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Large Eddy Simulation
Investigations of Periodic
Cavitation Shedding With
Special Emphasis on Three-
Dimensional Asymmetry in a
Scaled-Up Nozzle Orifice
The periodic shedding of cloud cavitation in a nozzle orifice has a significant influence on
the flow field and may have destructive effects. Most of the existing research on the shed-
ding of cloud cavitation in an orifice is based on experimental visualization with a focus
on the two-dimensional (2D) motion of the re-entrant jet and the shedding mechanism.
However, the actual cloud cavitation shedding in an orifice is a complex three-
dimensional (3D) process. Some limited signs of three-dimensionality and asymmetry in
cylindrical orifices have been detected recently, but the 3D shedding characteristics
remain unclear. In this paper, the cavitation regimes and periodic shedding process in
the scaled-up nozzle orifice used by the Stanley experiment were simulated with large
eddy simulation (LES). The re-entrant jet and periodic shedding mechanism, as well as,
the shedding frequency, were analyzed from 2D and 3D perspectives. The main results
show that the simulated cavitation regimes and the 2D periodic shedding mechanism
agree fairly well with the experimental observations, but more 3D features are revealed.
By analyzing the 3D shedding process and the three-dimensionality caused by the incli-
nation of the closure line, the three-dimensional asymmetric shedding mode with phase
difference p is revealed. Based upon this finding, the shedding frequency, and Strouhal
number are calculated. The corresponding relationships between shedding frequencies
and the frequency peaks of the power spectrum density (PSD) for pressure fluctuations
are also confirmed. These results extend the understanding of the unsteady cavitating
flow within nozzle orifices from 2D to 3D patterns. [DOI: 10.1115/1.4050136]

1 Introduction

The occurrence of cavitation within nozzles has a crucial
impact on the flow field for various hydraulic systems such as
dump throttles of liquid propellant rocket engines, orifices of
hydraulic jacks, and injector nozzles of diesel engines [1–3].
Especially for the latter, many researchers have shown that cavita-
tion within the nozzles significantly enhances the atomization of
high-speed liquid jets [4], reduces jet breakup length [5,6], and
increases jet spray angle [7,8]. Meanwhile, the damage risks of
cavitation such as erosion and vibration will always be there dur-
ing bubble collapse. These destructive effects affect nozzle per-
formance and reduce the equipment lifespan [9–12]. Therefore,
for nozzle orifice design, it is essential to understand the cavitating
flow characteristics for utilizing cavitating flow and minimizing
its negative effects.

Due to the low diameter which is about 200 lm and the high
operation pressure which can reach 220 MPa, experiments with
small-scale nozzles often use plane orifices with two-dimensional
(2D) flow [13–15]. However, the 2D flow in a plane orifice is dif-
ferent from that in a cylindrical orifice used as an injector nozzle.
In order to more accurately observe the cavitating flow in cylindri-
cal orifices used in practice, most experiments are conducted with
scaled-up long orifices [16–21]. Although it is impossible to

achieve true similarity to the small-scale nozzles, these scaled-up
experiments are very useful for exploring the macroscopic cavita-
tion structures and transitions [16].

In cylindrical orifice flow, cavitation initiates at the high shear
layer and recirculation near the entrance where the local static
pressure is below the vapor pressure. Cavitation bubbles begin to
grow at the nucleation sites which may be the microscopic surface
roughness of the wall or the impurities and free gases in the liquid.
These bubbles coalesce to form large cavitation structures and
collapse in the high-pressure region downstream. The extent of
cavitation can be described by the cavitation number r which has
many different forms in the literature. In this work, we use the
form presented by Nurick [22], which was used by Stanley
[16,17]. It is defined as

r ¼ P1 � Pv

P1 � P2

(1)

where P1 is the inlet pressure (injection pressure), P2 is the outlet
pressure (ambient pressure), and Pv is the vapor pressure of the
liquid.

According to the previous visualization observations [16,17,
20,23], the transition of cavitation regime in long cylindrical orifi-
ces can be roughly summarized as follows: with the decrease of
cavitation number r, the cavitation regime starts from incipient
cavitation, then goes through partial cavitation, developed cavita-
tion, supercavitation, and finally develops into hydraulic flip for
nonsubmerged jet or jet cavitation for submerged jet. For superca-
vitation and hydraulic flip, the cavitation length Lcav, which was
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clearly defined by Stanley as the distance from the orifice entrance
to the last point where cavitation bubbles can be identified [17], is
equal to or greater than the orifice length L. For incipient cavita-
tion, the cavitation length Lcav is close to zero. In the case of par-
tial cavitation and developed cavitation, Lcav is in the range of 0 to
L. Some studies [16,17,19,21] have revealed that for orifices with
various length-to-diameter ratios, the cavitation length follows the
cavitation regime transition with a similar pattern.

Under the condition of partial cavitation, periodic shedding of
cavitation structures has been observed for cavitating flow in
large-scale long orifices [16,17,19,24]. The attached cavity initi-
ated at the entrance, which is known as sheet cavity, grows to a
certain size and then being severed to form cloud cavitation which
moves downstream and eventually collapses periodically. This
periodic shedding phenomenon, which is often referred to as the
transition from sheet to cloud cavitation, is well-reported for
hydrofoils and convergent-divergent channels. Numerous studies
have shown that the two main mechanisms including re-entrant jet
[25–27], which is a liquid jet beneath the attached cavity in the
direction opposite to the bulk flow, and pressure waves generated
by the collapse of cloud cavitation [28–30], are central to the peri-
odic shedding process. However, only a few investigations have
studied the periodic shedding process in long cylindrical orifices.
Based on high-speed visualization, Sato and Saito [19] concluded
that in a shedding period, the ratio of growing time of the attached
cavity to the traveling time of the re-entrant jet is two, which is
similar to the result of Le et al. [25]. Using high-speed visualiza-
tions in a long cylindrical orifice, Stanley [17] revealed a complex
mechanism of periodic shedding caused by a combination of a
traveling wave style deformation of the cavity interface and the
translational motion of the re-entrant jet, each with distinctly dif-
ferent velocities.

During partial cavitation, the cavitating flows have a complex
behavior where the cavity is characterized by a strong unsteadi-
ness, transient cavities shedding downstream, and a completely
three-dimensional (3D) flow even in a 2D configuration [31]. For
hydrofoils, the three-dimensionality caused by the inclined cavity
closure line has been well reported and discussed [32–34].
Although there is almost no relevant research on the three-
dimensionality of the shedding process in cylindrical orifices due
to the difficulties of experimental observation, a few experimental
and numerical results have shown some signs. Stanley [17]
observed asymmetrical cloud shedding in a cylindrical orifice
caused by the diagonal motion of the re-entrant jet. He thought
that this is similar to the three-dimensionality of the re-entrant jet
on a swept hydrofoil caused by the inclination of the closure line,
as discussed by De-Lange and De-Bruin [33] and Duttweiler and
Brennen [34]. Ahuja et al. [35] simulated the asymmetry of cloud
cavitation and speculated that this asymmetry may be responsible
for flapping modes or azimuthal modes. But the exact pattern and
details of the shedding with three-dimensional asymmetry are not
clear and further investigations are needed.

Another important issue accompanying the shedding process is
the determination of the shedding frequency. The most common
and essential method is to calculate the time period and frequency
of the shedding process by frame-frame variation based on high-
speed visualization. Le et al. [25] and Sato and Satio [19] used
this method to determine the time period and shedding frequency
as well as Strouhal number St for hydrofoil and cylindrical orifice,
respectively. The other common approach is to monitor the gray-
scale variation of the selected regions and determine the fre-
quency by fast Fourier transform or power spectral density (PSD).
Charrière et al. [31] and Willian [36] selected an appropriate loca-
tion in the collapse region of a venturi in simulation and visualiza-
tion results, respectively. Other auxiliary methods include
monitoring the cavitation length variation [2] and fluctuation pres-
sure during the shedding process [2,37]. It is worth noting that
these works pertain to static feed conditions, and the cavitating
flow exhibit a steady shedding frequency. For unsteady atomiza-
tion, it would require a different type of analysis for

differentiating between the system harmonics and that of the cavi-
tation [38–40].

As we know, by using either a backlit or front-lit high-speed
camera, it is much more difficult to visualize the completely 3D
cavitating flow with strong unsteadiness in a cylindrical orifice
than that of the swept hydrofoil. Thus, numerical simulation is a
better way to understand the shedding process with 3D asymmetry
in a cylindrical orifice. The Reynolds-averaged Navier–Stokes
(RANS) approach, like j-e models, does not address the influence
of turbulent fluctuations on the onset and development of cavita-
tion, which leads to a steady-state solution. It seems that the shed-
ding of cloud cavitation and re-entrant jet cannot be predicted
well, and the large eddy simulation (LES) method was recom-
mended [2]. By using the LES method, Gnanaskandan et al. [41]
and Bhatt et al. [42] obtained a good agreement with the experi-
mental results of Ganesh et al. [28,29] for the transition from sheet
to cloud cavitation within a convergent-divergent channel. Com-
pared with the experiment, Ji [43] and Long [44] used LES to
reproduce the cavitation shedding process on hydrofoil very well.
There have been some comparative studies of the various cavita-
tion models [45–48]. Frikha et al. [46] presented a study of several
void- fraction transport-equation-based cavitation models on two-
dimensional foils. Their results demonstrated a large resemblance
between the models, and they clarified that modifying the model
parameters changes the cavity shape and structure. The parameter
bubble-number-density nb in Schnerr and Sauer’s model can be
tuned to some reference measurements and then be used for the
simulation of cavitating liquids in arbitrary flow configurations
[49,50].

In this work, we investigate by LES the periodic shedding pro-
cess in a long cylindrical orifice with special emphasis on the 3D
asymmetry. In addition, the determination of shedding frequency
based on the transient characteristics of the shedding process and
the PSD of pressure fluctuations were examined. The paper is
organized as follows. Section 2.1 explains the cavitation model.
Section 2.2 describes the governing equations of LES. Section 2.3
presents the simulation settings and mesh studies. Section 3.1 vali-
dates the effectiveness of the present numerical method by com-
paring the simulation and experimental results with respect to the
cavitation regimes in the cylindrical orifice. Section 3.2 analyzes
the re-entrant jet motion and periodic shedding process. Section
3.3 discusses the three-dimensionality caused by the inclined cavi-
tation closure line and the 3D asymmetric shedding mode. The
shedding frequency of cloud cavitation is also estimated and dis-
cussed in Sec. 3.4. Section 4 provides a brief conclusion.

2 Numerical Modeling

In this work, LES simulations are performed with the computa-
tional fluid dynamics (CFD) code ANSYS FLUENT 17.0. The working
fluid (distilled water, 18 �C) is considered to be isothermal.
According to the previous research [1,2,51], a homogeneous multi-
phase mixture flow model is considered to be appropriate for the sig-
nificant variation of densities in the process of phase transition. In
the present nozzle flow, the high level of turbulence does not allow
large bubble growth. It is therefore assumed that the bubbles have
the same velocity as the liquid. Consequently, there is no need to
solve for the slip velocity and the independent momentum of both
phases [52]. The Schnerr-Sauer cavitation model, which has been
validated in similar research [2,51,53,54], has been adopted to cap-
ture cavitation formation.

2.1 Cavitation Model. According to Schnerr and Sauer
[55–57], the equation for the vapor volume fraction has the gen-
eral form

@

@t
aqvð Þ þ r � aqvVvð Þ ¼ qvql

q
da
dt

(2)

where a is the vapor volume fraction, qv is the vapor density, ql is
the liquid density and q is the mixture density, and Vv is the
velocity of the gaseous phase. The net mass source term S is:
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S ¼ qvql

q
da
dt

(3)

By assuming that the bubble is spherical, Schnerr and Sauer
use the following expression to connect the vapor volume fraction
to the number of bubbles per volume of liquid:

a ¼ nbð4=3ÞpR3
B

1þ nbð4=3ÞpR3
B

(4)

where nb is the number of bubbles per unit volume of liquid (the
bubble number density) and RB is the bubble radius. Based on the
generalized Rayleigh–Plesset equation [58], neglecting second-
order terms and surface tension, the bubble dynamics equation is
simplified to

dRB

dt
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

ðpv � pÞ
ql

s
(5)

where pv is the vapor pressure and p is pressure. By combining
Eqs. (3)–(5), the expression for net mass transfer is derived

S ¼ qvql

q
a 1� að Þ 3

RB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

ðpv � pÞ
ql

s
(6)

The bubble radius RB is given by rewriting Eq. (4)

RB ¼
a

1� a
3

4p
1

nb

� �1
3

(7)

As shown in Eq. (6), the mass transfer rate in the Schnerr and
Sauer model is proportional to að1� aÞ. The function
f a; qv; qlð Þ ¼ qvql

q a 1� að Þ approaches zero when a ¼ 0 and
a ¼ 1, and reaches the maximum when a ¼ 1

2
.

Equation (6) is for the evaporation process, involving vapor for-
mation. It is also used to model condensation the process, involv-
ing vapor collapse. The final form of the model is as follows:when
pv � p

Se ¼
qvql

q
a 1� að Þ 3

RB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

ðpv � pÞ
ql

s
(8)

when pv � p

Sc ¼
qvql

q
a 1� að Þ 3

RB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

ðp� pvÞ
ql

s
(9)

where Se is the evaporation source term and Sc is the condensation
source term.

In this model, the only parameter which must be determined is
the bubble number density nb. If no bubbles are created or
destroyed, the bubble number density would be constant. In the
simulation of distilled water, the default value of nb ¼ 1� 1013

was used based on the recommendation in similar studies [49,50].

2.2 Governing Equations and Large Eddy Simulation. The
basic governing equations including the mass and momentum
conservation equations are as follows:

@q
@t
þ @ðqujÞ

@xj
¼ 0 (10)

@ðquiÞ
@t
þ @ðquiujÞ

@xj
¼ � @p

@xi
þ @

@xj
l
@ui

@xj

� �
(11)

The dynamic viscosity l and mixture density q are defined as

l ¼ alv þ 1� að Þll (12)

q ¼ aqv þ 1� að Þql (13)

By applying a Favre-filtering operation to Eqs. (10) and (11),
the Favre Filtered governing equations are obtained

@q
@t
þ @ðqujÞ

@xj
¼ 0 (14)

@ðquiÞ
@t

þ @ðquiujÞ
@xj

¼ � @p

@xi
þ @

@xj
l
@ui

@xj

� �
� @sij

@xj
(15)

where the over-bars denote filtered quantities. The extra nonlinear
term, sij, is expressed as

sij ¼ qðuiuj � uiujÞ (16)

which are called the subgrid-scale (SGS) stresses and need to be
modeled. A common SGS model is the eddy-viscosity model,
which assumes that the SGS stresses are proportional to the modu-
lus of the strain rate tensor Sij of the filtered large-scale flow

sij �
1

3
skkdij ¼ �2ltSij (17)

where Sij is the rate-of-strain tensor for the resolved scale and the
subgrid-scale turbulent viscosity lt is closed by LES wall-adapting
local eddy-viscosity (WALE) model [59]. The main advantage of
the WALE model is its capability to reproduce the laminar to turbu-
lent transition and the design of the model to return the correct
wall-asymptotic yþ3-variation of SGS model [60].

The rate-of-strain tensor for the resolved scale Sij and the
subgrid-scale turbulent viscosity lt are modeled in the LES
WALE model as [59]

lt ¼ qL2
s

ðSd
ijS

d
ijÞ

3=2

ðSijSijÞ5=2 þ ðSd
ijS

d
ijÞ

5=4
(18)

Sij ¼
1

2

@ui

@xj
þ @uj

@xi

� �
(19)

Sd
ij ¼

1

2
g2

ij þ g2
ji

� �
� 1

3
dijg

2
kk; gij ¼

@ui

@xj
; Ls ¼ min kd;CsV

1=3
� �

(20)

where Ls is the mixing length for subgrid scale, k is von Karman
constant, d is the distance to the closest wall, V is the volume of
the computational cell, and Cs is the WALE constant and has the
value of 0.5 based on the calibrations using freely decaying iso-
tropic homogeneous turbulence [59].

2.3 Simulation Setup and Mesh. The governing equations
were discretized in both space and time domains. The solution
was based on the pressure-implicit with splitting of operators
(PISO) algorithm for the pressure–velocity coupling. The central-
difference scheme was used for the diffusion terms in the govern-
ing equations. The pressure staggering option and quadratic
upwind interpolation of convective kinematics (QUICK) scheme
were employed for pressure and volume fraction discretization.
The default momentum discretization scheme for LES, bounded
central-differencing, was selected. The bounded central-
differencing scheme can provide sufficiently low dissipation to
allow the turbulent structures to evolve and enough robustness to
handle highly stretched grids with large time-step [61]. To satisfy
the total variation diminishing condition, the default limiter
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function which is derived from the work of Barth and Jespersen
[62], was used.

The geometry of the cylindrical orifice in the present simulation
is the same as that used by Stanley [16,17], as shown in Fig. 1.
This orifice has a diameter of 8.25 mm and a contraction ratio of
6.06. The ratio of orifice length to orifice diameter L/d is 4.85. It
should be noted that, like the orifice used in the experiment, the
entrance of the orifice has a sharp edge, that is, there is not any
rounding. In Stanley’s experiment, the downstream side of the ori-
fice was filled with nitrogen gas so that the outflow is a typical
nonsubmerged jet. The present research focuses on the stage of par-
tial cavitation within the orifice. To reduce computing cost, the
downstream boundary was set at the exit of the orifice and the
upstream boundary was set at 30 mm distance ahead of the orifice
entrance. In the present simulation, the boundary conditions con-
sisted of pressure inlet, pressure outlet, and no-slip walls. The
ranges of operating parameters and some important dimensions of
Stanley’s experiment are shown in Table 1. Stanley pointed out that
the changes of Re have very little effect on cavitation length behav-
ior and shedding frequency variation [17]. On the premise of
matching cavitation number, in order to make Re as close as possi-
ble to that of experimental conditions, the boundary conditions with
a constant outlet pressure of 15235 Pa were carefully adjusted.

A steady RANS simulation result was used as the initial condi-
tion of LES, which can accelerate the convergence of LES. To
accurately capture cavitation dynamics characteristics, the time-
step of LES was set as 10�6 s which ensures an average Courant
number less than 1.0. Within each time-step, 30 inner loops were
set. The normalized residuals for each equation dropped by four
orders of magnitude, and the critical variables such as the pressure
at critical locations and the global volume of vapor were moni-
tored. These ensure the convergence for each time-step [61]. The
physical parameters of the working fluid were obtained from the
National Institute of Standards and Technology (NIST) database
[63]. The range/values of operating and physical parameters used
in the simulation are listed in Table 2.

By using the meshing module ICEM, the O grid block was
employed to discretize the computational domain. The computa-
tional domain and a typical mesh in the middle cut plane are
shown in Fig. 2. The mesh was refined near the walls and the
entrance. To resolve accurately turbulent eddies in the near-wall
regions, the minimum cell size in the near orifice wall vicinity
was set as 2 lm to ensure that the nondimensional wall distance

yþ is less than 1. To determine an optimal grid resolution, the
study of mesh influence was performed by monitoring the global
vapor volume fraction ag and the PSD of pressure fluctuations for
the same near-wall monitoring point downstream of the cavitation
region under the flow conditions of P1 ¼ 151; 500 Pa, r ¼ 1:84. It
is helpful to evaluate the grid comprehensively by considering the
global (ag) and local (pressure fluctuation at monitoring point)
measurement parameters simultaneously. According to Table 3,
three grid resolutions were determined with a grid refinement ratio
r¼ 1.3 in all three directions. After two flow-through times, the
data over another one flow-through time was collected. The flow-
through time was estimated by the length of the orifice and the
average velocity. For r ¼ 1:84, the cavitation shedding process
and the global vapor volume fraction ag exhibit periodicity. The
evolution of global vapor volume fraction for three grid resolu-
tions in three typical cycles is shown in Fig. 3. For each shedding
process, the curves of global vapor volume fraction approach each
other with a small difference as the mesh refines. The PSD distri-
butions of pressure fluctuations are shown in Fig. 4. Three grid
resolutions predicted close primary frequencies and similar spec-
tral contents of the cavitation-induced pressure signals. It is
observed that the pressure spectrum in the inertial subrange fol-
lows Kolmogorov’s �5/3 theoretical power law [64]. This indi-
cates that the present mesh and calculation are able to capture part
of the turbulence spectrum. Furthermore, the range of the �5/3
power law for the fine and medium cases is slightly wider than
that for the coarse case, which suggests that a finer grid may cap-
ture more turbulent kinetic energy [65]. It is known that the global
vapor volume fraction ag is periodic, and the fundamental fre-
quency of PSD fb for monitored pressure fluctuations is closely
related to the cavitation shedding frequency [2,31,43]. The grid
convergence index (GCI) [66,67] of the time-averaged global
vapor volume fraction ag and the fundamental frequency of PSD
fb is introduced to estimate the uncertainty, as shown in Table 3.
The uncertainty estimated by the GCI method has a value less
than 5%, which demonstrates that further refinement of meshes
results in insignificant changes in the simulation outcome.
Although further grid refinement may reveal more complex

Fig. 1 The geometry of the cylindrical orifice used by Stanley
[16,17]

Table 1 Summary of Stanley’s experimental parameters [17]

Parameter value/range

Nozzle orifice diameter, d (mm) 8.25
Nozzle orifice length, L (mm) 40
Supply pipe diameter, D (mm) 50

Reynolds number, Re ¼ qVd
l 7.4� 104–2.2� 105

Cavitation number, r ¼ P1�Pv

P1�P2
1.1–3.6

Table 2 Summary of simulation parameters

Parameter value/range

Nozzle orifice diameter, d (mm) 8.25
Nozzle orifice length, L (mm) 40
Supply pipe diameter, D (mm) 50

Reynolds number, Re ¼ qVd
l 6� 104–1.3� 105

Cavitation number, r ¼ P1�Pv

P1�P2
1.38–3.1

Average flow velocity in orifice (m/s) 7.6–18.5
Inlet pressure P1 (Pa) 69,758–313,500a

Outlet pressure P2 (Pa) 15,235a

Density ql (liquid) (kg/m3) 998.55
Density qv (vapor) (kg/m3) 1.54� 10�2

Viscosity ll (liquid) (Pa�s) 1.05� 10�3

Viscosity lv (vapor) (Pa�s) 9.67� 10�6

Vapor pressure Pv (Pa) 2064.7b

aGage pressure.
bAbsolute pressure.
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vortical structures and capture more turbulent kinetic energy, it is
not the focus of the current research and it will lead to a substan-
tial increase of the computational cost. Therefore, the medium-
resolution mesh was selected as the final mesh in the following
simulations. Figure 5 depicts the contours of wall yþ. It is
observed that except for a small area in front of the sharp edge,
the value of wall yþ for the orifice wall where cavitation initiates
and develops is guaranteed to be less than 1. Due to the contrac-
tion effect, the velocity increases as the fluid enters the orifice.
This makes that the value of wall yþ in the small area before the
orifice entrance increases, but never exceeds 5. After the elapse of
two flow-through times, the data over another one flow-through
time was collected to evaluate the time-averaged normalized cav-
ity length and the shedding characteristics. For each simulated

case, the computing time on an allocation of in-house cluster (144
processors, Intel Xeon Gold 6150, 384 GB RAM, Xi’an, China) is
about 256 000 CPU hours.

3 Results and Discussions

3.1 Cavity length and Cavitation Regimes. The cavity
length is a significant parameter to identify cavitation regimes.
For many hydraulic devices, cavitation patterns are often distin-
guished by the ratio of cavitation length to characteristic length.

Fig. 2 The computational domain and a typical computational mesh

Table 3 Summary of mesh refinement study

Mesh Grid quantities ag SDa of ag fb (Hz) Determinant 3� 3� 3 Angle (deg) Aspect ratio Max ortho skew Eriksson skew

Coarse 1.68� 106 1.57� 10�3 1.31� 10�4 343 0.89–1 24–90 1–153 0.91 0.54–1
Medium 3.81� 106 1.46� 10�3 1.26� 10�4 366 0.91–1 30–90 1–118 0.79 0.55–1
Fine 8.58� 106 1.43� 10�3 1.37� 10�4 377 0.93–1 33–90 1–91 0.69 0.53–1
GCI 0.98% 3.34%

aStandard deviation.

Fig. 3 The evolution of global vapor volume fraction for three
grid resolutions in three typical cycles

Fig. 4 The PSD distribution of pressure fluctuation for three
grid resolutions
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For instance, in the case of an unsteady cavity on a hydrofoil, cav-
itation inception and supercavitation are characterized by a ratio
of maximum cavity length to chord length equal to zero and one,
respectively, between these is partial cavitation [32]. It is worth
noting that for cavitation on a hydrofoil, supercavitation refers to
the conditions in which the attached cavitation no longer closes
on the wall but downstream of the trailing edge [32]. For a hydro-
foil, the cavity length is usually referred to as the distance from
the cavitation starting point near the leading edge to the location
of cavity closure, that is, the length of the attached cavitation L0.
But for cavitating flow in an orifice, the cavity length is defined as
the distance from the orifice entrance to the last point in the
streamwise direction at which cavitation or bubbles can be identi-
fied [17] (as shown in Fig. 6(b)). A comparison of the time-
averaged cavity length Lcav obtained from the present LES and
RANS by Mouvanal et al. [68] with Stanley’s experimental results
is shown in Fig. 6(a). It should be noted that in Stanley’s experi-
ment, the total experimental uncertainty of Lcav/L was up to 24%
[17]. Meanwhile, the cavity length obtained with LES is affected
by the value of vapor volume fraction. Therefore, the current
research focus is not on the accurate value of cavity length, but on
the ability of the numerical method to reproduce cavitation
regimes by comparing the variation trend of cavitation length. In
the present research, the cavity boundaries are identified with a
reasonable value of 10% vapor volume fraction, which has been
well adjusted and widely used [43,69].

The overall trend of time-averaged normalized cavity length for
LES agrees qualitatively with the experimental data. As the cavi-
tation number r decreases from 3.1 to 1.38, the cavitation initiates
within the separated shear layer near the orifice entrance and
finally extends to the outlet. For different cavity lengths, five dis-
tinct cavitation patterns can be identified from the experimental
(marked with squares) and LES simulation (marked with circles)
results, respectively: A-supercavitation; B-developed cavitation;
C-partial cavitation; D-incipient cavitation; E-single-phase flow.
The typical cavitation images obtained from experimental visual-
ization and LES are presented in Fig. 7. The cavitation structure
of the simulation in Fig. 7 is isosurface plotted with a 10% volume
fraction of vapor. It can be seen that incipient cavitation and par-
tial cavitation are well reproduced by LES. Cavitation initiation,
growth, and collapse are concentrated in a short distance near the
entrance. Cavitation bubbles form sporadically around the nozzle
entrance in the periphery of the separated boundary layer at the
early stage of incipient cavitation. During partial cavitation, the
sheet cavitation attached to the wall of the orifice is separated by a
re-entrant jet to form cloud-like cavitation. This complex cyclical
process will be discussed in detail in the following Sec. 3.2. For
developed cavitation, it is an unstable transition region from par-
tial cavitation to supercavitation; when r decreases slightly Lcav

increases significantly. In this stage, sporadical cavitation shed-
ding rather than periodic cavitation shedding is observed. Further
reduction of the cavitation number results in supercavitation. For
orifice flows, supercavitation refers to the condition in which cavi-
tation bubbles forming at the entrance extend along the entire
length of the orifice and collapse at or beyond the exit [17]. As the
cavitation number is reduced further, the attached cavity reaches
the exit. In real experimental conditions, the ambient gas down-
stream, which has a relatively high pressure compared to the
vapor region, flows backward and takes up the separation zone
producing a jet that separates at the orifice entrance and remains
detached from the orifice wall for the entire length of the orifice.
This condition is referred to as a hydraulic flip, which usually
requires the volume of fluid approach to consider the ambient gas
[68,70], and it is not the focus of our current research but the sub-
ject of future work.

Mouvanal et al. [68] simulated incipient cavitation until cavita-
tion number r <1.9 with the RANS method. According to their
numerical results, periodic cavitation is delayed until the cavita-
tion number is between 1.8 and 1.6, as shown in Fig. 6(a) with tri-
angles. The periodic shedding process was reproduced, but the

liquid re-entrant jet under the attached cavitation was not
observed. With further reduction in cavitation number, the cavity
length of the RANS simulation grows and reaches the exit of the
orifice at around r ¼1.4. From Fig. 6(a), it can be observed that
compared with the RANS method, LES can better simulate the
discontinuous increase of cavitation length as r decreases, and can
more accurately identify the partial cavitation regime from the
variation trend of cavitation length.

Note that there are some discrepancies between the LES simu-
lation and experiment. During developed cavitation, the flocculent
and filamentous cavitation in the middle of the orifice was not
reproduced, as shown in Fig. 7(g). This may be because some
very small scales have not been fully resolved. The incipient cavi-
tation region D identified by LES (bottom of Fig. 6(a)) is larger
than that by experiment (top of Fig. 6(a)). This discrepancy may
be due to the different accuracy of cavitation image acquisition
between experiment and simulation. In Stanley’s experiment, the
cavitation region was measured by analyzing the backlit high-
speed video recordings. Cavitation structures were identified by
applying a grayscale threshold to the image, converting the image
to binary data; white representing liquid, black representing vapor.
A reasonable threshold value is crucial for the accurate identifica-
tion of cavitation. To focus on the main cavitation structure, the
threshold value might be set too high, this causing the neglect of
some tiny cavitation. Furthermore, the imperfection of the bound-
ary conditions and the models used may also be responsible for
these deviations.

Sato and Saito [19] revealed similar trends in cavity length in
experiments using water for various length-to-diameter ratios.
Figure 8 shows the time-averaged normalized cavity length data
from Stanley and Sato and Saito. In Stanley’s experiment, the
minimal scatter of the data indicates that the effects of changes of
Re have very little effect on the cavity length behavior. All of the
series, except Sato Exp-C with the shortest Lcav/d ratio, demon-
strate a discontinuous increase of cavitation length as the cavita-
tion number reduces and crosses a certain value. This
discontinuity in cavity length appears to be related to the position
of the turbulent flow reattachment relative to the exit of the orifice
[17].

Fig. 5 The contours of wall y1
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3.2 Re-Entrant Jet and Periodic Cavitation Shedding. The
periodic shedding of the attached cavitation accompanied by the
formation and collapse of cloud cavitation was observed for cavi-
tation numbers between approximately r¼ 1.84 and r¼ 2.1
(region C in Fig. 6(a)). In order to display complete cavitation
characteristics with time, the appropriate view regions on a sym-
metry plane of the fluid domain for contours of vapor volume
fraction were selected as shown in Fig. 9. There are four pressure
monitor points labeled PþX, P�X, PþY, and P�Y near the wall at
the location of z¼ 30 mm where is the end of the shedding path.
These points are arranged at equal angles in the circumferential
direction to record pressure fluctuations in different directions. A
typical sequence of cavitation shedding and collapse for r¼ 1.84
can be seen in Fig. 10. Images (a)–(p) correspond to the flow time
0.0265 s–0.031 s after two flow-through times with a time interval
Dt ¼300 ls. The experimental visualization images in Fig. 11
were taken by Stanley using a high-speed camera for r¼ 1.80.
Basically, the images 1–15 in Fig. 11 are corresponding to images
(b)–(j) in the top half of Fig. 10. To demonstrate more details of
the re-entrant jet motion, the sequence with a smaller time interval

is shown in Fig. 12, including contours of vapor volume fraction
and velocity vectors colored with pressure distribution.

We can observe the shedding process by comparing the top half
of Figs. 10 and 11. Images (b) and 1 show attached cavitation
labeled A which is attached to the entrance of the orifice, and
cloud cavitation labeled B, which has been shed from the attached
cavity. From images (a)–(d) and 1–4, it can be seen that the
attached cavity continues to grow while the shed cloud cavitation
is conveyed into the higher-pressure region and begins to collapse.
The cloud cavitation collapse and resulting high-pressure zone
can be seen clearly in Fig. 12 labeled D from 0.0272 s to 0.0274 s.
The separated shear flow from the vena contracta of the orifice
reattaches at the point labeled E in Fig. 12. Under the action of the
adverse pressure gradient (as shown in the region labeled F) and
the pressure pulses generated by cloud cavitation collapse, the liq-
uid mass provided by reattachment is driven to form the so-called
re-entrant jet. In a visualization test, the front surface of the re-
entrant jet labeled G can be discerned by the deformation of the
vapor–liquid interface while in the simulation, it can be demon-
strated by the distribution of the flow velocity. The reattachment

Fig. 6 (a) Time-averaged normalized cavity length from Stanley’s experiment [17], LES, and RANS [68] and (b)
schematic diagram of Lcav and L0

Fig. 7 Orifice cavitation structures, Stanley’s experiment [17]: (a) incipient cavitation (r 5 2.27), (b) partial cavi-
tation (r 5 1.93), (c) developed cavitation (r 5 1.76), (d) supercavitation (r 5 1.36); LES: (e) incipient cavitation
(r 5 2.27), (f) partial cavitation (r 5 1.94), (g) developed cavitation (r 5 1.8), and (h) supercavitation (r 5 1.38)
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continues to provide liquid flow, and the re-entrant jet beneath the
attached cavity labeled C moves upstream until it reaches the ori-
fice entrance. Eventually, the initial attached cavity labeled A is
cut off and detached from the wall of the orifice to form the new
cloud cavitation labeled B0, which can be seen in the images
(c)–(f) of Fig. 10 and the images 5–11 of Fig. 11. Then a new
attached cavity labeled A0 begins to form and grow. Meanwhile,
the shed cloud cavitation, B0, moves downstream with the main
flow, coalesces, and finally collapses, to initiate the next re-entrant
jet and shedding process (as shown in images (g)–(p) of Fig.
10).The images (j)–(p) are analogous to the images (a)–(f) in
Fig. 10: the cavitation formation, growth, coalescence, shedding,
and collapse repeat, indicating the periodicity of the process. The

images (g) and (p) exhibit similar shedding characteristics. This
indicates that the cycle period is about 2.7 ms. By comparing the
upper and lower parts of Fig. 10, it is easy to find that although
both show a complete shedding process, including formation,
growth, coalescence, shedding, and collapse, they are not
synchronized. This phenomenon will be discussed in Sec. 3.3,
where the determination of period and shedding frequency will be
discussed in detail in Sec. 3.4.

3.3 Three-Dimensional Asymmetric Shedding Mode. For
the flow around a symmetric structure such as cylinder, the asym-
metry of cavitation and vortex shedding has been well reported.
However, for the internal flow passing through a symmetric struc-
ture especially for solids of revolution, such as cylindrical orifice
and venturi, there are very few studies about the asymmetry of
cavitation shedding. Ahuja et al. [35] simulated the asymmetry of
cloud cavitation shedding in a cylindrical orifice by hybrid
RANS-LES. They speculated that this asymmetry may be respon-
sible for flapping modes or azimuthal modes. As above men-
tioned, the periodic shedding processes in the view regions I and
II are not synchronized. If we use the length of attached cavitation
L0 to represent the evolution of the cavitation shedding process, as
shown in Fig. 13, we can see that there is a phase difference
between the view regions I and II. A similar evolution of attached
cavitation length in view region II can be obtained by making that
in view region I about 1.3 ms earlier or about 1.4 ms later. The
time period of the attached cavitation length variation estimated
from Fig. 12 is about 2.7 ms; in other words, the phase difference
of the attached cavitation length variation between view regions I
and II is about p.

The Stanley experiment also provided some evidence for the
3D asymmetric shedding in the orifice. Figure 14 shows a
sequence of diagonal re-entrant jet motion observed by Stanley
[17] for r¼ 1.83. The initial re-entrant jet identified by solid lines
and arrows moves to the right and eventually arrives at the
entrance. After that, a new one appears at the right and moves to
the left. It seems that the re-entrant jet indicated in Fig. 11 moves
toward the entrance of the orifice, but actually it has a circumfer-
ential velocity component. Stanley thought that the diagonal re-
entrant jet motion and the asymmetric shedding appeared to be
initiated by the convection of large noncondensable gas bubbles
through the orifice. These bubbles violently expanded and signifi-
cantly altered the cavitation structure when they were conveyed
into the low-pressure region at the entrance. This would cause the
cavity closure line to be inclined relative to the direction of the
oncoming flow. An inclined closure line forced the re-entrant jet
to move along a diagonal rather than perpendicular to the
entrance. This is similar to the three-dimensionality observed on
hydrofoils [33,34]: the component of oncoming velocity tangen-
tial to the closure line remains unchanged, while the component
normal to the closure line is reflected (as shown in Fig. 15).

Figure 16 shows a 3D sequence of asymmetric cavitation shed-
ding from LES for r¼ 1.84. During the periodic shedding pro-
cess, one part of the attached cavitation labeled A, cloud
cavitation labeled B and re-entrant jet motion labeled C, occupy
the zones around view region I, while the other part occupies the
zones around view region II. Accordingly, they are labeled A-I,
B-I, C-I and A-II, B-II, C-II, respectively. The dotted line repre-
sents the boundary of A-II, although it is irregular and sometimes
unclear. As shown in the image at 0.0272 s, the attached cavitation
zones A-I and A-II occupy each half of the orifice entrance. The
cloud cavitation B-II has shed from A-II, while shed cloud cavita-
tion B-I is moving downstream. Starting from image 0.0274 s, the
pressure pulses, generated by the collapse of cloud cavitation B-I,
drive the liquid mass provided by reattachment to form re-entrant
jet C-I which is identified by solid lines and arrows. The re-entrant
jet C-I moves to the right and eventually severs A-I from the ori-
fice entrance to form a new shed cavitation zone B0-I. Then, new
attached cavitation A0-I begins to form and grow. Meanwhile,

Fig. 8 Time-averaged normalized cavity length comparison.
Data labeled H2O represent data from Ref. [17]. Data labeled
series A–E are cavity length data for various orifice geometries
adapted from Ref. [19].

Fig. 9 Schematic illustrating view regions I and II and four
pressure monitor points
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B-II travels downstream where it collapses due to high pressure.
The driven re-entrant jet C-II, which is also identified by solid
lines and arrows moves to the left and eventually severs A-II from
the orifice entrance to form a new shed cavitation B’-II. Accord-
ingly, a new attached cavitation A0-II begins to form and grow.
The new shed cavitation B0-I continues to move downstream, col-
lapses, and drives a new re-entrant jet C0-I. From a three-
dimensional point of view, it seems that both the re-entrant jet and
the attached cavitation around the view region I converge toward
this plane. The re-entrant jet motion and shedding processes in
part I and part II repeat periodically, but they are not synchron-
ized. The phase difference of the shedding process between part I
and part II is about p, similar to the variation of attached cavita-
tion length as estimated from Fig. 13. Although the boundary
between zones I and II is not clear enough, the shedding processes
within both sides seem to be partitioned by the symmetric plane
of view regions I and II (Z-X plane), with little influence on each

other. It is worth noting that the re-entrant jet motions C-I and C-
II travel diagonally relative to the oncoming velocity. This is a 3D
effect due to the inclination of the closure line, similar to Stan-
ley’s observation shown in Fig. 14. Compared to the 2D sequence
in Fig. 10, the 3D image sequence shown in Fig. 16 reveals more
details about the asymmetric shedding process. But the common
point of 2D and 3D sequences confirms the asymmetry of the cav-
itation shedding process and the out-of-phase mode of alternate
shedding.

3.4 The Determination of Shedding Frequencies. As
observed in Figs. 10, 11, and 16, if we define the moment when
the re-entrant jet starts to move upstream as the beginning of a
cycle, the re-entrant jet reaches the orifice entrance at about one-
third of the period. After that, a new attached cavity forms and
grows, accompanied by shed cavitation being advected

Fig. 10 Cavitation shedding sequence from LES for r 5 1.84, the time between images Dt 5 300 ls. Annotations: A, B, and C
identify the attached cavity, cloud cavitation, and re-entrant jet, respectively, where an apostrophe implies a newly formed
structure.

Fig. 11 Cavitation shedding sequence from Stanley’s experiment for r 5 1.80 [17], the time between images Dt 5 110 ls.
Annotations: A, B, and C identify the attached cavity, bubble cloud, and re-entrant jet, respectively, where an apostrophe
implies a newly formed structure.
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downstream during the remaining two-thirds of the period. This
phenomenon is similar to that of venturi and hydrofoil [25,32].
The difference is that for hydrofoils, the attached cavity keeps an
almost constant length during the re-entrant jet motion in the first

one-third of the period. Even in Stanley’s record for r¼ 1.80 as
shown in Fig. 10, it is consistent with that. But for the present sim-
ulation for r¼ 1.84, as shown in Figs. 12 and 13, as the re-entrant
jet moves upstream, the length of attached cavitation decreases.
This might be due to the insufficient thickness of the tail of the
attached cavity, which results in the re-entrant jet disturbing the
tail as it moves upstream.Under the condition of r¼ 1.84, there
are about 36 shedding cycles in one flow-through time. For both
view regions, the velocity of re-entrant motion Ur and the growing
velocity of attached cavity Ua within each shedding cycle can be
estimated from the linear fitting of the re-entrant jet motion
labeled C in Fig. 12 and the variation of attached cavitation length
in Fig. 13, respectively [17,19]. The average velocities Ur and Ua

during 36 shedding cycles are estimated and shown in Table 4.
For each shedding cycle, the time period T from the start of the
re-entrant jet to the end of growth of the attached cavity can be
estimated from [19]

T ¼ L0�max

Ur
þ L0�max

Ua
(21)

where L0-max is the maximum of attached cavity length at the end
of cavity growth, as shown in Fig. 13.

As discussed previously, the period T of the cloud cavitation
shedding process appears to be correlated to the time for the re-
entrant jet to cover the maximum of attached cavity length L0-max.
The average velocity U in the orifice is 12 m/s according to the

Fig. 12 Re-entrant jet motion in Fig. (10). Annotations: C-re-entrant jet motion; D-cloud cavitation collapse and
resulting high pressure; E-the reattached point of separated shear flow; F-the adverse pressure gradient; G-the
front surface of the re-entrant jet.

Fig. 13 The length variation of the attached cavitation for view
regions I and II in Fig. (10)
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volume flow rate obtained from the steady flow simulations. Since
the re-entrant jet velocity is of the order of the flow velocity U,
this time is of the order of L0-max/U. Within each shedding cycle,
the Strouhal number St is defined as the ratio of this characteristic
time to the period of shedding [32]:

St ¼
L0�max

U
T
¼ f

L0�max

U
(22)

where f is the shedding frequency, f¼ 1/T.
Substituting Eq. (21) into Eq. (22)

St ¼
1

U

Ur
þ U

Ua

(23)

According to the Eqs. (21) and (23), for r¼ 1.84, the average

shedding time period T and frequency f as well as Strouhal num-

ber St during 36 shedding cycles can be estimated, as shown in
Table 4. It can be found that the values of the average time period

T are slightly larger than those estimated from the shedding
sequence and the variation of the attached cavity length. This dis-
crepancy is mainly because in the current simulation results, the
re-entrant jet starts before the attached cavitation length reaches
its maximum, as shown in images (c) and (l) of the top half of
Fig. 10. Due to the large uncertainty in the determination of cavity
length, the Strouhal number usually has a non-negligible disper-
sion characteristic and lies in the range 0.25–0.35 [32]. The aver-
age Strouhal number for r¼ 1.84 can be estimated as 0.31 and
0.30, which agrees well with the typical value of 0.30. This also
means that the time of the re-entrant jet motion is about 30% of
the shedding period, which agrees with the observation from the
shedding process and the variation of the attached cavity length.

Another common method to evaluate the shedding frequency is
monitoring the pressure fluctuation during the cavitation shedding
process. To record the pressure fluctuation, we set four monitor
points, as shown in Fig. 9. Figures 17 and 18 show the time evolu-
tion of pressure fluctuation and the corresponding PSD calculated
with the Welch method [71] for r¼ 1.84. In the evolution process
of cavitation, we can see that the pressure fluctuation at the four
monitor points has very similar trends, notably that they have
almost the same abrupt pressure peaks including major peaks and
minor peaks. The near synchronization of pressure fluctuation
peaks at different positions can also be observed in the simulation
of cavitation shedding on hydrofoils, and these pressure peaks
were identified as corresponding to the collapse of the shed cloud
cavitation [43]. For orifice cavitation, referring to the shedding
process shown in Figs. 10 and 16, we find that the major pressure
peaks correspond to the cloud cavitation collapse around view

Fig. 14 Image sequence showing the asymmetric motion of re-entrant jets for r 5 1.83 with
the time between images Dt �130 ls, which is from Stanley’s experiment [17]

Fig. 15 Reflection of oncoming flow by the closure line of the
cavity [33]
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region I, while the minor pressure peaks correspond to the cloud
cavitation collapse around view region II. For instance, the major
peaks 1 and 2 are caused by the collapse of B-I (image (c) of view
region I in the top half of Fig. 10 and image 0.0272 s in Fig. 16)
and B0-I (image (l) of view region I in the top half of Fig. 10 and
image 0.0296 s in Fig. 16), respectively. The minor peaks 1 and 2
are caused by the collapse of zones B-II (images (d) of view
region II in the bottom half of Fig. 10 and images 0.0274 s in

Fig. 16) and B0-II (images (m) of view region II in the bottom half
of Fig. 10 and images 0.0302 s in Fig. 16), respectively. It can be
observed that after the major and minor peaks, there are some
very small pressure peaks caused by the continuous collapse of
small bubbles. There are also some pressure valleys including
major valleys and minor valleys. The major pressure valley

Fig. 16 Image sequence showing 3D asymmetry of cavitation shedding from LES for r 5 1.84, the time between
images Dt 5 200 ls. Annotations: A, B, and C identify the attached cavity, cloud cavitation, and re-entrant jet,
respectively, where I and II denote the parts of view regions I and II, and an apostrophe implies a new structure

Table 4 Summary of shedding frequency estimation

Ur (m/s) Ua (m/s) L0-max (mm) T (ms) St

View region Ur SDa Ua SDa L0�max SDa T SDa f (Hz) St SDa

I 10.4 1.1 5.9 0.4 11.1 1.7 2.9 0.28 345 0.31 0.02
II 9.9 1.6 5.7 0.5 11.3 1.8 3.1 0.31 323 0.30 0.03

aStandard deviation.

Fig. 17 Time evolution of pressure fluctuation for r 5 1.84 Fig. 18 The PSD of pressure fluctuation for r 5 1.84
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corresponds to the initial attached cavitation being severed and
the shedding process around view region I (images (f) of view
region I in the top half of Fig. 10, and images 0.028 s in Fig. 16).
The minor pressure valley corresponds to a similar process around
view region II (images (j) of view region II in the bottom half of
Fig. 10, and images 0.0292 s in Fig. 16). These correspondences
indicate that the attached cavitation being severed and shedding
induces a pressure decrease to form a pressure valley, while the
collapse of shed cavitation causes the abrupt pressure peak. This
statement is consistent with the cloud cavitation shedding process
in a rectangular orifice studied by He et al. [2]. However, due to
the 3D asymmetric flow characteristics in a cylindrical orifice, the
present situation is more complex. Although both sides show a
complete shedding process, the amount of shed cavitation for the
right (zone I) is more than that for the left (zone II), as shown in
Fig. 16. This explains why the collapse of B-I causes a major pres-
sure peak while the collapse of B-II causes a minor pressure peak.

As mentioned above, if we define the moment when the re-
entrant jet starts to move upstream as the beginning, a cycle goes
about from images (c) to (k) in Fig. 10, including one major pres-
sure peak, one minor pressure peak, and one major and one minor
pressure valley. This composition is repeated in other cycles of
pressure fluctuation.

Generally, the PSD for four monitor points shown in Fig. 18
has a similar distribution below the cutoff frequency of 5� 105

Hz. The main frequency peaks are concentrated in the range of
about 200–20000 Hz. Obviously, the fundamental frequency of
366 Hz with second, third, and fourth harmonics can be identified.
All of the monitor points except P�Y present frequency peaks at
the fundamental frequency 366 Hz, although their amplitudes are
slightly smaller than that of the second harmonic 732 Hz. As men-
tioned above, the shedding period estimated by the variation of
attached cavity length or the frame-frame variation of the shed-
ding process is about 2.7 ms. The corresponding shedding fre-
quency can be calculated as about 370 Hz, which is almost equal
to the fundamental frequency of the pressure PSD. The shedding
frequency of 345 Hz and 323 Hz calculated by Eq. (21) in Table 4,
is also close to the fundamental frequency. Note that the shedding
processes of both sides run simultaneously with a phase difference
of about p. Therefore, it can be concluded that the fundamental
frequency of pressure PSD corresponds to the unilateral shedding
frequency of asymmetrical shedding, while the second harmonic
frequency 732 Hz corresponds to the combined shedding fre-
quency for both sides.

In the present incompressible formulation, the speed of sound
tends to infinity. The reflectional pressure wave that might be

generated at the exit appears almost simultaneously with the origi-
nal pressure wave generated by the cavity collapse event. There-
fore, for incompressible cavitating flow simulation, it is usually
not necessary to employ buffer zones or nonreflecting boundary
conditions [41,42,72] to avoid the interference of reflection waves
to the spectral content as is the case in the simulation of compress-
ible cavitating flow [73].

In Stanley’s experiment, the author selected a streamwise loca-
tion in the collapse region where the shed cloud regularly passed
but which was not a location permanently occupied by the
attached cavity. The interrogation spots spaced evenly across the
width of the nozzle were placed in the streamwise position [17],
as shown in Fig. 19. The grayscale signal for chosen interrogation
spots was extracted from the image sequence and analyzed using
a MATLAB program. The shedding frequency was determined by
calculating the PSD of the grayscale signal with the Welch
method [71]. In the case of asymmetrical shedding with phase dif-
ference p, shed cavitation of both sides would pass through the
interrogation spots alternately with a time difference of half a
period. As a consequence, the shedding frequency estimated by
the Stanley method is actually a combined shedding frequency for
alternate shedding of both sides, which is two times higher and
thus corresponds to the second harmonic frequency of pressure
PSD.

Figure 20 shows the shedding frequency variation as the cavita-
tion number increases for Stanley’s experiment and the present
LES. For r greater than 1.94, due to the thinner attached cavity,
the simulated asymmetric shedding process is not regular enough.
However, their PSD of pressure fluctuation shows a similar distri-
bution as r¼ 1.84 with obvious fundamental frequency as well as
second, third, and fourth harmonics. Thus, the shedding frequency
for LES is estimated by the PSD of pressure fluctuation, where fb
represents the fundamental frequency. For better comparison with
experimental data, each fundamental frequency is multiplied by a
factor of two. The scatter of experimental data represents the
uncertainty of cavitating flow. For r¼ 1.84 and 1.89, twice the
fundamental frequency is very close to the shedding frequency
measured by Stanley. With cavitation number increasing, except
for r¼ 1.94, the 2fb of pressure PSD fall in the range of the meas-
ured shedding frequency. This confirms the above judgment and
indicates that the shedding frequency measured by the Stanley
method should be divided by two to obtain the unilateral shedding
frequency. The shedding frequency shows an approximate linear
trend of increasing frequency with increasing cavitation number
for both experiment and simulation. The increasing trend pre-
dicted by LES is slightly less than that in the experiment. This
may be due to the simplification of boundary conditions and the
imperfection of the model used.

Fig. 19 Schematic of interrogation spots used for cavitation
frequency analysis in Stanley’s experiment [17]

Fig. 20 The shedding frequency as a function of cavitation
number increase
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4 Conclusions

In this paper, the cavitation regime transition and periodic shed-
ding process during partial cavitation in a long cylindrical orifice
used by Stanley in his experiment have been simulated with LES.
The re-entrant jet and 3D asymmetric shedding mode, as well as
the determination of the shedding frequency, were analyzed.
Based on this study, the following conclusions can be drawn:

(1) As the cavitation number r decreases, the cavitation regime
in a long cylindrical orifice starts from incipient cavitation,
then goes through partial cavitation, developed cavitation,
and supercavitation. This transition is accompanied by an
increase in the cavitation length Lcav from zero to the length
of the orifice L. Compared with the RANS method, the LES
can more accurately identify the partial cavitation regime.

(2) Two 2D view regions in the symmetry plane of the orifice
with specific azimuth reveal two complete but unsynchron-
ized periodic shedding processes. Within each shedding pro-
cess, the countercurrent motion of the re-entrant jet driven by
the pressure wave generated by the collapse of cloud cavita-
tion finally severs the original attached cavitation to form new
cloud cavitation. Then a new attached cavitation begins to
grow accompanied by the downstream moving of the new
cloud cavitation. The simulated re-entrant jet and shedding
mechanism agree well with the visualization observations.

(3) The variation of the attached cavitation length for two view
regions indicates that the phase difference between the two
periodic shedding processes is about p. The 3D shedding
process is similar to that seen in the 2D view regions, but
more details, especially on the three-dimensionality caused
by the inclination of the cavitation closure line, are
revealed. The inclined closure line leads the re-entrant jet
to move along a diagonal rather than perpendicular to the
entrance of the orifice. Based on the 3D shedding process
analysis, the three-dimensional asymmetric shedding mode
with phase difference p is revealed.

(4) A complete shedding cycle at both sides of the cylindrical
orifice is defined by the re-entrant jet motion (approxi-
mately one-third of the cycle) and attached cavitation
growth accompanied by cloud cavitation moving down-
stream until it collapses (approximately two-thirds of the
cycle). By estimating the average velocity in the orifice, the
growth velocity of attached cavitation, and the moving
velocity of a re-entrant jet from simulation results, the aver-
age shedding frequency f and Strouhal number St are esti-
mated for both sides. It is found that the unilateral shedding
frequency corresponds to the fundamental frequency of
PSD of simulated fluctuating pressure. The calculated shed-
ding frequencies are consistent with Stanley’s [17] experi-
mental results.
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Nomenclature

d ¼ orifice diameter
D ¼ diameter of the orifice supply pipe
f ¼ shedding frequency of cloud cavitation

fb ¼ fundamental frequency of PSD for pressure fluctuation
f ¼ average shedding frequency of cloud cavitation
L ¼ orifice length

Lcav ¼ cavitation length
L0 ¼ attached cavitation length

L0�max ¼ the maximum of attached cavity length
RB ¼ bubble radius

S ¼ net mass source term
Sc ¼ condensation source term
Se ¼ evaporation source term
St ¼ Strouhal number based on attached cavitation length L0

St ¼ average Strouhal number based on attached cavitation
length L0

T ¼ time period of cloud cavitation shedding
T ¼ average time period of cloud cavitation shedding
U ¼ average velocity in the orifice

Ua ¼ growing velocity of the attached cavity
Ua ¼ average growing velocity of the attached cavity
Ur ¼ velocity of re-entrant motion
Ur ¼ average velocity of re-entrant motion
Vv ¼ velocity vector of the gaseous phase
yþ ¼ nondimensional wall distance

Greek Symbols

a ¼ vapor volume fraction per volume of liquid
ag ¼ global vapor volume fraction
ag ¼ time-average global vapor volume fraction
l ¼ viscosity
ll ¼ liquid viscosity
lv ¼ vapor viscosity
q ¼ mixture density

qv ¼ vapor density
ql ¼ liquid density
r ¼ cavitation number
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