the height of the jet decreases with the increase in the number of
crushing needles and the size of the crushing needles. With the vertical development of
the flow, the vertical average velocity of the vertical jet energy dissipator is getting smaller
and smaller. Adding crushing needles will hinder the upward diffusion of the jet, reduce
the height of the jet, and accelerate the attenuation of the jet velocity. As a statistic result
regarding the fluid stress, the Reynolds stress along the axis shows a slow upward trend at
the potential core, soars at the shear layer, and finally decreases at the end of the jet. The
flow has a higher convective transportation intensity in the lateral direction than in other
directions. The addition of crushing needles can, to some extent, affect the fluid transport in
that area, thereby altering the pressure in the region and dissipating the mechanical energy
of the flow-induced vibrations when the jet impacts the crushing needles. The vertical
jet-type energy dissipator proposed in this study addresses key engineering challenges,
such as terrain constraints and the need for flexible design solutions. Its ability to efficiently
dissipate energy while maintaining adaptability makes it a valuable tool for hydraulic
engineers designing energy dissipation systems. The conclusions of this study provide a
theoretical basis for the application of vertical jet energy dissipators.
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1. Introduction

According to the types of energy dissipators [1], research on flow energy dissipation
can be divided into traditional underflow energy dissipation, surface flow energy dissi-
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pation, flipping flow energy dissipation, bucket energy dissipation, emerging pier energy
dissipation (flaring gate pier, T-shaped pier), overflow dam surface energy dissipation [2],
etc.; and depending on the dam type, dam height conditions may use a variety of energy
dissipatiors combined with energy dissipation [3]. Existing conventional energy dissipa-
tors are often rigidly connected to the discharge structure [4], such as underflow, flipping
flow, newer stepped overflow, and flexible overflow, which are all energy dissipated by
water flow impact energy dissipators or water flow collisions with each other to produce
water flow rolling and aggravate aeration [5]. Sometimes, it may not be organized due
to the limitation of topographic and geological conditions in the project area. In water
conservation projects, jet energy dissipation is usually used in the flood discharge design
of hydropower plants to reduce the scouring and erosion of the downstream river channel.
Existing research on the statistical characteristics of jet turbulence mainly focuses on the
first- and second-order statistical characteristics of jet turbulence.

The first-order statistical characteristics of turbulent flow can be described using the
Euler or Lagrange methods.

Wang et al. [6] used a large eddy simulation to study the flow field and the sound
field of a round jet and obtained the axial velocity distribution along the center line of
the jet. Liu et al. [7] used a large eddy simulation to study the parallel jet flow field, and
obtained the profiles of the averaged streamwise and lateral velocities of the jet and the
root mean square profiles of the streamwise, lateral, and spanwise velocities. Xu et al. [8]
used large eddy simulation to study the flow field of the round jet, and obtained the
axial velocity distribution along the center line of the jet and the radial distribution of
the axial velocity at dimensionless lengths of the potential core at position x/D; = 1,
2.5, and 5. Turutoglu et al. [9] used the adaptive multiobjective optimization (AMO)
method to study the Reynolds Stress Model (RSM) turbulence model and obtained the
velocity and turbulence profiles calculated at the selected measuring points along the jet
axis. Julianne [10] used a FUN3D unstructured CFD program to study the Reynolds Stress
Model of the axisymmetric nozzle under three working conditions, and obtained the central
line profiles of velocity and turbulent kinetic energy, as well as the radial profiles of five
positions downstream of the jet outlet, including streamwise and radial velocity, streamwise
and radial turbulence intensity, turbulent shear stress, and turbulent kinetic energy.

Alenius [11] used large eddy simulation to study the jet flow field of the thick orifice
plate, and obtained the average and root mean square velocity curves inside and down-
stream of the orifice. Ribeiro et al. [12] studied the statistical characteristics of turbulent jets
using an online digital sampling program. The results show that the probability of axial
velocity on the central line is slightly non-Gaussian, and the observed probability deviation
of axial velocity u usually depends on the behavior difference of the corresponding distri-
bution of positive and negative radial velocity v; the outward transmission (positive v) is
related to the u distribution close to Gaussian, while the inward transmission (negative v)
is related to the skewed u distribution. Bogoi et al. [13] used a statistical analysis method
to control the acoustic noise in a micro turbojet engine, and proved that the noise signal
from the turbojet engine can be regarded as a generalized ergodic signal, which further
allows the use of time averages in acoustic measurements. Gao et al. [14] utilized particle
velocity measurement and the laser-induced fluorescence method to measure the velocity
field and temperature field of the thermal jet, and obtained the vertical variation of the
main axis velocity of a thermal jet. Koh et al. [15] studied turbulent distribution using
a statistical analysis method, and the results show that the average velocity and turbulence
intensity distribution of a single jet and a cold coaxial jet are almost the same. The strong
temperature gradient in the hot coaxial jet enhances the mixing, resulting in a steep increase
in turbulence intensity distribution near the end of the potential core. Compared with
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the distribution of a single jet and a cold coaxial jet, the turbulence intensity distribution
obviously moves upstream.

The second-order statistical characteristics of turbulence can be divided into Euler
spatial correlation, Euler time correlation, and Lagrange time correlation [16].

For spatial turbulence, Reynolds stress can be written as the second-order correlations
of two velocities in three directions on a spatial point, which belongs to a Euler spatial
correlation [17]. Joksimovi¢ et al. [18] used the Improved Instability-Sensitive Reynolds
Stress Model (IIS-RSM) method to study the statistical and dynamic flow characteristics
in open channels with emerging jet configurations, and obtained the corresponding iso-
contours of the first- and second-order turbulence statistics on the central vertical plane.
Huang et al. [19] used the two-dimensional particle image velocimetry (2D-PIV) technique
to study the Reynolds stress distribution and self-similarity of semi-confined impinging
jets. The results show that the velocity scale of Reynolds stress decays with the power
law, while its length scale increases linearly. Unlike free impinging jets, Reynolds stress
does not show self-similarity when using external scaling. The autocorrelation function
is a statistic that describes the degree of correlation between random variables at differ-
ent times [20]. It is usually regarded as Euler time correlation because it usually focuses
on the time dependence of signals in a fixed spatial position. Zhao et al. [21] used the
power spectral density (PSD) function to study the stochastic process characteristics of
fluid dynamics, and obtained the autocorrelation function and the autospectrum of fluid
dynamics. Harker et al. [22] used the Hilbert transform-based autocorrelation envelope to
study jet noise, and the results show that large-scale noise radiation from an F-22A Raptor
base deviates from the similar spectrum model. Fleury et al. [23] used dual particle image
velocimetry (dual-PIV) to study the space-time correlation of two subsonic isothermal
circular jets with Mach numbers of 0.6 and 0.9, characterized the space-time correlation
scales of the radial and axial velocity components, and obtained the self-similarity of the
correlation functions in the shear layer and on the jet axis. Schmid [24] studied the order
reduction algorithm by generating a smaller system matrix directly from the snapshot, and
proposed a method to recover the coherent mode from the ratio of the time cross-correlation
of a time step to the autocorrelation of the original field.

The square of the time coefficient amplitude (usually the power spectrum in the
frequency domain) is more consistent with the Euler time correlation because it usually
describes the energy distribution of the signal at different time points (or frequency compo-
nents). Autospectrum usually refers to the power spectral density (PSD) of the signal. The
autospectrum describes the energy distribution of the signal in the frequency domain. It is
obtained by the Fourier transform through an autocorrelation function (usually analyzed
in the time domain), so it is more in line with the description of the Euler spatial correlation.
Zhao et al. [25] used the short-term Fourier transform (STFT) to study the time coefficient,
and obtained a power spectral density diagram of the time coefficient corresponding to
the typical modal fluid drag force. Zaman et al. [26] studied the power spectral density
(PSD) of the far-field noise of an unheated axisymmetric jet at subsonic speeds by using
the published noise spectrum and the obtained spectra, and obtained the Strouhal number
scaling of the PSD at 6 = 30° or higher. Hasselmann [27] studied the spectral region using
the principal oscillation patterns (POPs), and provided a synchronous optimization of the
spatial and frequency-dependent representation of the second moments of the field. Von
Storch et al. [28] studied the traditional main oscillation mode, and pointed out that, in
many practical situations, the time series is not stationary; that is to say, the first and second
moments depend on the external cycle.

The energy dissipation of hydraulic structures is crucial to the overall safety and
stability of hydraulic engineering projects [29]. The energy dissipators in existing hydraulic
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engineering projects are often arranged on the surfaces of hydraulic structures within
the project [30]. However, they typically dissipate energy by intensifying the aeration
of the flow to dissipate energy, which can sometimes lead to problems such as cavita-
tion and erosion in drainage structures, and even induce vibration damage to discharge
structures [31]. Ma et al. [32,33] conducted a study on stepped spillways using model exper-
iments, analyzing the variation patterns of conventional hydraulic parameters such as flow
velocity, Froude number, and energy dissipation rate, as well as three relative hydraulic
parameters along the spillway. Jet energy dissipation refers to the process in which, within
a certain range, the water flow mixes with the medium, undergoes sudden expansions
and contractions, and generates strong turbulence, effectively dissipating energy [34,35].
Nasrabadi et al. [36] used the Flow3D model to study the air entrainment and energy
dissipation process on stepped spillway surfaces, discussing the initial air entrainment
point, the division of air-entrainment zones, and scale effects related to air entrainment.
Zhang et al. [37] conducted a comprehensive study of the Xiangjiaba Hydroelectric Plant
using the 1:100 hydraulic model tests. They demonstrated that using multiple layers of hor-
izontal submerged jets for energy dissipation in the flood discharge process is feasible, and
the relevant parameters can meet the design requirements. Liu et al. [38] presented a kind
of jet-swirl cascade internal energy dissipator to solve the energy dissipation problem in
the reconstruction of discharge tunnels with diversion tunnels and perform numerical
simulation research on its feasibility and effectiveness, and the results showed that this
energy dissipator has a good energy dissipation effect. Li et al. [39] studied two propagation
models of pulsating pressure, namely, the transient flow model and the seepage model, to
investigate the pressure propagation mechanism in the gap. The research results indicate
that energy-dissipating water flow can impact downstream hydraulic structures and induce
strong vibrations. It is urgent to explore energy dissipation patterns that can isolate energy
dissipation structures from hydraulic engineering projects.

Existing engineering studies such as underflow, pick flow, new stepped overflow,
flexible overflow, etc. are often fixed on the surface of the discharge building and rigidly
connected to the discharge building. The energy dissipation method can sometimes bring
cavitation and erosion to the discharge building and even have the potential to induce
vibration damage to the discharge building. Isolating the energy dissipator from the
discharge structure is a feasible way to solve the above hazards, especially to solve the
vibration damage of the discharge structure. The vertical jet energy dissipator is a kind of
jet energy dissipator. The purpose of this dissipator is to add a special boundary condition
(crushing needle) at the outlet of the jet to break the water flow. The crushing needle
generates forced vibration under the action of the jet, which aggravates the aeration of the
water flow and converts the mechanical energy into internal energy, thereby dissipating
part of the mechanical energy of the water flow in the air. Compared with the traditional jet
energy dissipator, this method has the advantage that the upstream water flow flows to the
vertical jet device through the dissipation pipeline so that the vertical jet energy dissipation
system is not limited by the terrain and geological conditions of the hub area. As a typical
way to isolate the energy dissipator from the hydraulic hub project, this energy dissipation
method is a supplement and improvement to existing jet energy dissipation. In this paper,
the energy dissipation characteristics of the vertical jet energy dissipator, a new type of
energy dissipation method, are analyzed and studied by means of numerical simulation and
a physical model test in order to provide a theoretical basis for the application of the vertical
jet energy dissipator. The objective of this study is to investigate the energy dissipation
characteristics of this new vertical jet-type energy dissipator. Numerical simulations of
vertical jets under various structural parameters using the WMLES turbulence model are
used to provide a theoretical basis for its application. This analysis aimed to compare
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the gap in the state of the ar between traditional energy dissipators and new energy
dissipators. In addition, physical model experiments were conducted to validate the
numerical simulation results. Furthermore, the energy dissipation characteristics of the
vertical jet energy dissipator under various structural parameters and Reynolds numbers
were analyzed using the statistical moment method.

2. Materials and Methods
2.1. Structural Form and Structural Parameter Design

The vertical jet energy dissipator is a dam-type energy dissipator (see Figure 1). The
crushing needles are installed at the jet nozzle of the vertical jet pipeline (see Figure 2). As
a special boundary condition, the structure of the crushing needles, that is, the number and
size of the crushing needles, has a great influence on the energy dissipation characteristics
of the vertical jet energy dissipator. The shape of the crushing needle studied in this paper
is a cylinder. The ratio of the diameter D of the cylinder crushing needle to the radius R of
the vertical jet pipe nozzle is uniformly expressed by the size m of the crushing needle and
n is the number of crushing needles.
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Figure 1. Vertical jet energy dissipation system diagram.
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Figure 2. Large sample diagram of vertical jet energy dissipation component.

In Figures 1 and 2 are shown the (1) intake tower, (2) dam, (3) dissipation
pipeline, (4) dissipation tank, (5) distributor, (6) vertical jet energy dissipation component,
(7) conical diffusion port, (8) crushing needles, (9) vertical jet pipeline, and (10) streamlined
boundary layer.

2.2. Physical Test

To ensure the precision of the simulation results of the vertical jet energy dissipator, it
is necessary to carry out a physical test verification on the vertical jet energy dissipator. The
whole test system consists of intake tank, centrifugal pump, control valve, electromagnetic
flowmeter, vertical jet pipeline, crushing needles, pressure sensor, dissipation tank, open
channel, fixed, and fixed inclined support (see Figure 3). During the test, the control valve
and the electromagnetic flowmeter are used to adjust and read the flow rate. The water is
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pumped from the intake tank to the pipeline through the centrifugal pump. The intake tank
is equipped with a wave fence to stabilize the water flow on the right side of the tank. The
water is pumped out of the vertical pipeline; then the jet tongue falls into the dissipation
tank, and finally, the water flows through the open channel to the intake tank, forming
a complete circulation test system. The horizontal plane 70 mm from the nozzle in the
vertical pipeline is selected as the section 1#, and the horizontal plane at the outlet of the
vertical pipeline is selected as the section 2#.

;[l [4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3. Schematic diagram of test model.

In Figures 3 and 4 are shown the (1) vertical jet energy dissipation components,
(2) pressure sensor, (3) fixed inclined support, (4) fixed, (5) fixed inclined support,
(6) dissipation pipeline, (7) electromagnetic flowmeter, (8) control valve, (9) centrifugal
pump, (10) intake tank, (11) open channel, (12) dissipation tank, (13) screw mouth, (14)
crushing needles, and (15) vertical jet pipeline.

Figure 4. Screw connection diagram.

The height of the vertical jet tube is 300 mm; the inner diameter is 19 mm; and the m
sizes are 0.1, 0.15, and 0.2. A cylindrical hole is arranged at a distance of 70 mm from the
nozzle on the vertical jet pipeline to install a pressure sensor to measure the pressure. The
screw connection diagram is shown in Figure 4. The crushing needles are installed at the
nozzle of the vertical jet pipeline, and the screw port is integrated. The screw port is filled
with threads, which is convenient for disassembly. The number and arrangement of the
crushing needles is set in 6 working conditions, and the crushing needles are arranged at
the same central angle, as shown in Figure 5. In the range of experimental conditions, the
Reynolds number of the jet determined by the velocity W; of the nozzle center point as the
characteristic velocity and the diameter D of the vertical jet pipeline as the characteristic
length are between 24,000 and 49,000, so the jet belongs to the fully developed turbulent
state. The injection Reynolds number of the test is set to 4 working conditions, 24,471,
32,639, 40,786, and 48,943. Then, to nondimensionalize Reynolds stress, the boundary shear
stress was also calculated as T, = 0.5 x Cf X png, where Cy is the shear coefficient,
Cy = 0.026Re~1/7.
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crushing needles

(d)

Figure 5. The schematic diagram of the crushing needles’ arrangement is (a) n=0; (b)n=2; (¢c)n =3;
(d)n=4;(e)n=>5;and (fyn=6.

2.3. Numerical Calculation

In order to understand the turbulent statistical characteristics of the vertical jet energy
dissipator, the three-dimensional (3D) height and turbulent statistical characteristics of
the vertical jet were simulated by numerical simulation. The effectiveness and accuracy
of the wall-modeled large eddy simulation (WMLES) in simulating the height of the jet
were verified by the experimental results. The large eddy simulation belongs to the fully
developed numerical turbulence calculation method with a high Reynolds number [40].
The jet studied in this paper belongs to a high-speed jet, which is calculated by using
a wall-modeled large eddy simulation (WMLES) turbulence model. WMLES is scalable
and applicable to a wide range of contexts, particularly for high Reynolds number flows
and complex geometries. However, its scalability is limited by computational costs, and
its applicability depends on the accuracy of wall models and SGS models in different flow
regimes. With ongoing advancements in computational power and modeling techniques,
WMLES is likely to become even more scalable and applicable in the future. For specific
applications, careful validation and adaptation of the method are essential to ensure
reliable results.

In the flow direction measured from the nozzle, Z is the vertical coordinate, X is the
lateral coordinate, and Y is the radial coordinate. The vertical velocity is W, the lateral
velocity is U, and the radial velocity is V. Figure 6 uses the isosurface W/W; to show the
outer boundary of the shear layer in the instantaneous flow field under the conditions of
Re = 32,639, the size of the crushing needles m = 0.15, and the number n = 0. In this study,
the height of the jet is defined as the distance between the jet from the outlet to the highest
point of the outer boundary of the shear layer. Under dimensionless conditions, the spatial
scale of the jet is dimensionless by the ratio of the distance in the Z direction, the distance in
the X direction, to the diameter D of the nozzle. The whole model is divided by a structured
grid, the grid size of the model is 0.17 D, and the crushing needle area is locally encrypted.
The minimum grid size of the crushing needles’ area is 0.005 D, and the maximum grid
size is 0.01 D. In the numerical simulation, the velocity input is used below the vertical
jet pipeline, and the atmospheric pressure is set above the vertical jet pipeline. The outlet
boundary is the pressure outlet; the wall is a non-slip wall.
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Figure 6. The outer boundary of the shear layer.
The following assumptions were made in this study:
e  The flow is incompressible and steady.
*  The fluid is Newtonian with constant properties.
e The effect of gravity is negligible.
*  The flow is fully developed at the inlet.
The governing equations for the fluid flow are as follows:
Continuity equation:
V-u=20 1)
Momentum equation:
ou 2
Y g—l—u-Vu =-Vp+uV-u )

where u is the velocity vector, p is the pressure, p is the fluid density, and y is the dynamic
viscosity.

The following boundary conditions were applied:
e Inlet: Uniform velocity profile, u = Uy, v = 0;
*  OQutlet: Zero pressure gradient, g—z =0;
e Walls: No-slip condition, u = 0, v = 0.

WMLES Implementation Details:

Governing Equations: The filtered Navier-Stokes equations were solved using a finite
volume method with a second-order accurate spatial discretization scheme.

SGS Model: The dynamic Smagorinsky model was used to account for subgrid-scale
turbulence, with model coefficients computed dynamically based on the local flow field.
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Wall Model: An equilibrium wall model based on the logarithmic law of the wall was
employed, with wall shear stress computed using the Spalding formula.

Grid Resolution: A structured grid with 10 million cells was used, with clustering near
the wall to ensure y* < 1in the first grid cell.

Boundary Conditions: No-slip boundary conditions were applied at the walls, while
periodic boundary conditions were used in the streamwise and spanwise directions.

Time Integration: A second-order implicit time-stepping scheme was used with a time
step size of At = 1 x 107 s, corresponding to a maximum CFL number of 0.5.

Parallelization: The solver was parallelized using MPI, with the computational domain
decomposed into 512 subdomains. Simulations were performed on a high-performance
computing cluster using 512 cores.

Validation: The WMLES results were validated against experimental data for turbulent
jet flow, showing excellent agreement in mean velocity profiles and Reynolds stresses.

The LES solver can capture the size of the vortex. The biggest decisive factor is the
size of the mesh. At least four meshes are needed to capture a vortex.

Integral length scale:

k3/2 kl /2
[RANS _ _
[ € CH(U (3)
RANS RANS

Here, k is the turbulent kinetic energy, ¢ is the turbulent dissipation rate, and w is the
turbulent specific dissipation rate.

Mesh size:
Lgrid = W (4)
Define a new variable LRV, which is defined as
LRAN S
LRV = 2 (5)
Lgrid

The value of LRV in the important area of the computational domain in this study is
greater than 10; that is, there are at least 10 grids in an integral length scale, which can be
considered to meet the requirements. The time analysis and space analysis of the flow of
the grid meet the requirements.

The entire model is divided using a structured mesh, with a mesh size of 0.17 D. Local
refinement is applied to the fragmentation needle region, where the minimum mesh size is
0.005 D and the maximum mesh size is 0.01 D. During the numerical simulation, a velocity
inlet is applied below the vertical jet pipe, while the upper part of the vertical jet pipe is set
to atmospheric pressure. The outlet boundary is the pressure outlet, and the wall boundary
is the no-slip wall.

To verify the correctness of the selected mesh size, a mesh independence test was
conducted. Polyhedral structured meshes with AZ/D values of 0.08, 0.17, 0.34, 0.67, and
1.35 were used to analyze the energy dissipation pool. Figure 7 shows the dimensionless jet
height for five mesh sizes at a Reynolds number of 32,639, without fragmentation needle
arrangement. The analysis shows that the total height of the jet varies with different mesh
sizes. As the mesh size increases, the total height of the jet gradually increases. The total
height of the jet stabilizes at dimensionless mesh sizes of 0.08 and 0.17, with a relative
error of 0.68%. It can be concluded that a further reduction in mesh size had little effect
on improving the simulation accuracy. In addition, the computational time increases
significantly when the dimensionless mesh size is reduced from 0.17 to 0.08. Therefore,
a polyhedral mesh with a mesh size of 0.17 D was used for the simulation.

In an LES-type turbulence model,
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¢ The kinematic viscosity (v) represents the global, molecular dissipation.

*  The turbulent viscosity (v;) represents the local, subgrid-scale dissipation.

*  The total effective viscosity (Vg = v 4 vt) ensures that energy is dissipated at all scales,
from the largest resolved eddies to the smallest subgrid-scale motions.

By combining these concepts, LES accurately captures the local energy dissipation in turbu-
lent flows, ensuring that the energy cascade and dissipation mechanisms are properly represented.

14

13

Z,/D

12

11 ‘ ‘
0.08 0.17 0.34 0.67 1.35

AZ/D

Figure 7. Mesh irrelevance test.

2.4. Simulation Results Verify

The precision of the numerical simulation of the height of the jet is verified by the
statistical index determination coefficient (R?) and the mean absolute percentage error
(MAPE). Although the coefficient of determination (R?) is a widely used metric to assess
the goodness of fit in regression models, it has limitations. It does not indicate whether the
model is biased. It can be misleading if used alone, especially in cases where the model is
overfitted or when the relationship between variables is nonlinear. Including additional
indices can provide a more comprehensive evaluation of the performance of the model.
The mean absolute percentage error can provide the actual size information of the error,
which is intuitive and easy to understand, and can evaluate the performance of the model
with the determination coefficient. The calculation method of (R?) is as follows:

2 =N, (P, — P)(O; — 0)]?

K= N (- PR, (0 - 0P ©

where N is the number of data, P; is simulated data, P is the average value of the simulated
data, and O is the test data, the average value of the test data. When R% > 0.7, the
simulation results are considered to be more reliable, and the closer R? is to 1, the higher is
the reliability of the results.

The physical model test results are used to verify the results of the numerical simu-
lation of the jet height. The number of crushing needlesn=0,n=2,n=3,n=4,n=5
and n = 6, and the size of the crushing needles m = 0.1, m = 0.15, m = 0.2 are selected.
The combination scheme of test conditions is used to verify the jet height of the vertical
jet energy dissipator. Figure 8 shows a comparison between the simulated value and the
experimental value of the dimensionless jet height of the vertical jet energy dissipator.
It can be seen from the figure that both the simulated value and the experimental value
decrease with the increase in Reynolds number. With increasing numbers and sizes of the
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Z/D

15

10

crushing needles, the jet height also gradually decreases. The simulated value of the jet
height corresponding to each test condition is close to the experimental value. The range of
the correlation coefficient R? is between 0.99 and 1.00, and the maximum mean absolute
percentage error is 7.80%, indicating that it is feasible to use Fluent 2022 R1 commercial
software to simulate the jet height of the vertical jet energy dissipator.

——  Re=48943 simulated value —— Re=40786 simulated value Re=32639 simulated value Re=24471 simulated value
e Re=48943 experimental value Re=40T86 experimental value o  Re=32639 experimental value e  Re=244T71 experimental value
T 15 15 T

10 10

/
7/D
7/D

(b) ()

Figure 8. Jet height verification: (a) m = 0.1; (b) m = 0.15; (¢) m = 0.2. Z is the vertical coordinate.

3. Results and Discussion
3.1. First-Order Statistics

The local energy dissipation of the flow is part of the total energy consumption of
the energy dissipater. Figure 9 shows the contour map of the average vertical velocity of
the jet when m = 0.15. The dashed lines in Figure 9a,b are isolines with average velocity
(W/W;) =0.95and 0.1, respectively. The isolines (W/W;) = 0.95 and 0.1 represent the outer
boundary of the potential core and the shear layer, respectively. As shown in Figure 9a,
when the crushing needle is not added, the vertical average velocity (W/W;) takes the
maximum value in the center of the nozzle at the bottom of the section (X/D =0, Z/D =0),
which is Wiax = Wj, that is, the average velocity of the vertical jet pipeline nozzle section.
Based on this, the Reynolds number based on the maximum flow rate can be calculated
as Repay = WinaxH/v = 32,639, which is a fully developed turbulence [14]. The fluid flows
from the nozzle to the outer boundary of the shear layer at the jet nozzle. With the vertical
development of the flow, the vertical average velocity is getting smaller and smaller. In
contrast, near the free surface near the outer boundary of the shear layer (X/D = —0.32,
Z/D =6.26) and (X/D =0.32, Z/D = 6.26), the fluid flows from the upper part of the jet to
the bottom of the jet and forms a semi-closed loop with reverse flow in the nozzle jet. With
the vertical development of the flow, the vertical average velocity increases. As shown in
Figure 9b, after adding the crushing needles, the vertical average velocity (W/W;) reaches
the maximum value at (X/D =0, Z/D = 0), which is W, = W;. Adding crushing needles
will hinder upward diffusion of the jet, reduce the height of the jet, and accelerate the
attenuation of the jet velocity. As shown in Figure 9b, when the jet diffuses upward, there
is no obvious separation trend in Z/D < 2.12. As the jet continues to develop along the
vertical direction, the vertical velocity loss gradually increases and the lateral movement
dominates. The two jets begin to separate. Subsequently, the fluid at the bottom of the jet
is brought to the upper part of the jet. On the left and right sides of the upper part of the
jet, the vertical average velocity direction is downward, and the upper fluid is brought to
the bottom of the jet. The two processes form a semi-closed loop, which forms a channel
for fluid exchange between upward jetting and downward free-falling at the cross section
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of the jet nozzle. It is concluded that when there are no crushing needles, the rain curtain
falling into the water cushion pool is concentrated, and the impact force on the water
cushion pool is large; when there are a large number of crushing needles, the rain curtain
falling into the water cushion pool is scattered and the impact on the water cushion pool is

small, which is conducive to the safety of the project.

Figure 9. Average vertical velocity contour map: (a) Re = 32,639, n = 0. (b) Re = 32,639, n = 2. X is the
lateral coordinate, and Z is the vertical coordinate.

3.2. Second-Order Statistics

We adopted the types of -pUV, -pUW, and -pVW and nondimensionalized them using
wall shear stress. Figure S1 is the turbulence statistical results of velocity field, Figure S2 is
the profiles of the normal Reynolds stress intensity components in the central (y = 0) vertical
x-z plane. The Reynolds stress averaged over time along the jet axis is shown in Figure 10.
In total, Reynolds stress increases with an increasing number of crushing needles. The
Reynolds stress is smaller at the potential core and larger at the shear layer. The Reynolds
stress along the axis shows a slow upward trend at the potential core, soars at the shear
layer, and finally decreases at the end of the jet. However, momentum transportation
in the lateral and radial directions (t-UV) was obvious to be higher than that in other
directions (t-UW, 7-VW), and the differences were 2-5 times and 1-3 times, respectively.
In summary, the main momentum transport of the jet along the axis is in the lateral and
radial directions, then in the lateral and vertical directions, and the intensity in the radial
and vertical directions was minor [8]. The Reynolds stress after adding the crushing needle
is greater than the Reynolds stress without adding the crushing needle. Consequently, the
main reason for the increase in Reynolds stress after adding the crushing needle was that
the crushing needle boundary disturbed the flow in the lateral and radial directions. The jet
will expand in these two directions and produce strong shear flow. The vertical direction is
affected by factors such as gravity and the crushing needle boundary effect, resulting in
a small vertical component of Reynolds stress. In addition, it indicates that the crushing
needle may dominate the lateral mixing and entrainment of the jet [5].
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Figure 10. Reynolds stress along the jet axis: (a) the Reynolds stress T-UV at three flows, (b) the
Reynolds stress T-UW at three flows, and (c) the Reynolds stress T-VW at three flows. The Reynolds
stresses are nondimensionalized by the wall shear stresses.

3.3. Vertical Jet Energy Dissipation Rate

In this study, vertical jet energy dissipation refers to the energy loss of the jet in the air
after the jet is ejected from the vertical pipeline. Therefore, the energy dissipation rate # is
calculated using the energy difference between section 1# and section 2# (see Figure 3) and
the energy ratio of section 1#. The formula is as follows:

Ei—E

n=—1""2x100%

Eq

@)
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where 7 is the vertical jet energy dissipation rate; E; is the total energy in the vertical jet
pipeline of section 1#; Ej is the total energy of section 2#; z; and z are the position heads,
that is, the height from the datum plane; p; and p; are the pressures at the two sections;
v; and v, are the average flow velocities at the two sections; and « is the flow velocity
coefficients, and generally takes 1.

In this study, the ratio r of the vertical jet energy dissipation rate under the influence
of the crushing needle to the vertical jet energy dissipation rate without the influence of the
crushing needle is defined as the vertical jet energy dissipation rate increase ratio. Figure 11
is the vertical jet energy dissipation rate under different working conditions. Figure 12 is
the vertical jet energy dissipation rate increase ratio under different working conditions. It
can be seen from the figure that

— Re=24471 - Re=32639 -+~ Re=40786 -+- Re=48943

Figure 11. Vertical jet energy dissipation rate of each working condition: (a) m = 0.1; (b) m = 0.15;
(c) m = 0.2, 57 is the vertical jet energy dissipation rate.

— Re=24471 -~ Re=32639 -+- Re=40786 -+- Re=48943

(a) (b) (c)

Figure 12. The increase ratio of the vertical jet energy dissipation rate of each working condition:

(a) m =0.1; (b) m = 0.15; (c) m = 0.2. r is the increase ratio of the vertical jet energy dissipation rate.

The vertical jet energy dissipation rate is between 14.55% and 18.33% without the
influence of the crushing needle. When there are crushing needles, the range of the vertical
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jet energy dissipation rate is between 15.18 % and 78.54%, and the increase ratio of the
vertical jet energy dissipation rate is between 1.04 and 4.29, which is greatly affected by the
number, size, and Reynolds number of crushing needles. When the design of the crushing
needle is the same, the vertical jet energy dissipation rate is basically positively correlated
with the Reynolds number; that is, the vertical jet energy dissipation rate increases with the
increase in Reynolds number. This is because as the Reynolds number increases, the vertical
range of the jet increases, the contact surface between the jet and the air increases, and the jet
aeration concentration increases, thereby increasing the vertical jet energy dissipation rate.

When the Reynolds number and the number of crushing needles are the same, the
vertical jet energy dissipation rate increases with the increase in the size of the crushing
needle. When the size of the crushing needle m increases from 0.1 to 0.15, the vertical jet
energy dissipation rate increases from 3.4% to 19.7%, and the vertical jet energy dissipation
rate increases from 0.13 to 0.86. The size of the crushing needle m increases from 0.15 to
0.2, the vertical jet energy dissipation rate increases from 0.5% to 27.35%, and the vertical
jet energy dissipation rate increases from 0.73 to 1.67. This is because the larger the size of
the crushing needle, the more complex the flow field behind the crushing needle, and the
turbulence phenomenon increases with the increase in the size of the crushing needle, so
that the vertical jet energy dissipation rate increases.

When the Reynolds number and the size of the crushing needle are the same, the
vertical jet energy dissipation rate increases with the increase in the number of crushing
needles. For each additional crushing needle of the same shape, the vertical jet energy
dissipation rate increases between 1.69% and 21.23%. With the increase in the number of
crushing needles, the increase ratio of vertical jet energy dissipation rate is larger, and the
increase ratio of the vertical jet energy dissipation rate is between 0.11 and 1.16. This is
because as the number of crushing needles increases, the number of broken jet nappes
increases, the volume ratio of each jet nappe decreases, and the contact friction surface
with the air increases, thereby increasing the vertical jet energy dissipation rate. To clearly
highlight the contributions, a table comparing key performance metrics with literature
values can be included. The comparison results with the literature are shown in Table 1.

Table 1. Comparison of traditional dissipators and this study.

Parameter lj;riasgii}t)i:tl(;il This Study Improvement
Energy Dissipation Efficiency 60-80% Up to 89.55% Significant increase in efficiency
Adaptability to Terrain Limited High Flexible design, independent of terrain
Turbulence Modeling Standard k-€ or k-w WMLES + VOF Improved accuracy for complex flows

Note: compare results with the literature.

4. Discussion

In this chapter, the results of the analyses carried out are presented, divided into three
types: the first-order and second-order statistical characteristics and the energy dissipation
rate of vertical jet energy dissipators under different structural parameters. These results
were obtained through numerical simulations and physical model tests. The findings
indicate that the energy dissipation rate of the vertical jet increases with the increase in the
Reynolds number, the number of crushing needles, and the size of crushing needles.

The observed increase in energy dissipation rate with higher Reynolds numbers aligns
with previous studies, which have demonstrated that turbulent flow conditions, typically
associated with higher Reynolds numbers, enhance energy dissipation due to increased
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mixing and momentum transfer [15]. This is consistent with the classical turbulence theory,
where energy dissipation is directly related to the intensity of turbulent fluctuations.

The positive correlation between the number of crushing needles and the energy
dissipation rate can be explained by the increased surface area for interaction between the
jet and the needles. This finding is supported by the work of Bogoi et al. [13], who reported
that additional obstacles in the flow path significantly enhance energy dissipation by
creating more turbulence and flow resistance. Similarly, the increase in energy dissipation
with larger crushing needle sizes can be attributed to the greater disruption of the jet flow,
leading to more effective energy dissipation. This observation is in agreement with the
results of the study of Julianne [10], who found that larger structures in the flow path result
in higher energy losses due to increased flow separation and vortex formation.

However, it is important to note that while increasing the number and size of crushing
needles improves energy dissipation, there may be practical limitations. For instance, ex-
cessive numbers or sizes of needles could lead to increased construction costs and potential
flow blockage issues, as highlighted by Ribeiro et al. [12]. Therefore, an optimal balance
must be sought to maximize energy dissipation without compromising the efficiency and
feasibility of the dissipator design.

In conclusion, the results presented in this study are consistent with existing lit-
erature, reinforcing the understanding of the factors influencing energy dissipation in
vertical jet energy dissipators. Future research could explore the optimization of crushing
needle configurations to achieve the most efficient energy dissipation while considering
practical constraints.

5. Conclusions

¢  The fluid flows from the upper part of the jet to the bottom of the jet and forms
a semi-closed loop with the reverse flow in the nozzle jet. It can cause a mixing
exchange between the jet and the surrounding gas.

¢ By comparing the results with the literature, this study demonstrates significant ad-
vancements in both theoretical understanding and practical applications of energy
dissipators. The introduction of fragmentation needles, combined with advanced
turbulence modeling and vortex analysis, sets a new standard for energy dissipation ef-
ficiency and design flexibility. These contributions not only fill critical knowledge gaps
but also provide valuable insights for future research and engineering applications in
hydraulic structures.

*  Under the same flow rate, the height of the jet gradually decreases with increasing
size and number of crushing needles. The more the number of crushing needles, the
larger the size, and the larger the Reynolds number, the higher the vertical jet energy
dissipation rate and its increase ratio. With an increase in the number of crushing
needles, the ratio between the vertical jet energy dissipation rate and the vertical jet
energy dissipation rate increases greatly.

e Under the flow conditions studied in this paper, the vertical jet energy dissipation
rate under the influence of the crushing needles is greater than the vertical jet en-
ergy dissipation rate without the influence of the crushing needles and has better
energy dissipation characteristics, indicating that the arrangement of the crushing
needles at the nozzle of the vertical pipeline can effectively improve the vertical jet
energy dissipation effect and reduce the impact of the jet on the water cushion energy
dissipation pool.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app15073560/s1, Figure S1. Turbulence statistical results of
velocity field: (a) profiles of the averaged vertical and lateral velocities. (b) profiles of the averaged
lateral velocities. Z is the vertical coordinate. Figure S2. Profiles of the normal Reynolds stress
intensity components in the central (y = 0) vertical x-z plane.
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