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ABSTRACT

Self-resonating waterjet is a new type of waterjet technology that has been widely used for many practical
applications. In order to further improve the performance of self-resonating waterjet, the Helmholtz nozzle
was improved by replacing the upper part of a traditional contract structure with a venture tube one. This
composite nozzle of a venturi tube structure and a Helmholtz resonator was proposed based on the working
mechanism of self-resonating waterjet nozzles and the instability of cavitation flow in venturi tubes.
Furthermore, the results were also compared with those generated by a conventional Helmholtz nozzle under
the same conditions. The frequency of the pressure pulsation in the oscillating cavity and at the outlet was
obtained and analyzed by the classical Fast Fourier transform (FFT) method. The results showed that the
main frequency of the pressure oscillation rises to 2362.78Hz, and the peak and average values of the
pressure are increased by 45% and 12.5% respectively at the outlet of the composite nozzle. In the oscillating
cavity of composite nozzle, the pressure oscillations in the central region have higher frequencies and
amplitudes, while near the wall are reversed.

Keywords: Self-resonating waterjet; Oscillation characteristics; Numerical simulation; Classical Fast Fourier
Transform (FFT) method.

NOMENCLATURE
av  volume fraction of vapor Ro  bubble radius
Cs  Smagorinsky coefficient Sij  average shear rate tensor
Ck  Kolmogorov constant u velocity of the mixed phase medium
E  uncertainty of the experiment system v molecular viscosity coefficient of the mixed
Es  uncertainty of the pressure sensor phase medium
Ei  uncertainty of the data logger v Sub-grid viscous viscosity coefficient

p local far-field pressure
M evaporation rate of the water below the 7j  Subgrid-Scale stress

saturated vapor pressure p density of the mixed phase medium
Mm"  condensation rate of vapor above the saturated pv  vapor density

vapor pressure prliquid density
no  bubble number density A Ailter scale
p  pressure the mixed phase medium Qi antisymmetric vorticity tensor

pv local saturation vapor pressure
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1. INTRODUCTION

In recent decades, high-speed waterjet technology
is rapidly developing in many practical and
industrial applications, such as cutting (Hsu et al.
2013), mining exploring and developing (Lu et al.
2015; Chen et al. 2019), processing of materials
(Zelenak et al. 2015; Annoni et al. 2008) and heat
transfer (Gould et al. 2015). In addition, due to its
unique nature of non-thermal effect, high-speed
waterjets occupy a special position in machining
thermal-sensitive materials (Hu et al. 2014). With
the development of the modern industry, higher
requirements for waterjet technology were put
forward. As a result, new types of water jets have
emerged in succession, such as cavitating waterjet
(Soyama, 2013), abrasive waterjet (Ishfaq et al.
2018), and self-resonating waterjet (Liu et al.
2018).

As a typical new type of waterjet, they can
produce effective pulsed waterjet without using
any moving parts in the supply system, and also
have the advantages of a cavitating jet (Chahine
and Johnson, 1985). The impact damage
capability and working efficiency of the self-
resonating jet are much greater than the
continuous jet under the same pressure. Therefore,
the application of self-resonating jet can greatly
improve the efficiency among rock breaking,
cutting, cleaning and drilling, and has important
industrial application value (Li et al. 2005).
Currently, the most commonly used self-
resonating jet nozzles are Helmholtz nozzles and
organ-pipe nozzles. The Helmholtz nozzle was
put forward by Liao et al. (2003), which is based
on the self-resonating jet proposed by Johnson et
al. (1981). The Helmholtz nozzle is mainly
composed of upstream nozzle, oscillating cavity,
collision wall and downstream nozzle (as shown
in Fig 1). The phenomenon of self-resonating
oscillation occurs since the unique shape of the
nozzle, which causes pressure fluctuations and the
increase of pressure peak at the nozzle outlet.

Because of these unique advantages, self-
resonating waterjet is thus focused by researchers,
especially in the aspects of generation mechanism
and optimization of nozzle structure. In more
specific terms, in order to further improve the
performance of the self-resonating jet, many
researchers are committed to understanding the
oscillating mechanisms and optimizing Nozzle
structure. Morel studied the self-resonating jet
induced by the gas jet through the axisymmetric
cavity (Helmholtz oscillating cavity) and found
that the occurrence of self-resonating oscillation
includes three mechanisms, the first is the
instability of the jet shear layer and its
amplification, the second is the resonance of
cavity and the third is the periodic feedback
interference of the collision shear layer (Morel &
Thomas 1979). Dehkhoda and Hood (2013; 2014)
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using self-resonating waterjet to impact different
kinds of rocks and found that the pulsation
frequency is the key factor for causing internal
breakdown in the granite samples. Maganathan et
al. (2002) used PIV technology to test the
unsteady flow in a rectangular cavity under
different working conditions. It has been found
that small-scale vortex is formed in the upstream
of cavity, and then merges to form large-scale
vortex ring with evolution in the downstream
direction. Kuo et al. (2000) studied self-
resonating oscillation induced by horizontal cover
plate above cavity and found that the main reason
of nonlinear variation is the interaction between
vortex ring and the collision wall. For another,
obvious separation flow was observed at the
upstream nozzle, which was verified by Rockwell
et al. (2003) and Geveci et al. (2004) through
visual testing and sound pressure measurements.

Upstream nozzle Self-resonating cavity Collision wall Downstream nozzle

Fig. 1. Schematic diagram of the 120 -impinging
edge Helmholtz nozzle.

On the other hand, some researchers are trying to
enhance the oscillation performance of self-
resonating jet by optimizing the structures of
nozzles. Kolsek et al. (2007) studied the
relationship between nozzle structure parameters
and the frequency of oscillation through
numerical simulation, and obtained the vortex
structure and its evolution process in the cavity.
Fang et al. (2012) studied the influence of
collision wall on self-resonating jet by numerical
simulation. The result showed that all of collapse
walls will influence the self-resonating waterjet,
and the performance of self-resonating jet is
optimal when the shape of the collision wall is
same.

In general, for Helmholtz nozzles, previous
studies have primarily focused on the ratio of
upstream nozzle diameter and lower nozzle
diameter, the ratio of cavity length and upstream
nozzle diameter, the ratio of cavity diameter and
upstream nozzle diameter and the shape of
collision wall. There is no research aims to
explore how the shape of upstream nozzle
influence the jet performance at present.
Moreover, it is worth noting that the instability of



M. Yuan et al. / JAFM, Vol. 13, No. 3, pp. 779-791, 2020.

the shear layer close to the upper stream nozzle is
the fundamental cause of oscillation. Partial
cavitation is inherently unsteady in nature and
causes significant oscillations. The structural
characteristics and working principle of the
venturi determine that the fluid flowing through
the venturi is prone to cavitation (Sato et al. 2003).
Yazici et al. (2007) studied the cavitation flow in
the venturi and the results show that cavitation
flow has a wide range of vibration frequencies.
Chen et al. (2015) studied the quasi-periodic
pressure pulsations in venturi tubes under
cavitation conditions and found that pressure
pulsation has a strong connection with the
evolution of cavitation clouds. Cloud cavitation is
one form of cavitation instability often observed
for partial cavitation, in which large sections of the
cavity are regularly shed from the main cavity and
appear as cloud like structures in the cavity wake
(Stutz & Reboud 2000). Others, the geometric
size, shape and machining accuracy of the Venturi
tube have an important influence on the shear
layer, especially in the formation and separation of
vortices in the shear layer and the characteristics
of the disturbance (Barre et al. 2009).

In the present study, aiming at further improving the
performance of self-resonating jet for better and
more efficient utilizations, self-resonating jet issuing
from two structure were studied and contrasted by
numerical simulation: the Helmholtz nozzle and the
composite nozzle (replacing the upper part of a
traditional contract structure with a venture tube
one). Moreover, the results of numerical simulations
were verified by experiment. The velocity
distribution and the evolution progress of the vortex
in the cavity are the focus of attention. In addition,
the classical Fast Fourier transform (FFT) method
was wused in filtering and analyzing the
characteristics of pressure signals in the cavity. The
simulation was conducted using the commercial
software package FLUENT 16.0. It took over three
months to complete the computational work on a
workstation with a total of 40 CPU cores. The
present study explores the relationship between the
upstream nozzle structure and the self-resonating
oscillation frequency, could serve as a supplement
for the utilization of self-resonating waterjet in a
more efficient way.

2. NUMERICAL FORMULATION

2.1 Numerical Methods

The numerical simulation uses fundamental
equations to illuminate the basic characteristics of
cavitating flow in the Helmholtz nozzle and the
composite nozzle. Large eddy simulation (LES) isan
important numerical simulation method developed
in the field of computational fluid dynamics in recent
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years. It is considered to be one of the most
promising  turbulent  numerical  simulation
development directions. This article uses the LES
method. Main features of mathematical formulations
are given below.

2.1.1 Fundamental Equations

In the computational framework based on NS
equations, the homogeneous equilibrium flow model
(HEM) has prominent advantages, especially in the
prediction of cavitation and other multiphase flow
problems, showing good calculation stability and
applicability. The cavitation model is widely used in
the calculation of vapor-liquid two-phase flow,
which has been verified in experiments. In the
present paper, the cavitation flow was modeled using
the single fluid approach by treating the two
liquid/vapor phases as a homogenous mixture.
Under the above-mentioned homogeneous flow
condition assumption, the slip velocity was 0. The
homogenous equilibrium flow hypothesis was used
in the calculation, and the N-S equation for small-
scale pulsation filtering based on Favre averaging
IS:
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here p, u, p are the density, velocity and pressure of
the mixed phase medium; v is the molecular
viscosity coefficient of the mixed phase medium;

2.1.2 Subgrid- Scale Stress Model

Germano (1991) and Lilly (1992) developed the
dynamic subgrid-Scale stress model (DSM) in order
to calculate the Subgrid-Scale stress ;.
— R R & 1

Tij = (uiuj — u,u]) = ZVTS” — Erkk(sij
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The formula for calculating the Sub-grid viscous
viscosity coefficient v and Smagorinsky coefficient
Csis as follows:

Ve = (CA)2(25;8:)M? 4
Cs =7 G (5)

Where: S_ijis the average shear rate tensor; A4 is the
filter scale; Ck is the Kolmogorov constant.

2.1.3 Cavitation Model

Schnerr and Sauer cavitation model is employed to
predict cavitating flow, whose convergence is quick
and the numerical simulation results are stable (Yuan
etal. 2001). Empirical coefficients do not exist in the
model and it is one relatively ideal cavitation model.
The solution of cavitation is achieved by introducing
an additional transport-based equation for the vapor
phase volume fraction. In the solution process,
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Fig. 2. Venture tube that is used as upstream nozzle.

Table 1 Specifications of the upstream nozzle

Inlet diameter | Exit diameter Throat diameter
Din/mm Dow/mm Dip/mm

Throat length

Convergence angle | Diffusion angle
Liw/mm al® pI°

8 4 2

1 16 10

assuming that the non-equilibrium phase transition
effect and the heat transfer between the vapor and
liquid phases were neglected, the transport equation
of the liquid volume content is as follows:

P apiaq
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(6)

where the source term m~ represents the evaporation
rate of the water in the flow field below the saturated
vapor pressure, m* indicates the condensation rate of
the vapor in the flow field above the saturated vapor
pressure.

The formula for calculating the rate of condensation
M" and the evaporation rate M is as follows:
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Net mass source term is given by:
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here av denotes volume fraction of vapor.
In the model, av is defined as:
4 p3
np37R}
ay = —2— 10
v 1+nb§nR§ (10)

where np is bubble number density. Ry is the bubble
radius which is expressed as:

3ay

1/3
Ry = ()

2.2

(11)

Physical Model and Mesh Generation

Cavitation number is an important parameter to
describe the degree of cavitation. The size of the
hydraulic device has a strong influence on the
cavitation number (Yan & Thorpe, 1990). Combined
with predecessor research, a structure of venturi that
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is more likely to generate cavitation and is used as
the upstream nozzle of Helmholtz nozzle. In order to
match the size of the oscillating cavity, the size of
the venturi was correspondingly reduced. The final
shape and dimensions of the upstream nozzle are
shown in Fig. 2 and Table 1.

Rockwell concludes that the reason for the hydro-
dynamically induced self-oscillation is the instability
of the shear layer and the amplification of its
unstable disturbance (Rochwell, 1983). Meanwhile,
due to the existence of the collision boundary, the
upstream of the shear layer is subjected to
continuous unstable disturbance. The interaction
between the collision wall of an angle of 90° and the
jet minimal (Fang et al. 2012).

Therefore, collision angle of 90° is selected in order
to highlight the variation of the oscillation
characteristics due to replacing the upper part of a
traditional contract structure with a venture tube one.

Structured mesh was employed to discrete the
computational domain. For Helmholtz nozzle,
pressure fluctuation and cavitation mainly occur at
oscillating cavity. There are different situations for
the composite nozzle, pressure fluctuations mainly
occur in the oscillating cavity, but cavitation can be
observed significantly in the upstream nozzle and
oscillating cavity. Therefore, the meshes of the
oscillating cavity and the upstream nozzle are
refined. Grid independence tests were performed,
and the grid size was increased by 25% each time
until no noticeable variance in the velocity profile
was observed. The grid case that Final selected for
Helmholtz nozzle and Composite nozzle contained
5612744 and 5938716 nodes. The details of the
meshing are shown in Fig. 3.

Fig. 3. Mesh generation of the Composite nozzle.
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Fig. 4. Experimental setup of the pressure test.

2.3 Numerical procedure

Before the transient calculation, the flow field
obtained by the steady-state calculation was used as
the initial field, and then the transient two-phase LES
calculation was performed, which can shorten the
time required for calculation. The near-wall area
used the balanced stress model. The boundary
conditions for both inlet and outlet were pressure
boundary. The dispersion of the governing equations
used the finite volume method. The time integral
solution used the second-order implicit scheme. The
convection term and the discrete term of the pressure
term adopted the second-order upwind. Coupled
scheme was adopted to solve the coupled equations
of velocity and pressure. Due to the high Reynolds
number of the jet field and the complicated flow in
the Helmholtz oscillation cavity, the whole
simulation time was 1 s in order to obtain the
multiple oscillating periods and the time step was set
as 1075 s to capture the periodical variation of the
two-phase flow instead of the real transient evolution
of the cavitating flow.

The densities of pure water and vapor are
998.2kg/m® and 0.02558kg/m® respectively. The
viscosity coefficient of pure water and vapor are
0.001kg/m-s and 1.26x10°kg/m-s separately. The
Vaporization pressure is pv=3540Pa. The bubble
radius is r,=10"m. Bubble number density is
Nb=1.0x10%3,

3 VALIDATIONS

3.1 Facilities and Experimental Setup

The experiment in order to verify the correctness of
the algorithm is schematically shown in Fig. 4. The
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experiment was performed on a multifunction
waterjet test bench, which was developed
independently by our research group and had been
applied in several previous investigations (Fang et
al. 2014; Li et al. 2016).

The source of high pressure waterjet is a high-
pressure piston pump with a flow rate of 120 L/min
and a maximum pressure of 60MPa. The pump outlet
was equipped with a turbine flowmeter to monitor its
flow. And the pump pressure could be continuously
regulated though a control table that could change
the working frequency of the motor. The nozzle was
mounted on a walking device that had X, Y, and Z
motions with a precision of 0.1mm, shown in Fig. 4.
As shown in the figure, a pressure sensor (Model:
HELM91), which had been calibrated by the
manufacture with an accuracy of +0.5%FS, was
installed on the target plate to get the pressure of inlet
and outlet. During each test, both the average and
real-time pressure could be directly read out from the
laptop connected to the data logger (Model: HBM
Quantum X MX840B-8), which had been calibrated
by the manufacture with an accuracy of +0.01%FsS.

High pressure water impinged on the target plate in
order to measure the pressures at nozzle outlet.
Adjusting the position of the nozzle ensured that the
distance between the nozzle and the target plate is
5mm. After the pressure of nozzle inlet stabilized at
5MPa, the data collected by the pressure transducer
installed on the target plate was record.

The device and procedure of this experiment are
simple. In order to eliminate the influence of
pressure loss caused by the pipeline, a pressure
sensor is placed at the nozzle inlet for measurement.
Others, there was a NXQ capsule accumulator
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connected to the pump to eliminate pressure
fluctuations caused by unstable output of piston
pump. Therefore, the uncertainty of the experiment
mainly be determined by the pressure sensor used for
pressure measurement and the data logger. Take the
uncertainty propagation theory as the foundation, the
equation for the total uncertainty of the experiment
is as follows

E, = /ESZ +E24+E?

where: Es is the uncertainty of the pressure sensor; E|
is the uncertainty of the data logger.

(12)

The total uncertainty of the experimental system
calculated according to the above formula is
+0.7%FS.

3.2 Comparison of Results

Comparison of the experimental and numerical
simulation results between the composite nozzle and
the conventional Helmholtz nozzle is showed in Fig.
5. The continuous 20 cycles of the pressure
oscillation are separately counted based on
experimental and simulation data. For the numerical
results, the peak and average values of the pressure
are 7.97MPa and 5.66MPa, while the experimental
ones are 7.91MPa and 5.63MPa. The experimental
values are smaller than the numerical ones and the
error of pressure peak and average value are 0.7%
and 0.6%, which is acceptable in the verification of
numerical simulation.
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Fig. 5. Comparison of experiment and simulation.

In order to verify the results more accurately, the
experimental and numerical results were processed
by FFT method. The spectrum is presented in Fig. 6.
There is a significant similarity in the pressure
oscillation frequency domain diagram. The main
frequencies captured in the experiment and
simulation are 2340.01 Hz and 2362.78 Hz,
respectively. The error is 0.9%, which is acceptable
in the verification of numerical simulation.

4 RESULTS AND DISCUSSION

4.1 Vortex Structure in Cavity

The phenomenon of flow separation in the nozzle
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can be visualized by the shedding of the vortex.
Analyzing the vortex ring structure inside the whole
nozzle contributes to the understanding of the flow
characteristics in the cavity and the mechanism of its
oscillation. In order to more clearly show the vortex
characteristics, the Q criterion is used to identify the
vortex (Jeong et al. 1995). The Q-criterion is defined
as follows

1
Q = —5 (58 — Q) (13)
Where
1(0u; , Ou; ou;
Sij =3 (az 6x:> - sym(a—x’i (14)
1(0u; OJuj du;
2 =3 (3% - 2) = AsymG2 (15)

When the magnitude of the Q-criterion is positive,
the positive regions are good indicators of turbulent
structures.

Figure 7 shows the vortex (Iso-surface of Q=2.6x107s?)
in the two oscillation cavities at different times. This
section mainly analyzes the effect of replacing the
upper part of a traditional contract structure with a
venture tube one on the entire injection process
based on the evolution of vortex.

10

—— Experimental data i
— Simulation data
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Fig. 6. Spectrum of pressure oscillation.

The evolution of the vortex ring inside the oscillating
cavity is similar, although the structure of the
upstream nozzle is different. The vortex ring is
continuously enlarged and changed after shedding,
and gradually loses stability. When approaching the
downstream nozzle, the collision wall brings about
the deformation of the main vortex ring.
Subsequently, the main vortex impinges on the
collision wall, breaking into small-scale vortices and
gradually dissipating in the cavity.

Comparison of the vortex evolution process in the
cavity of two nozzles, it is obvious that the
shedding position of the main vortex ring moves
forward. The main reason is that the separation of
the boundary layer appears in the diffusion section
of the upstream nozzle. The vortex formed during
separation moves into the cavity with the main
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Fig. 7. Evolution process of vortex in oscillating cavity.
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flow. In addition, compared with the evolution
process of the vortex ring in the cavity of the
composite nozzle, the secondary vortex rings
parallel with the main vortex ring in the radial
direction can be clearly observed from Fig 7.a.
Due to the addition of vortex rings, a large amount
of energy is redistributed within the chamber,
which reduces the energy output of the nozzle.
Flow field in the cavity of the composite nozzle
has obvious turbulent coherent structure. The
disordered vortex generated by the interaction of
the main vortex ring and the collision wall excites
the oscillation of pressure near the edge of cavity.
There is no secondary vortex ring in the chamber
basically, which is beneficial to the reduction of
energy dissipation. Therefore, the pressure
oscillation near the edge of cavity becomes weak
and the energy output of Composite nozzle
increased, which is consistent with the results of
Section 4.3.

4.2 Velocity Distribution in the Cavity

The jet enters the Helmholtz cavity after ejecting
from the upstream nozzle. Due to the difference in
velocity between the fluid and the edge, it is a typical
shear flow. There is a strong momentum exchange
between the fluids on both sides of the jet boundary.
The velocity gradient in the flow field near the wall
of cavity is very large. The monitoring lines are
presented in Fig. 8.

Under the same boundary conditions, the velocity
distributions on different sections in the cavity are
respectively depicted and shown in Fig. 9. In Fig. 9,
the r/d1 is the non-dimensional radial distance and
the d1 is the radius of the oscillating cavity.

Obviously, the velocity distributions in the two
structural cavities show the same trend. Since the
flow velocity of the water entering the cavity is
fast and the volume of the cavity is small, the axial
velocity of the jet is substantially not attenuated.

However, the flow field in composite nozzle has a
higher axial velocity, which is due to the constricted
section in the upstream nozzle. The increase of
velocity in the jet core caused by the change of
nozzle structure means that a larger jet energy can be
obtained at the nozzle outlet when the oscillation
occurs. The constant velocity core of the flow field
in the cavity is wider when using a conical nozzle as
the upstream nozzle. Due to the more complicated
vortex shedding at the upstream nozzle, significant
changes of the flow field occurs at the jet shear layer.
The change in the structure of the upstream nozzle
makes the internal shearing of the jet shear layer
more intense, which contributes to the enhancement
of the pressure oscillation in the cavity.

43 The
Oscillations

Characteristic  of  Pressure

4.3.1 Pressure Oscillations in the Cavity

In order to further study the flow field characteristics
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in the oscillating cavity, the XY plane of the figure is
intercepted, and reference points are set at different
positions in the upper cavity. Pressure oscillations at
these points are monitored in order to analyze the
frequency characteristics of the flow field. The
distribution of the monitoring points is showed in
Fig 10.

Figure 11 is a time-domain curve of pressure
pulsation of each monitoring point at point 1 and
point 2. At point 1, the amplitude of the pressure
fluctuation is not large because the interference in
the upstream inlet is small. Comparing the
pressure fluctuations of point 1 for the two
structures, the frequency of pressure fluctuations
is higher in the composite nozzle. It should be
noted that the instability of the shear layer is the
fundamental cause of oscillation (Rockwell &
Naudascher, 1979).

The change in the structure of the upstream
nozzle, similar to the venturi, induces the high
frequency shedding of the discrete vortex ring.
Point 2 and point 1 are both on the nozzle axis.
Due to the higher flow rate of the fluid near the
axis, the effect of vortex ring and cavitation in the
cavity is small, which results in a quiet change in
the amplitude of the pressure oscillations at two
points along the axis.

Fig. 10. Monitoring point located in the
oscillating cavity.

The pressure fluctuations at point 3, 4, 5, and 6 in the
oscillating cavity of two different structures are
shown in Fig. 12. As can be seen in the figure, each
point has a significant periodic pulsation and the
amplitude of the oscillation increases gradually
along the jet direction.

Fourier transform is operated for the pressure
fluctuations at the various points, and the result is
shown in Fig. 13. It is obvious that the amplitude of
the pressure fluctuation is amplified along the
direction of the jet. Comparing the pressure
fluctuations at various points in the oscillation cavity
of the two nozzles, it is obvious that the main
frequency and the amplitude of pulses in the
composite nozzle were higher. For point 3 located at
the initial position of the vortex ring shedding,
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although the pressure amplitude is not obvious
from the time domain characteristic curve, the
period of pressure oscillation is stable, and the
main frequency is 227 Hz. The initial source of the
disturbance amplification in the entire cavity is a
stable low-frequency vortex shedding. The self-
resonating oscillation jet is generated by the
amplification of each stage. The main frequencies
of point 4, 5, and 6 in the oscillation cavity of the
composite nozzle are 390Hz, 406Hz and 552Hz,
respectively. Since this area is close to the collision
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wall, the pulse around point 6 is affected by many
factors such as the upstream vortex ring, the
collapse of the bubble located near the collision
wall, and the contraction of the downstream
orifice. The frequency domain diagram of point 6
has multiple peaks, and the main frequency is not
obvious.

The pressure fluctuations at point 7, 8, 9, and 10 in
the oscillating cavity of two different structures are
as shown in Fig. 14. There is a big difference
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between the pressure fluctuations of these points in
the two structures. The instantaneous value of
pressure is subtracted from the average value to
obtain the pulsation value curve with time, and then
subjected to FFT method to obtain the amplitude
frequency information of the pressure pulsation of
each pressure measuring point, as shown in Fig. 15.
The edge of the cavity is less affected by the jet axis
and can only produce stable pulsations with small
frequencies and amplitudes.

In summary, there are significant differences in the
amplitude and frequency characteristics of the
pressure oscillations at various points for the two
nozzles, which is in consistent with the evolution of
the vortex ring in the cavity. Since these points are
located at the edge of the cavity, secondary vortex
rings are difficult to affect the pressure oscillations
at these positions.

The pressure oscillation frequency of the two points
on the nozzle axis is obviously improved. So there is
no doubt that the shedding frequency of the vortex
ring at the upstream nozzle increases for the
Composite nozzle. The pressure oscillation of point
3,4, 5, and 6 in the composite nozzle is more intense,
which is related to the evolution process of vortex.
The frequency of the pressure oscillation is
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controlled by the vortex shedding frequency. On the

one hand, the energy dissipation in the cavity
reduced with the decrease of the secondary vortex
ring, which makes the amplitude of pressure
oscillation increasing. On the other hand, for these
points near the edge of cavity, secondary vortex ring
induces the oscillation of pressure [18]. Therefore,
the pressure oscillation at this position becomes
weak.

4.3.2 Pressure Oscillation at the Outlet of
Nozzle

The ultimate goal of studying the mechanism of self-
resonating jet and changing the structure of
Helmholtz nozzle is to improve the performance of
self-resonating jet, which is mainly reflected in the
pressure oscillation at the nozzle outlet.

Table 2 shows the main parameters of pressure
oscillation in nozzle outlet, which is obtained by
numerical simulation. As can be seen from the table,
the structural change of upstream nozzle results in
the improvement of self-resonating jet performance.
After the change of nozzle structure, the main
frequency of the pressure oscillation in the nozzle
outlet rises to 2362.78Hz and the peak and average
values of pressure in the nozzle outlet respectively
increased by 45% and 12.5%.
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Table 2 Main parameters of pressure oscillation in nozzle outlet

Peak of pressure Average value of pressure | Main frequency of pressure
oscillation/MPa oscillation/MPa oscillation/Hz
Helmholtz nozzle 5.49 5.03 956.37
Composite nozzle 7.97 5.66 2362.78
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