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A B S T R A C T   

The periodic shedding of cloud cavitation has been previously assumed to be induced primarily by re-entrant jet 
based on considerable experimental and numerical studies. However, different shedding mechanisms, including 
that induced by pressure waves, have recently regained research interest. To conduct a corresponding numerical 
investigation, the cavitating flow around an axisymmetric projectile is studied using a user-designed solver that 
considers the compressibility of the three phases and phase change within the OpenFOAM® framework. Results 
are compared with those of an experimental study based on Split Hopkinson Pressure Bar (SHPB) technology 
with high-speed photography. Good agreement on cavity morphology is confirmed between the results. During 
the first period, a typical re-entrant jet-induced shedding mechanism is observed as the re-entrant jet front co
incides with cavity closure. By contrast, their evident separation is noted in the second period, and cavity closure 
is located in a counterflow area caused by the impact of pressure waves that are radiated by the collapse of a 
shedding cavity and propagate in liquid water. This observation is never predicted by an incompressible solver 
used for comparison, thereby indicating that the existence of a different shedding mechanism is highly relevant 
to compressibility.   

1. Introduction 

The influence of cavitating flow is a concern in the design of many 
types of fluid machinery, such as hydrofoils, propellers, and pumps. A 
partial cavity exhibits violent instability under certain flow conditions 
and undergoes unsteady evolution, including periodic shedding and 
collapsing, which radiates pressure fluctuations and results in undesir
able effects in engineering, such as erosion and noise. A shedding 
mechanism is essential to better estimate the relevant hydrodynamic 
performance to conduct further flow control. Knapp (1958) first pro
posed the re-entrant jet-induced shedding mechanism, which states that 
a high-velocity jet near wall is generated behind the cavity under a 
strong adverse pressure gradient and then moves upstream to cut off the 
cavity. Since then, many researchers have verified this finding using 
advanced experimental techniques (Kubota et al., 1989; Stutz and 
Legoupil, 2003; Callenaere et al., 2001). Cavitation models, including 
the single-fluid model and the transport equation model (TEM), have 

also been established (Kunz et al., 2000; Schnerr, 2001; Singhal et al., 
2002), thereby promoting numerical studies on cavitation (Cou
tier-Delgosha et al., 2003; Huang et al., 2013; Ji et al., 2014). 

However, the shedding mechanism is not solely attributed to re- 
entrant jet. Many studies have reported two other types of shedding 
mechanism in cavitating flow. The first mechanism is due to the pressure 
waves generated by the extremely high pressure of cavity collapse, and 
these waves propagate in liquid water and later lead to residual cavity 
pinch-off. Arndt (2000) defined a characteristic parameter for cavitating 
flow around a hydrofoil to distinguish regimes governed by different 
shedding mechanisms. Song (2001) conducted numerical simulation 
using the single-fluid model for a hydrofoil. They found that the shed
ding cloud can break up into pieces, as opposed to the spherical cloud 
reported by Reisman (1998). Another interesting result is that a rare
faction will propagate to the pressure side of the hydrofoil, thereby 
resulting in considerable pressure decrease and the generation of a new 
cavity on that side. The second mechanism is a condensation shock that 
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propagates through a cavity with phase change. This concept raised in 
general research on multiphase flow. Campbell and Pitcher (1958) 
investigated the propagation of shock in bubbly flow. On the basis of 
their work, Noordzij and Wijngaarden (1974) further considered the 
influence of the motion of bubbles. Brennen (1995) took into account 
phase change and found that acoustic velocity can be considerably less 
than that without phase change. Kawanami et al. (1997) observed 
condensation shock in experiments although they assumed that cavity 
shedding is caused by re-entrant jet. Reisman (1998) investigated the 
dynamics of the shedding cavity on a hydrofoil; they found that a 
condensation shock is generated on the surface of a spherical cloud and 
then propagates inward to cause collapsing. Ganesh et al. (2016) 
recently used X-Ray densitometry to detect the volume fraction in 
cavitating flow around a wedge, and they verified the shock-induced 
shedding mechanism. Following the former work, Budich et al. (2018) 
conducted numerical simulation with inviscid hypothesis and the 
single-fluid model. Wang et al. (2018) found that shock-induced shed
ding causes reduction of cavitation evolution Strouhal number on a 
hydrofoil. Moreover, the existence of both types of mechanism was also 
reported. Leroux et al. (2004) compared the results from both numerical 
simulations and experiments. They found that the collapse of a shedding 
cavity radiates pressure waves, which impinge on the weak of the re
sidual and then cause it to collapse with a velocity that approximates the 
acoustic velocity in the bubbly mixture with phase change. In addition, 
the results showed that sheet cavity does not only exist at the 6� attack 
angle, which is also the required condition for the shock intensity to 
reach a maximum value. This finding suggests that cavity vanishing is 
associated with shock. 

Numerical investigation among the aforementioned studies almost 
used the density-based compressible solver, which is originally designed 
for supersonic flows. The direct application of this type of solvers suffers 
from high stiffness and poor stability somewhere local Mach number is 
insufficiently high, e.g., in areas suffused by the liquid phase in cavi
tating flow. Thus, preconditioning technique has been established to 
extend its application to flow of all speeds (Turkel, 1987; Weiss and 
Smith, 1995; Bram et al., 1991). However, this approach is limited by 
deteriorating time precision when simulating unsteady flow. Ven
kateswaran and Merkle (1995) promoted dual time-stepping as an 
improvement; this approach was introduced by Kunz et al. (2000) to 
study cavitating flow. Although preconditioning can alleviate the diffi
culty of the density-based solver, physical compressibility is dis
regarded, thereby leading to the unsatisfactory resolution of pressure 
waves. Another choice is the pressure-based solver, which basically 
adopts prediction-correction algorithm. It is originally designed for 
incompressible flow, but has been extended it to flow at all speeds by 
series of researches (Issa and Javareshkian, 1998; Moukalled et al., 
2003). Distinct advantage of this kind solver is good stability under any 
flow conditions. And it has also been applied in cavitating flow simu
lation (Senocak and Shyy, 2001). 

At present, arguments remain on whether pressure waves or shocks is 
primary in shedding mechanism, and this issue requires further inves
tigation. Previously incompressible solvers are widely used to simulate 
re-entrant jet. However, compressibility is required when studying 
collapse-induced pressure wave or shock propagation and its effect on 
cavitating flow. In the current work, a pressure-based compressible 
multiphase solver with cavitation phase change is established within the 
OpenFOAM® framework, through which cavitating flow around an 
axisymmetric projectile is simulated with Large Eddy Simulation (LES). 
The profile and length of the cavity are first compared between the re
sults obtained from the newly developed solver and experiments based 
on the Split Hopkinson Pressure Bar (SHPB) technology with high-speed 
photography. Then, the velocity and pressure fields in different stages 
predicted using the new solver are analyzed in detail to find the char
acteristic that distinguishes shedding induced by pressure waves or 
shocks from that induced by re-entrant jet. In addition, predictions are 
compared between both types of solvers in terms of the aforementioned 

issues. 

2. Methods 

2.1. Governing equations 

As most references have indicated, the homogenous multiphase 
model, which disregards slip between phases and assumes that all the 
phases share the same velocity field, is adopted. Phase change between 
liquid water and vapor is introduced by the TEM category cavitation 
model. Define volume fraction of water and vapor as αl, αv, respectively. 
Therefore, the phase transport equation for each phase of the mixture is 
as follows: 

∂αl

∂t
þr⋅ðαluÞ ¼ �

αl

ρl

Dρl

Dt
þ

_m
ρl

∂αv

∂t
þr⋅ðαvuÞ ¼ �

αv

ρv

Dρv

Dt
�

_m
ρv
;

(1)  

where i and u, denote density and the velocity field shared by all the 
phases. Phase change rate _m is the sum of evaporation rate and 
condensation rate that calculated by cavitation models, which is chosen 
as Kunz model in this study. The constraint αl þαv ¼ 1 should be satis
fied. These equations are derived by rearranging the continuity equation 
of each phase to provide convenience in solving processes. 

The momentum equation for the mixture is as follows: 

∂ρu
∂t
þr⋅ðρuuÞ ¼ � rpþr⋅

�

μ
�

ruþ ðruÞT �
2
3
ðr⋅uÞI

��

þ ςκrαl;

(2)  

where the symbol ρ without the subscript is the mixture density defined 
asρ ¼ ρlαl þ ρvαv. While μ, ς, κ respectively denotes dynamic viscosity, 
surface tension coefficient and curvature. The last term on the right side 
represents the effect of surface tension force, which is active only within 
vicinity of the interfaces of liquid water and another phase. Gravity is 
disregarded in this study. 

The energy equation for the mixture is 

∂
∂t
½ρðK þ UÞ � þ r⋅½ρuðK þ UÞ � ¼ r⋅ðu⋅τÞ � r⋅q � r⋅ðpuÞ; (3)  

where U, q denote specific internal energy and heat flux density, and 
kinetic energy K ¼ 1=2juj2. 

For simplification, apart from disregarding the effect of shear stress, 
the following relations can be substituted into the energy equation: 

U ¼ CvT; (4)  

q ¼ � αthCvrT; (5) 

Therefore, an equation for temperature T can be derived as follows: 

∂
∂t
ðρCvTÞ þr⋅ðρCvTuÞ � r⋅ðαthCvrT

�

¼ � r⋅ðpuÞ �
∂
∂t
ðρKÞ � r⋅ðρKuÞ

(6)  

where Cv denotes the special heat capacity, and αth is the thermal 
diffusivity. 

2.2. Numerical methods 

Besides good stability as mentioned above, pressure-based 
compressible solver is also convenient to be implemented in Open
FOAM®. Therefore, the solver established in current study belongs to 
this category. The phase transport equations are solved first within a 
time step. Only one of these equations need be solved. The volume 
fraction of the remaining phase, which is chosen as water in this study, is 
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obtained through the constraint αl þ αv ¼ 1. To solve these equations, 
the sharpness of the interface and the boundedness of the volume frac
tions should be ensured. OpenFOAM® provides an artificial compression 
term along with the multidimensional universal limiter with explicit 
solution (MULES) algorithm, which is based on the flux-corrected 
transport (FCT) method. Less precision is ensured than that of the 
standard volume of fluid method (VOF) while fewer computing re
sources are consumed. This process requires the phase transport equa
tion of phase i to be rearranged as follows: 

∂αi

∂t
þr⋅ðαiuÞ þ r⋅

 
X

j
αiαjurij

!

¼ �
αi

ρi

Dρi

Dt
þ S; (7)  

where the third term on the left hand side is the compression term, and S 
denotes the source term of the phase change. urij which represents 
interface velocity is estimated using the formula provided by Weller 
(2008): 

urij ¼ min½cαjuj;maxðjujÞ�
rαi

jrαij
; (8)  

where cα is used to adjust the sharpness of the interface, and its value is 
generally 0–2. 

The second and third terms on the left-hand side are discretized as 

X
ðαiuÞf ⋅Sf þ

X
 
X

j
αiαjurij

!

f

⋅Sf ; (9)  

where Sf is the area vector of control face. This formula should not be 
calculated directly and requires adjustment in accordance with the FCT 
method. Denote compression term 

P
Fr and convection term 

P
FLðHÞ, 

whose superscript indicates the use of a low(high)-order scheme. The 
original calculation is replaced by the following: 
X

FL þ λ
�X

FH þ
X

Fr �
X

FL
�
; (10)  

where λ is a coefficient defined in the FCT method. 
The formulation of the pressure equation for compressible flows is 

also emphasized. Eq. (1) are summed up as 

αl

ρl

Dρl

Dt
þ

αv

ρv

Dρv

Dt
þr⋅u ¼

�
1
ρl
�

1
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�
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The discretized form is as follows: 

X
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(12)  

where the superscripts n and ξ respectively denote the time step and 
prediction-correction step. The time derivative term can be replaced by 
any temporal scheme. If uξþ1 and ρ, which can be derived from the 
momentum and equation of state, are substituted, then an unsteady 
convection-diffusion pressure equation is obtained. 

2.3. Turbulence modeling 

A turbulence model is crucial for the numerical simulation of cavi
tating flow because of its natural unsteadiness. Simulations based on 
Reynolds-averaged Navier–Stokes (RANS) have been widely applied and 
recognized in engineering. However, many recent studies indicate that 
LES can capture considerable details of small-scale flow structures in 
cavitating flow and provide better predictions of large-scale turbulent 
eddies with higher accuracy (Orley et al., 2015; Chen et al., 2019). To 
perform LES, Favre filtering is taken since variation of density is 
considered. And implicit filtering is applied as implemented in 

OpenFOAM®. The momentum and temperature equations are filtered as: 

∂ρue
∂t
þr⋅

�
ρue ue

�
¼ � rpþr⋅τþ σκrα1 þr⋅τSGS (13)  

∂
∂t
ðρCv ~TÞ þ r⋅ðρCv ~T ~uÞ þ

∂
∂t

�

ρ
~u⋅~u
2

�

þr⋅
�

ρ
~u⋅~u
2

~u
�

¼ r⋅ðαthCvrT
�
� r⋅ðp ~uÞ þ r⋅QSGS

(14)  

where the tilde quantities are Favre averaged ones. τSGS, QSGS are sub
grid scale (SGS) stress and SGS heat flux that are brought by nonlinear in 
governing equations and need to be modelled. 

The one-equation eddy-viscosity model is adopted in the present 
study for SGS stress modeling. Compared with Smagorinsky model, this 
type of filter exhibits the advantage of providing a more accurate time 
scale through the independent definition of the velocity scale and has 
demonstrated advantages when used in modeling transitional flows or 
flows with large-scale unsteadiness (Villiers, 2006). Its SGS 
eddy-viscosity νSGS and dissipation ε are defined as 

νSGS ¼ Ck
k1=2

SGS

Δ
; (15)  

ε ¼ Cε
k3=2

SGS

Δ
: (16)  

where Δ denotes filter width that is chosen as cube-root of the cell 
volume in this study, and coefficients are given as Ck ¼ 0.094, 
Cε ¼ 1.048. The SGS kinetic energy kSGS is solved through its transport 
equation: 

∂ðρkSGSÞ

∂t
þr⋅ðρ~ukSGSÞ � r⋅½ρðνþ νSGSÞrkSGS�

¼ � ρτSGS : D � ρε
(17)  

where D is the resolved-scale strain rate tensor. And the SGS stress tensor 
τij is modelled as 

τSGS ¼
2
3

kSGSI � 2νSGS

�

D �
1
3

trðDÞI
�

(18) 

The SGS heat flux are simply modelled as a diffusion term: 

QSGS ¼
ρνSGS

PrSGS
rTe (19)  

where PrSGS is SGS Prandtl number, chosen as 1.0 in internal compu
tational domain and 0.85 at walls. 

2.4. Performance test for the solver 

Since the solver is newly developed, it is crucial to conform whether 
it can correctly capture unsteady cavitating flow. Therefore, a simple 
case about 2D cavitating flow around a circular cylinder is chosen to 
carry out performance test. Reynolds number Re and cavitation number 
σ in this test is respectively set as 200 and 1.0, at which values flow 
remains laminar and strong regularity of the flow field should be 
observed. 

Fig. 1(a) shows evolution of cavity shape within a typical cycle. The 
flow is found to be strongly periodic as cavity sheds alternately on each 
side. A cavity on one side grows rounded at first, being gradually 
stretched later. When it almost sheds from the cylinder, the cavity on the 
other sides begins to grow, which marks the end of first half cycle. Fig. 1 
(b) shows diagram of lift/drag coefficient vs. time. Like the situation in 
non-cavitating flow, lift coefficient is half the frequency of drag coeffi
cient. But by contrast, the curves become much steeper near each 
extreme point when cavitation happens. These results agree with Gna
naskandan and Mahesh (2016), which indicates that the solver is 
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qualified in current test. 

2.5. Simulation setup 

The newly established solver is used to study cavitating flow around 
an axisymmetric projectile with emphasis on the shedding mechanism. 
A cylindrical computational domain with a structured mesh is adopted 
as shown in Fig. 2. The diameter of the projectile d is 37 mm, which is 
equivalent to the height of the conical head. Gravity is disregarded 
because of the small geometric scale. Inflow velocity is 18.5 m/s, which 
indicates a moderate cavitation number σ ¼ 0.57. The boundary condi
tions of several selected variables are provided in Table 1. To prevent the 
reflection of pressure waves onto outside boundaries, a boundary con
dition named waveTransmissive is applied for p, thereby requiring other 
variables to adopt the corresponding settings. 

The setup of this case is completely based on previous works (Yu 
et al., 2014; Wang et al., 2016), where grid convergence study was 
taken. Thus, mesh of equivalent density and topology is adopted. And in 
their experiment, a projectile was launched in a tank using the SHPB 
technology, and the entire process is recorded via high-speed photog
raphy. The results show the rapid vanishing of the residual cavity, which 
is considered nontypical shedding caused by re-entrant jet and may be 
caused by pressure waves or shocks. Thus, the results provided by the 
new solver are compared with the experimental results to verify the 
aforementioned conjecture. By contrast, the interPhaseChangeFoam, 
which is previously widely used in cavitation problems as an incom
pressible solver originally contained in OpenFOAM®, is launched for a 

comparative study. If pressure waves or shock waves exist physically, 
then this treatment will be unreasonable for its elliptical system. 
Nevertheless, the potential incorrect usage of this solver can be pre
sented in such a manner. 

3. Results and discussion 

3.1. Comparison with experimental results 

Fig. 3 shows a brief comparison of the cavity profile within a certain 
period to validate evolution of cavity shape. A cavity grows from 
shoulderpoint of a projectile, originally as a transparent sheet cavity. 
When its length is near maximum, re-entry jet is generated, making the 
cavity cloudy from its closure and going upstream to cut off the cavity, 
which corresponds to the inner profile in the simulation results. Soon 
afterwards a new cavity appears on the shoulder point, whereas the 
shedding part moves downstream and collapses later. The main residual 
cavity attached to the projectile then remains with the fragmentary parts 
downstream and begins to shed. Considerable agreement on cavity 
shape is validated in the majority of a period except for the fragmentary 
cavities downstream, which are thicker as observed in the experiment. 

To make a quantitative validation, dimensionless cavity length 
L* ¼ L/d is plotted versus dimensionless time T* ¼ t/T in Fig. 4, where L, 
d and T denotes cavity length, projectile diameter, and period, respec
tively. Cavity length is defined as the horizontal distance between the 
shoulder point and the most downstream point of a cavity, disregarding 
several instances of breaking up midstream. The trend of both results is 
accordant and the entire period can be divided into four stages: a rapid 
original increase, a slow decrease, another increase with subequal slope, 
and a final abrupt decrease to a non-zero value. These stages physically 
represent cavity growth, re-entry jet generation and cavity shedding, 
new cavity growth, and collapse of shedding cavities and pressure wave 
or shock propagation. Although the maximum values of L* are in good 
agreement, several differences remain. In Stage 1, L* obtained from the 

Fig. 1. Results of 2D cavitating flow around a circular cylinder; (a) evolution of cavity shape expressed by counter of volume fraction where red areas denote cavity; 
(b) evolution of lift and drag coefficients vs. time. 

Fig. 2. Computational domain, where d denote diameter of the projectile and 
its value is 37 mm. 

Table 1 
Boundary conditions of some selected variables.  

variables Inlet Outlet Projectile Sides 

alphai fixed value zero gradient zero 
gradient 

fixed value 

p pressure wave 
transmissive 

fixed value zero 
gradient 

pressure wave 
transmissive 

U fixed value with 
perturbation 

zero gradient 
with backflow 

fixed value zero gradient 

k fixed value with 
perturbation 

zero gradient zero 
gradient 

zero gradient 

nut unnecessary unnecessary using wall 
function 

unnecessary 

T fixed value zero gradient fixed value zero gradient  
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experiment is larger than the numerical prediction. In Stage 2-2, the 
numerical results experience considerably more fierce falling, indicating 
that the cavity vanishes immediately. 

3.2. Shedding induced by re-entrant jet in stage 1 

The evolution of the streamwise velocity and pressure fields, along 
with the cavity profile in Stage 1, is briefly shown in Fig. 5. The cavity 
profile is extracted with a volume fraction of vapor α2 ¼ 0.3. As the 
cavity grows in the beginning, flow separation occurs, along with the 
adverse pressure gradient near the cavity closure. When the maximum 
cavity length is nearly reached, a thin layer of liquid near the wall begins 
to move upstream and is gradually accelerated, thereby forming a 
typical re-entrant jet, as shown by the dark blue area in the streamwise 
velocity field. This area continuously extends upstream and finally 
reaches the vicinity of the shoulder point, which leads to breaking up of 
the cavity profile and marks the end of Stage 1. This process is a typical 
re-entrant jet-induced shedding depicted in many studies. It is reviewed 
here with an emphasis on its characteristic, i.e., the front of re-entrant jet 
is exactly coincident with the inner profile of the cavity as shown in the 
contour of streamwise velocity. Furthermore, no pressure wave nor 
shock propagation is observed during this stage without evident cavity 
collapse and cavity profile remains nearly smooth. 

Cavity evolution in Stage 2–1 is shown in Fig. 6. As a new cavity 

grows on the shoulder point, the shedding part breaks up into fragments 
and merges later, connecting to the newly generated part. The new 
coalescent cavity rotates downstream, becoming thicker first and then 
shrinking later. Velocity is lower inside the profile of the cavity than 
outside it, thereby indicating that the streamwise motion of the cavity is 
slower than the free stream. When cavity length is near the maximum 
value, pressure on cavity closure is beyond the saturated pressure and 
collapse begins to occur, which leads to local high pressure. This process 
implies the end of Stage 2–1. Interestingly, when the cavity is growing, 
flow separation covered by the cavity has existed, and this area moves 
downstream, thereby developing to re-entrant jet prior to cavity 
collapse. 

3.3. Pressure wave-induced shedding in stage 2-2 

The results of the aforementioned stages indicate that the newly 
developed solver does not predict considerably more than previous 
studies. However, substantial attention should be given to Stage 2-2 
when a new phenomenon is found. 

The tail of the cavity suddenly experiences large-scale cavity 
collapse, which corresponds to abruptly decreasing cavity length, as 
shown in Fig. 4. The main part of the residual cavity remains attached to 
the projectile, with fragmentary parts located on the horseshoe vortex 
moving slowly downstream or collapsing locally. Then, a high-pressure 
center of up to 0.6 MPa is generated due to the large-scale collapse, and 
the propagation of the radiated pressure waves in liquid water is 
detected, as illustrated by the contour of the pressure gradient with the 
cavity profile in Fig. 7. As the residual cavity is swept over by pressure 
waves, an isolated high-pressure center evidently appears on its closure, 
resulting in local secondary collapse. It is remarkable that no wave 
patterns are found in the cavity profile, which is expected becausea 
considerable difference in acoustic impedance between liquid water and 
vapor leads to sharp attenuation on both wave energy and amplitude 
after a wave propagates through the interface of two phases. 

The streamwise velocity field, along with the cavity profile coun
tered by the condensation rate, is shown in Fig. 8. When the tail of the 
cavity collapses at T* ¼ 0.8154, the re-entrant jet is not simultaneously 
extended upstream, and therefore, a notable separation appears be
tween its front and the closure of the residual cavity. This situation 
significantly differs from the situation in Stage 1, which is characterized 
by the coincidence of the two components. However, the cavity length of 
the residual cavity continues to decrease, thereby indicating that the re- 
entrant jet is not the primary reason for the vanishing of the cavity. 
Instead, a counterflow velocity area is formed on its closure, which is 
generated by the impact of pressure waves at T* ¼ 0.8154–0.8307. 
Moreover, a secondary re-entrant jet can be found at T* ¼ 0.8769, which 

Fig. 3. Morphology comparison of the cavity between numerical results and experiment in one period.  

Fig. 4. Comparison of dimensionless cavity length L* vs. dimensionless time T* 

in one period. 
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is also separated from the main re-entrant jet and promotes cavity 
shedding. Separation nearly exists to the end of this stage; thus, it can be 
regarded as evidence of the existence of a different shedding 
mechanism. 

As introduced above, two types of shedding mechanisms exist in 
cavitating flow except re-entrant jet, i.e., collapse-induced pressure 
waves that only propagate in liquid water and condensation shock that 
propagates in mixtures with phase change. Leroux et al. (2004) inves
tigated cavitating flow around a hydrofoil and reported that a conden
sation shock was found after the partial cavity is impacted by a 
collapse-induced pressure wave. However, the former type is not 
observed in this study because the cavity closure, which is directly 
impacted by pressure waves, does not exhibit a sufficiently high 
condensation rate high enough, and on the other hand pressure gradient 
field inside the residual cavity does not present any pressure wave. In 
conclusion, the impact of the collapse-induced pressure waves can be a 
trigger for continuously vanishing of a cavity, but not directly cause 
shedding while simultaneously propagating inside. 

On the other hand, it is known that phenomenon in cavitating flow 
can be different as cavitation number σ varies. For current study, it needs 
further investigation whether the pressure induced shedding mechanism 
that presents at σ ¼ 0.57 as analyzed in preceding sections can still be 

observed with other values of σ. For this reason, cases with σ ¼ 0.9, 1.1 
are carried out via the new solver, since larger σ values will potentially 
eliminate influence of pressure waves. It is found that larger cavity 
length maximum and shorter cycle are predicted as σ value increases. 
Other corresponding results are shown in Fig. 9, indicating the cavity 
shape with streamwise velocity in Stage 2-2. In both working conditions, 
the thick re-entrant jet is generated and strips the tail of residual cavity 
from the projectile. Moreover, its front is still found to separate from 
cavity closure as the situation at σ ¼ 0.57. Thus, it is indicated that 
pressure wave induced shedding mechanism essentially exists in cavi
tating flow around the conical-head axisymmetric projectile. And this 
shedding mechanism, as appearing in Stage 2-2, is not changed by σ 
value variation. 

3.4. Comparison with incompressible solver 

Analysis above indicates that quick vanishing of a residual cavity is 
strongly related to the impact of pressure waves. Investigating the 
behavior of incompressible solvers that are based on the elliptic system 
with infinite acoustic speed is meaningful. Therefore, inter
PhaseChangeFoam, an incompressible solver that is originally contained 
in OpenFOAM®, is used to launch the case. The results are shown in 

Fig. 5. Pressure and streamwise velocity fields with cavity profile are shown. Counters are cut from middle plane and cavity profile is extracted by isosurface 
α2 ¼ 0.3. The arrows and dash lines indicate the inner profile of a cavity, which is coincident with the front of re-entrant jet. 
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Fig. 10. Compared with the situation in the compressible solver, only a 
few differences for the shedding progress are found before Stage 2-2 
because no collapse-induced pressure wave propagation occurs, and 
re-entrant jet-induced shedding mechanism is naturally dominant. From 
Stage 2-2, however, a thick re-entrant jet is predicted by the incom
pressible solver, and its front remains coincident with the profile of the 
residual cavity, which is reasonably incorrect and is similar to typical re- 
entrant jet-induced shedding. This result does not agree with vanishing 
of cavity under the pressure wave impact predicted by the new solver. 
Thus, the prediction of incompressible solvers can be reliable results in 
certain stages, but several important characteristics are lost when large- 
scale collapse occurs. 

4. Conclusion 

In this study, a new compressible solver that considers three phases 
and the phase change between liquid water and vapor is established 

within the OpenFOAM® framework Based on this solver, cavitating flow 
around an axisymmetric projectile is studied through LES simulation 
with an emphasis on shedding mechanism. 

The numerical results are first compared with those from the 
experiment and good agreement on morphology is confirmed. The dia
gram of dimensionless cavity length L/D versus dimensionless time t/T is 
also compared for validation, and four stages are defined for analysis. In 
Stage 1, the re-entrant jet-induced shedding mechanism is found to be 
characterized by a coincidence between cavity closure and the front of 
re-entrant jet. In Stage 2–1, re-entrant jet is observed to be generated 
prior to cavity collapse. In Stage 2-2, the pressure wave-induced shed
ding mechanism is found. Rapid vanishing of a cavity is due to a pressure 
wave, which is radiated by large-scale cavity collapsing downstream and 
propagates in liquid water. Thus, residual cavity closure is impacted and 
a counterflow area is generated. This shedding mechanism is charac
terized by the separation between re-entrant front and cavity closure 
and it is not changed by cavitation number variation. 

Fig. 6. Cavity evolution in Stage 2–1. A re-entrant jet has been generated before large-scale collapse occurs. Local magnification shows the generated re-entrant jet.  

Fig. 7. Pressure wave propagation shown in the counter of the pressure gradient. The area shown by the arrows exhibits evident pressure waves.  

B. Ye et al.                                                                                                                                                                                                                                       



Ocean Engineering 187 (2019) 106179

8

This case is also launched by interPhaseChangeFoam to investigate 
the behavior of incompressible solvers after cavity collapse. A coinci
dence between the front of re-entrant jet and cavity closure still appears 
in Stage 2-2, indicating that a typical re-entrant jet-induced shedding 

Fig. 8. High condensation rate is represented on as the red region on the translucent cavity profile (isosurface α2 ¼ 0.3). The lines and arrows show the separation 
between cavity closure and front of re-entrant jet in lattices T* ¼ 0.8307 and T* ¼ 0.9231. The circle in lattice T* ¼ 0.8769 points out the secondary re-entrant jet. 

Fig. 9. Streamwise velocity field with cavity profile in Stage 2-2 when working 
condition is chosen asσ ¼ 0.9, 1.1. Re-entrant jet front is still found to separate 
from cavity closure. 

Fig. 10. Streamwise velocity field with cavity profile is shown. The lattice of 
T* ¼ 0.7077 is in Stage 2–1, and the remaining lattices are in Stage 2-2. 
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mechanism is predicted by this type of solvers. This result differs from 
that predicted by the newly developed solver and is considered to lose 
important characteristics. Therefore, employment of incompressible 
solvers in such a case is unsuitable. 

The shedding mechanism is an important issue and needs further 
study. This study presents only one working condition for a certain 
model in cavitating flow. More investigation needs conduction to depict 
flow regime for shedding mechanism detailly. For more applications, the 
solver presented in this study is expected to extended with a phase of 
non-condensable gas, since multiphase cavitating flow has received 
increasing attention as a complex problem in engineering practice. Be
sides considering effect of non-condensable gas injection on cavity dy
namics under current study, it will inspire many other investigations like 
water entry problems or free surface-piercing object where cavitating 
flow with cavitation happens. 
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