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+e dynamic process of circular water jets plunging into a quiescent pool was analyzed in this study based on the RNG k∼ε
turbulence model and VOFmethod.+e effects of jet velocity and inclination angles relative to horizontal on the cavity shapes and
sizes were analyzed. +e simulation successfully captured the formation, development, pinch-off, and disintegration phenomena
of cavities. +e shape of the cavity is mainly affected by the impact angle, while the impact velocity mainly affects the size of the
cavity. +e cavity pinch-off initially appears at a certain point in any direction for vertical jets, while the cavity in the opposite
direction of flow pinch-off appears before the cavity in the direction of flow for inclined jets. Before cavity pinch-off, themaximum
radial and axial sizes of the cavity generally increase with the impact velocity and the time after impingement. +e axial
penetration velocity of the cavity tip is approximately half of the impact velocity, which is consistent with previous research.
Finally, based on the statistics of the cavity sizes, empirical formulas for predicting the maximum radial and axial sizes of the cavity
were established.

1. Introduction

+e phenomenon of air entrainment often occurs when a
water jet from air plunges into a pool. +is so-called air
entrainment of the jet means that jets compact within the
quiescent pool and form a relatively large cavity. +e shape
of the cavity changes rapidly over a short time. +en, the
cavity pinches off and disintegrates into the upper and lower
cavities and further decomposes into numerous bubbles. In
real life, air entrainment is widely encountered in fish
farming, wastewater treatment, dam discharges, and so on.

+e physical experiment has always been the main mean
of plunging jet research. Early related studies mainly focused
on the liquid drop impact in a liquid pool [1, 2]. +is drop
could penetrate the liquid layers for a distance and then
bounce out, and the shape was similar to a crown. Some
scholars focused on the impact of a water mass against a
stationary pool. For example, Og̃uz et al. [3] fixed a vertical

round tube above a pool and released a water body due to the
sudden rupturing of a rubber membrane at the bottom of the
round tube. In their study, the variations in cavity shape
were captured, and numerical simulations were carried out
[4]. To assess continuous jets, most research has consisted of
experimental studies of jets plunging into a stationary pool
(as shown in Table 1). For example, Zhu et al. [5] described
the cavity characteristics of a vertical jet based on experi-
mental pictures and theoretical analysis. +eir results
showed that the maximum radial size of the cavity changed
with Fr(1/4)

0 (Fr0 is the Froude number at the exit of the
nozzle), and the axial size changed with Fr(1/3)

0 . Similarly,
Soh et al. [6] also believed that the maximum axial size of the
cavity for vertical jets varied with Fr(1/3)

0 . Chanson et al. [7]
mainly focused on the air entrainment characteristics after
cavity disintegration, indicating that the maximum air
concentration decreased exponentially with the axial dis-
tance from the impact point, and obtained an empirical
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expression for predicting the air entrainment concentration
distribution in the pool. For inclined jets, Gómez-Ledesma
et al. [8] conducted experimental research on a two-di-
mensional plunging jet into a pool translating at a constant
speed. In their study, the jet thickness, speed, and angle
relative to vertical were variables. In addition, the dynamic
contours of the cavity were predicted based on the potential
flow theory. Deshpande et al. [9] studied circular jet char-
acteristics with shallow angles by experiments and com-
putations. In general, the former studies mainly focused on
the shape and size of the cavity [5, 6, 10], the penetration
depth of bubbles, and the air entrainment characteristics in
the pool [7, 11–16]. However, there have been few studies on
inclined jets, and the understanding of the dynamic char-
acteristics of a cavity under inclined plunging jets is
insufficient.

With the substantial improvements to computing per-
formance and related numerical simulation methods, an
increasing number of scholars have applied numerical
methods to simulate plunging jets (as shown in Table 2).
Galimov et al. [17] used a finite element model coupled with
a level-set method to simulate the cavity caused by a vertical
cylindrical jet and its subsequent disintegration, utilizing up
to 40 million computational elements. Zidouni Kendil et al.
[18] studied the dispersion characteristics of bubble plumes
using mono- and polydispersed RANS models, and their
results showed that the turbulence model has a minimal
effect on the distribution of large bubbles but has a great
effect on the coalescence and break-up of bubbles. Qu et al.
[19] believed that the interface-tracking approach based on
the level-set technique was better than the mixture model
approach in predicting jet penetration depth and air en-
trainment characteristics. Khezzar et al. [20] applied the
large eddy simulation (LES) method to simulate a vertical

circular plunging jet, and the characteristics of the cavity
caused by weakly and highly disturbed jets were compared.
All the above studies were simulations of vertical circular
jets. For inclined plunging jets, Brouilliot and Lubin [21]
took the experiments of Gómez-Ledesma et al. [8] as a
prototype and used the LES two-dimensional numerical
method to simulate this process. +eir results showed that
the calculated values were in good agreement with the ex-
perimental results. Deshpande and Trujillo [22] simulated
inclined jets at different angles with the code OpenFOAM.
+eir results showed that with an increasing angle relative to
the horizontal direction, the volume of the cavity tended to
decrease. Although there are more or fewer differences
between the numerical results and the real or experimental
values in simulating water-air two-phase flows under con-
ditions of continuous aeration, the numerical simulation
method is favoured by many scholars because it does not
consider the scale effect, is conveniently modified and
provides robust calculation results.

In summary, there have been many studies examining
plunging jets, which has deepened our understanding of air
entrainment and diffusion characteristics. However, previ-
ous studies have mainly focused on vertical circular jets, and
there are few studies on inclined jets. Studies concerning
cavity size have been mostly qualitative rather than quan-
titative.+erefore, based on the experiments of Qu et al. [10],
this study simulates a water jet impacting a quiescent pool
with different velocities and inclined angles relative to
horizontal. +e dynamic characteristics of the cavity shape
are described, and the sizes are measured. Expressions for
predicting the radial and axial sizes of the cavity are given.
+e research results provide new data for further under-
standing of the development characteristics of inclined water
jet cavities.

Table 1: Studies on plunging jets in physical experiments.

Reference Jet type Experimental conditions Investigation
Bonetto and Lahey
[11]

Vertical circular
jets D� 0.0051m Air concentration in pool

Zhu et al. [5] Vertical circular
jets D� 0.0054m, Frj � 38–86 Air cavity formation and disintegration

characteristics

Chanson et al. [7] Vertical circular
jets D� 0.025, 0.012 and 0.00683m, Frj � 50.41–100 Air concentration in pool

Soh et al. [6] Vertical circular
jets D� 0.0058–0.0075m, Frj � 2.6–66.6 Air cavity formation and disintegration

characteristics
Gómez-Ledesma
et al. [8]

2D plane inclined
jets

Wj � 0.457m, Tj � 0.0028–0.0050m,
θj � 44.8°–82.9°, Frj � 100–441

Air cavity formation and disintegration
characteristics

Deshpande et al. [9] Inclined circular
jets D� 0.04m, θj � 12.5°, Frj � 43 Air cavity formation and disintegration

characteristics

Qu et al. [10] Vertical circular
jets D� 0.006m, Frj � 4–208 Air cavity formation and disintegration

characteristics

Harby et al. [13] Vertical circular
jets D� 0.004–0.014m Bubble plume characteristics

Hassan et al. [15] Vertical circular
jets D� 0.0078m Bubble plume characteristics

D is the diameter of a nozzle; Frj is the Froude numbers, Frj � (V2
j /g D) for circular jets, Frj � (V2

j /gTj) for plane jets,Vj is the impact velocity, Tj andWj are
the jet thickness and width at impact point for plane jets, θj is the jet inclined angle relative to horizontal at the impact point.
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2. Mathematical Description and
Numerical Modelling

A water jet plunging into a pool is a two-phase air-water
transient flow problem. +e parallel, pressure-based
commercial software ANSYS FLUENT (version 18.0),
which has wide application in hydraulic engineering
computations [25, 26], was employed as the solver
of the Navier-Stokes equations in this study. +e con-
tinuity equation and the momentum equation are as
follows:
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where i and j are indices, xi(i � 1, 2, 3) represents the ith
component of the coordinate system, ρ the flow density, t
the time, p the pressure, μ the molecular viscosity, ui the
velocity component, ui

′ is the turbulent velocity component,
Sij is the mean strain-rate tensor, and −ρui

′ uj
′ is the Rey-

nolds stress.
+e RNG k∼ε turbulence model is adopted to solve

the fluid problem. +e transportation equations of tur-
bulence kinetic energy k and its rate of dissipation ε are as
follows:
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where μeff � μ + μt, μt is the turbulence viscosity, and Gk

presents the generation of turbulence kinetic energy due to
the velocity gradients. +ey are expressed as follows:
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+e constants of k-ε equations are Cμ � 0.0845,
αk � αε � 1.39, C1ε � 1.42, C2ε � 1.68, η0 � 4.38, β � 0.012.

+e VOF method was used to track the water-air in-
terface, which was proposed by Hirt and Nichols [27]. +ey
defined a function F(α) representing the fractional volume of
a cell occupied by fluid. In each cell, the sum of the volume
fractions of the phases is 1. F(α)� 1 means that the cell is
fully filled with α, while F(α)� 0 indicates that the cell does
not contain α. A cell with F(α)� 0 to 1 represents that it
contains a free surface. +ere are several VOF interface-
tracking schemes in the FLUENT solver, including the first-
order and the second-order upwind schemes, the geore-
construction scheme, the compressive interface capturing
scheme for arbitrary mesh, and the modified high-resolution
interface capturing scheme. A detailed description of these
schemes can be found in the ANSYS FLUENT theory guide
[28]. In this study, the georeconstruction scheme is adopted,
which is the preferred scheme when solving on mesh of poor
quality. It is the most accurate scheme but is more com-
putationally expensive than the other schemes [28].

3. Numerical Simulation Details

3.1. Computational Domain and Mesh Generation. +e
dynamic shapes of cavities for vertical circular plunging

Table 2: Studies on plunging jets in simulations.

Reference Jet type Simulated conditions Investigation

Qu et al. [19] Vertical
circular jets D� 0.006m Air concentration in pool

Zidouni Kendil et al.
[18]

Vertical
circular jets D� 0.016m Air concentration in pool

Ma et al. [23] Vertical
circular jets D� 0.025m, Frj � 50 Air concentration in pool

Brouilliot and Lubin
[21]

2D plane
inclined jets

Wj � 0.457m, Tj � 0.0029–0.0038m,
θj � 57.5°–82.9°, Frj � 100–388

Air cavity formation and disintegration
characteristics

Deshpande and
Trujillo [22]

Inclined
circular jets

D� 0.02 and 0.004m, θj � 10°–90°,
Frj � 43–97

Air cavity formation and disintegration
characteristics

Khezzar et al. [20] Vertical
circular jets D� 0.006m, Frj � 70 and 90 Air cavity formation and disintegration

characteristics
Boualouache et al.
[24]

Vertical
circular jets D� 0.025, 0.012 and 0.00683m, Frj � 72.25 Air cavity formation and disintegration

characteristics, air concentration in pool
D is the diameter of a nozzle; Frj is the Froude numbers, Frj � (V2

j /g D) for circular jets, Frj � (V2
j /gTj) for plane jets,Vj is the impact velocity, Tj andWj are

the jet thickness and width at impact point for plane jets, θj is the jet inclined angle relative to horizontal at the impact point.
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jets were measured in detail using high-speed photog-
raphy technology by Qu et al. [10]. On this basis, this
study simulated a plunging jet with different jet velocities
and angles relative to horizontal. +e geometry and
calculation domains are shown in Figure 1 and the
schematic of the air cavity is shown in Figure 2. +e
nozzle is round, with a diameter D � 6 mm and length
L � 0.12 m (20D). +e degree of turbulence approaches
full development at the exit of the nozzle according to
Khezzar et al. [20]. After the jet flows out of the round
nozzle, it moves in the air for a distance and enters a
stationary square pool filled with water. +e square pool
is 0.3 m in length, and the water level inside the pool is
kept constant at the height of 0.2 m. +e vertical distance
from the exit of the round nozzle to the initial water
surface (S) is 0.1 m. +e angle between the centreline of
the circular nozzle and the horizontal plane is defined as
θ0. To ensure the jet trajectory of each case is included in
the calculation domain, the relative position of the nozzle
and the pool are adjusted according to the jet trajectory.
+e outlet is far away from the impact point to avoid the
water flow influencing the cavity shape.

Considering the experimental conditions of Qu et al.
[10], the inlet velocity (Vin) in the numerical calculation is set
at 1.5m/s, 2.0m/s, and 2.5m/s. To study the characteristics
of the cavity under the condition of inclined jets, θ0 is set at
90°, 60°, and 45°. +e simulated cases are listed in Table 3,
where V0 is the exit velocity of the round nozzle (acquired
from numerical simulations); Vj is the impact velocity,
Vj �

��������

V2
0 + 2gS



; θj is the impact angle (the angle between
the direction of Vj and horizontal); Frj is the Froude
number, Frj � (V2

j/g D); Rej is the Reynolds number,
Rej � (VjD/]); Wej is the Weber number,
Wej � (ρV2

jD/σ); and tp is the pinch-off time for the cavity.
g is the acceleration of gravity, and ], σ, and ρ are the ki-
nematic viscosity, surface tension, and density of water,
respectively.

+e unstructured tetrahedral mesh was applied to the
calculation domain, and the boundary layers were set on
the wall surface of the circular nozzle and initial water
surface (as shown in Figure 3). +e mesh in the nozzle,
the jet, and the water surface were locally densified, and
the rest of the region was assigned a slightly larger mesh.
To determine the effect of mesh size on the simulated
results, a mesh-size analysis was considered. Table 4 lists
the mesh information and simulated sizes of the cavity, in
which t is water jet entrance time, the initial time
(t � 0ms) corresponds to the time of the jet impact on the
pool surface.

3.2. Boundary Conditions and Simulation Strategy. +e inlet
was located at the top of the circular nozzle and was set as the
velocity inflow boundary along the axial direction of the
nozzle. +e sidewall above the initial water surface of the
pool was set as the free outflow boundary to ensure that the
water depth in the pool remained constant. +e exit of the
round nozzle was the interior boundary. +e no-slip wall

boundary condition was specified at the other domains for
simulations.

At the initial time, the domain below the water
surface was stationary water, and the domain above the
surface was stationary air. A fixed time step (e.g.,
2 ×10−4 s) was used for all simulations. +e residuals were
monitored to judge whether the computational model
was convergent. +e solution was said to have converged
if the residuals were smaller than prefixed values ranging
between 10−3 and 10−6. In this work, the residual
values were set to 10−3 for all the variables. +e simulated
times were varied with θ0 and Vin between 0.2 s and
0.25 s.

3.3. Mesh-Size Analysis and Validation. Zhu et al. [5] used
photography to monitor the cavity variation due to a vertical
plunging jet and combined it with theoretical analysis,
simplified the cavity into the shape shown in Figure 4, and
obtained equations of the characteristic sizes:
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Figure 1: Schematic of the calculation domain and boundary
conditions (unit: mm).

D

L1

Vj

L2

θj

L1L
L1R

Figure 2: Schematic of the underwater jet and air cavity.
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Table 3: Jet parameters for 9 cases in this study.

Case θ0 (°) Vin (m·s−1) V0 (m·s−1) Vj (m·s−1) θj (°) Frj Rej Wej tp (ms)
A1 90 1.5 1.55 2.09 90 74 12411 360 47
A2 90 2.0 2.08 2.51 90 107 14897 518 50
A3 90 2.5 2.59 2.94 90 147 17492 715 53
B1 60 1.5 1.53 2.07 68.5 73 12323 355 35
B2 60 2.0 2.05 2.48 65.8 105 14750 508 44
B3 60 2.5 2.58 2.94 64.1 146 17440 710 53
C1 45 1.5 1.51 2.06 58.9 72 12235 350 26
C2 45 2.0 2.03 2.47 54.6 103 14652 501 44
C3 45 2.5 2.57 2.93 51.9 146 17388 706 54

Z

Y
Jet nozzle

X

Water surface

Figure 3: Scheme of mesh.

Table 4: Mesh information and simulated sizes of the cavity (θ0 � 90°, Vin � 1.5m/s).

Number Mesh size/
mm

Number of
elements/Million

L1/D
(t� 20ms)

L2/D
(t� 20ms)

L1/D
(t� 40ms)

L2/D
(t� 40ms)

L1/D
(t� 46.67ms)

L2/D
(t� 46.67ms)

I 1.2 5.69 2.80 3.54 3.57 7.01 3.75 8.41
II 1.1 6.72 2.82 3.65 3.65 7.25 3.78 8.82
III 1.0 7.94 2.81 3.64 3.62 7.27 3.78 8.85
IV 0.9 9.33 2.83 3.66 3.65 7.38 3.79 8.98
V 0.8 10.85 2.84 3.69 3.67 7.44 3.81 9.03

L1

D

L2

Dh

h

Lh

Figure 4: Definition of the geometric parameters of the underwater cavity of the vertical jet [5].
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where Dh is the diameter of the secondary cylindrical cavity,
Lh is the length of the secondary cylindrical cavity, h is the
depth of the pinch-off point below the undisturbed pool
surface, Fr0 is the Froude number at the nozzle exit,
Fr0 � (V2

0/g D), and c is a constant equal to 0.9.
+e comparison between the computational results in

different mesh and the experimental results [10] are shown
in Figure 5. +e simulated results of CFD could well
describe the transient shape change of the cavity, but there
were certain differences in size. It can be seen from
Figure 5 that the axial size of the calculated cavity was
slightly smaller than that of the experiments, but the radial
size was quite different. +e characteristic sizes of the
cavity for CFD in this study, the experimental value of Qu
et al. [10], the empirical formula of Zhu et al. [5] and the
LES of Khezzar et al. [20] are listed in Table 5. It can be
seen from Table 5 that the simulated results in this study
are smaller than the experimental values, and the maxi-
mum relative error is 24.92% relative to the experimental
value. +e limited mesh resolution might explain these
discrepancies. However, the existence of these discrep-
ancies does not seriously hinder the prediction of cavity
shape and size variation in this study. It can be seen from
Figure 5 and Table 5 that Mesh IV and Mesh V can ba-
sically predict the shape and size changes of the cavity, and
the prediction results are close. +erefore, in considering
the results and computational resources comprehensively,
the size in mesh IV was selected to calculate the subse-
quent cases.

4. Results and Discussion

4.1. General Characteristics of Cavity Shape. +e 3D Iso-
surfaces of the water volume fraction (α� 0.5) and phases in
the median plane are shown in Figures 6 to 8. +e multi-
phase figures lie in the median plane; the blue colour in-
dicates air and red indicates water. In all cases, the initial
time (t� 0ms) corresponds to the time of the jet impact on
the pool surface. Pinch-off occurs (t� tp) when any sidewall
of the cavity touches the surface of the jet at a point below the
free water surface.

When a liquid jet plunges into a quiescent pool, the
transient impact initiates the creation of a relatively large air
cavity (Figures 6–8), and the cavity shape changes rapidly
over a short time period. Subsequently, the cavity pinches off
under the free surface and further disintegrates into bubbles.
In addition, the shape of the cavity is closely related to the

time after impacting, jet cross-section at the impact point,
impact velocity, impact angle, viscosity of the liquid, and
other factors. In this study, we mainly focus on the impact
velocity, angle, and time of the water jet.

4.1.1. Be Regularity of Cavity Shape Changing with Time.
As shown in Figure 6, when the jet moved in the air, the air
interacted with the water jet, and the surface of the jet
became rough because of air entrainment. Just following the
initial impact, a conical air cavity was created. +e water
around the cavity rose and formed a toroidal contour. +e
maximum rising value appeared at the junction of the cavity
and water body above the water surface, which decreased
with the distance from the impact point. +e maximum
rising value first increased and then decreased with time.+e
size of the cavity increased rapidly after impingement, and
the axial size growth rate was greater than that of the radial
cavity. +en, at a certain instant, the lower part of the cavity
was pinched off by secondary water flow, thus forming two
cavities. +ereafter, the upper cavity contracted towards the
surface of the water, and the lower cavity moved further in
the direction of the jet and further disintegrated into smaller
bubbles.

Even though the water jet impacts the pool vertically
(θ0 � 90°), the pinch-off of the cavity is not axisymmetric.
+e pinch-off of the cavity usually starts at a point and then
expands to different directions until the cavity completely
pinches off, forming the upper and lower cavities.+e pinch-
off times of the cavity in different cases are listed in Table 3.
As we can see in Table 3, the pinch-off time increased with
velocity. In addition, the pinch-off time space of θ0 � 45° was
greater. +e smaller θ0 was, the greater the rate of increase
was.

4.1.2. Effects of Jet Inclined Angle on Cavity Shape. In nature,
a jet impacting a liquid pool may not be vertical, such as a
dam discharge into a plunge pool. +e effects of an inclined
angle on the cavity are discussed below.

When θ0 � 90° (cases A1–A3), the jet impacted vertically
on the surface of the pool. +e cavity shape was almost
symmetrical about the jet centreline. However, for the in-
clined jet, the cavity was asymmetrical about the jet cen-
treline. +e rising value of the water level on the left (flow
direction) was higher than that on the right. As we can see in
Figure 7, when θ0 � 60° and Vin � 2.0m/s, the cavity pinches
off first in the Y direction near the right side (X positive
direction). When θ0 � 45° and Vin � 2.0m/s, the shape of the
cavity was similar to the one when θ0 � 60° and Vin � 2.0m/s,
but the region of the right cavity along the positive X di-
rection pinches off first.

In other words, the extending direction of the cavity
underwater was nearly the initial impact direction before the
cavity pinch-off. +e cavity shape was almost symmetrical
for the vertical jet, but for the inclined jet, it was asym-
metrical. In addition, the cavity in the opposite direction
pinches off before the cavity in the direction of flow for
inclined jets.
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4.1.3. Effects of Jet Velocities on Cavity Shape. Different
velocities were set at the inlet in this study to examine the
influence of velocity variation. Due to space limitations, this
study only presented the cavity at three different inclined
angles when Vin � 2.0m/s (Figures 6–8). +e velocity vari-
ation has little fluence on the shape of the cavity for the same
jet inclination angle. As the velocity increased, both the axial

and radial sizes increased. At the same time, the surface of
the jet was rougher for smaller velocities. When θ0 � 60° and
Vin � 1.5m/s or 2.0m/s, the cavity pinch-off first appeared in
the Y direction near the right side (X positive direction), but
for Vin � 2.5m/s, the region of the right cavity along the
positive X direction experienced pinch-off first. For θ0 � 45°,
the region of the right cavity along the positive X direction

2cm t = 20ms

 Experiments Mesh I Mesh II Mesh III Mesh IV Mesh V

t = 40ms

t = 46.67ms

t = 54ms

Figure 5: 3D Iso-surfaces of the water volume fraction (α� 0.5) compared with experiments [10].

Table 5: Comparison of the characteristic sizes of cavities for different methods (θ0 � 90°, Vin � 1.5m/s).

L1/D Dh/D h/D Lh/D L2/D
Qu et al. (experiment) [10] 5.05 2.30 5.87 5.00 10.87
Zhu et al. (empirical formula) [5] 4.51 2.41 6.82 4.85 11.67
Khezzar et al. (LES of highly disturbed jet) [20] 5.50 2.33 4.42 5.17 9.59
Khezzar et al.(LES of weakly disturbed jet) [20] 5.16 1.83 3.92 4.58 8.50
+is study 3.79 1.93 4.44 4.54 8.98
Relative error 24.92% 16.16% 24.39% 9.27% 17.43%
Relative error� |experimental value-simulated value in this study|/experimental value× 100%.
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Figure 7: 3D Iso-surfaces of the water volume fraction (α� 0.5) and phases in the median plane (θ0 � 60°, Vin � 2.0m/s).

Figure 8: 3D Iso-surfaces of the water volume fraction (α� 0.5) and phases in the median plane (θ0 � 45°, Vin � 2.0m/s).

Figure 6: 3D Iso-surfaces of the water volume fraction (α� 0.5) and phases in the median plane (θ0 � 90°, Vin � 2.0m/s).
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pinched off first at each simulated velocity in this study. +e
pinch-off of the cavity was the result of the squeezing action
of the secondary water flow. +e force of the cavity was
different under different conditions, so the pinch-off posi-
tion was different.

4.2. Cavity Sizes. +e air cavity contours were obtained by
creating an Iso-surface for water concentration with a
threshold value equal to 0.5 (α� 0.5). +e contours of the air
cavity in the median plane (Y� 0.15m) for all cases at t� 1/
4tp, 1/2tp, 3/4tp and tp are presented in Figure 9. It should be
noted that the statistics of the cavity sizes in this study were
only limited to the region below the initial water surface, and
the part above the initial water surface was not considered
for vertical jets. For inclined jets, statistics on the region
below the plane that was perpendicular to the jet impacting
direction were conducted (as shown in Figure 2).

4.2.1. Maximum Radial Sizes L1. For the statistics of the
cavity sizes in this study are only limited to the region below
the initial water surface in the median plane (Y� 0.15m), the
maximum radial size of the cavity occurred at the initial
water surface at all times for θ0 � 90°. For θ0 � 45° and
θ0 � 60°, as shown in Figure 10, the left point (PL) which
determine the maximum radial distance are all located on
the initial free surface for inclined jets, but the right point
(PR) are variable. In this study, the maximum radial size
considers the maximum radial distance of the left and right
cavities in the median plane (Y� 0.15m).

+e normalized radial size L1/D of the cavity versus time
is shown in Figure 11. Due to the limitation of mesh res-
olution, when the changing rate of cavity radial size was
small, the points representing the size were stepped, which
was particularly obvious when θ0 � 90°. It can be seen from
Figure 11, except for θ0 � 45°, Vin � 2.5m/s, the maximum
radial size increased with time after impact, and the rate of
increase gradually decreased before the cavity pinch-off.

At the same θ0, as the jet velocity increased, the impact
velocity increased, the impact angle decreased, and the
maximum radial size also increased. Compared with the
vertical jet, the maximum radial size of the inclined jets was
more affected by the velocity.

Under the same inlet velocity, the maximum radial size
for θ0 � 90° was much larger than θ0 � 45° and θ0 � 60°. When
θ0 � 90°, the jet direction is the same as the direction of
gravity, and the cavity is less squeezed by the surrounding
water. When θ0 � 45° and θ0 � 60°, the jet direction is at a
certain angle with the direction of gravity, and the squeeze
effect to the cavity caused by the surrounding water is
significantly enlarged. Since L1 for θ0 � 90° is larger than the
one for θ0 � 45° and θ0 � 60°. For θ0 � 45° and θ0 � 60°, the
differences of L1 between them are small at the same inlet
velocity. Taking Vin � 2.5m/s, for example (Figure 12), the
trends of the radial size of the left cavity (L1L) and the right
cavity (L1R) are different. L1L increases as tVj/D increases. L1R
first increases with tVj/D, and then decreases due to
squeezing until it is pinched off. It can be seen from Fig-
ure 12 that there are obvious differences for L1L and L1R

between θ0 � 45° and θ0 � 60°. L1L for θ0 � 60° is greater than
the one for θ0 � 45° when tVj/D is small (about less than 6)
and L1L for θ0 � 60° is less than the one for θ0 � 45° when tVj/
D> 6. However, it is converse for L1R. At the same tVj/D, the
difference for L1L between θ0 � 45° and θ0 � 60° is close to the
one for L1R, and the value is opposite, so the difference for
the sum of L1L and L1R (L1 � L1L+ L1R) is small between
θ0 � 45° and θ0 � 60°. When Vin � 1.5m/s or 2m/s, the dif-
ference for L1 between θ0 � 45° and θ0 � 60° is greater (as
shown in Figure 11).

4.2.2. Maximum Axial Sizes L2. +e maximum axial size of
the cavity was the maximum length along the jet axis at each
time after impact. It can be seen from Figure 9 that for the
vertical jets, the jet axis direction was vertical to the water
surface; for the inclined jets, the jet axis direction changed,
and the smaller the velocity was, the greater the change was.
However, the time from the jet impact to the cavity pinch-off
was short, and the axial direction of the jet changed little as a
whole.

+e normalized axial size L2/D of the cavity versus time is
shown in Figure 13. Before the cavity pinch-off, themaximum
axial size was approximately linear with tVj/D, indicating that
from the jet impact to the cavity pinch-off, themaximum axial
size of the cavity is closely related to the jet impact velocity,
but it is not greatly affected by the inclined angle.+e ratio (λ)
of the average axial velocity of the cavity tip (Vi) before cavity
pinch-off and the jet impact velocity (Vj) was obtained
through the linear fitting method, as shown in Table 6. It can
be seen from Table 6 that λ was close to 0.5; i.e., the axial
velocity of the cavity tip after impact was approximately half
of the jet impact velocity, which was in accordance with
previous views. For vertical circular jets, λ ranged between 0.5
and 0.61 in Zhu et al. [5] and 0.443 and 0.872 in Soh et al. [6].
For inclined circular jets, Deshpande and Trujillo [22] also
believed that λ was approximately equal to 0.5.

However, the pinch-off time of the cavity was different for
different cases, so the maximum axial size of the cavity mainly
depended on the impact velocity and pinch-off time and was
proportional to the impact velocity and pinch-off time.

4.3. Be Formula of Cavity Size Based on Nonlinear
Regression. In this study, the regression analysis method
was used to predict the cavity sizes. +e regression analysis
method establishes a regression function between the de-
pendent variables and the independent variables using
mathematical statistical methods on the basis of mastering a
large amount of data.+e selected variables should be able to
express the problem to be solved. Unnecessary forecasting
factors in the model will complicate the description of the
process and may lead to poor predictions while ignoring
important factors that may reduce the predictive power. +e
cavity size is mainly affected by the shape and size of the jet
angle, velocity, and liquid characteristics. When the water
temperature was constant, the variables of time, inclined
angle, and velocity of the jet were empirically chosen based
on the physical phenomenon.
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+e data used to fit and evaluate the models were ob-
tained from CFD to determine the maximum radial and
axial sizes of the cavity. Nine cases were evaluated under
three jet angles (θ0) and three velocities (Vin), resulting in a
data set with 411 records.+e nonlinear curve fitting method
was used to solve and adjust coefficients. +e model per-
formances were assessed by two statistical indicators: the
coefficient of determination (R2) and the root mean square
error (RMSE). R2 and RMSE are two common indices used
to measure the accuracy of a model, which quantifies the
difference between the calculated value and the predicted
value and makes it possible to compare the performances of
models.
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where Lei is the estimated value, Lsi is the simulated value, Ls

is the average value of the simulated value, and n is the
number of samples.
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Figure 9: Cavity temporal evolution in the median plane (the contours are given at four times: t� 1/4tp, 1/2tp, 3/4 tp and tp; Y� 0.15m. (a)
Case A1 (θ0 � 90°, Vin � 1.5m/s). (b) Case A2 (θ0 � 90°, Vin � 2.0m/s). (c) Case A3 (θ0 � 90°, Vin � 2.5m/s). (d) Case B1 (θ0 � 60°, Vin � 1.5m/
s). (e) Case B2 (θ0 � 60°, Vin � 2.0m/s). (f ) Case B3 (θ0 � 60°, Vin � 2.5m/s). (g) Case C1 (θ0 � 45°, Vin � 1.5m/s). (h) Case C2 (θ0 � 45°,
Vin � 2.0m/s). (i) Case C3 (θ0 � 45°, Vin � 2.5m/s).
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It can be seen from Figure 11 that when θ0 � 45° and
θ0 � 60°, the radial sizes of the two were relatively close at the
same speed, and the difference was larger when compared
with θ0 � 90°. Due to the large difference in the variation of
L1R between the inclined jet and the vertical jet, the equation
of L1 for θ0 � 90° is different from the one for θ0 � 45° and
θ0 � 60°. Assuming that the physical properties of water are
constant, the equation of the maximum radial size (L1) at
different times (t) is

L1

D
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tVj

D
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t

tp
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(6)
where D is the diameter of a round nozzle, Vj is the impact
velocity, tp is the pinch-off time for a cavity, θ0 and θj are the

t = 10ms t = 20ms t = 30ms t = 40ms t = 50ms

Figure 10: +e measurement of L1 for θ0 � 60° and θ0 � 45° (Vin � 2.5m/s, Y� 0.15m).
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Figure 11: Normalized radial size L1/D of the cavity versus time (the unit of θ0 is “°” and the unit of Vin is “m/s”).
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Figure 13: Normalized axial size L2/D of the cavity versus time (the unit of θ0 is “°” and the unit of Vin is “m/s”).

Table 6: +e ratio (λ) of the average axial velocity of the cavity tip and the jet impact velocity before the cavity pinch-off.

Cases A1 A2 A3 B1 B2 B3 C1 C2 C3
λ 0.532 0.506 0.487 0.491 0.471 0.466 0.543 0.492 0.469
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nozzle inclined angle and jet impact angle (θj) respectively,
Frj is the Froude number under the impact condition,
Frj � (V2

j/g D). In equation (6), 0≤ t≤ tp, 45° ≤ θ0 ≤ 90°, and
70≤ Frj ≤ 150.

To evaluate the accuracy of the prediction equation, the
linearity between the simulated and estimated values of

radial size is plotted in Figure 14(a). +e results showed that
R2 and RMSE were 0.98 and 0.09, respectively. +e maxi-
mum relative error (δ) of the predicted radial size was 15.9%
(Figure 14(b)). In addition, 90% of the predictions had δ
values lower than 6.7%. +ese results proved that equation
(6) was suitable for the radial size of the cavity.
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Figure 14: Nonlinear regression: (a) simulated versus estimated values of L1/D (the unit of θ0 is “°” and the unit of Vin is “m/s”); and (b)
graphical error analysis presenting relative errors (δ) versus frequency of errors in predictions of L1/D [(δ � |simulated− estimated|/
observed× 100%].

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14
y = x

Es
tim

at
ed

 v
al

ue
 L

2/
D

Simulated value L2/D

θ0 = 90, Vin = 1.5
θ0 = 90, Vin = 2.0
θ0 = 90, Vin = 2.5

θ0 = 60, Vin = 1.5
θ0 = 60, Vin = 2.0
θ0 = 60, Vin = 2.5

θ0 = 45, Vin = 1.5
θ0 = 45, Vin = 2.0
θ0 = 45, Vin = 2.5

L2/D = 1.07 (tVj/D)1.02 (Frj)–0.18

R2 = 0.97
RMSE = 0.17

(a)

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

Cu
m

ul
at

iv
e f

re
qu

en
cy

 (%
)

Relative error δ (%)

(b)

Figure 15: Nonlinear regression: (a) simulated versus estimated values of L2/D (the unit of θ0 is “°” and the unit of Vin is “m/s”); and (b)
graphical error analysis presenting relative errors (δ) versus frequency of errors in predictions of L2/D [(δ � |simulated− estimated|/
observed× 100%].
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According to Figure 13, the axial size of the cavity was
mainly related to time and impact velocity. +e relationship
between the maximum radial size and the water jet entrance
time and impact velocity (equation (7)) is obtained as
follows:

L2

D
� 1.07

tVj

D
 

1.02

Frj 
− 0.18

. (7)

In equation (7), 0≤ t≤ tp, 45° ≤ θ0 ≤ 90°, and
70≤ Frj ≤ 150.

Similarly, the linearity between the simulated and esti-
mated values of axial size is plotted in Figure 15(a). +e R2

and RMSE were 0.97 and 0.17, respectively. +e maximum
relative error (δ) of the predicted axial size was 15.2%
(Figure 15(b)). In addition, 90% of the predictions had δ
values lower than 6.8%. +ese results proved the suitable
fitting of the mathematical model proposed in equation (7)
for axial size.

5. Conclusions

In this study, circular water jets plunging into a quiescent
pool were simulated by a numerical method. A comparison
showed that the simulated results were in good agreement
with the experimental values. According to numerical re-
sults, this study analyzed the variation of the cavity char-
acteristics at different jet inclination angles and velocities
and predicted the cavity size. +e results show the following:

(1) +e shape of the cavity was mainly affected by the
impact angle, while the impact velocity mainly af-
fected the size. +e cavity shape was almost sym-
metrical for vertical jets, but for inclined jets, it was
asymmetrical. +e pinch-off of the cavity was af-
fected by the secondary water flow. +e pinch-off
usually starts at a point and expands to different
directions until the cavity completely pinches off.
+e cavity in the opposite direction of flow is
pinched off before the cavity in the direction of flow
for inclined jets.

(2) Before cavity pinch-off, both the maximum radial
and axial size increased with the water jet entrance
time and impacted velocity generally. +e maximum
radial size for θ0 � 90° was much larger than θ0 � 45°
and θ0 � 60°. For θ0 � 45° and θ0 � 60°, the differences
between them were small.+emaximum axial size of
the cavity was proportional to the impact velocity
and the water jet entrance time. +e axial velocity of
the cavity tip after impact was approximately half of
the jet impact velocity, which was consistent with the
views of Zhu et al. [5], Soh et al. [6], and Deshpande
and Trujillo [22].

(3) Based on the numerically simulated results, the re-
gression equations of the maximum radial and axial
sizes of the cavity were obtained in this study. +e
equations are applicable when 0≤ t≤ tp,
45° ≤ θ0 ≤ 90°, and 70≤ Frj ≤ 150. +e regression
equations have certain reference significance for

predicting the variation of the cavity sizes caused by
circular plunging jets before cavity pinch-off.
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