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Abstract: Focused on the unsteady property of a cavitating water jet issuing from an orifice nozzle
in a submerged condition, this paper presents a fundamental investigation of the periodicity of
cloud shedding and the mechanism of cavitation cloud formation and release by combining the use
of high-speed camera observation and flow simulation methods. The pattern of cavitation cloud
shedding is evaluated by analyzing sequence images from a high-speed camera, and the mechanism
of cloud formation and release is further examined by comparing the results of flow visualization
and numerical simulation. It is revealed that one pair of ring-like clouds consisting of a leading
cloud and a subsequent cloud is successively shed downstream, and this process is periodically
repeated. The leading cloud is principally split by a shear vortex flow along the nozzle exit wall, and
the subsequent cloud is detached by a re-entrant jet generated while a fully extended cavity breaks
off. The subsequent cavitation cloud catches the leading one, and they coalesce over the range of
x/d ~ 1.8 ~ 2.5. Cavitation clouds shed downstream from the nozzle at two dominant frequencies.
The Strouhal number of the leading cavitation cloud shedding varies from 0.21 to 0.29, corresponding
to the injection pressure. The mass flow rate coefficient fluctuates within the range of 0.59 ~ 0.66 at
the same frequency as the leading cloud shedding under the effect of cavitation.
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1. Introduction

High-speed water jets, where pressurized water or liquid mixture is issued from a small
nozzle at high speed, have been developed and applied to many fields of industry [1-3].
Among them, submerged water jets injected into still water have received much attention
for their capacity to continually cause intensive cavitation impact with the collapse of cav-
itation bubbles [4-6]. For this particular property, submerged water jets are often used in
various industry fields such as the cleaning of complex mechanical products, peening of
metal materials, and decomposing and sterilizing of sewage waters [1,2,6,7]. However, their
processing performance is closely dependent upon the unsteady behavior of cavitation clouds
related to the nozzle system and operating conditions [8-10]. Although some experimental
studies [11-13],B14-fluids-3013913,B15-fluids-3013913 were made on water jets concerning the
effects of driven pressure, nozzle geometry, and standoff distance as well as temperature, etc.,
the inner structure of cavitating jets and the interaction between cavitation bubbles and liquid
flow are still unclear with respect to the complexity of turbulent cavitating flow, especially in
the case of high-pressure submerged water jets accompanying intensive cavitation. Hutli
et al. [16] reported an experimental study on the frequency of cavitation clouds discharging
in a high-pressure submerged water jet using image analysis of high-speed camera obser-
vations. There are few works on the inner structure of cavitating flow and the mechanism
of cavitation cloud releasing within a narrow nozzle for the case of high-speed submerged
water jets accompanying intensive cavitation [3,17,18].

Cavitation usually occurs in the high-velocity region of the nozzle throat once the
local pressure decreases to a critical level. The occurrence of cavitation induces strong
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pressure fluctuations, noise, vibrations, and the erosion of nozzles, especially in intensively
cavitating flows, where cavitation cavities break off and multi-scale cavitation clouds
shed and collapse periodically [17,18]. The large pressure fluctuation is a major source of
flow instability, resulting in liquid /vapor density variances. The sharp density variations,
i.e., pure liquid, pure vapor, and liquid/vapor mixture, significantly alter the flow field
distribution and cavity dynamics. Moreover, the transient multi-scale cavity behavior
from small vapor bubbles to large-scale cloud cavities produces strong pressure loads,
such as high-frequency pressure fluctuations and impulsive pressure peaks. Although
numerical simulation has become a useful way to perform flow investigations, with great
progress in computational resources, the modeling of unsteady cavitation flow requires
careful consideration of cavitation dynamics and the interaction between bubble cavities
and liquid flow. Due to the strong coherent interactions between the cavitation dynamics
and the flow structure, numerical simulations of intensively cavitating water jets remain a
challenge [19-21].

With the purpose of clarifying the unsteady cavitating flow structure of high-speed
submerged water jets used for industry, such as water jet cleaning and peening, this paper
presents a fundamental investigation of the flow pattern of cavitation cloud releasing in
a simplified orifice nozzle by combined utilization of flow visualization and numerical
simulation methods. High-speed camera observations of cavitation jets were conducted,
and the periodicity of cloud shedding under different injection pressures was evaluated
using image analysis. Concerned with the two-phase flow structure and the mechanism of
cloud generation and release with the development of jet flow, a numerical analysis was
performed by using a compressible gas-vapor/liquid mixture cavitation model in consider-
ation of the effect of sharp density variation caused by cavitation [21]. The assumption of a
homogenous gas-liquid two-phase fluid was adopted, and the gas phase contained in the
cavitation bubbles was assumed to consist of vapor and non-condensable components. The
compressibility of the vapor component was treated semi-empirically as a constant, and
the growth rate of the gas void fraction was logically evaluated by using the sonic speeds
in both gas and liquid fluid media. The model was embedded in an in-house unsteady
Reynolds-averaged Navier-Stokes (URANS) solver for compressible fluids by employing
the realizable k-¢ turbulence model [22]. The relation between the flow structure and the
unsteady behavior of cavitation cloud shedding, as well as the effect of a re-entrant jet,
were then investigated.

The main findings of this work are summarized as follows: (1) One pair of ring-like
clouds, consisting of a leading cloud and a subsequent cloud, occurs at the nozzle throat
and shed downstream successively when the cavitation number decreased to below 0.5.
(2) The leading cloud is principally split from the nozzle exit by the shear vortex flow, and
the subsequent cloud is detached from the throat wall by the re-entrant jet generated while
a fully extended cavity breaks off. The subsequent cavitation cloud catches the leading
one, and they coalesce over the range of x/d ~ 1.8~2.5. (3) Cavitation clouds shed from the
nozzle at two dominant frequencies. The Strouhal number of the leading cavitation cloud
shedding varies from 0.21 to 0.29, corresponding to the injection pressure. The mass flow
rate coefficient fluctuates periodically in the range of 0.59 ~ 0.66 at the same frequency as
the leading cloud shedding under the effect of cavitation. The above points are expected to
be referential to understanding the unsteady flow structure of cavitating water jet and then
improving the performance of jet nozzle.

2. Experimental Apparatus and Method

Figure 1 shows the schematic diagram of the experimental device. An open-type
rectangular water tank made of acrylic acid resin is set horizontally and an orifice nozzle
is installed at the center of the left side wall. The mean diameter of the nozzle d = 5.0
mm at its throat and the length of the throat L; = 0.6d. The inlet diameter of the nozzle
D = 2.6d, and the length of inlet pipe is 6.0d. To observe its inner flow behavior, the nozzle
is also made of transparent acrylic material. The nozzle is connected to a closed pressure
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tank via a high-pressure hose. The lower half of the pressure tank is filled with tap water
and the upper half is filled with pressurized air. The transparent observation water tank
is also filled with tap water and the water depth is kept to the level of 450 mm by using
an overflow pipe. Pressurized water supplied from the pressure tank is injected from the
nozzle into the transparent observation tank and then a submerged water jet is generated.
The absolute injection pressure is adjustable from 0.3 MPa to 0.8 MPa by adjusting the
air pressure within the pressure tank with a compressor. For monitoring of the injection
pressure, a high frequency pressure sensor (whose measuring error equals +0.4 kPa) is
installed at the inflow pipe just in front of the nozzle inlet and its output is recoded in
real-time via a universal recorder. Also, the timely averaged mean flow rate of the jet is
measured by a turbine flow meter (FI200-030, Japan Flow Controls Co. Ltd., Tokyo, Joan),
whose uncertainty is estimated as 2.0%. As an index of a cavitating water jet, cavitation
number o is defined as

Po — Po ( TOO) (1)

P — Po

where P, denotes the injection pressure (absolute), p, represents the surrounding static
pressure (absolute) at the nozzle exit, and p, denotes the saturated vapor pressure under
the reference temperature Too. Similarly, the flow rate coefficient c; of the nozzle is defined
in terms of the mass flow rate g, as follows.

o =

qm
— m_ 2
= 0.25md2 Vin Pw @

in which p;, denotes the density of water under the given condition, and V;, represents the
theoretical injection velocity defined as follows by neglecting all the hydraulic losses.

Z(Pm — po)/Pw
Vi, = _— 3
th 1-— (d/l))4 ( )
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Figure 1. Scheme of experimental device.

High-speed camera observation of unsteady cavitating water jet was performed and the
unsteady behavior is evaluated via image analysis [23]. Instantaneous images of cavitation
clouds, where cavitation bubbles are used as flow tracers, were captured and recorded by
using a high-speed CMOS camera (Photron FASTCAM SA-NX2, 1024 x 1024 pixels with
12-bit gray level, Photron, Tokyo, Japan). The observation area was axisymmetrically fitted
to the nozzle central axis and its size was adjusted from the inlet of the nozzle throat to the
downstream of the nozzle exit (~ 60 mm(in raial direction) x ~ 90 mm (in axial direction)
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according to the injection pressure. The image resolution of the camera was set to be 1024 x

512 pixels. Photographs were taken under transmission light conditions by setting a panel-
type high-intensity LED lamp on the opposite side of the camera. The shooting frame rate was
set to be 30,000 fps. For comparison, fluorescent nylon microparticles (Kanomax, Andover,
NJ, USA, ORGASOL 0457, Light wave length A = 590 ~ 610 nm) were also used as flow
tracers and a long-wave pass polarizer filter (A > 560 nm) was fitted to the camera lens for the
purpose of decreasing scattered light reflection on bubble surfaces.

In order to describe the flow field, a cylindrical coordinate system (x, r) was adopted,
where the origin was located at the nozzle exit and the coordinates, x and 7, were, respec-
tively, set along the streamwise direction and the radial direction. The components of
the velocity vector in the x and r directions are denoted as u, v, respectively. Then, the
compound velocity is defined by V = (u? + v?)1/2.

3. Results and Discussions
3.1. Instantaneous Flow Visualization

Figure 2 shows a sequence of visualization images demonstrating the behavior of
cavitation cloud shedding from the nozzle at a well-developed stage when the injection
absolute pressure P;,;, = 0.6 MPa. These photos were taken using transmission light, and
cavitation clouds appear to be dark gray, and the background water appears to be bright
white. Figure 2(1) shows an instantaneous flow distribution when two relatively large
cavitation clouds, A (middle) and A’ (downstream), are released from the nozzle. The
upstream cloud connected to the nozzle exit is denoted as B. Figure 2(2-4) show that cloud
B is entirely detached from the nozzle and then runs after cloud A. Cloud A’ contracts
and collapses while cloud A expands. Figure 2(5) indicates that a parent cavity is newly
generated at the nozzle throat. Figure 2(6) shows that the parent cavity, which is denoted
as A”, grows up and expands nearly to its maximum. Then, it detaches from the nozzle
wall as shown in Figure 2(7), whereupon a new cavitation cloud denoted by the blue solid
line is released. Figure 2(6-9) demonstrate that cloud B catches up with cloud A, and then
they coalesce. Thus, two new relatively large cavitation clouds are generated as shown in
Figure 2(9). The solid red line with arrows denotes the motion of cloud A, and the dashed
line with an arrow of cloud B. Figure 2(10,11) show the flowing of clouds newly released
from the nozzle. Then, a new cloud is generated at the nozzle exit as shown in Figure 2(12),
which is quite similar to Figure 2(1). Just the same as in Figure 2(1), the upstream three
cavitation clouds near the nozzle exit are denoted as B, A, and A’, and Figure 2(13-18) show
a repeat of the above releasing and coalescing process. Because clouds A and B are always
released in order, cloud A is called to be the leading cloud cavity and B is the succeeding
cloud. The solid lines with arrows denote the shedding of the leading cloud A and the
dashed lines with arrows indicate the motion of the succeeding cloud B. The periodicity of
cloud releasing and coalescing is demonstrated. According to the figure, we note that the
ring-like cavitation clouds release from the nozzle throat and then coalesce consequently
within the range x/d < 3. The large well-developed clouds collapse in the approximate
rangeof 4 < x/d < 7.

3.2. Periodicity of Cavitation Cloud Shedding

In order to evaluate the periodic characteristics of bubble cloud shedding, image
analysis of high-speed camera photographs was performed by investigating the temporal
variation of the gray level [23]. Sample images of one-pixel width in the axial direction
were cut from a series of photographs taken by a high-speed camera at the positions
of x/d = 0.5, 1.0, 2.0, 3.0, 4.0, and 6.0, respectively. Then, the temporal variations of
the gray level were investigated, and the waveform of the average gray level variation
was analyzed. The periodic spectrum was calculated by fast Fourier transform analysis
(FFT) [24]. Figure 3 shows the distribution of the power spectral density (PSD) of the
average gray level oscillations, where the prominent large values are denoted in green
to red colors for visibility. Two dominant frequency components, f; = 1483 Hz and
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f2 = 2791 Hz, are demonstrated by the figure. That is to say, cavitation clouds release and
coalesce at multiple frequencies. The first frequency f; appears in the range 0 < x/d < 6,
which corresponds with the release of the leading cloud A. The second one appears in the
range 0 < x/d < 3, which corresponds to the release of both the leading and the succeeding
clouds A and B. They coalesce near x/d ~ 1.8 ~ 2.5,and f,/f1 ~ 2.

t (ms)

x/d x/d

Figure 2. Periodic shedding of cavitation clouds (P;;, = 0.6 MPa, ¢ = 0.18).

As a dimensionless index for such a periodic phenomenon, the Strouhal number, St, is
defined as follows by using the dominant frequency f of cavitation cloud shedding and the
nozzle diameter d.

St=fd/Vy, 4)

Then, two Strouhal numbers corresponding to f; and f, are calculated to be St; = 0.23
and St, = 0.46.
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Figure 3. Dominant frequencies of cavitation cloud shedding (P;, = 0.6 MPa, ¢ = 0.18).

Table 1 shows the experimental results under different injection pressures, where the
dominant frequencies and Strouhal numbers of cavitation cloud shedding are presented.
As shown in the table, the dominant frequency of the leading cavitation cloud increases
gradually with the increase of injection pressure and the Strouhal number St; varies in the
range of 0.21-0.29. Similar results were reported by Nishimura et al. [25] The frequency
f2 denoting the motion of both the leading and the succeeding clouds appears within the
range of x/d < 3.

Table 1. The dominant frequencies and Strouhal numbers of cloud shedding.

P;, (MPa) Vi, (m/s)  Re (x105) f1 67D St JACRD) St,
x/d <6 xld <3
0.3 20.3 0.7 1161 0.29 2322 0.57
0.4 24.9 0.8 1443 0.29 2856 0.57
0.5 28.6 0.9 1373 0.24 2725 0.48
0.6 32.0 1.0 1483 0.23 2791 0.44
0.7 35.0 1.1 1545 0.22 3076 0.44
0.8 37.8 1.2 1571 0.21 3124 0.41

3.3. Mechanism of Cavitation Cloud Shedding

Regarding the flow structure as well as the interaction of cavitation cloud and flow
field [26,27] numerical simulations were further conducted to clarify the interior of the
intensively cavitating water jet. To capture the unsteady fluid dynamic effect of cavita-
tion, a practical compressible gas-vapor/liquid mixture cavitation model based on the
homogeneous multiphase flow approach was adopted, which allows for the practical
treatment of the problem of high-speed cavitating water jets. The gas phase contained in
the cavitation bubbles is assumed to consist of vapor and non-condensable components,
and the compressibility of the vapor component is treated semi-empirically as a constant.
The growth rate of the gas void fraction caused by cavitation is estimated by using the
sonic speeds in both the gas and the liquid media. The model is embedded in an in-house
unsteady Reynolds-averaged Navier-Stokes (URANS) solver for compressible fluids by
employing the realizable k-¢ turbulence model to evaluate the effect of turbulence. The
details may be referred to in [21]. Numerical simulations were performed, and the relation
between the flow structure and the unsteady behavior of cavitation cloud shedding was
investigated. Then, the characteristics of cavitation cloud shedding, especially the process
of cloud shedding and the effect of a re-entrant jet are analyzed.
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Figure 4 shows a comparison of experimental results and numerical ones, where
a sequence of images demonstrating the periodic release and coalescence of ring-like
cavitation clouds is presented. The right-hand side shows the computational results,
where the instantaneous velocity vector distributions and contour maps of gas volumetric
fraction & in the x — r section are presented in time sequence. The red color denotes
the gaseous phase caused by cavitation and the blue color the liquid phase. The black
vectors show the magnitude and the direction of local dimensionless velocities. The
bright regions of g > 0.01 represent cavitation clouds. The right-hand side shows the
experimental data of the flow visualization taken by the high-speed video camera under
similar working conditions.

__EENEEES

0.006 0.01 0.05 03 05

Figure 4. Periodic release and coalescence of cavitation clouds at the developed stage: (a—e, left)
experimental high-speed video camera observations in a time sequence and (a-e, right) contour map
of gas void fraction obtained by numerical simulation.

Figure 4a shows an instantaneous flow distribution when a succeeding cloud de-
noted as B is nearly detached from the nozzle exit, where two relatively large cavitation
clouds denoted as A (middle) and A’ (downstream) are already released from the nozzle.
Figure 4b,c show that cloud B becomes entirely detached from the nozzle and runs after
cloud A while cloud A expands and cloud A’ contracts. Figure 4d indicates that a new
parent cavity formed at the nozzle throat is fully extended and almost breaks into two
parts under the effect of shear vortex flow formed at the nozzle exit, whereupon a new
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cavitation cloud is going to be released. The coalescence of clouds B and A is demonstrated.
Figure 4e shows a repeat of the scenario in Figure 4a, where clouds A and B are combined
as cloud A’ and a new cycle of cloud shedding is starting. Computational results show
a good agreement with the experimental ones, and the periodic release and coalescence
of cavitation clouds within the range of x/d < 3 is predicted reasonably well, except
the collapse pattern of cloud A" (x/d > 4). The reason may be concluded to be that the
assumption of axisymmetric flow was adopted in the numerical simulations to reduce the
computation cost.

Figure 5 shows the temporal pulsation of the mass flow rate coefficient at the well-
developed stage. The solid blue line denotes the computational result of mass flow rate
coefficient c¢;. The dashed blue line with a solid circle shows the results of experimental
measurement by a turbine flowmeter (10 Hz response) under the same working condition,
where the high-frequency fluctuation of the flow rate is not detected for the limitation of the
flowmeter response. The black solid line denotes the temporal variation of gas volumetric
fraction a¢ at a given scanning position (x/d = 2.0,r/d = 0.48). The figure demonstrates
that ag pulsatively varies from 0.002 to 0.6 at the scanning position, reflecting the peri-
odic release of cavitation clouds during the developed stage. The flow rate coefficient
pulsates from 0.59 to 0.65 approximately, where the effect of cavitation cloud shedding is
demonstrated. The frequency of the flow rate coefficient pulsation agrees to the value of f;
evaluated by image analysis of high-speed camera observation. The average value of ¢,
evaluated from the numerical simulation results coincides with the experimental ones [28],
and the reliability of present simulations is further confirmed.

&g ——— cq(Comp.) —-@— c4(Exp.)
, 1 0.8
S 1 S
0.5 PO RAAAY ALY A AEYAAAY 6
[ 1/A
0.6 104
0.4 | 0.2
02 h 0
LU I I
0.06 0.065 0.07 0.075

t (s)

Figure 5. Temporal pulsation of the mass flow rate coefficient c; and the variation of gas void fraction
ac at a given sampling position (x/d = 2.0, r/d = 0.48).

Concerning the inner flow structure of the cavitating jet and the mechanism of cloud
shedding, the unsteady flow behavior in the local region of the nozzle throat was inves-
tigated. Figure 6 shows an instantaneous flow distribution of the cavitating jet and the
succeeding cloud-releasing, coalescing, and generating process. The top panel presents a
contour map of the gas void fraction ag and velocity vector distribution in the x — r section
when a ring-like cavitation cloud attached to the nozzle throat expands to the outside of the
nozzle exit. The red color denotes the gaseous phase and the blue color the liquid phase.
The figure demonstrates that the cloud attached to the nozzle throat extends nearly to its
maximum while previously released ring-like clouds travel downstream.
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Figure 6. Instantaneous flow distributions of cavitating water jet, where (1)—(10) show a circle of
cavitation cloud shedding from the nozzle throat in time sequence.

The lower panels of Figure 6 illustrate one circle of cavitation cloud shedding in a
time sequence. Figure 6(1) shows an enlargement of the local flow field near the nozzle
throat, where the fully extended cavity (cavitation cloud) begins to break under the effect
of shear vortex flow. At step (2), the extended cavity splits into a leading part, which is
marked as A, and a subsequent part attached to the nozzle wall. Corresponding to the
breakdown of the large cavity, a re-entrant jet is formed along the throat wall as shown in
(3). At step (3), the leading cavity A travels downstream and the subsequent cavity begins
to contract, while the re-entrant jet detaches the cavity from the adjacent wall. In steps (4)
and (5), a reverse flow region forms in the nozzle throat near the wall under the action of
the re-entrant jet, and most parts of the wall-attached subsequent cavity become separated
from the wall. At step (6), the subsequent cavity detaches from the parent cavity attached
to the leading edge of the nozzle throat, and it is marked as B. In steps (7) and (8), cavity
B runs after the leading cloud A while the leading edge attached parent cavity gradually
extends. At step (9), the subsequent cavity combines with the leading cavity, while the
wall-attached cavity expands quickly. At step (10), the wall-attached cavity is nearly fully
extended to begin a new cycle as shown in step (1). The solid red line denotes the release
of the leading cloud A, and the dashed line that of the subsequent cloud B. The length of
the fully extended cavity, which is one of important parameters indicating the intensity
of cavitation, is estimated to be L. /d ~ 0.8 — 1.1. Summarizing the above, we know that
the leading cloud A is principally split by the shear flow, and the subsequent cloud B is
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principally detached by the re-entrant jet. They successively shed downstream, and this
process is periodically repeated.

4. Conclusions

The property of cavitation cloud shedding in a sharp-edged orifice nozzle has been
investigated by combined utilization of high-speed camera observation and flow simulation.
The inner structure of the cavitating jet and the mechanism of cloud shedding are clarified.
The results demonstrate that:

(1) One pair of ring-like clouds, consisting of a leading cloud A and a subsequent
cloud B, is successively shed downstream, and this process is periodically repeated in the
well-developed stage.

(2) The leading cloud is principally split by the shear vortex flow, and the subsequent
cloud is detached by the re-entrant jet generated while a fully extended cavity breaks down.
The subsequent cavitation cloud B catches the leading cloud A, and they coalesce over the
range of x/d ~ 1.8~2.5.

(3) The Strouhal number of the leading cavitation cloud shedding varies from 0.21 to
0.29, corresponding to the injection pressure. The mass flow rate coefficient fluctuates from
0.59 ~ 0.66 at the same frequency as the shedding of the leading cloud, and its average
equals approximately 0.63 under the given condition.
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