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Abstract: Self-excited oscillation pulse jet technology is widely used to clean sediment from oil storage
tanks. Its successful application is dependent on jet performance. As the cleaning requirements of
the oil industry increase, it is necessary to optimise the structure of self-excited oscillation pulsed jet
nozzles (SOPJNs) to optimise cleaning and energy efficiencies. In this study, the jet performance of a
SOPJN is modelled and analysed based on computational fluid dynamics with consideration of a
large eddy simulation and homogeneous cavitation. The modelling results are highly consistent with
experimental results. The effects of the SOPJN’s inlet diameter, cavity diameter, cavity length, wall
reflection angle, and inlet pressure on the jet’s peak velocity, oscillation frequency, and cavitation
number were analysed. The results show that the oscillation frequency decreases with the increase of
the inlet diameter d1, cavity diameter D, cavity length L and reflection angle of wall α. Optimisation
of the SOPJN inlet diameter, cavity length, and wall reflection angle produced a jet with a high peak
velocity and strong cavitation. The optimal nozzle cavity diameter strengthens cavitation, while the
peak velocity fluctuates as the cavity diameter increases. The peak velocity increases with the inlet
pressure, while the increasing rate of the peak velocity decreases. The results of this study can be
used in the design and optimisation of similar nozzle structures for improved pulse jet cleaning.

Keywords: self-excited oscillation pulse jet; nozzle; large eddy simulation; peak velocity; cavita-
tion number

1. Introduction

Crude oil storage is an essential part of oil and gas processing. Long-term storage of
crude oil in a tank will result in the formation of sediment at the bottom. If not promptly
removed, this sediment can seriously affect the quality of the oil and accelerate corrosion
of the inner wall of the tank floor, which could potentially lead to an oil spill, fire, or other
severe accident. Therefore, tank-cleaning technology is key to safe oil and gas storage [1,2].
The main tank-cleaning methods include heating of the whole tank, chemical cleaning,
heat oil circulation, and crude oil injection. Problems associated with these methods
include long work periods, high energy consumption and environmental pollution [3–6].
Compared with the above methods, self-excited oscillation pulsed jet cleaning technology
has many advantages, such as being low-cost, energy-efficient, safe, and environmentally
friendly. A current topic of interest is the improvement of self-excited oscillation pulse
jet cleaning technology, which can provide lower cost and higher efficiency than existing
methods. The self-excited oscillation pulsed jet nozzle (SOPJN) is the core component
of such systems. The structure of the nozzle directly affects the cleaning performance
and cost, so it is important to analyse the effects of nozzle geometry and dynamics on jet
performance.

There have been many studies on SOPJNs, which have mainly focused on three topics.
(1) The mechanism of self-excited oscillation pulsed jets has been researched. (2) The
influences of various factors on jet velocity and oscillation frequency have been analysed.
(3) The influences of different factors on the cavitation capability of the nozzle have been
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analysed. For example, Thomas et al. [7–9] used theoretical analysis and numerical sim-
ulation to explain the mechanism of self-excited oscillation pulsed jets. By combining
large eddy simulation with experiments, Fang et al. [10] studied the three-dimensional
cavitation turbulence flow inside a Helmholtz oscillator. The results show that there is
a close relationship between the vortex-cavitation interaction and the flow mechanism.
Liu et al. [11] designed a self-excited aspiration pulsed jet device based on a traditional
low-frequency self-excited oscillation pulsed jet device and revealed its impacts, charac-
teristics, and pulse mechanism through experiments. Wang et al. [12–14] analysed the
effects of the structural parameters of nozzles on the jet’s peak velocity and oscillation
frequency through numerical simulations and experiments and obtained optimised SOPJN
structural parameters. Tamaki et al. [15–17] determined the main influences on an SOPJN’s
cavitation capability through numerical simulations and experiments. Xiang et al. [18]
researched the periodical dynamics induced by the geometric parameters and operational
variables of a self-excited pulsed cavitation jet under optimum experimental conditions.
They revealed the mechanism of cavitation jet occurrence by considering the jet shape,
striking force, and cavity pressure. Huang and Li et al. [19,20] analysed the influences of
oscillating cavity parameters on the rock-breaking performance of an oscillating pulsed
jet through experiments and simulations. Together, these studies found that the jet perfor-
mance of a nozzle can be evaluated by examining the peak velocity, oscillation frequency,
and cavitation capability. A limitation of existing research is that only one or two indicators
of jet performance have been analysed. Most researchers have only studied the relation-
ships between nozzle structural parameters and SOPJN performance qualitatively and not
quantitatively. Accordingly, the present study aims to obtain better jet performance from
nozzles by comprehensively and quantitatively analysing the influences of their structural
parameters on jet performance.

The CFD method is used widely in the research on cavitating jets. At present, there are
three main numerical simulation models of such turbulence: Direct numerical simulations
(DNS), Reynolds-averaged Navier–Stokes (RANS) models and large eddy simulations
(LES). A DNS can obtain accurate information of the turbulent field and is an effective way
to study turbulence mechanisms. However, existing computational resources are often
insufficient for high-Reynolds-number flow simulations, which limits their application.
The RANS models can calculate complex flows with high Reynolds numbers but cannot
reflect the detailed information of the flow field. The LESs are based on the mechanism
of turbulent kinetic energy transmission. They can directly calculate the motion of large-
scale vortices and describe the influence of small-scale vortices on large-scale vortices via
modelling. They not only obtain more dynamic information than RANS models, such as
the structure and properties of large-scale vortices but also have higher computational
efficiency than DNS. It is considered to be one of the best potential turbulent flow numerical
simulation methods. Many experts have used LES and the homogeneous flow model to
predict turbulent flow cavitation. The results of LES are highly consistent with those of
experiments [21–28]. Thus, we chose to use the LES approach in our research. In Section 2,
we will explain the main factors affecting the performance of self-excited oscillation jets
in detail. We then describe the CFD method, explain the control equation, and present a
two-dimensional calculation model based on fluid properties and boundary conditions.
Lastly, we experimentally and theoretically verify the results of the numerical model. In
Section 3, we compare the impacts of different nozzle structural parameters on the jet’s peak
velocity, oscillation frequency, and cavitation number. And we examine the jet performance
of the optimised nozzle under different operating parameters. In Section 4, we discuss the
main conclusions of this investigation.
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2. Numerical Models and Evaluation Indexes of Jet Performance
2.1. Numerical Analysis Model
2.1.1. Governing Equations

Numerical simulation is used in this paper as it can clearly monitor the internal
and external flow field characteristics of the nozzle. In addition, the effects of different
conditions and different nozzle structure parameters on the jet flow field can be analysed
and discussed in an all-round way. Compared with the experiments, it greatly reduces
the research cost and time. Therefore, the numerical simulation is also applied in this
research. To clearly understand the mechanism of a self-excited oscillation pulse jet and
the characteristics of cavitation bubbles and hydrodynamics, an LES model was used to
analyse the flow field of the nozzle with consideration of the transition between gas and
liquid.

1. LES control equations

In LES equations, flow field variables are divided into large-scale pulses and small-
scale pulses. To obtain control equations for large-scale pulses, filtering is adopted to
eliminate small-scale pulses from the turbulent flow. Then, the additional stress of the
sub-grid scale is introduced into the control equation to solve the Navier–Stokes equation.
Finally, the small-scale pulses are solved by additional equations. The large-scale pulses
and small-scale pulses are respectively defined as the solvability scale and grid scale of the
turbulence flow.

(1) Navier–Stokes equations

Navier–Stokes equations are used to describe the pulse jet. After dimensionless
processing, the fluid density ρ is equal to 1 and the reciprocal of the Reynolds number is
the viscosity coefficient ν. The altered Navier–Stokes equations are shown in Equation (1).

∂ui
∂t

+ uj
∂ui
∂xj

= ν
∂2ui

∂xj∂xj
− 1

ρ

∂p
∂xi
− F

∂ui
∂xi

= 0
(1)

(2) Filter functions

Under the LES framework, a physical quantity f can be divided into two parts in the
two-dimensional incompressible turbulent flow field. The component f is the large-scale
pulse and component f ′ is the small-scale pulse. The relationship between f, f and f ′ is
described by Equation (2). The expression of f is found in Equation (3). The Gaussian filter
function Gi(xi,xi

′) is in the xi-direction and its expression is shown as Equation (4). The grid
length ∆i is in the xi-direction.

f = f + f ′ (2)

f (x1, x2) =
x

S

2

∏
i=1

Gi
(
xi, x′i

)
f
(
x′1, x′2

)
dx′1dx′2 (3)

Gi(xi, x′i) =

(
6

π∆2
i

)1/2

exp

{
−6

(
xi − x′i

)2

∆2
i

}
(i = 1, 2) (4)

(3) LES control equations
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After dimensionless processing, the Navier–Stokes equations are filtered to obtain
the LES turbulence Equation (5). The sub-grid scale stress τij is the filtered momentum
transport that is generated by the small- and large-scale pulses.

∂ui
∂t

+ uj
∂ui
∂xj

=
1

Re
· ∂

∂xj

∂ui
∂xj
−

∂τij

∂xj
− ∂p

∂xi
∂ui
∂xj

= 0
(5)

(4) The sub-grid scale model

The Smagorinsky eddy viscosity model is adopted as the sub-grid scale model in this
paper and is expressed as Equation (6). The eddy viscosity coefficient υτ can be solved by
Equation (7).

τij = 2υτSij = υτ

(
∂ui
∂xj

+
∂uj

∂xi

)
(6)

υτ = (Cs∆)2

1
2

(
∂ui
∂xj

+
∂uj

∂xi

)2
1/2

(7)

2. Homogeneous Equilibrium Model

A homogeneous equilibrium model (HEM) is used to analyse cavitation flow. In
the HEM, a gas-liquid two-phase fluid can be considered to be a mixed homogeneous
and variable-density single-phase fluid. βl is the volume fraction of the liquid and βν is
the volume fraction of liquid vapour. For a control volume βl, the value of βν can range
between 0 and 1, with their sum being 1. There is no cavitation phenomenon when βl = 1
and there is complete cavitation when βl = 0. ρ is the mixture’s density and µ is the
mixture’s dynamic viscosity.

ρ = βlρl + βvρv (8)

µ = βlµl + βvµv (9)

Under the precondition of isothermal homogeneous flow, the compressibility of the
liquid and vapour are low in the cavitation flow, and they can be considered to be an
incompressible fluid [29–31]. Based on the above assumptions, the control equations of the
two-phase turbulent flow in the nozzle are as follows:

(1) Continuity equation:

∂ρ

∂t
+∇

(
ρ
→
u
)
= 0 (10)

(2) Momentum equation:

∂(ρ
→
u )

∂t
+∇

(
ρ
→
u
)
= −∇p +∇

[
µ

(
∇→u +∇→u

Γ
)]

+ ρg + F (11)

(3) Volume fraction equation:

∂βv

∂t
+∇

(
βv
→
u
)
=

βlρl
ρ

4πnr2

1 + 4πnr3/3
dr
dt

(12)

(4) Rayleigh established the Rayleigh–Plesset Equation (13) on the condition of incom-
pressible flow. The equation can be used to calculate the process of bubble movement,
growth, and collapse.



Processes 2021, 9, 1423 5 of 21

r
d2r
dt2 +

3
2
(

dr
dt
)

2
=

pvap − p
ρ

− 2σ

ρr
− 4µ

ρr
· dr

dt
(13)

2.1.2. Calculation Model

1. Nozzle geometry and calculation setup

Figure 1 shows a SOPJN consisting of three main parts: the inlet nozzle, self-excited
oscillation cavity (SOC), and outlet nozzle. The SOC is marked in blue with a red boundary
in Figure 1. When a high-pressure water jet is injected into the SOC at high speed, the jet
produces an unstable shear layer in the SOC, and many vortex rings are generated around
the shear layer [32]. In this paper, the flow characteristics in the SOC of the self-excited
oscillation pulsed jet nozzle are explored.
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Figure 1. Schematic diagram of the self-excited oscillation pulsed jet nozzle.

The main characteristic parameters of the SOC are described in Figure 2a. They
are the inlet diameter d1, cavity diameter D, cavity length L, wall reflection angle α, and
outlet diameter d2. Considering the nozzle model to be axisymmetric, a two-dimensional
computational model is used, as shown in Figure 2b. To reduce calculation errors caused by
the outlet boundary condition, a large external flow field is established in the computational
model. As shown in Figure 2b, the area surrounded by the red line is the extended external
flow field. The boundary conditions and computational grids are described in detail in
Figure 2b. The fluid domain is made up of 225,097 cells. A domain mesh refinement scheme
is used in the central region of the calculation model and the minimum size is 0.2 mm.
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2. Boundary conditions and fluid properties



Processes 2021, 9, 1423 6 of 21

It is well-known that establishing appropriate boundary conditions is important in
ensuring the convergence and accuracy of simulations. In our case, the boundary conditions
for the computation are shown in Figure 2b. Pressure boundary conditions are applied
at the inlet and outlet edges. The boundary conditions of the walls are defined as being
impermeable and not allowing slip. Symmetry conditions are employed at the symmetric
boundary. The inlet pressure is set to range between 0 MPa and 3 MPa and atmospheric
pressure is used at the pressure outlet.

The fluid in the simulations and experiments is water. The saturation pressure is
set to 3540 Pa, the surface tension coefficient is 0.0717 N/m, and the vapour density is
0.02558 kg/m3.

3. Calculation Settings

A monitoring point is selected on the centre axis of the calculation model, which is
50 mm apart from the exit of the outlet nozzle. The monitoring parameters include velocity,
pressure, and vapour volume fraction. Based on the monitoring results, the cavitation
numbers can be calculated by Equation (2).

2.2. Computational Model Validation
2.2.1. Experimental Verification

A principle diagram of the self-excited oscillation pulsed jet experiment is shown
in Figure 3, in which (a) is a schematic diagram of the experimental system and (b) and
(c) are the enlarged view of the region outlined by the red dotted line. The experimental
purpose was to obtain the pressure and force at the monitoring point. The pressure and
the force were measured by the same experimental system, but the measuring sensors
were different. The pressure was measured by the pressure sensor, while the force was
measured by the load cell. When the pressure was measured, the pressure sensor was
installed in the experimental system, or the load cell was installed in the experimental
system. The monitoring point of the maximum pressure and force are located at the centre
of the end cover, which is 50 mm from the exit of the outlet nozzle, as respectively indicated
in Figure 3b,c. In this experiment, the inlet diameter, cavity diameter, cavity length, angle
of reflection of the wall, and outlet diameter of the nozzle are 8 mm, 100 mm, 35 mm, 60◦

and 11 mm, respectively. The experimental system is shown in Figure 4, which included
a plunger pump, control cabinet, throttle valve, pressure gauge, pressure sensor, water
tank, steel plate, and the SOPJN. The experiment measured the pressure and force at the
monitoring point at inlet pressures of 1 MPa, 1.5 MPa, 2 MPa, 2.5 MPa and 3 MPa. The inlet
pressure for each group was tested three times and the average value taken as the result.
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2.2.2. Mechanism Validation

According to boundary layer and vortex theory, vortex disturbance waves are gener-
ated in the separation zone when the jet passes through the SOC. The centre pressure of the
vortex disturbance wave is low. For the self-excited oscillation pulsed jet to be generated,
certain conditions must be satisfied within the oscillation cavity [24]. As shown in Figure 6,
there is a process of change in pressure in the SOC. As shown in Figure 6a, the vortex
disturbance wave is generated at the exit of the inlet nozzle, which is then amplified as it
transmits downward. Next, the vortex disturbance wave impinges upon the collision wall
and is reflected effectively. Finally, new vortex disturbance waves are generated at the exit
of the inlet nozzle. These five conditions are shown in Figure 6 and demonstrate that the
results of the computational model are robust.
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Figure 6. Pressure contours in the SOC at different times. (a) Generation of vortex disturbance
waves (b) Amplification of vortex disturbance waves (c) Amplification of vortex disturbance waves
(d) Interaction between wall and disturbance waves (e) Reflection of disturbance waves (f) Generation
of new vortex disturbance waves and steam pocket.
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Figure 7 clearly shows that disturbance waves, steam pockets, vortex rings, and pulses
are generated in the SOC. The calculation results are consistent with the conclusions of
previous studies [25,26]. The mechanism of the self-excited oscillation pulsed jet is shown
in Figure 7. The vortex disturbance waves are generated by differences between the jet
velocity and the SOC’s inner fluid velocity. Some of the disturbance waves are amplified
by the downward flow in the unstable shear layer. Next, the disturbance waves impinge
upon the collision wall, then some are reflected effectively while others flow downwards
with the jet. The reflected waves interact with the jet, which causes the impedance of fluid
to cause periodic changes in the SOC; thus, pressure pulses occur in the flow. This process
forms the self-excited oscillation pulsed jet.

Processes 2021, 9, x FOR PEER REVIEW 9 of 22 
 

 

Figure 7 clearly shows that disturbance waves, steam pockets, vortex rings, and 

pulses are generated in the SOC. The calculation results are consistent with the conclu-

sions of previous studies [25,26]. The mechanism of the self-excited oscillation pulsed jet 

is shown in Figure 7. The vortex disturbance waves are generated by differences between 

the jet velocity and the SOC’s inner fluid velocity. Some of the disturbance waves are am-

plified by the downward flow in the unstable shear layer. Next, the disturbance waves 

impinge upon the collision wall, then some are reflected effectively while others flow 

downwards with the jet. The reflected waves interact with the jet, which causes the im-

pedance of fluid to cause periodic changes in the SOC; thus, pressure pulses occur in the 

flow. This process forms the self-excited oscillation pulsed jet. 

Figure 8 shows the volume fraction of vapour in the computational model. It shows 

that a steam pocket and a series of bubbles are generated in the nozzle. According to vor-

tex theory, bubbles are generated in the shear layer when the centre vortex pressure is 

lower than the saturated vapour pressure. Meanwhile, the number of bubbles is propor-

tional to the number of vortices, because each vortex is characterized by a single cavity. 

Therefore, a greater number of bubbles corresponds to a larger number of vortices and a 

higher oscillation frequency [12,33].  

A temporal behavior of velocity at the monitoring point is researched. Figure 9 is the 

curve of velocity over time. As described in Figure 9, the axial velocity at the monitoring 

point oscillates around 40 m/s over time. This is an obvious pulsed jet characteristic. 

 

Figure 7. Velocity contours in the SOC. 

 

Figure 8. Vapour volume fractions in the SOC. 

Figure 7. Velocity contours in the SOC.

Figure 8 shows the volume fraction of vapour in the computational model. It shows
that a steam pocket and a series of bubbles are generated in the nozzle. According to vortex
theory, bubbles are generated in the shear layer when the centre vortex pressure is lower
than the saturated vapour pressure. Meanwhile, the number of bubbles is proportional to
the number of vortices, because each vortex is characterized by a single cavity. Therefore,
a greater number of bubbles corresponds to a larger number of vortices and a higher
oscillation frequency [12,33].
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A temporal behavior of velocity at the monitoring point is researched. Figure 9 is the
curve of velocity over time. As described in Figure 9, the axial velocity at the monitoring
point oscillates around 40 m/s over time. This is an obvious pulsed jet characteristic.
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2.3. Jet Performance Evaluation Indexes

The main evaluation indices of jet performance are peak velocity, cavitation number K
and oscillation frequency ω.

1. Peak velocity

Jet velocity primarily consists of axial velocity and feedback velocity. Feedback velocity
is a variable velocity induced by feedback disturbance waves. This paper assumes that
the axial velocity has a base value and that the feedback velocity is the range of velocity
amplitude. Fluctuation in the flow impedance appears in the SOC when the feedback
disturbance waves interact with the jet and transforms it into a pulse jet. Higher feedback
velocity results in a larger amplitude range and a greater oscillation effect. Peak velocity
mainly affects the decontamination ability, with a higher peak velocity resulting in a greater
decontamination effect.

2. Oscillation frequency

The expression of oscillation frequency is shown in Equation (14) [12], which shows
that the oscillation frequency decreases with increases in inlet diameter, cavity diameter,
and cavity length.

ω =
ad0

2π
·

√
1 + 1.63(d2/d1)

2

D
√

L
(14)

3. Cavitation number

When the local pressure drops below the saturation pressure of the fluid, cavitation
occurs, where bubbles go through a process of formation, development, and collapsing
inside the fluid or at the liquid-solid interface. The cavitation number K is a dimensionless
parameter that can be used to describe the cavitation state and features. It can also be
used to determine the intensity of cavitation and to judge whether cavitation happens
in the fluid or at the liquid-solid interface. The cavitation number is usually defined by
Equation (15) and is a very large number at the initial stage of cavitation [34]. As cavitation
develops further, the cavitation number gradually decreases. The critical cavitation number
is defined as K0. Cavitation will not occur unless K is less than K0. A larger value of K0
translates to a stronger capacity for cavitation.

K =
pi − ps

ρu2
i /2

(15)

3. Results and Discussion
3.1. Influences of Structural Parameters on Jet Performance
3.1.1. Influence of Inlet Diameter on Jet Performance

1. Influence of inlet diameter on peak velocity and oscillation frequency.
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With all other factors held constant in the computational model, the structure of the
nozzle can be defined as d1 (Inlet diameter, mm), D (Cavity diameter, mm), α (Reflection
angle of wall, ◦), L (Cavity length, mm), d2 (Outlet diameter, mm). In the analysis of
influences of the inlet diameter d1 on the jet performance, only inlet diameter d1 is changing
while the other structure parameters D, α, L, d2 are kept constant. Here, the cases are
respectively analysed when d1 = 6 mm, 7 mm, 8 mm, 9 mm, 10 mm and 11 mm and the
other structure parameters D = 100 mm, α = 60◦, L = 35 mm, d2 = 11 mm. The cases are
uniformly denoted as d1-100-60-35-11 (where d1 = 6 mm, 7 mm, 8 mm, 9 mm, 10 mm and
11 mm respectively, and D = 100 mm, α = 60◦, L = 35 mm, d2 = 11 mm).

Figure 10 shows the change curves of peak velocity and feedback velocity with the
inlet diameter d1, while the cavity diameter d2 is constant. The inlet flow rate and the
velocity difference between the inlet jet and the fluid in the self-excited oscillation cavity are
the two main factors affecting the formation and development of the disturbance wave. The
larger the velocity difference is, the easier the disturbance wave will be formed. However,
if the inlet flow rate is small and there is no sufficient energy, the disturbance wave is
easy to collapse. Therefore, with increases in d1/d2 from 0.545 to 0.818, the inlet flow
increase. It is beneficial to the development of the disturbance wave and then the feedback
velocity increase at this stage. However, when the inlet diameter d1 further increases, the
velocity difference between the inlet jet and the fluid in the self-excited oscillation cavity
is small. It results in the difficulty of the formation of disturbance waves. In addition,
then the feedback velocity gradually decreases. On one hand, with increases in d1/d2, the
feedback velocity first increases and then decreases. On the other hand, based on the fluid
similarity network theory and the research of Li, the self-excited oscillation system has
obvious resonance characteristics [32]. Therefore, with increases in d1/d2, the peak velocity
has a similar sinusoidal variation. As shown in Figure 10, when d1/d2 is 0.545 and 0.818,
the peak velocity is large. However, when d1/d2 is 0.545, the feedback velocity is very
small, and the jet pulse effect is poor. Therefore, the optimal value of d1/d2 is 0.818. In this
situation, both the peak velocity and feedback velocity reach their peak values and the
oscillation effect is optimal.
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Figure 11 shows the influence of inlet diameter d1 on the steam pocket region. It shows
that as the inlet diameter d1 increases, the serial bubbles and steam pocket region decrease.
The initial results show that fewer serial bubbles result in a lower oscillation frequency.
Therefore, with the increase of inlet diameter d1, the oscillation frequency of the self-excited
oscillation pulse jet nozzle decreases gradually.
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Figure 11. Steam pocket regions of the nozzle with different inlet diameters.

2. Influence of inlet diameter on cavitation number

To intuitively deduce the cavitation at the monitoring point, this paper assumes that
when the vapour content of the monitoring point is greater than 0, the volume fraction of
vapour will be set to 1; otherwise, the volume fraction of vapour is set to 0. According to
this rule, the curves of the vapour volume fraction and cavitation number vary with time
as shown in Figure 12. This leads to the conclusion that the value of K0 is the maximum
cavitation number. A greater value of K0 means the system will be prone to easier cavitation.
Figure 12 expresses that the critical cavitation number peaks at 1.42 when the inlet diameter
is 9 mm, during which time the cavitation capability of the nozzle is the strongest.

3.1.2. Influence of Cavity Diameter on Jet Performance

1. Influence of cavity diameter on peak velocity and oscillation frequency

The influences of cavity diameter D on the jet performance were analysed using cases
with dimensions 9-D-60-35-11 (where D = 85 mm, 90 mm, 100 mm, 105 mm and 110 mm
respectively, and d1 = 9 mm, α = 60◦, L = 35 mm, d2 = 11 mm). The curves of peak velocity
and feedback velocity vs cavity diameter are shown in Figure 13. The figure shows that as
the cavity diameter D increases, the feedback velocity first increases and then decreases. It
can be explained according to the changes of steam pocket shown in Figure 14.

Figure 14 shows that the steam pocket region is affected by the cavity diameter D.
When D/d2 increases from 7.73 to 9.09, the steam pocket and serial bubbles both decrease.
In addition, more energy is converted into the kinetic energy of the disturbance wave,
then the feedback velocity gradually increases. When D further increases, a larger cavity
diameter results in more fluid being contained within the cavity. If the inlet velocity
and flow is the same, the total energy is the same. Then more fluid is contained in the
steam pocket, which reduces the feedback velocity. Therefore, as the cavity diameter D
increases, the feedback velocity increases first and then decreases. Feedback velocity and
peak velocity peaks when D/d2 is approximately 9 and the oscillation effect is the greatest.

2. Influence of cavity diameter on cavitation number

Figure 15 shows curves of the vapour volume fraction and cavitation number vs time.
The graphs indicate that as the cavity diameter increases, K0 initially increases and then
decreases. K0 peaks at 1.42 with a cavity diameter of 100 mm.
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3.1.3. Influence of Cavity Length on Jet Performance

1. Influence of cavity length on peak velocity and oscillation frequency

The jet performance of the nozzle was analysed using cases with the structural pa-
rameters of 9-100-60-L-11 (where L = 25 mm, 30 mm, 35 mm, 40 mm, 45 mm and 50 mm
respectively, and d1 = 9 mm, D = 100 mm, α = 60◦, d2 = 11 mm). Figure 16 shows that as
the cavity length L increases, the peak velocity and feedback velocity first increase and
then decrease. At L/d2 values of 3–3.5, the peak velocity and feedback velocity are both
higher. As L/d2 increases from 2.27 to 3.18, the disturbance wave develops more and more
fully in the disturbance layer, and the feedback velocity of the disturbance wave increases
gradually. However, as the further increase of L/d2, when L/d2 > 3.18, the path of the
disturbance wave increases, and more energy is spread to the vortex ring. It leads to the
gradual decrease of the feedback velocity.
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Figure 17 shows that the steam pocket region is affected by the length of the cavity.
When the cavity length increases, the steam pocket gradually increases. However, if the
cavity length is too short, the disturbance wave cannot fully develop in the shear layer,
which prevents the feedback velocity from reaching its peak.
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2. Influence of cavity length on cavitation number

Figure 18 shows the curves of the vapour volume fraction and cavitation number with
time. The figure demonstrates that the critical cavitation number peaks at a cavity length
of 35 mm.
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3.1.4. Influence of the Angle of Reflection of the Wall on Jet Performance

1. Influence of wall reflection angle on peak velocity and oscillation frequency

The jet performance of the nozzle was analysed using cases with the structural param-
eters of 9-100-α-35-11 (where α = 50◦, 60◦, 70◦, 80◦, 90◦ or 100◦ respectively, and d1 = 9 mm,
D = 100 mm, L = 35 mm, d2 = 11 mm). Figure 19 shows that as the wall reflection angle in-
creases, the peak velocity first increases and then decreases. The peak velocity is maximum
when α = 60◦. The feedback velocity increases with the increase in α, and becomes stable
when α is greater than 60◦. This is because when α increases from 50◦ to 60◦, the low-speed
fluid in the oscillating cavity gradually decreases. Under the same inlet jet energy, the
low-speed fluid consumes less disturbed wave energy, and the feedback velocity of the
disturbed wave gradually increases. When α is greater than 60◦, although the low-velocity
fluid in the oscillating cavity decreases gradually, the steam pocket in the oscillating cavity
becomes larger significantly as shown in Figure 20. The larger steam pocket will absorb
more energy of the disturbed wave. Under the comprehensive function of the two factors,
the feedback velocity of the disturbed wave gradually becomes stable.
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Figure 19. Curves of peak velocity and feedback velocity with wall reflection angle.
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Figure 20. Steam pocket regions of the nozzle with different wall reflection angles.

Figure 20 shows that the steam pocket region is affected by the wall reflection angle.
As the angle increases, the steam pocket increases gradually and the serial bubbles decrease.
Therefore, the oscillation frequency gradually decreases with increases in angle.

2. Influence of wall reflection angle on cavitation number

Curves of vapour volume fraction and cavitation number with time are shown in
Figure 21. The critical cavitation number peaks at an angle of 60◦.

3.2. Synthesis of Results and the Influence of Operating Parameters on Jet Performance

1. Synthesis of results

By analysing the influences of the structural parameters on jet performance, it was
found that the peak velocity is greatest when the value of d1/d2 is 0.818. The cavitation
capability is the strongest when d1/d2 = 0.818. Considering the cleaning requirements,
the optimal value of d1/d2 is 0.818. When the value of D/d2 is 9.09, the nozzle has better
cavitation capability, a better oscillation effect, and a greater peak velocity. The peak velocity
and feedback velocity are highest when L/d2 = 3–3.5. The critical cavitation number peaks
when L/d2 = 3–3.5. The nozzle has a good cavitation capability and oscillation effect at a
wall reflection angle of 60◦. At 70◦, the peak velocity reaches its maximum value but the
cavitation capability is very weak. Therefore, the angle should be set to 60–70◦.
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2. Influence of inlet pressure on jet performance

As noted above, the nozzle has optimal jet performance when its structural parameters
are 9-100-60-35-11. The velocity contours under different inlet pressures are shown in
Figure 22. The figure shows that as the inlet pressure increases, the peak velocity gradually
increases and, at the same time, the velocity enhancement decreases. This is because as the
inlet pressure increases in the cavity, there is an increase in the loss of kinetic energy, which
leads to a gradual reduction in the peak velocity enhancement. After this, the disturbance
wave and its velocity are rapidly increased and there is an increase in the inlet pressure.
As the inlet pressure increases, the number of the disturbance wave increases significantly
and its velocity increases. Then the disturbance frequency of the disturbance wave on the
axis velocity increases, which finally results to the increase of the oscillation frequency of
the pulsed jet.
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4. Conclusions

This paper first analysed the factors influencing jet performance. Then, the flow
field of the nozzle was analysed by numerical simulation, the results of which had high
consistency with the experimental results. Finally, to determine the nozzle with optimal
oscillation and cavitation capability, the influences of structural and operating parameters
on jet performance were analysed. The following conclusions were obtained via analysis of
the models:

(1) A self-excited oscillating pulse jet formation mechanism was described. The results
show that the number of serial eddies in the disturbance layer is proportional to the
oscillation frequency. When the serial eddies remain the same, there is a larger steam
pocket and lower oscillation frequency.

(2) The influences of the key structural parameters of self-excited oscillating nozzles on
peak velocity, oscillation frequency, and critical cavitation number were revealed.
With increases in inlet diameter, cavity diameter, cavity length, and wall reflection
angle, the oscillation frequency decreases. Peak velocity fluctuates with changes in the
cavity diameter, while the critical cavitation number increases with cavity diameter.
As the inlet pressure increases, the peak velocity gradually increases and the peak
velocity enhancement decreases.

(3) The working performance of a self-excited oscillating nozzle is influenced by its
structural parameters and working pressure. The nozzle has a better cavitation
capability, oscillation effect and greater peak velocity when d1/d2 = 0.818, D/d2 is
approximately 9, L/d2 = 3–3.5, and the angle α= 60–70◦. Then, in this situation,
the self-excited oscillating nozzle has better cleaning ability at a constant working
pressure. However, the increase in working pressure is beneficial to increasing the
peak velocity and enhancing the cleaning ability of the self-excited oscillating nozzle.
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Nomenclature

ν Viscosity coefficient, dimensionless, ν = 1/Re
Re Reynolds number, dimensionless
F Body force, N
P Fluid pressure, Pa
u Velocity, m/s
∆i Length of grid, m
τij Grid dimension stress, N
υτ Eddy viscosity coefficient, dimensionless
Cs Smagorinsky constant, Cs = 0.1
Sij Tensor of deformation rate
∆ Filtering width, m, ∆ = (∆x2 + ∆y2)1/2

ρ Mixture density, kg/m3

µ Mixture dynamic viscosity, Pa·s
→
v Velocity, m/s
t Time, s
n Number of bubbles
r Radius of the bubble, m
σ Surface tension of the fluid, N
pvap Pressure within the bubble, Pa
D Cavity diameter, m
L Cavity length, m
α Reflection angle of wall, degree
d0 Pipe diameter, m
a Wave velocity, m/s
K Cavitation number, dimensionless
pi Absolute pressure of fluid, Pa
ps Saturation pressure of fluid, Pa
∆x, ∆y The width of grid along with the X axis and Y axis direction, m
ρl, ρν Liquid density, Vapour density, kg/m3

µL, µν Liquid dynamic viscosity, Vapour dynamic viscosity, Pa·s
βl, βν Volume fraction of liquid, Volume fraction of vapour, %
d1, d2 Inlet diameter, Outlet diameter, m
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