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Abstract: The impact force and effective impact area of are water jet are two important indexes for
evaluating jet performance, and the outlet shape of the nozzle has a great influence on jet performance.
In this study, five nozzles with different outlet shapes were designed, and water jet test experiments
were conducted at different inlet pressures using an independently built water jet impact test platform,
and the influence law of nozzle shape on the center impact pressure and flow coefficient of the water
jet was investigated. The influence of nozzle shape on the effective impact area and entrainment rate
of water jet was further investigated by numerical simulation. The results showed that the center
impact pressure of the circular nozzle was the greatest when the inlet pressure and the target distance
were small. The center impact pressure, the flow coefficient, and the effective area of the triangular
nozzle with sharp edges were better than the traditional circular nozzle when the inlet pressure and
the target distance were increased. Although the center impact pressure of the square nozzle is lower
than that of the circular nozzle, its flow coefficient and effective impact area are higher than those of
the circular nozzle with increasing target distance. The water jets of the elliptical and cross nozzles
were the most divergent, and the jet performance was poor.

Keywords: special-shaped nozzle; water jet; impact pressure; water jet flow; impact area;
entrainment rate

1. Introduction

Water is used in water jet technology as the working medium to produce high-speed
jet beams by using specifically shaped nozzles with extremely high energy [1–3]. It is
widely used in machining, coal mining, petroleum exploration, aerospace, medical surgery,
equipment cleaning, and many other fields due to its clean, nonthermal effect, ease of
control, high efficiency, safe and convenient operation, and other advantages [4–6]. As the
core component of water jet technology, the structural parameters of the nozzle directly
affect water jet performance. In recent years, scholars at home and abroad have conducted
multifaceted research on the development of new nozzles to improve the performance of
water jets by changing the inner channel structure and outlet shape of the nozzle [7–9].

To obtain water jets with high pressure and low divergence, Rouly et al. [10,11]
designed an elliptical nozzle with variable long and short axis parameters. Three types of
nozzles—namely, circular, elliptical, and rectangular—were used to transport the cutting
fluid. The results showed that the circular nozzle had the best transport performance
when the inlet pressure was high. Mohammad et al. [12] studied the attenuation law
of the maximum velocity of water for circular, square, and rectangular nozzles with the
same exit area using instantaneous visualization. The results showed that the velocity of
the rectangular nozzle was about 21% higher than that of the other nozzles, and the jet
converged faster when the target distance was small. Huang et al. [13] investigated the
lateral deflection of peak pressure when an arc-bending jet impinges on plane, concave,
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convex, and inclined surfaces. The results showed that the lateral deflection of peak
pressure was affected by the combination of jet velocity, surface shape, and surface angle.
Weng et al. [14] designed circular grooves with different widths and numbers at the nozzle
inlet. The liquid support effect produced by the circular grooves reduced the resistance
between the water jet and the inner surface of the nozzle and improved the impact force
of the water jet. Yang et al. [15] explored a square central body nozzle through numerical
analysis. An optimal contraction was observed at the nozzle outlet, leading to strong
cavitation in the jet and improving the cavitation jet performance. Song et al. [16] designed
a petal-shaped nozzle, and the petal-shaped nozzle was able to achieve a 10.4% increase
in average axial velocity compared to the traditional nozzle. He et al. [17] conducted
erosion experiments on sand bricks using circular and square nozzles. The results showed
that the erosion depth of the square nozzle was greater than that of the circular nozzle
under certain conditions. Chen et al. [18–20] found that special-shaped nozzles had higher
power and more uniform water droplet distribution in agricultural irrigation species by
simulation and experiments. Some other scholars have studied the internal flow field of
special-shaped nozzles on the basis of numerical simulations [21] and optimized the key
structural parameters of the nozzles by using relevant optimization methods [22,23].

Previous research on new nozzles has mainly been focused on the velocity of the
water jet and the flow field morphology. Few studies have investigated the influence
of the nozzle shape and structural parameters on the impact pressure and impact area.
This study explores the water jet performance of different nozzle shapes under different
pressures and target distances on the basis of experiments and numerical simulation. It is
concluded that the impact pressure and impact area of the triangular nozzle with sharp
edges are better than those of the traditional circular nozzle at medium and high inlet
pressures, and the axial attenuation of impact pressure is slow. The rest of the paper is
organized as follows. In Section 2, the experimental equipment and method are introduced.
In Section 3, the experimental data are analyzed to derive the effect of nozzle shape on the
impact pressure and flow coefficient at the center of the water jet. In Section 4, a numerical
model is developed to analyze the effect of nozzle shape on the effective impact area and
entrainment rate of the water jet, and the comparison is verified in Section 3. In Section 5,
the research results are summarized.

2. Experimental Equipment and Method
2.1. Experimental Equipment

An open water jet performance test system based on a polyvinylidene fluoride (PVDF)
piezoelectric thin film sensor was independently built in this paper to investigate the effect
of special-shaped nozzles on the performance of high-pressure water jets. The schematic of
the experimental equipment is shown in Figure 1.
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The whole system consists of two parts: the high-pressure water jet system and the
performance experiment system. The high-pressure water jet system mainly consists of a
high-pressure plunger pump, a check valve, a throttle valve, a pressure regulator valve, a
pressure gauge, a flowmeter, a special-shaped nozzle, and a water collection tank. The high-
pressure water jet is provided by the high-pressure plunger pump, and the pressure in the
pipeline is controlled by the pressure regulator valve. The working condition parameters
in the pipeline are monitored by the flowmeter and the pressure gauge. The special-shaped
nozzle is connected to the high-pressure water pipe, and the water collection tank is placed
between the nozzle and the target plate. Its size is 400 mm × 200 mm, which is much larger
than the target distance and the diffusion distance of the water jet set in this experiment,
thus ensuring the complete collection of the water jet. The performance test system mainly
consists of the PVDF piezoelectric thin film sensor, the target plate, the data acquisition
card, and the computer. The PVDF piezoelectric thin film sensor is fixed on the target
plate, and its height is in line with the center of the special-shaped nozzle. The bottom
of the target plate is fixed in the slideway on the experimental platform by bolts, and the
target distance can be adjusted depending on the requirements of the experiment. The
PVDF piezoelectric thin film sensor used was aPVF2.25-EK (Dynasen Company, Goleta,
CA, USA), which is characterized by a compact structure, a high response frequency, and a
wide measurement range. The experimental equipment is shown in Figure 2, and the main
parameters of the whole experimental set up are present edin Table 1.
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Table 1. Main technical parameters of the water jet testing equipment.

Equipment Name Parameter Value

Hw200d-s high-pressure plunger pump Rated pressure (MPa) 60
Rated flow (L/min) 81

K60L water tank Volume (L) 60
T207 pressure regulator valve Pressure regulation range (MPa) 0–45
SK-YLKZ pressure gauge Measuring range (MPa) 0–60
ZC-LUGB-15 flowmeter Measuring range (L/min) 6–130

PVF2.25-EK piezoelectric thin film sensor

Diameter (mm) 0.25
Thickness (mm) 0.1
Sampling frequency (MHz) 100
Maximum load (GPa) 5

2.2. Experimental Method

During the experiment, the required working parameters were adjusted, the high-
pressure plunger pump was started, and the water jet was ejected through the nozzle. The
jet flow field stabilized after 10 s, and the data acquisition system was started. The system
automatically recorded the collected data and processed them. The experimental data
acquisition time was 30 s. The experimental data for the jet were collected three times in



Processes 2022, 10, 2066 4 of 19

succession foreach nozzle under the same conditions, and the average value was taken to
ensure the accuracy and precision of the measurement data.

In this experiment, the effect of the special-shaped nozzle on the performance of
the water jet was studied. In accordance with previous research results, five nozzles,
namely, circular, square, triangular, elliptical, and cross outlet shapes, were designed for
this experiment. In addition to the outlet shape, the other structural parameters of the five
types of nozzles were the same, and the outlet area of all nozzles remained the same, which
is s = π mm2, in order to exclude the influence of other factors. The specific structural
parameters are shown in Table 2, and the structural schematic of the nozzle is shown in
Figure 3. A split design was adopted to facilitate processing due to the small inner diameter
of the nozzle. The nozzle was divided into a contraction section and a straight outlet section,
which were processed separately. The two parts were connected together by a metal seal
ring and a nozzle sleeve following the completion of processing. The outlet shapes of the
five nozzles are shown in Figure 4.

Table 2. Structural parameters of the nozzle.

Number Outlet Shape Inlet Diameter
D (mm)

Length of
Contraction
Section L1

(mm)

Contraction
Angle (◦)

Length of
Outlet Straight

Section L2
(mm)

Area of Outlet
Corss-Section

(mm2)

1 circle 10 14.93 30 5 π
2 square 10 13.99 30 5 π
3 triangle 10 12.87 30 5 π
4 ellipse 10 11.20 30 5 π
5 cross 10 13.99 30 5 π
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In the above table, the diameter of the circular nozzle is 2 mm, the side length of
square nozzle is 1.77 mm, each side length of triangular nozzle is 2.69 mm, the long axis of
elliptical nozzle is 4 mm, the short axis is 1 mm, and each side length of the cross nozzle is
0.79 mm.

3. Experimental Results and Analysis
3.1. Effect of Special-Shaped Nozzle on Water Jet Impact Pressure

Impact pressure is an important indicator for measuring the performance of water
jets. After the water jet impacts the surface of an object, its speed decreases instantaneously.
The momentum lost in this process is converted into a force that can break the object when
acting upon its surface. The calculation formula for impact pressure P is as follows:

Ps =
1
2

ρν2 (1)

where ρ is the density of the fluid, kg/m3, and ν is the fluid velocity, m/s.
As shown in Formula (1), the greater the impact pressure P, the better the effect of

object fragmentation. Therefore, in this experiment, first, the effect of nozzles with different
shapes on the impact pressure of water jet was measured. The total impact force F of the
water jet was obtained after the data measured by the PVDF piezoelectric thin film sensor
were processed by the data acquisition card and the computer, and the impact pressure was
calculated as P = F/S. However, inevitably, momentum and energy exchange between
the fluid and the surrounding static gas occurs, and the water jet continues to diffuse after
the water jet is ejected from the nozzle in accordance with the unsubmerged water jet
structure [24]. This condition results in a continuous decrease in the water jet boundary
velocity, thereby forming a gradient in the jet cross-section with a high central velocity
and a low boundary velocity, as shown in Figure 5. This change in the velocity gradient
leads to the uneven distribution of impact pressure on the jet cross-section, which cannot
be calculated directly by using the formula P = F/S.
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In accordance with the research results presented in [25–27], the impact pressure Py at
any point on the water jet cross-section can be expressed as follows:

Py

Pc
= 1− 3

(
y

Rx

)2
+ 2
(

y
Rx

)3
(2)

In the above formula, Pc is the pressure at the center of the cross-section, MPa, y is the
vertical distance between a point on the cross-section and the center of the water jet, mm,
and Rx is the radius of the water jet on this cross-section, mm.

The pressure Py at any point on the cross-section can be obtained by changing
Formula (2) as follows:

Py =
(

1− 3Y2 + 2Y3
)

Pc (3)
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where Y = y
Rx

, and Y ∈ (−1,+1). Therefore, the total impact force F on this section can be
expressed as follows:

F =
∫ +Y

−Y

(
1− 3Y2 + 2Y3

)
Pcdy = 2

(
Y−Y3 +

Y4

2

)
Pc (4)

When y is extremely small, the higher-order term is omitted to obtain the following
calculation formula for the central pressure:

Pc ≈
F

2Y
(5)

In this experiment, the diameter of the sensor used is 0.25 mm, and the following
formula can be calculated:

Y =
y

Rx
=

0.25 mm
2 mm

= 0.125 (6)

Substituting this result into Formula (3) yields Py = 0.97Pc. The calculation results
show that the two results are extremely close, and with increasing target distance, the water
jet continues to diffuse, and Rx becomes larger than the outlet size of the nozzle. Therefore,
the collected experimental data can be used to calculate the central impact pressure of
the water jet in accordance with Formula (5), and Formula (5) is applicable to all nozzles
with a central symmetric shape, while Rx is the distance from the symmetric center to the
edge point.

3.1.1. Axial Variation Characteristics of the Impact Pressure at the Center of the Water Jet

The axial change characteristic can reflect the change in water jet in advance, which is of
great importance for studying the spatial dynamic change in water jet impact pressure [28].
The influence of different nozzle outlet shapes on the axial change of water jet impact
pressure is shown in Figure 6. The inlet pressure of the nozzle stabilizes at 20 and 25 MPa
through the pressure regulator valve, the axial target distance range is 40–200 mm, and the
target distance interval of each measuring point is 20 mm. Each data point was collected in
accordance with the method described in Section 2.2 in order to obtain the water jet impact
force F of nozzles with different shapes, which was converted into the central impact force
P using Formula (5). As shown in Figure 6, the water jet impact pressure shows a trend of
attenuation with increasing axial target distance, which is in line with the law of water jet
development. When the high-speed water jet is ejected into the static air, the water droplets
constantly collide with air particles, resulting in a strong energy exchange. The air particles
at the boundary of the water jet are constantly sucked into the water jet, forming a water/air
mixture that moves forward together. With increasing target distance, the energy exchange
between the water jet and the air increasingly accumulates, and the water jet velocity shows
different degrees of attenuation. The water jet gradually diverges due to the inhalation
of air particles. When the axial target distance is in the range of 40–140 mm, the impact
pressure of the five shapes of nozzles decays rapidly in the axial direction with the increase
in the target distance. This condition is mainly because the water jet is in the main section
at this time, the turbulence of the two-phase flow field is intense, the energy exchange is
frequent, the radial development of the jet is obvious, and its central impact pressure is
affected by the target distance. The entrainment ability of the jet to the surrounding static
air decreases after the axial target distance of 140 mm due to the decrease in the jet velocity.
The energy exchange between water droplets and air particles reaches a relatively stable
state, and the attenuation of the central impact pressure gradually tends to become gentle.
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The attenuation of the axial impact pressure is compared in Figure 6a,b. The attenu-
ation is more rapid when the inlet pressure P = 20MPa, whereas the attenuation of the
impact pressure tends to be gentle when the inlet pressure P = 25MPa. This finding is
because when the pressure is lower, the outlet velocity is relatively low, the water jet has
poor clustering and is more likely to exchange momentum with the surrounding air, and
the energy loss increases, causing the axial impact pressure to decay rapidly. When the
inlet pressure of the nozzle is higher, the outlet velocity of the water jet is higher, and the
water jet has better clustering. Only the water droplets at the water jet boundary collide
with the air, resulting in energy exchange, which has minimal effect on the velocity at the
water jet axis, so the impact pressure at the axial center decays slowly.

Compared with several different shapes of nozzles at the same inlet pressures and
target distances, the impact pressure of the circular, square, and triangular nozzles is
remarkably higher than that of the elliptical and cross nozzles. As shown in Figure 6a,b,
the impact pressure at the center of the water jet of the circular nozzle is the highest within
the target distance range of 40–140 mm. With increasing target distance, the center impact
pressure of the triangular and square nozzles is slowly attenuated and starts to become
higher than that of the circular nozzle. This condition shows that nozzles with sharp edges
can still maintain good clustering with a large target distance, improving the performance
of the water jet, which is consistent with the research results of previous authors [29–32].

3.1.2. Variation Characteristics of Center Impact Pressure with Inlet Pressure of the
Special-Shaped Nozzle

The variation curve of the center impact pressure with the inlet pressure of different
nozzle shapes at the same target distance was obtained in order to further analyze the
influence of the nozzle inlet pressure on the jet impact pressure for different nozzle shapes,
as shown in Figure 7 for a target distance range X of 80–180 mm, and an inlet pressure
variation range of 10–35 MPa.
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As shown in Figure 7, the impact pressure of the water jet shows an increasing trend
with increasing inlet pressure. When the inlet pressure is lower than 25 MPa, the change in
water jet impact pressure is relatively gentle, especially for the elliptical and cross nozzles,
and is insensitive to changes in inlet pressure. When the inlet pressure exceeds 25 MPa, the
center impact pressure of the different nozzles at the same target distance increases rapidly
with increasing inlet pressure. This phenomenon shows that medium and high pressures
are conducive to the nozzle maintaining jet convergence, thereby improving the impact
pressure of the jet.

Several nozzle shapes were compared and analyzed at different inlet pressures. The
water jet impact pressure of the triangular nozzle was the most sensitive to changes in inlet
pressure. Within the selected target distance, the higher the inlet pressure, the faster the
increase in the impact pressure of the water jet. When the inlet pressure P = 35 MPa, the
water jet impact pressure obviously exceeds that of the other nozzles. This finding shows
that when the inlet pressure is high, the water jet performance of the triangular nozzle is
better. When the target distance is small, the water jet impact pressure of the circular nozzle
is higher than the square nozzle with increasing inlet pressure. However, the advantage of
the square nozzle becomes obvious at medium and high inlet pressures with increasing
target distance, as shown in Figure 7e,f, and its impact pressure becomes higher than that
of the circular nozzle, which is consistent with the conclusion drawn in Section 3.1.1. The
water jet performance of the elliptical and cross nozzles was poor, especially when the inlet
pressure P ≤ 25 MPa. Their impact pressures were remarkably lower than the other three
shapes of the nozzle, and their impact pressures increased more slowly with increasing
inlet pressure. When P > 25 MPa, their impact pressures increased with increasing inlet
pressure, but they were still lower than those of the other three nozzles.

3.2. Effect of Special-Shaped Nozzle Structure on Water Jet Flow

Although the nozzle diameter is small, the energy carried by the water jet is large
due to the high water pressure. Therefore, choosing a suitable nozzle structure is of great
importance in using the energy of the water jet and reducing its energy consumption
ratio in order to improve the performance of the water jet. According to Refs. [33,34], the
calculation formula of water jet power is as follows:

Pjet = ρq
v2

2
(7)

where Pjet is the output power of the nozzle, W, ρ the is density of fluid, kg/m3, q is real
flow, m3/s, and v is outlet velocity, m/s.

The water jet power is mainly determined by the flow q and velocity v. The velocity is
proportional to the impact pressure, as discussed in Section 3.1. Thus, this section focuses
on the effect of the special-shaped nozzle on the actual water jet flow. The actual flow rate
of the nozzle depends on its geometric shape, internal surface roughness, and internal flow
state, and was mainly determined on the basis of the experiments. The calculation formula
is as follows:

µ =
q
Q

(8)

where µ is flow coefficient, dimensionless, and Q is theoretical flow, m3/s.
When the theoretical flow rate is the same, this coefficient represents the energy

transmission efficiency of the nozzle. In this experiment, a high-pressure reciprocating
piston pump is used, and its flow is proportional to the pressure, that is, when the inlet
pressure is the same, its inlet flow is also the same. Thus, the flow coefficient of each nozzle
must be investigated.

In this experiment, a simple and practical volumetric method was used to measure the
flow, that is, the volumetric flow of each nozzle was determined by measuring the volume
of fluid falling into the water collection tank per unit of time. The volume of fluid was
measured using the measuring cylinder, and the time was recorded using a stopwatch. The
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inlet pressure of the nozzle was adjusted by the pressure regulator valve such that it would
change within a range of 10–35 MPa, the inlet pressure was confirmed by the pressure
gauge, and the theoretical flow was determined using the flowmeter. Each data point was
measured three times, and the average value was taken. The specific data are shown in
Table 3. The flow coefficient of the nozzle under different inlet pressures was calculated
according to Formula (8). The actual flow of different shapes of the nozzle and their flow
coefficients are shown in Figure 8.

Table 3. Relationship between experimental pressure and flow of each nozzle.

Experimental
Pressure (MPa)

Flow (L/min)

Circular
Nozzle

Triangular
Nozzle Square Nozzle Elliptical

Nozzle Cross Nozzle Inlet Flow

10 9.41 9.75 10.22 8.51 8.16 12.00
15 11.8 12.12 13.03 10.65 10.21 15.00
20 14.83 15.42 16.71 13.24 12.74 19.00
25 17.37 17.93 19.56 15.16 14.83 22.00
30 19.49 20.07 21.43 17.15 16.73 25.00
35 21.76 22.46 23.87 19.22 18.67 28.00
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As shown in Table 3 and Figure 8, the triangular nozzle had the highest flow rate, and
the square nozzle and the circular nozzle exhibited minimal difference in flow rate at the
same pressure. When the inlet pressure was low, the cross nozzle had the smallest flow
rate. As shown in Figure 8a, the flow rates of several nozzles increased with increasing
inlet pressure. The flow rate of the triangular nozzle increased the fastest, followed by
the square and circular nozzles, and the flow rates of the elliptical and cross nozzles were
the lowest. This findings show that the flow rate of the nozzles with sharp edges is more
sensitive to changes in pressure, whereas the flow rate of the circular nozzle can more easily
maintain stability.

Further analysis of Figure 8b shows that the relationship of the flow coefficient is
µtri > µsqa > µcir > µell > µcro. The flow coefficient of the triangular nozzle was 12.61%
higher than that of the circular nozzle and 30.62% higher than that of the cross nozzle,
which indicates that nozzles with sharp edges have a higher energy use rate for water
jets. The flow coefficient of the triangular nozzle first increases and then decreases with
increasing pressure, proving again that the flow rate of the triangular nozzle is sensitive to
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the pressure change, and an optimal inlet pressure does occur for this nozzle structure, at
which point its flow rate reaches its maximum value. The flow coefficient of the square and
circular nozzles changes slightly with pressure, the flow coefficient of elliptical and cross
nozzles decreases slightly with increasing pressure, and the water jet energy use rate is low.

The actual flow rate of the nozzle depends on three main factors: the structural
parameters of the nozzle, the internal surface roughness, and its internal flow state. In this
experiment, the outlet shape of the five nozzles is different, but the structural parameters
and processing methods are the same. Therefore, the outlet shape affects the local resistance
coefficient of the nozzle, which influences its internal flow state, resulting in differences in
the actual flow rate.

4. Numerical Simulation and Analysis

In addition to the impact pressure, the effective impact area is an important indicator
of the water jet performance. Therefore, the impact of the special-shaped nozzles on the
effective impact area was examined to more fully evaluate the advantages and disadvan-
tages of special-shaped nozzles. In accordance with jet theory, the radial velocity on the
jet cross-section gradually decreased from the central axis to the boundary in the main
section of the jet, as shown in Figure 5 in Section 3.1, and accurately measuring the effective
impact area of the jet cross-section by experimental means is difficult. Computational fluid
dynamics (CFD) is widely used in the study of fluid flow due to its high accuracy, its ability
to extract a variety of physical quantities, and its high efficiency [35,36]. In this study, CFD
wasused to supplement the study of the jet performance of differently shaped nozzles.

4.1. Construction of Numerical Model

The numerical model of the nozzle was consistent with the nozzle size in Section 2.2,
and the outlet flow field size was 60 mm× 60 mm× 220 mm in order to ensure the accuracy
of the analysis results. Under these conditions, the influence of the flow field boundary
on the calculation results can be avoided, while all of the experimental target distances
in Section 2 can be included. In accordance with the experimental analysis, when strong
momentum exchange occurs between the high-speed water jet and the air, the air at the
boundary is sucked in by the water jet, and the droplets are “torn apart” by aerodynamic
forces; the speeds of both are different, so the mixture model of multiphase flow model
was selected to perform the numerical simulation, and the surface model type was sharp.
The main phase was set to air, and the second phase was set to water; since water is an
incompressible fluid, the transient and implicit pressure solver was used to perform the
calculations. The gravity was set to 9.8 m/s2, and the direction was set perpendicular
to the axis direction. Compared to the standard k–ε model, The RNG k–ε model is more
suitable for dealing with complex flows with large flow curvature, and the model formula
is as follows:

∂(ρk)
∂t

+
∂(pkui)

∂xi
=

∂

∂xj
(akµe f f

∂k
∂xj

) + Gk − ρε (9)

∂(ρε)

∂t
+

∂(pkui)

∂xi
=

∂

∂xj
(aεµe f f

∂ε

∂xj
) +

C1εεGk
k
− C2ερ

ε2

k
(10)

where k is turbulent kinetic energy, J, ε is turbulence dissipation tate, %, xi, xj are the x, y
coordinates, Gk is the turbulent kinetic energy generation term, C1ε, C2ε are constants, ak, aε

are the inverse effective Prandtl numbers of k and ε, and µe f f is turbulent viscosity, N·s/m2.
According to the control formula, the RNG k–ε model adds one item to the standard

k–ε model, making the estimation of the vortex flow factor under turbulence more accurate.
The nozzle has a small internal space and a complex shape, so the RNG k–ε model is
more appropriate.

The nozzle inlet was set as the pressure inlet, the nozzle wall and the right end of
the flow field were set as the wall, the wall function method was used in the near wall
area, and other boundaries were set at the pressure outlet, the pressure value was1 atm,
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as shown in Figure 9. The inlet pressure value was the same as the above experimental
pressure of 10–35 MPa. The volume fraction of water at the nozzle inlet was set to 1, the
surface tension coefficient of water and air was set to 0.07, and the contact angle of water,
air and wall was set to 70◦. The volume fraction of water and the initial velocity of each
medium in the initialization calculation domain were set to zero. The second-order upwind
scheme is able to obtain higher accuracy than the first-order upwind scheme, so the SIMPLE
pressure–velocity coupling algorithm and second-order upwind scheme were used to solve
the control equation.
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4.2. Model Meshing and Independence Verification

The number of grids has a certain impact on the accuracy and calculation time of a
numerical simulation. However, for a given research problem, the further densification
of grids does not affect the results but increases the calculation time once the density of
grids has reached a certain level. This study used grid segmentation to divide the nozzle
and flow field to ensure its accuracy and efficiency. The nozzles, with small structural
dimensions and irregular shapes, were divided into an unstructured tetrahedral grid, the
outlet flow field with regular shapes was divided into a structured hexahedral grid, and
the key areas with complex flow were grid encrypted [37,38]. Taking the circular nozzle as
an example, three density division methods are used for the numerical model to compare
the impact pressure on the axis with the experimental results in Section 3.1.1 when the inlet
pressure P = 20 MPa, as shown in Figure 10 and Table 4.

Processes 2022, 10, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 10. Comparison between the numerical simulation and experimental results of the axial 
distribution of the jet impact force of circular nozzle. 

Table 4. Error analysis of the numerical simulation and experimental results. 

Grid 
Density 

Number of Grid 
(Nozzle) 

Number of Grid 
(ExternalFlow Field) 

Maximum 
Deviation (%) 

Minimum 
Deviation (%) 

Average 
Deviation (%) 

No.1 766,475 4,315,647 10.78 8.00 10.05 
No.2 1,358,732 5,120,646 6.16 4.46 5.39 
No.3 2,567,896 5,986,478 5.12 3.59 4.23 

As shown in Figure 10, the axial distribution of the impact pressure of the circular 
nozzleat three different grid densities wasconsistent with the experiment results,and the 
data obtained under the second and third grid densities wereextremely close. The over-
all error wascontrolled to within 6.5% following an increase in grid density, which meets 
the requirements of engineering practice. The reason for the gap between the numerical 
simulation data and experimental data is because the equipment is large, the experi-
mental environment is outdoors, and a certain breeze can occur, which has a certain im-
pact on the development of the water jet. A certain simplified processing methodwa-
sused for the calculation of the experimental results, resulting in a deviation between the 
experimental and simulation results. Following a comprehensive consideration ofthe 
calculation accuracy and calculation time, the second grid density wasselected for calcu-
lation. Under this grid density, when the inlet pressure is 20 MPa, the deviation between 
numerical simulation results and experimental results of the impact pressure on the axis 
of the other nozzles is shown in Table 5. 

Table 5. Error analysis of numerical simulation and experimental results of the other nozzles. 

Outlet 
Shape 

Number of Grid 
(Nozzle) 

Number of Grid (External 
Flow Field) 

Maximum 
Deviation (%) 

Minimum 
Deviation (%) 

Average 
Deviation (%) 

square 1,361,632 5,121,164 4.92 3.86 4.26 
triangle 1,360,354 5,128,044 4.58 3.42 4.05 
ellipse 1,361,236 5,131,322 5.42 4.38 4.52 
cross 1,363,626 5,134,566 5.86 4.16 4.66 

Figure 10. Comparison between the numerical simulation and experimental results of the axial
distribution of the jet impact force of circular nozzle.



Processes 2022, 10, 2066 13 of 19

Table 4. Error analysis of the numerical simulation and experimental results.

Grid
Density

Number of
Grid

(Nozzle)

Number of
Grid

(External
Flow Field)

Maximum
Deviation

(%)

Minimum
Deviation

(%)

Average
Deviation

(%)

No.1 766,475 4,315,647 10.78 8.00 10.05
No.2 1,358,732 5,120,646 6.16 4.46 5.39
No.3 2,567,896 5,986,478 5.12 3.59 4.23

As shown in Figure 10, the axial distribution of the impact pressure of the circular
nozzle at three different grid densities was consistent with the experiment results, and
the data obtained under the second and third grid densities were extremely close. The
overall error was controlled to within 6.5% following an increase in grid density, which
meets the requirements of engineering practice. The reason for the gap between the
numerical simulation data and experimental data is because the equipment is large, the
experimental environment is outdoors, and a certain breeze can occur, which has a certain
impact on the development of the water jet. A certain simplified processing method
was used for the calculation of the experimental results, resulting in a deviation between
the experimental and simulation results. Following a comprehensive consideration of
the calculation accuracy and calculation time, the second grid density was selected for
calculation. Under this grid density, when the inlet pressure is 20 MPa, the deviation
between numerical simulation results and experimental results of the impact pressure on
the axis of the other nozzles is shown in Table 5.

Table 5. Error analysis of numerical simulation and experimental results of the other nozzles.

Outlet
Shape

Number of
Grid

(Nozzle)

Number of
Grid

(External
Flow Field)

Maximum
Deviation

(%)

Minimum
Deviation

(%)

Average
Deviation

(%)

square 1,361,632 5,121,164 4.92 3.86 4.26
triangle 1,360,354 5,128,044 4.58 3.42 4.05
ellipse 1,361,236 5,131,322 5.42 4.38 4.52
cross 1,363,626 5,134,566 5.86 4.16 4.66

On the basis of the error results in Tables 4 and 5, it can be concluded that the dif-
ference between the numerical simulation results and the experimental results was very
small, and therefore, the numerical simulation results are reliable and can be used for
subsequent research.

4.3. Resultsand Discussion
4.3.1. Effect of Special-Shaped Nozzle Structure on Water Jet Impact Area

The inlet pressure was P = 20 MPa. Contour maps of the water jet impact pressure
of the five nozzles with different shapes at target distances of x = 40, 100, and 160 mm
were generated, as shown in Figure 11. For comparison, all cross-sectional areas are
8 mm × 8 mm, and the impact force scale range is unified within the range 0–20 MPa,
starting from the highest pressure of 20 MPa and extracting contours every 2 MPa until
2 MPa. The maximum impact pressure at the center of the jet decreases continuously for all
nozzles with increasing target distance, which is consistent with the analysis provided in
Section 3.1.1. The shape of the water jet near the outlet is the same as that of the nozzle.
With increasing axial target distance, the shape of the jet gradually changes and develops
into a circular boundary. This condition is the result of the continuous energy exchange
between the water jet and air, and the air is constantly sucked into the water jet.
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Figure 11. Water jet impact area at different target distances: (a1) circular nozzle, x = 40; (a2) circular
nozzle, x = 100; (a3) circular nozzle, x = 160; (b1) square nozzle, x = 40; (b2) square nozzle, x = 100;
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x = 160; (e1) cross nozzle, x = 40; (e2) cross nozzle, x = 100; (e3) cross nozzle, x = 160.



Processes 2022, 10, 2066 15 of 19

When the target distance is x = 40 mm, the center impact pressure of the circular
nozzle is the greatest, and can reach more than 18 MPa, whereas the maximum pressure of
other nozzles does not exceed 18 MPa, especially the elliptical and cross nozzles, where the
maximum center impact pressure can be observed to belower than 16 MPa by comparing
Figure 11a1–e1.The pressure decay was impacted within 20%, that is, P ≥ 16 MPa, when
calculating the effective impact area. Stri > Ssqu > Scir, the effective area of the triangular
nozzle was 1.86 times higher than that of the circular nozzle, and that of the square nozzle
was 1.71 times higher than that of the circular nozzle. The pressure decay was impacted
within 30%, that is, P≥ 14 MPa, when calculating the effective impact surface. The effective
impact area of the triangular nozzles wasstill the largest, at 1.88 times higher than that of
the circular nozzle. The order was Stri > Ssqu > Scir > Sell > Scro.

When the target distance x = 100 mm, the maximum impact pressure of the circular and
triangular nozzles was more than 14 MPa, and the effective impact area of the triangular
nozzle was 1.61 times higher than that of the circular nozzle by comparing Figure 11a2–e2.
The effective impact area was calculated to be P ≥ 12 MPa, and the order was Stri > Ssqu
> Scir > Sell. The effective area of the triangular nozzle was 1.69 times higher than that of
the circular nozzle, and the maximum impact pressure of the cross nozzle did not reach
12 MPa.

When the target distance x = 160 mm, the maximum impact pressure of the five nozzles
decreased remarkably, as can be observed by comparing Figure 11a3–e3. The maximum
impact pressure of circular, triangular, and square nozzles was more than 10 MPa, and the
effective impact area of the triangular nozzle was still the largest, followed by the square
nozzle, and the circular nozzle was the smallest, at P ≥ 10 MPa. The maximum impact
pressure of the elliptical and cross nozzles decayed the most rapidly, only reaching 6 MPa.

With increasing target distance, the effective impact area of the triangular nozzle
became the largest among the five nozzles. When the target distance x ≥ 100 mm, the
impact pressure and effective impact area of the triangular nozzle exceeded that of the
circular nozzle, showing better jet performance. When the target distance x = 160 mm, the
impact pressure in the selected cross-sectional area was above 2 MPa, which is remarkably
higher than the other four nozzles. Although the maximum impact pressure of the square
nozzle was lower than that of the circular nozzle, its effective area was higher than that of
the circular nozzle. When the target distance x = 160 mm, its maximum impact pressure was
equivalent to that of the circular nozzle, which fully demonstrates that nozzles with sharp
edges have better ability to entrain the surrounding fluid and the water jet performance
is superior, especially when the target distance is high. However, the water jet impact
pressure and the effective impact area of the elliptical and cross nozzles were poor. The
specific effective areas of the five nozzles under different target distances are shown in
Table 6.

Table 6. Effective impact area of 5 nozzles at different target distances.

Target
Distance X

(mm)

Effective
Pressure P

(MPa)

Circular
Nozzle
(mm2)

Square Nozzle
(mm2)

Triangular
Nozzle (mm2)

Elliptical
Nozzle (mm2)

Cross
Nozzle (mm2)

X = 40
P ≥ 16 MPa 3.36 5.74 6.27 - -
P ≥ 14 MPa 5.02 9.13 9.44 2.95 2.17

X = 100
P ≥ 14 MPa 3.35 - 5.22 - -
P ≥ 12 MPa 5.43 6.08 9.20 1.32 -

X = 160
P ≥ 10 MPa 3.17 8.41 9.27 - -
P ≥ 6 MPa 7.20 24.72 27.90 4.26 4.30

In accordance with the research method described above, the effective area of the
impact pressure decay within 50% was calculated for the five nozzles in the cross-section of
the target distance x = 100 mm at inlet pressures of 10, 15, 20, 25, 30, and 35 MPa, as shown
in Figure 12. With increasing inlet pressure, the effective impact area of the triangular
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and square nozzles increase drapidly, showing good jet expansion ability. The effective
impact area of the elliptical and cross nozzles were minimally different, and exhibited an
exponentially increasing trend in the high-pressure stage. The increase rate of the effective
impact area of the circular nozzle shows a relatively stable linear law as a whole, indicating
that its jet has good bunching property and is insensitive to pressure changes.
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4.3.2. Effect of Special-Shaped Nozzle Structure on Jet Entrainment Rate

Most of the energy is transferred to the surrounding fluid, and the velocity of the
jet body decreases because of the attenuation of the axial velocity of the jet. However,
increasing the surrounding fluid results in turbulence moving forward with the jet body
under the entrainment of the longitudinal vortex, so that the jet flow gradually increases
along the way, and then the effective jet area expands. Therefore, the jet entrainment rate of
the nozzle is a fundamental factor affecting jet performance.

The entrainment rate was calculated by using the formula proposed by Zhang et al. [39]:

c =
m−m0

m0
(11)

where c is fluid entrainment rate, dimensionless, m0 is mass flow of fluid outlet, kg/s, m is
the mass flow rate of the fluid in the cross-section at a target distance x, kg/s.

The larger the value of c, the stronger its ability to entrain the surrounding fluid. The
entrainment rate of the five nozzles at a target distance x = 100 mm was calculated at inlet
pressures of 10, 15, 20, 25, 30, and 35 MPa, as shown in Figure 13.
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The entrainment rates of the five nozzles increased with increasing pressure, and the
rates of increase of jet entrainment rates were different at different inlet pressures. At an
inlet pressure of P ≥ 25MPa, the rate of increase of the entrainment rate of the jet was
remarkably higher than that at medium and low pressures (P < 25MPa). This finding is
because the outlet velocity of the jet increased rapidly in the medium- and high-pressure
stages, and the entrainment ability of the jet to the surrounding fluid was enhanced. The
entrainment rate of the triangular nozzle wasthe highest, and its jet entrainment rate was
1.24–1.50 times higher than that of the circular nozzle and 1.67–1.87 times higher than that
of the cross nozzle. This finding is because the triangular nozzle had a longer cross-sectional
perimeter, thus increasing its contact with the surrounding fluid, and thereby increasing
its entrainment capacity. The change law of the jet entrainment rate of the five nozzles at
different inlet pressures is consistent with the change law of effective area in the previous
section, which proves again that the entrainment capacity of jet is an important factor
affecting the expansion of their effective impact area.

5. Conclusions

In this study, the water jet performance of circular, square, triangular, elliptical, and
cross nozzles was investigated by performing experiments and numerical simulation.
The variation laws of water jet axial center impact pressure attenuation, water jet flow
coefficient, water jet effective impact area, and water jet entrainment rate under different
inlet pressures were analyzed. The main conclusions are as follows:

(1) When the inlet pressure P < 25 MPa and the target distance x < 140 mm, the circular
nozzle has the best jet bunching performance, highest central impact pressure, and slowest
axial attenuation, followed by the triangular, square, and elliptical nozzles. The water
jet of the cross nozzle is the most divergent, and its central impact pressure is the lowest.
When inlet pressure P ≥ 25 MPa and the target distance x ≥ 140 mm, the triangular nozzle
with sharp edges shows better jet performance, and its central impact pressure and axial
attenuation speed are optimal.

(2) Under the same working conditions, the triangular nozzle has the largest flow
coefficient and is sensitive to pressure change. When the pressure is P = 25 MPa, the flow
coefficient is the largest. The flow coefficient of other nozzles fluctuates minimally with the
change in pressure, and the flow coefficient of the cross nozzle is the smallest.

(3) In the initial section of the water jet, the cross-section is consistent with the shape
of the nozzle. With increasing axial target distance, the water jet gradually transforms into
a circular shape and expands into a circular boundary. The center impact pressure of the
circular nozzle is the highest. However, the effective impact area of the triangular and
square nozzles is larger than that of the circular nozzle, and the effective impact area of
the elliptical and cross nozzles is the smallest, with a small difference in values when the
effective area is calculated with the impact pressure attenuation within 50%.

(4) The higher the pressure, the faster the entrainment rate of the five nozzles increases,
showing an exponential growth law. The entrainment rate of the triangular nozzle is the
largest, and its water jet entrainment rate is 1.24–1.50 times greater than that of the circular
nozzle and 1.67–1.87 times greater than that of the cross nozzle.

These results show that when the inlet pressure is high and the target distance is large,
the maximum impact pressure at the center and the effective area of the triangular nozzle
with sharp edges are better than those achieved by the traditional circular nozzle, thus
providing a theoretical basis for the nozzle selection under different working conditions.
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