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Abstract

The objective of this paper is to investigate the cavity shedding dynamics in unsteady cavitating flows around an axisymmetric body
with a blunt headform. A high-speed video camera is used to record the cavity evolution process. The numerical simulations are per-
formed based on the homogenous method coupled with a modified PANS (Partially-averaged Navier-Stokes) turbulence model and
Zwart cavitation model. The results show that the predicted time-evolution process of cavity agree fairly well with the corresponding
experimental data for two different cavitation numbers (o =0.7 and o =0.6). Compared to that of o =0.6, the cavity shedding
behavior of o =0.7 presents more fluctuations and instabilities. To elucidate the different shedding structures, the Lagrangian coherent
structures (LCS) and particle trajectory methods are also utilized here. It is found that the particle tracers respectively demonstrate the
cavity shedding behaviors of conjunction at o =0.6 and rolling up at o =0.7 . Moreover, the LCS distributions vary with the time-
evolution of vortex structures. The particle trajectories can illustrate the upstream and downstream vortex structures connect together at

o =0.6 butseparate at c = 0.7 , which highly consistent with the cavity shedding behaviors.
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1. Introduction

Cavitation is an abrupt phase change phenomenon that often
occurs in various technical applications, such as pumps, tur-
bines, ship propellers as well as high-speed under water vehi-
cles [1, 2]. Wang et al. [3] conducted an experiment on 2D
hydrofoil and found that by decreasing the cavitation number,
four different regimes can be identified including inception
cavitation, sheet cavitation, cloud cavitation and supercavita-
tion. Cloud cavitation phenomenon is often caused by sheet
cavitation shedding, and is highly related to the hydrodynamic
performance and produces vibration, noise and cavitation
erosion due to its unsteady characteristics. Owing to its impor-
tance in various technical applications, much effort has been
made in the past decades to study the unsteady characteristics
of cavitation shedding flow.

In the experimental side, numerous experiments have been
carried out to study cavitation shedding characteristic espe-
cially on hydrofoils [4-6] and axisymmetric bodies [7-9].
These studies have considerably improved the understanding
of cavitation shedding characteristic. Kubota et al. [4] investi-
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gated the unsteady sheet cavitation shedding flow around an
2D hydrofoil. The pressure fluctuation resulting from un-
steady sheet/cloud cavitation was investigated by Leroux et al.
[5]. Huang et al. [6] reported that the development process of
the unsteady cavitation led to substantial increase in turbulent
velocity fluctuations and significantly modified the wake pat-
terns. There are also many experimental studies on unsteady
cavitating flows around axisymmetric bodies. For example,
Rouse et al. [7] measured the near-wall pressure distribution
on different axisymmetric bodies. Liu et al. [8] investigated
the frequency characteristics of unsteady cavitation flows
around axisymmetric headforms. Hu et al. [9] observed the
three-dimensional unsteady cavitating flows around an axi-
symmetric body.

Due to various limitations in experimental measurement
techniques, many efforts have been made in numerical simula-
tions of sheet/cloud cavitation in recent years. Since several
researchers [10, 11] indicate that high eddy viscosity of the
original Launder-Spalding version of the k—& Reynolds-
averaged Navier-Stokes (RANS) model [12] can excessively
restrain the cavitation instabilities, several hybrid modeling
approaches are applied to improve the traditional RANS mod-
els, such as, a Filter-based model (FBM) [11], Partially-
averaged Navier-Stokes (PANS) [13], and Large Eddy simu-
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lation (LES) [14, 15] method. Ji et al. [14] studied the cavita-
tion structures and the shedding dynamics of the cavitating
flow around a NACA66 hydrofoil by LES method. Similarly,
Yu et al. [15] studied the characteristics of cloud cavity around
axisymmetric projectile by LES method. Yang et al. [16]
simulated unsteady cavitation shedding around a NACA66
hydrofoil by RANS model and sidewall effect is found to be
the main reason for the generation of U-shaped cavitation. Ji
et al. [17] investigated unsteady cavitating turbulent flow
around a twisted hydrofoil to illustrate the pressure fluctua-
tions mechanism by PANS method. Chen et al. [18] studied
the cavitation collapse regime around submerged vehicles
navigating with deceleration based on numerical results using
the RNG & —¢ turbulence model. Hu et al. [19] proposed a
modified PANS model to simulate unsteady cavitating flows
around a hydrofoil.

In order to better analyze the unsteady flow structure, the
FTLE (Finite-time Lyapunov exponent) and LCS (Lagrangian
coherent structures) methods were developed based on the
Lagrangian perspective which was presented in Refs. [20, 21].
Green et al. [22] studied the three-dimensional flows via the
LCS method and found that the LCS can present greater visi-
ble details without the requirement of velocity derivatives.
Tang et al. [23] applied the LCS method to assess the three-
dimensional unsteady wind field and showed this approach is
inherently frame independent and can achieve physical objec-
tivity in continuum mechanics. Also, Zhao et al. [24] utilized

the LCS method to analyze the vortex-cavitation interrelations.

These researches showed that the LCS is more effective in
capturing the dynamical features of the flow, compared with
the traditional Eulerian analysis.

Although some researchers have investigated on the un-
steady characteristics of sheet cavitation shedding flow, little
attention has been given to the comparison between different
kinds of sheet cavitation shedding patterns. The objective of
the present paper is to investigate the difference of two kinds
of sheet cavitation shedding patterns around an axisymmetric
body with a blunt headform by both experimental and compu-
tational modeling methods. This paper is organized as follows.
Firstly, the experimental setup and the numerical model are
introduced and discussed. Secondly, the two kinds of unsteady
cavity shedding patterns captured by the high-speed video and
computational modeling are investigated. Finally, the FTLE
method is utilized to get a better understanding of differences
between the two kinds of cavity shedding process.

2. Experimental setup and numerical method

The experiments are carried out in a closed-loop cavitation
tunnel as shown in Fig. 1(a). An axial flow pump, which is
used to drive the flow in the tunnel, is located about 5 m be-
low the test section to reduce the likelihood of pump cavita-
tion. A tank with a volume of 5 m® is placed upstream of the
test section to separate the undesired free stream bubbles. The
top of the tank is connected to a vacuum pump, which is used
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Fig. 1. The sketch of cavitation tunnel and schematic of an axisymmet-
ric body and the test section.

to control the pressure in the tunnel. Between the test section
and the tank, a corner vane and a straightening vane are used
to reduce the turbulence level of the flow in the test section [6].

The schematic of an axisymmetric body with a blunt head-
form and the test section are shown in Fig. 1(b). The axisym-
metric body’s length L is 0.12 m and its diameter D is 0.02 m,
respectively. The test section is 0.7 m in length, 0.19 m in
height, and 0.07 m in width. The flow field near the axisym-
metric body is well lighted by three high-energy lamps, and
the cavitation phenomena is documented by a high-speed
digital camera (HG-LE, by Redlake), up to a rate of 10°
frames per second (fps). In order to maintain the desired spa-
tial resolution, a much lower recording speed is adopted.
Specifically, depending on the focus of the investigation, 5000
fps is used in this study. The cavitation phenomena are docu-
mented from the side view, and then stored in a computer for
post processing.

Cavitation number and Reynolds number are defined as be-
low:

o=(p,—p)/05pU, Re=U/, /v
where p, is the reference static pressure, p, is the satu-
rated vapor pressure of water, p is the water density, U, is
the reference velocity, v is the dynamic viscosity of water, and
D is the diameter of axisymmetric body. In this study, the
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reference velocity U, is fixed at 8.5 my/s, the Reynolds num-
ber equals to 1.76 X 10°. The reference static pressure can be
controlled by vacuum pump to adjust cavitation number. In
the present study, 0 =0.7 and o =0.6 are chosen for in-
vestigation. The uncertainty of the electromagnetic flowmeter
is 0.5 %, and the uncertainty of the pressure transducer is
0.25 %. The cavitation number, where p_ is the tunnel pres-
sure can be controlled to within a 5 % uncertainty.

For the numerical calculation, the commercial software
ANSYS-CFX [25] is applied to simulate the unsteady cavitat-
ing flows. The homogeneous equilibrium flow theory is used
here and the continuity and momentum equations for the mix-
ture flow in the Cartesian co-ordinates are as below:
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where u is the velocity, p,, is the mixture density, p is the
pressure, u and u, are the laminar and turbulent viscosity, and
the subscripts 1, j are the directions of the axes.

Cavitation process is governed by the transport equation for
the liquid volume fraction given in Eq. (3) which ignores the
thermal energy and nonequilibrium-phase change effects. In
the present work, the source term m" and m~ represent the
condensation and evaporation rates which are modeled by
Zwart cavitation model [26].
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where F, and F, are empirical coefficients for vaporization and
condensation processes, ,,. is the volume fraction of the nu-
cleation sites, and R, is the radius of nucleation sites. These
parameter values are respectively set to «, =5e-—4,
R,=1pum, F, =50 and F, =0.01.

As to the turbulent model, based on the original PANS
model proposed by Girimaji et al. [13], in this work a modi-
fied PANS model [19] is used in the ANSYS-CFX code. The
following govern equation presents the modification and it
shows that the ratio of the unresolved-to-total kinetic en-
ergy f, is not a constant but can vary with the flow density.
Fig. 2 demonstrates that f, is decreasing with cavitation
developing.
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Fig. 2. The values of control variable f versus the density ratios.
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Fig. 3. Computational domain and the mesh around the body surface.

J, =tanh(atanh C, x (p, / p,)") +1-C, ©)
(C,21,0<C, <.

Here, C, =34.05, C,=0.99, p,
and p, is the water density.

Fig. 3(a) shows the computational domain which is consis-
tent with the experimental setup. The boundary conditions
imposed velocity at inlet, static pressure at outlet, no-slip wall
on the axisymmetric body and the free-slip wall on the four
side surfaces of the domain. It should be noted that the flow
Reynold number and cavitation number are adapted depend-
ing on the experimental data. Fig. 3(b) gives the sketch of
mesh around the axisymmetric body. The fine resolution mesh
with about 1.5 million nodes for the fluid domain is selected
here, and the comment about the validation of mesh and the
present numerical method can be found in Ref. [9].

is the mixture density,

3. Results and discussions

Figs. 4 and 5 respectively show the time-evolution of pre-
dicted and experimental cavity morphology at ¢ =0.7 and
0 =0.6. For the both cases, the unsteady cavitating flow
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Fig. 4. Time-evolution of cavity shedding in one typical cycle (o = 0.7).
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Fig. 5. Time-evolution of cavity shedding in one typical cycle (o = 0.6).
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structures evolve periodically, and the predicted periods of
cavity evolutions are longer than that from the experiment.
Thus, in order to make better comparisons of simulated results
and experimental data, the transient snapshots of cavity are
listed in sequence of their own cycles marked as T in the pre-
sent work. The numerical cavity shape is illustrated by the iso-
surface of water vapor volume fraction of 0.2. Meanwhile, the
surface of axisymmetric body is colored by absolute pressure.
The average values of cavity maximum length from experi-
ment are about 2.28 Dand 1.76 D for 6 =0.6 and o =0.7,
respectively which are both slightly smaller than the present
computational results of 23D at 0=0.6 and 1.8D at
o =0.7 . However, the predicted cavity shedding process of
0=0.7 and o0=0.6 both agree reasonably well with ex-
perimental observations. As in the experiment, the modeled
cavity at the two cavitation indices undergoes a similar proc-
ess which can be simply described as the previous attached
cavity followed by irregular break-off, U-type shedding and
another attached cavity growing again. Furthermore, both
numerical and experimental results show that the vapor distri-
bution around the body is highly asymmetric and presents
three-dimensional characteristics, which is possibly relevant to
the motion of reentrant flow driven by the high pressure re-
gion downstream of the cavity. The similar comments are also
proposed by Lindau et al. [27]. To make comparisons of Figs.
4 and 35, it is found that there are substantial differences in the
details of cavity shedding process between o =0.7 and
o =0.6. Focused on Figs. 4(c) and (d), a large bulk of aft end
cavity is rolled up and sheds downstream, which leads to the
evolution of cavity to show violent and turbulent. While in
Figs. 5(c)-(f), it can be seen that after the attached cavity
breaking off, the shedding part trends to combine with the
main bulk of cavity again, and after a while it just shed in the
form of smaller scale cavity.

The dynamic forces of the axisymmetric body at o =0.7
and o =0.6 are also numerically investigated. Fig. 6 con-
tains the time-evolution fluctuations of axial force coefficients
as well as the comparison of fluctuant variances at the two
cavitation numbers. In Fig. 6(a), the highlighted points on the
curves separately corresponds to the cavity images listed in
Figs. 4 and 5. Here, the parameter T, is defined as
T.=D/U,_. It can be found that the axial force always in-
creases when the large bulk of cavity breaks off or rolls up.
Compared with that of o =0.6, the fluctuation amplitude of
the axial force at o=0.7 is larger and also the time-
averaged axial force is at higher level. Besides, from Fig. 6(b),
the variance of axial force at o =0.7 1is about three times as
large as that of o =0.6, which demonstrates that there are
more fluctuations and instabilities during the whole time-
evolution process of unsteady cavity at o =0.7.

Lagrangian tracers are utilized in this study to further inves-
tigate the cavity shedding process at 0=0.7 ando =0.6.
The magnitude of the integration time Ty used to compute the
FTLE is 0.9 T. Figs. 7 and 8 present the vapor volume fraction
contours and the particle tracers at three typical instants. The
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Fig. 6. The predicted fluctuations of axial force coefficient at different
cavitation numbers.

four groups of particle tracers marked by “A”, “B”, “C” and
“D” are initially seeded at the positions of x = 0.01 m, x =
0.02 m, x = 0.03 m and x = 0.04 m, respectively in the flow
field. The particle tracers will move with the development of
cavitating flow, which can illustrate the time-evolution of
cavitating flow structures. As shown in Fig. 7, the first group
of tracers named “A” is located upstream of the position
where the attached cavity breaks off, however, the last three
groups of tracers named “B”, “C” and “D” are located in the
downstream where detached cavities exist. At t = t;+57.1 %T,
as illustrated by the tracers in group “A”, re-entrant flow exists
accompanying the growth of attached cavity. The tracers in
group “B”, “C” and “D” also show that re-entrant flow exist in
the downstream, and most tracers in group of “C” and “D”
move away from the cylinder surface, which elucidates the
rolling up of detached cavity. After t = t4+62.2 %T, tracers in
group of “A” move downstream along the attached cavity
surface. Tracers in group “B” and part of the tracers in group
“C” move upstream toward the head of cylinder. Tracers in
group “D” and part of the tracers in group “C” move down-
stream and away from the cylinder surface due to the behavior
of rolling up and movement of the detached cavity.

Similarly, the time evolution of lagrangian tracers in cavitat-
ing flow at o0 =0.6 is presented in Fig. 8. There are four
groups of tracers which are named “A”, “B”, “C” and “D”,
respectively. In the period after t = t+63.3 %T, tracers in
group “A” move upstream, which also illustrates the existence
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Fig. 7. The contours of water vapor fraction and the distributions of
Lagrangian tracers (o =0.7 ).

of re-entrant flow. Tracers in group “B”, “C” and “D” move
upstream and downstream at the same time, consequently, the
cavity in the region near group “C” is elongated. After t =
tr+71.2 %T, the tracers in group “B” and “C” move upstream
and downstream further, and the attached cavity and detached
cavity begin to merge. Finally, tracers in group “B” and “C”
are mixed together, and accordingly the attached cavity merge
into the detached part.

To evaluate the flow field characteristics, Figs. 9 and 10
give respectively the instantaneous streamlines, the contours
of FTLE, and the Lagragian tracer trajectory at o =0.7 and
o =0.6. The Lagragian tracer trajectory can demonstrate the
movement of local fluid element in the period of integration
time. Here, each figure presents eight tracer trajectories to help
to describe the flow structures. The initial locations of eight
particles for the two cases are respectively listed in Tables 1
and 2 where x is the axial distance and y is the distance from
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Fig. 8. The contours of water vapor fraction and distributions of La-
grangian tracers (o =0.6).

the body wall in the radial direction. Compared with the
streamlines, it is found that the ridges of FTLE field almost
match the outer edges of vortex structures and divide the field
into different flow regions. Also, the particles always move
along the ridge instead of across it. From Fig. 9, it is found
that a large scale of vortex is located at the forehead of axi-
symmetric body at t;+28.5 %T when the whole cavity is at-
tached as shown in Fig. 4. Accordingly, most of the particles
initially located within the vortex move upstream. Then at
to+42.8 %T the cavity breaks off into two parts due to the re-
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Table 1. The initial locations of Lagrangian tracers (o =0.7).

Point No. 0 1 2 3 4 5 6 7
x/(m) 0 0.01 0.02 0.03 0.035 0.04 0.05 0.01
y/(m) 0.001 0.004 0.004 0.004 0.002 0.004 0.004 0.001

0 0.01 0.02 0.03 0.04 0.05
x/m

(a) t+28.5 %T
0.03

0 0.01 0.02 0.03 0.04 0.05
x/m

(b) t5+42.8 %T
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Fig. 9. The streamlines, FTLE contours and distributions of Lagrangian tracers (o =0.7).
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Fig. 9. (Continued).

entrant flow, and in Fig. 9(b) the flow field presents two vortex
structures with the same rotation direction but different scales.
Moreover, the trajectories of particles 3 and 5 indicate that the
downstream vortex of larger scale gradually moves away from
the body surface, which is consistent with the cavity rolling-up
process. By contrast, in Fig. 10, during the process of cavity

breaks off at o =0.6 there is no large scale of cavity rolling
up, therefore the two vortex structures always adhere to each
other and neither breaks away from the body surface. In the
next period, the upstream vortex spreads to a large one again
which means a new evolution cycle beginning, while the
downstream one gradually shrinks to disappear finally.
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Table 2. The initial locations of Lagrangian tracers (o =0.6).

Point No. 0 1 2 3 4 5 6 7
x/(m) 0 0.01 0.015 0.025 0.03 0.035 0.035 0.01
y/(m) 0.001 0.004 0.004 0.004 0.004 0.004 0.001 0.001

0.01 002 0.03 0.04 0.05
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x/m
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4.0-07 04-01 03 0.6 0.9 012345867

Fig. 10. The streamlines, FTLE contours and distributions of Lagrangian tracers (o =0.6).



C. Hu et al. / Journal of Mechanical Science and Technology 32 (1) (2018) 199~210 209

0.02

0.015

. ) ﬁ 0.01
0.005

T RIS S SN R SR R

0 0.01 0.02

0.03
x/m

0.04 0.05

(€) to+80.7 %T

TR TRTIR T TSR TN SN I NN Y YR MR MR

0 0.01 0.02 0.03 0.04 0.05
x/m
() to+94.8 %T
e T TEE$ D ASYONA
4.0-07 0401 03 0.6 0.9 012345867

Fig. 10. (Continued).

4. Conclusions

In this research, unsteady cavitating flows around an axi-
symmetric blunt body at two different cavitation numbers
have been investigated experimentally and numerically. The
main attention is focused on the cavity shedding dynamics.
The LCS and particle trajectory methods are applied to dem-
onstrate the mechanism of shedding behaviors. Here some
findings are summarized:

(1) The numerical cavitation evolutions are in good agree-
ments with the experimental results for the both flow condi-
tions of 0=0.7 ando =0.6. The similar process of cavity
evolutions is found for the two cases including irregular
break-off of attached cavity, shedding of the detached part and
growing again of the remaining part. However, there are also
some distinct characteristics during the shedding process.
Wheno =0.7 , the shedding cavity can roll up and detach
away from the body, while at o =0.6 the break-off cavity
can reconstruct through the conjunction behavior. This is
probably responsible for the different fluctuations of axial
force of the blunt body. In this study it is found that the vari-
ance of axial force at o =0.7 is almost three times as large
as thatof 0=0.6.

(2) The LCS and particle trajectory methods can well illus-
trate the flow structures during the shedding process. The LCS
distributions vary with the time-evolution of vortex structures
that exactly vary with the cavity shedding behaviors.
Wheno =0.7 , the downstream detached vortex moves away

from body, while at o =0.6 the upstream and downstream
vortex structures can connect together. Moreover, the particle
trajectories can illustrate the behaviors of local flow to explain
the mechanism of the two shedding modalities.
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