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Abstract: Currently, the primary method for controlling red tides in the ocean involves spraying
water solutions with special chemicals as solutes. High-pressure spraying results in the formation
of typical jet structures. In this study, numerical simulation methods are employed to investigate
the velocity variations, turbulent characteristics, and gas content distribution of jet flow fields under
different initial jet flow pressures, cone angles, and nozzle diameters. Based on practical application
scenarios, cluster analysis is used to explore the similarities and differences in jet equivalent diameters
under different parameter conditions. The research findings indicate the following. (1) The difference
of jet velocity distribution at the far field exit will be enlarged with the increase in the nozzle cone
angle. When the nozzle cone angle is 4 mm, the velocity uniformity at the outlet is the best. (2) The
TKE of the flow field has no consistent change law along the central axis. At the jet exit, the TKE
shows an obvious multi-peak structure. (3) The gas content demonstrates a typical “double-valley”
feature at the jet outlet cross-section. Increasing the initial pressure leads to a decrease in the gas
content within the jet due to reduced entrainment, while the entrainment range remains largely
constant. (4) Cluster analysis reveals that the similarity of jet flow width when it reaches the water
surface is minimal compared to other operating conditions when the initial pressure is 0.36 MPa, the
cone angle is 115◦, and the nozzle diameter is 2 mm. All conditions can be categorized into two or
three groups to ensure jet effectiveness. The study results provide scientific guidance for selecting
spray devices for controlling red tides in the ocean.

Keywords: nozzle; structural parameters; flow characteristics; high pressure jet; cluster analysis

1. Introduction

A high-pressure water jet is a technology that utilizes water as a medium to convert
mechanical energy into pressure energy through the principle of liquid pressurization via
specific nozzles or pressurization devices. The pressure energy is then transformed into
kinetic energy through the formation of a high-energy jet through small orifices of the
nozzle [1,2]. Currently, due to the rapid advancement of water jet technology, various
methods such as cavitation jet, self-excited jet, and abrasive jet have emerged, propelling
this technology into a new stage and widely applying it in multiple fields including
shipbuilding, chemical machinery, and the power industry [3–5].

The nozzle structure at the outlet of a high-pressure jet controls the flow performance
of the jet, and is a critical component of high-pressure water jet systems that has been
extensively studied by researchers. Chong et al. [6] conducted theoretical and experimental
studies on two typical nozzles to investigate the influence of nozzle structure on the length
of the jet in stagnant water, revealing that the nozzle length is inversely proportional to
the expansion ratio of the fluid. Liu [7] optimized the nozzle structure to improve the
cleaning efficiency of water jets based on the Optimal Latin Hypercube Sampling (OLHS)
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method. Zhu et al. [8] studied the effect of nozzle length on jet breakup behavior and
droplet formation characteristics, finding that the frequency of primary droplet generation
is independent of the nozzle length. Increasing the nozzle length can increase the droplet
diameter and spacing between primary droplets. Shen et al. [9] conducted on-site experi-
ments, numerical simulations, and multi-criteria decision analysis to study the impact of
nozzle structure on jetting efficiency, leading to the design of an optimal nozzle structure.
Sun et al. [10] investigated the influence of nozzle orifice shape on jet behavior, provid-
ing estimations of liquid jet states at any distance from the nozzle. To elucidate the flow
field characteristics inside and outside the nozzle, Jiang et al. [11] analyzed the velocity
distribution and vortex generation of internal jets with different nozzle structures through
experimental methods, offering guidance for nozzle design. Veysi et al. [12] conducted
detailed experimental studies to analyze the impact of nozzle types on air entrainment rate
and jet energy with practical implications for environmental management and agricultural
production. Matheus et al. [13] studied the geometric shape and operational parameters
of Y-shaped nozzles on the atomization efficiency and spray uniformity. Zhang et al. [14]
investigated the fluid velocity, droplet diameter, and droplet velocity under different jet
velocities and nozzle diameters. Yang et al. [15] compared the flow characteristics of fluids
inside four different diameter nozzles, utilizing numerical methods to study streamline,
turbulent kinetic energy, and vortex distribution in the jet space and establishing a vortex
nozzle design method based on pressure loss. Li et al. [16] analyzed the flow characteristics
of jets under different nozzle sizes using CFD methods, determining the optimal nozzle
size for the maximum mixing efficiency of the jet flow.

When determining the structural parameters of nozzles, it is necessary to analyze from
the perspective of practical applications. In order to improve the rock-breaking effect of
jets, some scholars have optimized the structure of spiral nozzles [17–19]. Chi et al. [20]
analyzed the impact of the number of nozzles and ejection distance on rock fragmentation
through experiments. Song et al. [21] studied the influence of different numbers of nozzles
on the rock-breaking ability of jet flow fields based on mathematical modeling. Meanwhile,
jet flow fields generated by nozzles are also applied to surface cleaning. Song et al. [22]
investigated the effects of the nozzle position and angle on flow characteristics and cleaning
efficiency through simulation and experiments. Such nozzles are small-diameter pipe
sections installed on tools. When the fluid velocity is high, the jets used for cleaning cannot
achieve the highest energy conversion efficiency and optimal cleaning effect. Therefore, the
development of conical straight nozzles has attracted attention. The converging section
of a conical straight nozzle can accelerate the fluid and concentrate fluid energy, which
has been mainly applied in the petroleum field [23] (Jiang et al., 2021). Pan et al. [24]
analyzed the influence of jet key parameters on jet flow characteristics based on the SST k-ω
model. The results show that increasing the jet depth and cone angle will increase the air
entrainment rate. Chen et al. [25] found that under the same conditions, the jet generated
by a streamlined nozzle performs significantly better than a conical nozzle in practical
applications. Liang et al. [26] further demonstrated through numerical simulations that the
energy loss of streamlined nozzles is lower than that of conical nozzles.

Red tide is a common ecological phenomenon in coastal waters. In areas where red
tide occurs, marine organisms such as fish, shrimp, and shellfish will die in large numbers
due to poisoning or lack of oxygen, leading to severe damage to the marine ecosystem [27].
A special clay used for red tide control is mixed with water and sprayed onto the water
surface to achieve the purpose of controlling red tide in China [28]. It is necessary to study
the influence of nozzle structure and jet parameters on jet flow characteristics to improve the
spraying effect. In the study, the computational fluid dynamics (CFD) numerical simulation
method is used to investigate the flow characteristics of high-pressure water jet in the air
using a model [29,30]. The changes in the flow velocity, turbulent characteristic parameters,
and air content of the jet are analyzed by controlling the nozzle diameter, cone angle, and
orifice diameter. The equivalent diameter classification results of the influence range at
the jet outlet under different conditions are discussed by using statistical methods such as
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systematic clustering analysis. The study identified the optimal parameters of the nozzles,
and the results provide scientific guidance for the selection of jetting devices for the control
of red tides at sea.

2. Materials and Methods
2.1. Jet Motion Control Equation

When water is ejected from the nozzle at a high speed, the fluid is mostly in a turbulent
state. So, its motion can be described by the continuity equation of fluid dynamics and the
equation of motion after Reynolds time averaging [31]:

∂ρui
∂t

+
∂ρuiuj

∂xj
= − ∂P

∂xi
+

∂

∂xj
(−ρu′

ju′
i) +

∂τij

∂xj
+ ρgi (1)

∂ρui
∂xi

+
∂ρ

∂t
= 0 (2)

where ρ is density of fluid; P is pressure; t is time; ui and uj are the flow velocity of the i
direction and j direction; and xi and xj are the Cartesian coordinates. τij is the strain rate
tensor, and the specific expression is as follows:
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+
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∂xi
− 2
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) (3)

The turbulent motion of the water jet is described by a two-path Realizable k − ε
model which can predict the jet diffusion flow. The Reynolds stress term in Equation (1) is
calculated using the following formula:
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The Realizable k-epsilon model is widely used as a turbulence model for simulating
complex flows [32,33]. This model, boasting strong reliability, wide application range and
high computational efficiency, can predict the flow behavior of fluids better to a certain
extent. According to the actual calculation results, the results calculated by choosing the
Realizable k-epsilon model are very close to those of the k-omega model. Therefore, the
k-epsilon model is finally selected to ensure computational efficiency in this paper.

In the Realizable k − ε model, turbulence kinetic energy and dissipation rate are,
respectively, solved using the transport equations as follows:

∂(ρk)
∂t

+
∂(ρkuj)
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∂
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) + Gk + Gb − ρε (6)
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where Gk = −ρu′
ju′

i
∂uj
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and Gb = γgi
µt
Prt

∂T
∂xi

, respectively, represent the average velocity
gradient and the function of the air; Prt = 0.85 is the Prandtl number of turbulent energy;
γ = − 1

ρ (
∂ρ
∂T ) represents the characteristic expansion coefficient. σε = 1.2 is the flow

dissipation rate Prandtl number; σk = 1.0 is the turbulent kinetic energy Prandtl number;
C1 = max(0.43, η

η+5 ), η = S k
ε , C2 = 1.9, C1ε = 1.44; C3ε = tanh|w/v| is the buoyancy action

coefficient; and w and v are the vertical and radial velocity components, respectively.

2.2. Model Parameter and Boundary Conditions

The model is constructed using ANSYS DesignModeler three-dimensional modeling
software (version number 24.1) to facilitate better interaction with Fluent (Figure 1). The
dimension of the computational domain is 50 mm × 80 mm × 100 mm. The nozzle length
is 3 cm. The outlet of the nozzle is elliptical in shape. The major axis of the ellipse, l = 5 mm,
is fixed. The minor axis of the elliptical, d (the radius below the middle finger), is a variable.
The cone angle of the nozzle exit is θ. The computational domain as a whole is divided by
a hexahedral mesh. In order to ensure the accuracy of the calculation results, the mesh is
refined in the middle part of the spraying area. The pressure inlet boundary conditions are
used for the nozzle in the model, and the pressure outlet boundary conditions are used for
the computational domain outlet. Symmetric boundary conditions are used for the rest of
the domain. The velocity–pressure coupling is completed using the simple algorithm, and
the discrete equations are in second-order windward format. To ensure that the flow at the
wall can be accurately captured, the scalable wall functions is utilized.
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In order to study the effects of initial jet flow pressures, cone angles, and nozzle
diameters on the flow characteristics of the jet, numerical simulation analysis is carried out
under different working conditions. The specific working condition table is shown in the
following Table 1.

2.3. Grid Sensitivity Test

To ensure the effective capture of the jet structure, grids of different sizes are designed
for independent verification. The jet inlet pressure used is 0.36 MPa with a nozzle diameter
of 4 mm and a cone angle diameter of 105◦. A comparison is made of the maximum velocity
of jet flow at the bottom of the computational domain under different grid sizes. The main
grid parameters and simulation results for the same operating conditions are shown in
Table 2 below. When the grid size is 0.05 mm, the results are most accurate. However, the
mesh size of 0.1 mm is selected after consideration of the consumption of computational
resources and the accuracy of the calculation results in the study.
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Table 1. Working condition table.

No. Initial Jet Flow
Pressure (p/MPa)

Cone Angle
(θ)

Nozzle Diameter
(d/mm)

1 0.36 105◦ 2
2 0.36 110◦ 2
3 0.36 115◦ 2
4 0.36 120◦ 2
5 0.36 115◦ 1
6 0.36 115◦ 2
7 0.36 115◦ 4
8 0.36 115◦ 6
9 0.18 115◦ 2
10 0.27 115◦ 2
11 0.36 115◦ 2
12 0.48 115◦ 2

Table 2. Parameter values for the grid independence test.

No. Size of Grid
(mm)

The Maximum Velocity
(m/s)

1 0.40 22.56
2 0.20 23.78
3 0.10 24.41
4 0.05 24.48

3. Results
3.1. Velocity Field Analysis of Jet

The relationship between the nozzle angle and the jet velocity is analyzed when the
pressure is 0.3 MPa and the diameter of the nozzle is 2 mm to study the effect of the nozzle
cone angle on the jet. As depicted in Figure 2a, the interaction between the jet at the top
position and the surrounding air is initially feeble, resulting in a relatively small region of
high-speed jet flow. The turbulent shear between the jet and the air intensifies as the jet
progresses, entraining a significant amount of air into the jet interior, increasing the mass
flux across the jet cross-section. The jet undergoes a lateral expansion along the z-direction
during the continuous process of mass and energy exchange with the ambient air. Notably,
the jet’s expansion along the x-direction is significantly less pronounced compared to the
other two directions due to the elliptical shape of the nozzle. Figure 2b illustrates the
distribution of velocities at the top of velocity field. The liquid moves forward within a
small range during the initial stage of the jet, leading to a concentrated velocity inside the
liquid and a sharp gradient in velocity at the jet’s edge. The differentiated characteristics
of the top velocity distribution become less pronounced with an increase in the nozzle
opening angle. Figure 2c displays the variation in velocities in the lateral cross-section
of the jet’s middle part. The disturbance to the jet structure during the air entrainment
process decreases as the nozzle opening angle increases, resulting in a smoother velocity
variation curve on the lateral cross-section. Velocity gradients begin to exhibit differences
at the jet boundary. The velocity in the cross-section of the jet shows a clear uniform
distribution near the bottom outlet (Figure 2d), and the range of uniform distribution
expands to both sides as the angle of the nozzle increases. The fluid participating in mass
and energy transfer increases under the entrainment effect, allowing more air to acquire
the flow velocity, leading to a decrease in the velocity gradient in the velocity field. It can
be observed that the jet structures under the four sets of nozzle angles exhibit two similar
modes based on the velocity distribution patterns. The stability of the velocity at different
lateral cross-sections is lower when the nozzle angles are set at 105◦ and 110◦, indicating
weaker mass and energy transfer between the jet and the surrounding air. Conversely,
the stability of the jet structure is higher at nozzle angles of 105◦ and 110◦ with a larger
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influence of the entrainment effect of the jet. In the longitudinal aspect, the resistance
is weak due to the alignment of the jet with the direction of gravity, resulting in minor
differences in velocity.
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3.2. Analysis of Turbulent Kinetic Energy (TKE) in Flow Field

Figures 3 and 4 show the effect of the nozzle diameter on the turbulent strength of the
jet, respectively. The equation for the turbulent strength is as follows [34]:

TKE =
1
2
(u′2 + v′2) (8)

where u′ and v′ represent the fluctuation velocity in the flow direction and normal direction,
respectively. Figure 3 evidently shows that under a jet pressure of 0.36 MPa and a nozzle
cone angle of 115◦, the nozzle diameter has a significant influence on the turbulence kinetic
energy (TKE) of the flow field. As the nozzle diameter increases, the intensity of shear
disturbances in the flow field along the z-direction gradually declines. Both the magnitude
and extent of the TKE in the flow field decrease along the x-direction, suggesting an
enhanced stability of the jet outcome. However, the TKE in the flow field does not exhibit a
consistent pattern of change along the central axis. Notably, the TKE is significantly higher
than in the other three test conditions when the nozzle diameter is 1 mm, highlighting
the intense entrainment effect on the internal flow field of the jet (as seen in Figure 4a).
The degree of fluctuation in TKE data also suggests a pronounced interaction between the
internal jet flow and the surrounding air when the nozzle diameter is 1 mm (Figure 4b). The
TKE exhibits a distinct multi-peak structure at the jet outlet. Specifically, the flow field’s
TKE displays three maxima and two minima with a 1 mm nozzle diameter, indicating
relatively poor stability. Conversely, the TKE decreases significantly with a 2 mm nozzle
diameter, exhibiting a peak-free and uniformly distributed pattern. When the nozzle
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diameters are 4 mm and 6 mm, distinct double-peak structures reappear on both sides
of the flow field. The extreme values of TKE in the flow field initially decrease and then
increase as the nozzle diameter increases. The range of fluctuation and the gradual change
pattern of TKE data indicate that the flow fields corresponding to nozzle diameters of 2
mm and 4 mm exhibit the best stability.
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3.3. Distribution of Gas Holdup

Gas holdup is one of the basic parameters characterizing the flow characteristics
of bubble plumes, which affects the aeration efficiency by affecting the contact area of
two phases, gas and liquid. The gas holdup is affected by conditions such as the inlet
flow rate, structural parameters, liquid phase properties and bubble size. Dong et al. [35]
used experiments to study the variation law of gas–liquid hydraulic properties in non-
Newtonian fluids. The results show that the gas holdup in non-Newtonian fluids is lower
than that in Newtonian fluids. Besagni et al. [36] thought that the change in gas holdup is
affected by the distribution of bubble size, and it is helpful to increase the gas holdup by
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the reasonable selection and arrangement of aeration equipment to stabilize the bubble size
distribution. Xu et al. [37] increased the gas holdup in the container by 120% by changing
the nozzle. When the cone angle is 115◦and the nozzle diameter is 2 mm, the inlet pressure
has a great influence on the gas holdup in the flow field (Figure 5a). The area with gas
holdup less than 100% increases first and then decreases with the increase in inlet pressure,
indicating that there is a great difference in the ability of jet entrainment. The larger the
area with gas content less than 100%, the more favorable the coverage of the jet. The
gas holdup variation along the central axis exhibits good similarity (Figure 5b). The gas
holdup inside the jet is essentially consistent under different pressures during the initial
stage of the jet. The pressure differences begin to manifest in the characteristics of gas
holdup near the outlet. Specifically, the gas holdup in the jet is significantly higher than the
other three sets of operating conditions when the pressure is 0.18 MPa. To further analyze
the mass transfer and mixing effects of the gas–liquid two-phase flow, Figure 5c shows
the variation in gas holdup at the outlet of jet field. The gas holdup generally exhibits a
bimodal structure. The gas holdup is significantly lower than inside the jet at the jet–air
boundary, indicating a strong entrainment effect between the gas and liquid phases within
the jet. The gas holdup changes most dramatically at the gas–liquid interface when the
pressure is 0.45 MPa. However, the extent of air entrainment does not show significant
variations with increasing pressure, suggesting a limited lateral influence range of the jet. If
the gas holdup is too high, the lateral spreading of the jet is more severe, leading to a higher
degree of droplet dispersion and reducing the spraying effectiveness. The entrainment
effect between the jet and air is weak when the gas holdup is too low, which impacts the
spraying effectiveness. Therefore, the best spraying effectiveness is achieved at pressures
of 0.27 MPa and 0.36 MPa when the cone angle is 115◦and the nozzle diameter is 2 mm.
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Figure 5. (a) Gas holdup distribution under different injection pressure conditions; (b) the distribution
of gas holdup at the central axis of the jet; (c) the horizontal distribution of the gas holdup at the
outlet of the jet field.

4. Discussion

Cluster analysis is a mathematical statistical method that categorizes research objects
based on the information provided [38]. Its essence lies in classifying data by proximity,
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minimizing intra-category differences and maximizing inter-category differences. In multi-
variate statistical analysis, clustering can achieve dimensional reduction. The fundamental
concept of hierarchical cluster analysis is to group variables based on proximity, starting
with those closest in distance and progressively clustering more distant variables until
each variable is appropriately assigned to a class. The cluster analysis is performed on
16 groups of sample data in this study. The basis for clustering is measured in terms of the
distance between the individual samples. Each group of data can be regarded as a point
in Rp (P-dimensional space), and n groups of sample data are n points in Rp. Euclidean
distance should be used to measure the distance between these n points, that is, the degree
of proximity. Suppose X = (X1, X2, . . ., XP)T and Y = (Y1, Y2, . . ., YP)T is a p-dimensional
vector, which can be regarded as two points in the p-dimensional space. The Euclidean
distance between the measurement points X and Y can be expressed as follows:

d(x, y) =

[
p

∑
i=1

(Xi − Yi)
2

]0.5

(9)

In practical applications, the jet will form a certain coverage area upon reaching
the water surface when the nozzle height above the water surface is 9 m (Figure 6). To
optimize the nozzle parameters, the variation pattern of the cover width is studied based
on cluster analysis using the operating conditions listed in Table 1. Due to duplicates in
operating conditions 3, 6, and 11 in Table 1, these three conditions were merged to obtain a
reorganized table of operating conditions, and the corresponding data results are shown in
Table 3.
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Table 3. Numerical simulation results of equivalent diameters under different jet parameters.

No.
Initial Jet Flow

Pressure
(p/MPa)

Cone Angle
(θ)

Nozzle
Diameter
(d/mm)

Equivalent
Diameters

(d/mm)

1 0.36 105◦ 2 39.3
2 0.36 110◦ 2 45.1
3 0.36 115◦ 2 54.8
4 0.36 120◦ 2 46.9
5 0.36 115◦ 1 41.2
6 0.36 115◦ 4 42.8
7 0.36 115◦ 6 40.6
8 0.18 115◦ 2 46.7
9 0.27 115◦ 2 49.1
10 0.48 115◦ 2 47.1

Figure 7a illustrates the distances between diameter values calculated under different
operating conditions. Figure 7b displays the categorization results based on these distances.
From the analysis of individual operating conditions, it can be observed that they can be
classified separately into three categories when the distance between operating conditions
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is less than 3. The first category is the working conditions 5, 6 and 7. The second category
is working conditions 2 and 4; the third category consists of conditions 8, 9, and 10. The
conclusion, derived from the clustering results in Figure 7b, indicates that the jet impact
ranges obtained under these three categories exhibit good internal similarity. Working
condition 1, with distance values ranging between 4.43 and 15.63 from the other conditions,
is separated into a distinct category.
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Based on the numerical simulation results, the impact diameter of the jet obtained
under working condition 1 is significantly smaller than that under other conditions, aligning
with the clustering results. Working condition 3 exhibits a greater distance from the other
conditions, ranging between 7.96 and 14.75. The impact diameter of the jet derived from
working condition 3 is 54.8 cm, which is much larger than all other conditions. Looking at
the overall clustering results, two categories can be identified: working condition 3 and the
rest when the distance between clusters ranges from 7.47 to 11.37. Three categories emerge:
operating conditions 3, 8, 9, and 10, and the remaining conditions when the distance
between clusters falls between 5.97 and 7.47. When the distance between clusters is less
than 5.97, further classification becomes overly detailed and lacks practical significance,
thus avoiding excessive segmentation. Combining Table 3 with the clustering results
suggests that changes in the pressure and nozzle diameter have far less impact on the jet
compared to the cone angle. The optimal nozzle parameters for jet effectiveness correspond
to working condition 3 according to the clustering results. In cases where the pressure
supplied by the jetting device is insufficient, efforts should be made to maintain a nozzle
diameter of 2 mm and a cone angle of 115◦.

5. Conclusions

In the study, the effects of different initial jet pressures, cone angles, and nozzle
diameters on the jet structure are investigated in the context of red tide management. The
lateral distribution of jet velocity and variation characteristics of TKE and gas holdup are
analyzed. The cluster analysis method is used to research the jet impact diameter. The
following results can be obtained:

1. Along the lateral direction of the exit, the velocity gradient at the gas–liquid bound-
ary flattens, and the uniformity of velocity distribution inside the jet continuously
increases. When the initial pressure and nozzle diameter are constant, the lateral
distribution of jet velocity exhibits two distinct changes due to the influence of cone
angles (105◦ and 110◦, 115◦ and 120◦).

2. When the jet pressure and nozzle cone angle are constant, the peak value of turbulence
kinetic energy (TKE) at the jet exit initially decreases and then increases. Along
the central axis, the TKE of the flow field has no consistent change pattern. The
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corresponding TKE fluctuates sharply at two positions when the nozzle diameter is
1 mm, indicating an extremely unstable flow field structure.

3. Along the axial direction, the gas holdup inside the jet increases under the effect
of entrainment. The gas hollows display a typical “double valley” feature in the
cross-section at the jet exit. With the increase in initial pressure, the variation in gas
holdup on the central axis of the jet is highly similar. The degree of entrainment at the
jet outlet continuously decreases, and the entrainment range remains small.

4. When the initial pressure is 0.36 MPa, the cone angle is 115◦, and the nozzle diameter
is 2 mm, the obtained jet equivalent diameter has the least similarity with other
operating conditions and can be classified as a separate category. Under the condition
that it can effectively guide the actual jet parameter adjustment, all working conditions
can be divided into two or three categories.
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