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Partial cavitation over incipient, transitory and periodic regimes is investigated using large eddy sim-
ulation (LES) in the (experimental) sharp wedge configuration of Ganesh et al. (2016). The numerical
approach is based on a compressible homogeneous mixture model with finite rate mass transfer be-
tween the phases. Physical mechanisms of cavity transition observed in the experiments; i.e. re-entrant
jet and bubbly shock wave, are both captured in the LES over their respective regimes. Vapor volume
fraction data obtained from the LES is quantitatively compared to X-ray densitometry. In the transitory
and periodic regimes, void fractions resulting from complex interactions of large regions of vapor in the
sheet/cloud show very good comparison with the experiments. In addition, very good agreement with the
experiments is obtained for the shedding frequency and the bubbly shock wave propagation speed. In the
incipient regime, the qualitative characteristics of the flow (e.g. cavitation inside spanwise vortices in the
shear layer) are captured in the simulations. Conditions favoring either the formation of the re-entrant jet
or the bubbly shock wave are analyzed by contrasting the LES results between the regimes. In the tran-
sitory regime, large pressure recovery from within the cavity to outside, and the resulting high adverse
pressure gradient at the cavity closure support the formation of re-entrant jet. In the periodic regime,
overall low pressures lead to reduced speed of sound and increased medium compressibility, favoring
the propagation of shock waves. In a re-entrant jet cycle, vapor production occurs predominantly in the
shear layer, and intermittently within the cavity. In a bubbly shock cycle, vapor production is observed
spanning the entire thickness of the cavity. Bubbly shock wave propagation is observed to be initiated
by the impingement of the collapse-induced pressure waves from the previously shed cloud. Supersonic
Mach numbers are observed in the cavity closure regions, while the regions within the grown cavity are
subsonic due to the negligible flow velocities.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

2(p — py)/(pu?), where p, is the vapor pressure), a sheet cavity
forms over the wedge and intermittently sheds as a cloud (referred

Cavitation is the phase change of liquid into vapor when the
liquid pressure drops below vapor pressure. It is often encoun-
tered in hydrodynamic applications such as marine propulsors,
hydrofoils, rotating turbomachinery etc., and exists over different
regimes ranging from inception to massive regions of vapor. Cavita-
tion is termed as ‘partial cavitation’ when the cavity closes on the
cavitating surface. Ganesh et al. (2016) characterized partial cavita-
tion over a wedge into incipient, transitory and periodic regimes.
A schematic summarizing the characteristics of the regimes is
shown in Fig. 1. Incipient cavitation is observed in the separated
shear layers and often inside the low pressure cores of coher-
ent vortices. With further reduction in cavitation number (o =
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to as “sheet to cloud” transition) due to formation of a re-entrant
jet at the cavity closure. This regime is referred to as the transitory
regime. As o is reduced further, the cavity periodically transitions
from sheet to cloud due to the propagation of bubbly shock waves.
This regime is termed as the periodic regime. In the present work,
we analyze the performance of LES in capturing the physical char-
acteristics of the regimes discussed by Ganesh et al. (2016). The
numerical results are used to comment on the differences in the
flow field that lead to the formation of either the re-entrant jet
or bubbly shock waves. Some of these differences are highlighted
in Fig. 1; e.g. streamline curvature, vapor production and collapse-
induced pressure waves.

The role of liquid re-entrant jets in sheet to cloud transi-
tion has been investigated by various experimental and com-
putational studies (Knapp, 1955; Kawanami et al., 1997; Arndt
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Fig. 1. Schematic summarizing the continuum over the partial cavitation regimes:
a) incipient, b) transitory and c) periodic. Cavity interface is indicated by the solid
black line, vapor regions are shown by blue, pressure waves are shown using red
lines and streamlines are shown using dashed line followed by an arrow. Note that
this is an overall depiction of the regimes and does not necessarily indicate the
same instance of time. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

et al., 2000; Gopalan and Katz, 2000; Callenaere et al., 2001;
Laberteaux and Ceccio, 2001; Foeth et al., 2008; Frikha et al.,
2008; Gnanaskandan and Mahesh, 2016b; Peng et al, 2016).
Callenaere et al. (2001) showed that if the adverse pressure gra-
dient at cavity closure is high enough, a re-entrant jet will de-
velop. They observed two different cavity patterns based on the
thickness of the cavity. For thick cavities, interaction of the re-
entrant jet with the cavity is minimal leading to the classical
sheet to cloud transition. For thin cavities, re-entrant jet propa-
gation splits the cavity into many small structures. The thin cav-
ity appears rather like a two-phase mixture of approximately con-
stant length. Laberteaux and Ceccio (2001) further classified cav-
ities as ‘open’ or ‘closed’ based on the absence or presence of
re-entrant jet, in their experimental study over a wedge. They
described an open cavity as typically frothy without a clear re-
entrant jet, while a closed cavity had a sharp interface and ex-
hibited cloud shedding due to re-entrant jet formation. They ob-
served that the flow around the closed cavity was largely irrota-
tional. Gopalan and Katz (2000) using particle image velocimetry
(PIV) and high speed videography studied the flow structures in
the cavity closure region. They observed that the process of cav-
ity collapse involves roll up of large hairpin-like vortices and sub-
stantial vorticity production. In addition, both Laberteaux and Cec-
cio (2001) and Gopalan and Katz (2000) concluded that the ad-
verse pressure gradient is necessary for the formation of re-entrant
jet, in line with Callenaere et al. (2001).

It is known that the sound speed of the two-phase mixture is
orders of magnitude smaller than its constituent phases (Franc and
Michel, 2005). Hence, regions in the bubbly mixture are suscep-
tible to the formation of shock waves if the sound speed be-
comes comparable to the flow velocities. Appearance of shock

waves in cavitating flows has been noted by various computa-
tional and experimental studies (Jakobsen, 1964; Kawanami et al.,
1997; Reisman et al., 1998; Arndt et al., 2000). Recently, the ex-
periments of Ganesh et al. (2016) showed bubbly shock propa-
gation as a mechanism for sheet to cloud transition, in addition
to the classically observed re-entrant jet. This motivated various
computational studies on the same configuration (Gnanaskandan
and Mahesh, 2016b; Schenke and van Terwisga, 2017; Budich
et al., 2018). Gnanaskandan and Mahesh (2016b) simulated the
experimental configuration of Ganesh et al. (2016) in the transi-
tory regime, using the compressible LES approach. They provided
detailed description of the re-entrant jet induced transition in-
cluding flow reversal due to adverse pressure gradient, intermit-
tent nature of the pressure waves and baroclinic vorticity pro-
duction. However, they do not discuss bubbly shock wave phe-
nomenon. Budich et al. (2018) studied the experimental configura-
tion in the periodic regime using the compressible Euler equation
with a barotropic equation of state, capturing the bubbly shock
waves in their simulations. In accordance with the experiments,
they showed that bubbly shocks are locally supersonic and sat-
isfy the Rankine-Hugoniot jump conditions. However, they do not
use subgrid scale model and do not discuss re-entrant jet phe-
nomenon. Schenke and van Terwisga (2017) presented a model to
capture compressible effects using an incompressible solver with
finite rate mass transfer. They also performed simulations in the
periodic regime and provided useful discussion of finite rate mass
transfer effects on shedding frequency and vapor content. Exper-
imentally, bubbly shock wave propagation was also observed by
Jahangir et al. (2018) in partial cavitation inside a nozzle and
Wu et al. (2017) in a 2D converging-diverging section. Interestingly,
Jahangir et al. (2018) and Wu et al. (2017) observe initiation of
bubbly shock wave by the impingement of collapse-induced pres-
sure waves from previously shed clouds.

A number of computational studies have used RANS (Reynolds
Averaged Navier-Stokes) models along with the homogeneous
mixture assumption for the study of sheet to cloud cavitation (e.g.
Singhal et al., 2002; Saito et al., 2007; Schnerr et al., 2008; Seo
and Lele, 2009; Goncalves and Patella, 2009; Kim, 2009). How-
ever, standard RANS models require modifications to eddy viscos-
ity for predicting cloud cavitation (Coutier-Delgosha et al., 2003).
Gnanaskandan and Mahesh (2016b) compare RANS and LES in
the Ganesh et al. (2016) configuration, and demonstrate that LES
shows better results for volume fraction compared to RANS. In
recent years, LES has shown promising results for capturing the
wide range of scales and unsteady nature of cavitating flows (e.g.
Bensow and Bark, 2010; Gnanaskandan and Mahesh, 2016b; Wang
et al, 2016; Pendar and Roohi, 2018; Long et al., 2019). In ad-
dition, comparative studies conducted using different turbulence
models have also suggested the suitability of LES over other ap-
proaches (e.g Eskilsson and Bensow, 2012; Gnanaskandan and Ma-
hesh, 2016a; Asnaghi et al., 2017).

The goals of the present study are to: (i) Evaluate the fi-
nite rate homogeneous mixture model using compressible LES
(Gnanaskandan and Mahesh, 2015) over the diverse range of incip-
ient, transitory and periodic cavitation regimes observed in the ex-
perimental configuration of Ganesh et al. (2016). This includes cap-
turing both the re-entrant jet and the bubbly shock waves as in-
stability mechanisms of cloud cavitation. Also, perform quantitative
comparison to the experimental data for the vapor volume fraction,
shedding characteristics and bubbly shock propagation speeds. (ii)
Use the LES flow field to investigate the conditions that lead to
either the formation of re-entrant jet or bubbly shock wave. (iii)
Study the initiation of bubbly shock wave by the collapse-induced
pressure wave from previously shed clouds.

The paper is organized as follows. Section 2 describes the gov-
erning equations, physical model and numerical method used in
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the simulations. Section 3 describes the computational domain,
grid and the inflow/outflow comparisons. Section 4 discusses the
instantaneous solution obtained from LES, comparison to experi-
ments, results comparing different flow regimes and mechanisms
governing sheet to cloud transition. The paper is summarized in
Section 5.

2. Governing equations and physical model

We use the homogeneous mixture approach where the mix-
ture of water and vapor is considered as a single compressible
medium. We assume mechanical equilibrium (i.e. each phase has
the same pressure as the cell pressure and slip velocity between
the phases is not considered) and thermal equilibrium (i.e. tem-
perature of each phase is same as the cell temperature). Note that
the Weber number (We = pu?l/S) of the simulations conducted in
the current study is very high (0(10%)) based on liquid density
(p =1000 kg/m>), surface tension (S =0.07 N/m?), length scale
(I =0.0254 m) and velocity scale (u =8 my/s). Hence, surface ten-
sion effects are generally very small. Assuming a homogeneous
mixture, subgrid scale bubble dynamics and surface tension ef-
fects are thus neglected. In hydrodynamic cavitation, due to the
high specific heat capacity of the water, medium causes only mi-
nor temperature fluctuations. Hence, an isothermal formulation is
used to reduce simulation time.

The governing equations are the compressible Navier-Stokes
equations for mixture quantities along with the transport equation
for vapor mass fraction:

dp 0 _
Fri —aij(,ou]),

0 u; 0
gt =T (puiuj + péij — 0y),
dapY, d
gt” =% (PYyll}) + Se — St. (1)

Here p, u; and p are density, velocity, and pressure of the mixture
respectively, and Y, is the vapor mass fraction. The mixture density
is defined as

p=p(1—ay) + pyty, (2)

where p; and py are densities of liquid and vapor respectively, and
oy is the volume fraction of vapor. Volume fractions of each con-
stituent phase are related to their respective mass fractions by

o(1—ay)=p(1-Y,y) and pyay = pYy. (3)

The system is closed using a mixture equation of state obtained us-
ing a stiffened equation of state for the liquid, and ideal gas equa-
tion of state for vapor:

p=YopR,T + (1 Yu)pmﬁ, (4)
where K; = 2684.075 J/(Kg K) and P. = 786.333 x 10° Pa are the
constants associated with equation of state for the liquid. The pa-
rameters were derived by Gnanaskandan and Mahesh (2015) to
match speed of sound in liquid at prescribed density to NIST data.
Gnanaskandan and Mahesh (2015) also validated the thermody-
namic model for a variety of problems including sheet to cloud
cavitation. R, = 461.6 J/(KgK) is the specific gas constant for equa-
tion of state of vapor obtained from Saito et al. (2007). The viscous
stress tensor (o) is given by

o — (%ﬁw,%% )
=K an 811,‘ 38Xk vy

where the mixture viscosity is defined as

(3)

woo=w (1 —ay)(1+2.5a) + uyay, and (6)

u; and p, are the dynamic viscosity of water and vapor respec-
tively. Se and S, are source terms for evaporation of water and con-
densation of vapor and are given by

max((py — p),0)
Se = Coar2(1 — a2 2L X EPv Z P). ) 7
e " pe J27mR;T @
S = C.a2(1 _av)Zw

Y /27 R,T

where p, =2.3 kPa is the vapor pressure. Co(1/m) and C.(1/m)
are empirical constants based on the interfacial area as defined
by Saito et al. (2007). We non-dimensionalize the empirical con-
stants based on the characteristic length scale of the problem as
1/h =36.5 1/m, where h =1 inch is the wedge height. The mix-
ture speed of sound is obtained using mixture equation of state
(Eg. (4)) and Gibbs equation. The sound speed is obtained assum-
ing no mass transfer between the phases and hence is the frozen
speed of sound. Due to finite rate of phase change, speed of sound
in a water-vapor mixture is lower than the limiting value of frozen
sound speed (Franc and Michel, 2005). Sound speed in such case
depends on accurate rate of phase change, subgrid scale bubble dy-
namics and non-condensable gas nuclei. Hence, it is often prob-
lem dependent. The accurate measurement of the speed of sound
experimentally, in a highly unsteady flows such as considered in
the current work is quite involved. In addition, analytical expres-
sions for the speed of sound provide values in the limit of no mass
transfer (i.e. frozen speed of sound) and equilibrium mass transfer
(i.e. equilibrium speed of sound) (Franc and Michel, 2005).

The numerical method is a predictor corrector approach devel-
oped by Gnanaskandan and Mahesh (2015) to simulate cavitat-
ing flows on unstructured grids. The predictor step uses a non-
dissipative finite volume scheme and the corrector step uses char-
acteristic based filtering as a shock capturing scheme to control
dissipation locally in the vicinity of contact discontinuities and
shocks. Governing equations (Eq. (1)) are spatially Favre-filtered for
LES and subgrid terms are modeled using the Dynamic Smagorin-
sky model (DSM) (Moin et al., 1991). Details of the numerical
method and validation for a variety of flow problems are provided
by Gnanaskandan and Mahesh (2015).

3. Problem setup
3.1. Computational setup and simulation details

Fig. 2 shows a schematic of the computational setup. The apex
of the wedge is located at (0, h, 0), where h (1 inch) is the wedge
height. The mean flow direction is along the positive x-axis. Flow
enters the domain through a 3h x 3h cross section (y —z plane)
which corresponds to the reduced test section in the experiments
of Ganesh et al. (2016). The experimental test section is highlighted
by y — z planes (in red) towards the inflow and outflow in Fig. 2(a),
a magnified view of which is shown in Fig. 2(b). The computa-
tional domain is extended upstream for 52.5 h and downstream
for 57 h from the wedge apex in order to minimize the reflec-
tion of acoustic waves from the boundaries. In addition, acousti-
cally absorbing sponge layers of length 20 h are applied at both
inlet and outlet boundaries as indicated by y — z planes (in green)
in Fig. 2(a). This adds an additional term I'(q —gy) in the gov-
erning equations (Eq. (1)). Here ‘q’ denotes the vector of conserva-
tive variables and the subscript ‘ref denotes the reference solution.
In current simulations, the reference solution corresponds to the
inlet and the outlet boundary conditions. ‘I’ denotes the ampli-
tude of the forcing. The inflow plane in the experiments is located
3.5 h upstream of the wedge apex and the outflow plane is located
22 h downstream of the wedge apex as shown in Fig. 2(b). Veloc-
ity profile measurements are performed 3.25 h upstream of the
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Fig. 2. Schematic of the computational domain to scale. a) Complete domain and b) magnified view of the test section.

wedge apex. ‘s’ and ‘n’ denote directions parallel and perpendicu-
lar to the wedge surface respectively. The wedge has contraction
angle of 22.1° and diffuser angle of 8.1°. Computational planes at
inlet and outlet are indicated by C1 and C2 respectively, and ex-
perimental planes for inflow and outflow comparison are indicated
by E1 and E2 respectively.

The computational mesh consists of approximately 3 mil-
lion hexahederal cells. The mesh is refined in the convergent-
divergent section of the wedge with minimum spacing of 0.005 h
(~0.125 mm) in both streamwise and wall-normal directions, near
the wedge apex. A wall-normal spacing of 0.005 h is chosen to
sufficiently capture the re-entrant jet. The wall normal spacing
stretches to 0.03 h (~0.75 mm) at a distance 0.5h (~13 mm) nor-
mal to the wedge surface to maintain finer resolution within the
vapor sheet cavity. Beyond 0.5h, nearly uniform spacing of 0.05h
(~1.3 mm) is maintained in all the directions within the divergent
section of the wedge. The grid is coarsened beyond the experimen-
tal inflow/outflow planes to assist in dampening of acoustic reflec-
tions from computational boundaries.

The flow is simulated at Reynolds number Re = M;‘h =
203000, where the subscript ‘oo’ represents free stream values. In-
cipient, transitory and periodic cloud shedding is considered with
changes in o,. Details of the time step, total run time, number of
shedding cycles for each regime are presented in Table 1. Note that
this only includes the simulation time after initial transients have
subsided and cloud shedding is established.

Pooll

3.2. Inflow/outflow comparison

Computational inlet C1 is located upstream of the experimental
inflow E1 and similarly, computational outlet C2 is located down-
stream of the experimental outflow E2. Hence, boundary condi-

Table 1
Details of simulations conducted.

tions cannot be directly prescribed based on experimental val-
ues at E1 and E2, instead, computational inlet/outlet (C1 and
C2) conditions are iteratively changed in order to match the in-
flow/outflow conditions at planes E1 and E2 with the experiments.
In order to accelerate the process of iteratively prescribing inflow-
outflow, the solution is first obtained in a two dimensional config-
uration, and interpolated along the span to provide initial condi-
tions to the LES. Details of the results obtained in 2D and compar-
ison to the experimental data is given in Bhatt and Mahesh (2018).
One could also consider two dimensional RANS results for initializ-
ing LES (e.g. Gnanaskandan and Mahesh, 2016b). The pressure drop
across the wedge is different in 2D as compared to the 3D; it has
different blockage effects from the sheet/cloud transition and order
of magnitude differences in the collapse pressures (e.g. Bhatt et al.,
2015). Hence, the interpolated solution needs to adjust further to
the computational inlet/outlet boundary conditions. This process
however, is quicker than iterating the inlet/outlet directly in the 3D
simulations. Results are analyzed after the periodic cloud shedding
is established at given inflow/outflow conditions.

Spatially uniform inflow velocity is prescribed at computational
inlet C1, and changed iteratively to match the mean inflow velocity
at the geometric center of the inflow plane E1 as provided in the
experiments. The velocity is averaged for approximately 10 cavity
shedding cycles for each regime and compared to experiments in
Table 2. In addition, we compare the velocity profile along the wall
normal direction with Laser Doppler Velocimetry (LDV) data from
Ganesh et al. (2016) at the mid-line of the x = —3.25 h plane in-
dicated in Fig. 2(b). The comparison is shown in Fig. 3. Note that
the deceleration of the flow near the bottom wall of wedge is cap-
tured in the numerical results. Also, the profiles are not affected
by the cloud shedding regimes and compare well within the ex-
perimental uncertainties. Due to the subsonic nature of the inflow

Regime oy Time step Time units Shedding cycles  Total run-time
(tuso/h) (approximate) CPU hours (10%)

Incipient 247  1.0x107°  40(0.125s) - 0.82

Transitory 1.89 25x107° 100 (0.3 s) 9-10 1.32

Periodic | 1.78 25x107> 160 (0.5 s) 10 2.2

Periodic I 1.59 25x10 160 (0.5 s) 8-9 2.2
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Table 2
Inflow/outflow comparison with the experiments. o), is obtained from the back
pressure values (from direct communication with H. Ganesh).

Inflow (E1): u; (m/s) Outflow (E2): o)

Exp. LES Exp. LES
Incipient regime 8.0 + 0.06 8.1 2.38 + 0.06 247
Transitory regime 7.9 + 0.09 8.05 1.82 + 0.06 1.89
Periodic regime I 7.9 + 0.18 8.01 1.73 £ 0.11 1.78
Periodic regime I 7.9 + 0.16 8.06 1.60 + 0.10 1.59

0.8 .

Experiments
— Incipient
U/ Umaz Transitory
0.6F Periodic
04— : i - i ‘ :
y/h

Fig. 3. Comparison of the inflow velocity profile at velocity measurement plane
(x = —3.25h as indicated in Fig. 2(b)) with the LDV measurements of experiments
(Ganesh et al., 2016).

one of the characteristics is directed towards the inlet from within
the domain. Hence, pressure cannot be directly prescribed at inlet
boundary. In the simulations, we adjust the back pressure at com-
putational outlet plane E2 in order to match the back cavitation
number at outflow plane E1. Back cavitation number o, is defined

as o), = %. Here, u; is the inflow velocity. o, is reduced to
oo

progress from incipient cavitation towards periodic cloud shedding
as shown in Table 2. With reduction in o, the experimental un-
certainty in u; and o, increases. Numerical values show good com-
parison to the inflow/outflow conditions in the experiments. The
remaining domain boundaries (top/bottom and span) are treated
as walls with no-slip velocity boundary conditions.

4. Results
4.1. Partial cavitation regimes

We present LES results for incipient, transitory and periodic
regimes. The section illustrates how LES captures the physi-
cal characteristics of each regime observed in the experiments
(Ganesh et al., 2016). We show that in the incipient regime, LES
captures the cavitation inside the spanwise vortices. In the devel-
oped cavitation regimes, LES captures both the instability mech-
anisms (re-entrant jet and bubbly shock wave) of sheet to cloud
transition as observed in the experiments.

4.1.1. Incipient cavitation

First, we consider oj, = 2.47. An instantaneous solution of the
incipient cavitation is shown in Fig. 4. The cavity is indicated by
isocontours of «, and pressure is plotted on the side plane. Note
that no attached sheet cavity is observed at this o, instead cavita-
tion is observed intermittently downstream of the wedge apex par-
ticularly within the shear layer, as the local pressure drops below
vapor pressure. Spanwise cavitating structures are observed within
the low pressure cores of rolled up vortices inside the shear layer
(as observed in Ganesh et al., 2016). It is important to distinguish

¢
Low pressure in
shear layer

W

0.05 0.34 0.63 092 1.21 1.5

Fig. 4. Incipient cavitation. Iso-contour level ¢, = 0.1 with pressure plotted on side
plane (x —y plane at z = 2.9h).

this regime from cavitation inception in that it is a low volume
fraction bubbly mixture.

4.1.2. Transitory regime

As o}, is dropped to 1.89, a vapor sheet cavity forms that is
attached to the wedge apex (Fig. 5(a)). There is noticeable varia-
tion along the span as evident from the isocontours of «,. Vapor
volume fraction data is spanwise averaged ({«y)) in order to pro-
vide similar visualization as the X-ray measurements. Here, ‘()’ de-
notes spanwise averaged quantities. High levels of vapor produc-
tion are observed in the shear layer, while the rest of the cavity
displays smaller vapor production and relatively smaller values of
(ay) (~0.45). A re-entrant jet forms aft of the cavity as the liquid
flow re-attaches as indicated in Fig. 5(b). Also, note the cavity per-
turbation due to the interaction with intermittent pressure waves.
Gnanaskandan and Mahesh (2016b) discuss the intermittent nature
of the pressure waves in detail, for the transitory shedding. The
re-entrant jet moves upstream towards the mid-cavity leading to
the transition of the aft portion of the sheet cavity into the cloud
(Fig. 5(c)). (ay) within the cavity remains in the range ~0.4-0.6
and vapor production is observed intermittently inside the cavity
and shear layer. Spanwise roll-up of the detached cloud and, the
subsequent formation of a new vapor sheet cavity are visualized
in Fig. 5(d) and (e)). The overall shedding cycle is approximately
20 ms in duration.

4.1.3. Periodic shedding

With further reduction in o, the sheet to cloud transition ex-
hibits periodic behavior. We consider periodic shedding at o}, =
1.78. Fig. 6(a) shows the beginning of cavity growth from the
wedge apex. The detached cloud from the previous cavity rolls up
and advects downstream accompanied by growth of the vapor cav-
ity (Fig. 6(b)). Fig. 6(c) shows an instant when the cavity reaches
its maximum length. It is interesting to note that the grown cav-
ity is nearly two-dimensional with stable cavity interface, while
three dimensionality is observed in the cavity closure region and
in the detached cloud. In addition, high values of {(«,) (~0.8-0.9)
are observed inside the entire cavity (also observed in the experi-
ments of Ganesh et al., 2016) along with significant vapor produc-
tion indicated by (Yy). Complete collapse of the vapor cloud (visi-
ble in Fig. 6(c)) is shown in 6(d). High pressure regions due to the
cloud collapse are noticeable on the side plane. Collapse-induced
pressure waves impinge on the trailing edge of the cavity, initiat-
ing the cavity retraction by a condensation front. Spanwise varia-
tion in the condensation front as it propagates towards the wedge-
apex can be observed in Fig. 6(e). Note that transitory shedding
also exhibits condensation front induced sheet to cloud transition
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Fig. 5. Transitory shedding cycle. (On left) Iso-contour level o, = 0.1 with pressure plotted on side plane (x —y plane at z=2.9 h) and (on right) spanwise averaged vapor
volume fraction ({«y)) and vapor mass fraction ((Yy)). a) Sheet cavity growth (t =0 ms), b) maximum cavity length (t = 8 ms), c) re-entrant jet induced sheet to cloud
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transition (t = 10 ms), d) detached cloud (t = 11.9 ms) and e) new cycle of sheet growth (¢t = 19.5 ms).

along with the re-entrant jet induced shedding. However, periodic
shedding is observed predominantly due to the condensation front
propagation. The behavior is apparent at lower o, (e.g. o, = 1.59).
In the current section, only representative shedding cycles are
considered.

4.2. Comparison to the experiments

We compare the mean volume fraction data to the X-ray mea-
surements of Ganesh et al. (2016). In addition, we consider the
time evolution of instantaneous vapor volume fraction, condensa-
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volume fraction ({@,)) and vapor mass fraction ((Y,)). a) Detached cloud (previous cycle) (t = 0 ms), b) cavity growth (¢t = 6.8 ms), c) Complete cavity growth (t = 19.4 ms),
d) Initiation of cavity retraction (¢t = 23.2 ms) and e) sheet to cloud transition due to the propagation of condensation front (¢t = 32.6 ms).

tion front speed and the frequency of periodic shedding for com-
parison to the experimental data.

4.2.1. Comparison to X-ray densitometry
The mean vapor volume fraction is compared to experiments in
Figs. 7-9 for incipient, transitory and periodic regimes respectively.

For each case, contours of time average of spanwise averaged vapor
volume fractions ({«y)) obtained from LES are plotted alongside
the time averaged X-ray measurement data. Here ‘' denotes time
average. The field of view of the X-ray measurement is matched to
LES and contour levels are identical. In addition, profiles of (& )
extracted along the y axis from the wedge surface at various ax-
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ial locations are plotted in Figs. 7(c), 8(c) and 9(c). For each case,
LES statistics are sampled at 0.005tu./h (~0.015 ms), which pro-
vides sufficient temporal resolution to capture variations in cavity
size over a given cycle for comparison to the X-ray measurements
sampled at 1 ms. Statistics are averaged over approximately 10

shedding cycles (which corresponds to the physical time of 0.5s for
the periodic shedding case) to capture the low frequency of cloud
shedding. Table 1 shows details of the total run for each regime.
Experimental results are taken for total time of 0.79 s, which cor-
responds to approximately 16 shedding cycle for periodic shedding.
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Table 3 _
Comparison of cavity length and thickness based on isocontour level of {(«,) = 0.25
for transitory and periodic regime.

Regime Cavity length (mm) Cavity thickness (mm)

LES Exp LES Exp
Transitory  76.86 75.96  10.18 10.05
Periodic | 102.35 9338 1230 11.76

Fig. 7 shows the comparison for the incipient regime. Vol-
ume fraction levels within the cavity are very small (less than
~0.2) both in the simulations and the experiments. The larger
cavity in the simulation compared to the experiments can possi-
bly be due to increased sensitivity of the incipient regime to in-
flow/outflow conditions and free stream nuclei content. Figs. 8 and
9 respectively, show comparison for the transitory and the periodic
regimes. In both regimes, as discussed in the Section 4.1, overall
larger regions of vapor are formed (e.g. a sheet cavity of vapor over
a wedge surface and cloud shedding downstream). Mean volume
fractions within the cavity range from ~0.3 to ~0.6, with higher
values particularly within the sheet region. Cavity length/thickness
is obtained by considering an isocontour level of (o) = 0.25 both
in the experiments and in the simulations and is shown in 3. Con-
sidering cycle to cycle variation in sheet/cloud cavitation in each

regime (also observed in Ganesh et al. (2016)) and the unsteady
nature of the flow, the comparison in the cavity length and thick-
ness is encouraging. In addition, distribution of vapor volume frac-
tion in the divergent section of the wedge show very good compar-
ison in the free stream, within the cavity and also near the surface
of the wedge. This is indicated by («y,) profiles in Figs. 8(c) and
9(c).

4.2.2. Characteristics of shedding and condensation front

The frequency of periodic shedding of the cloud at o, = 1.784
is computed from Fast Fourier Transform (FFT) of the time-varying
void fraction and pressure signal at (3h, 1.5h, 1.5h) inside the cav-
ity. The signals for the pressure and the void fraction are shown in
Fig. 10(a) and (b) respectively. The corresponding FFT is shown in
Fig. 10(c). The signal shows periodic pressure pulses followed by
low pressure (vapor pressure ~2 kPa) regions spanning approxi-
mately 10 cycles taken over 0.5 s. FFT of both the signals (o and
p) show peaks at identical values of f = 20.13 Hz, indicating that
the cavity shedding mechanism is associated with the propagation
of pressure pulses. The Strouhal number for the cavity shedding is
obtained as St = fLqy/u;. Here, Ly is obtained based on isocon-
tour level (oy) =0.25 as defined in Section 4.2.1. u; is shown in
Table 2. We compute St for the experiment in an identical manner
to maintain the same definition of L.,y and u;. Table 4 shows that
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Table 4

Comparison of characteristics of shedding and condensation front with experiments.

Shedding characteristics

Condensation front

Frequency Strouhal number (St;,,)  Shock speed Sound speed  Mach
Exp. LES Exp. LES Exp. LES
20.00 Hz  20.13 Hz  0.240 0.256 45 mfs 50mfs 3.34mfs 1.49

e

0 025 05 075 1

T

— i

a)

i
———
b—
Cavity retraction
v <@l Shed cloud

_
" e

O =
0 02 04 06 08 1
$/Lw

b) N

o

0 025 05075 1

0 :
0 02 04 06 08 1
$/ L

Fig. 11. Temporal evolution of («,) taken on a line parallel to the wedge surface at a normal distance n = 4 mm for 0.25 s showing approximately 5 cavity shedding cycles.
a) LES, b) X-ray measurements (from direction communication from H.Ganesh). Black dashed line is used to indicate the wedge apex and edge of X-ray measurement frame.

shedding characteristics obtained from the LES compare well with
the experiments.

The time evolution of cavity shedding over multiple cycles can
be analyzed by considering temporal evolution of the spanwise-
averaged flow field. We consider a line parallel to the wedge sur-
face at a normal distance n =4 mm and stack the solution for mul-
tiple time instances, constructing an s —t diagram. Fig. 11 shows
time evolution of (o) for LES and X-ray measurement plotted side
by side. The triangular region of (w,) indicates 1 cycle of cav-
ity shedding. The cavity growth and collapse within the cycle is
indicated by white arrows. Variations in cavity length and vapor
volume fraction distribution are observed from cycle to cycle in
both the simulation and in the experiment. It is observed that (o)
inside the cavity reaches values greater than 0.75, while regions
within the cloud have («y) in the range 0.25 — 0.5. In addition, the
slopes of isocontour lines during cavity growth and retraction can
be used to compute the respective speeds. The inverse of the slope
in the s —t diagram (Fig. 11) for cavity retraction indicates con-
densation front speed in the laboratory frame of reference. This is,
assuming that the flow speed inside the cavity is negligible. Con-
densation front speed thus obtained is averaged over 10 shedding
cycles for both the experiment and the simulation and good com-
parison is obtained as shown in Table 4. The sound speed of high
volume fraction liquid-gas mixture is orders of magnitude smaller
than its constituent phases. Mach number computed based on the
frozen speed of sound is greater than 1. This indicates that the con-
densation front is supersonic and hence a shock wave. This volume
fraction discontinuity traveling at a supersonic speed is referred as
a “bubbly shock wave”.

4.3. Conditions favoring the formation of re-entrant jet or bubbly
shock waves

We consider the effect of reducing o, on the mean flow-field
in the developed cavitation regimes (transitory, periodic I and pe-

riodic II). We discuss conditions favoring the formation of either
the re-entrant jet or bubbly shock waves through streamline cur-
vature effects, adverse pressure gradient, medium compressibility
and vapor production. Results presented in Section 4.3.1-4.3.3 are
time averaged data taken at z/h = 1.5 (i.e. in the symmetry plane).

4.3.1. Streamline curvature

Mean pressure contours inside the convergent-divergent sec-
tion of the wedge are plotted in Fig. 12. Streamlines in the fig-
ure are based on the mean flow velocities for each regime. Vis-
ibly, with the reduction in o, the mean cavity length increases
and the mean pressure in the divergent section of the wedge de-
creases. Note that the lowest pressures in the divergent section
are observed in the vicinity of the mid point of the cavity where
flow confinement is maximum. Also note that the streamline cur-
vature reduces with the reduction in o . For periodic regime II (at
oy, = 1.59), streamlines closer to the cavity are nearly flat. We as-
sess the effect of streamline curvature on the pressure recovery by
computing pressure rise normal to the streamlines using the mo-
mentum equation in the streamline co-ordinate system. We sim-
plify the analysis by considering the inviscid momentum equation
for the mean flow as
op_pU g
- R ®)

Here, R is the radius of curvature, which is approximated as
R(n) = Regyexp~(10), R.q, is the radius of curvature at the cav-
ity interface and ng indicates co-ordinate at the edge of the cavity.
The exponential profile tends to Ry at the cavity interface and
to nearly flat streamlines at the top wall. U is the mean veloc-
ity along the streamlines. Integrating Eq. (8) from the mid cavity
to the top wall as shown in Fig. 12, yields corresponding pressure
rise normal to the streamlines. Note that higher curvature (lower
radius of curvature) and higher mean density results in larger pres-
sure rise (Eq. (8)). Table 5 compares the pressure rise obtained
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Fig. 12. Streamline curvature: contours of p for a) transitory regime, b) periodic I and c) periodic II. Dotted dashed line indicate cavity interface and dashed line indicate the

direction along the measurement of pressure rise.

Table 5
Pressure estimation from streamline curvature.
Regime Transitory  Periodic | Periodic 11
Streamline curvature 17.19 10.56 4.2
Ds, — D5, (kPa)  LES 18.37 11.15 5.9

from the streamline curvature estimation to the LES results. The
simplified streamline curvature estimation compares reasonably to
the LES results. Also, the pressure rise in the divergent section re-
duces significantly as one advances from the transitory to the pe-
riodic regime (Table 5). To summarize, moving from the transi-
tory to the periodic regime, cavity growth leads to reduction in
streamline curvature and consequently the reduction in pressure
rise. The analysis presented here is for the mean flow. Instanta-
neously also, one can conceive that the pressure inside the cav-
ity is determined by vapor pressure, and resulting curvature of the
cavity influences the pressure rise beyond the cavity into the di-
vergent section of the wedge. Profiles of pressure recovery (for the
analysis presented in 4.3.1) from ‘S1’ to ‘S2’ are plotted in Fig. 13.
The pressure within the cavity is order of few kPa (close to va-
por pressure). Periodic shedding II shows that the pressure only
recovers as much as ~ 5 kPa normal to the cavity (also shown in
Table 5).

4.3.2. Pressure recovery

Here, we compare mean adverse pressure gradient (or pressure
recovery) in the cavity closure region for the transitory and the
periodic shedding. The analysis to obtain pressure rise based on

the streamline curvature as discussed in Section 4.3.1 is non-trivial
along the axial direction due to the difficulty in accurately esti-
mating curvature and high turbulent intensities. Results obtained
directly from the LES are plotted along a line parallel to the wedge
surface at a normal distance n =4 mm in Fig. 13. Sharp pressure
recovery in the transitory regime, compared to the slower pressure
rise in the periodic regimes is evident. Hence, a high adverse pres-
sure gradient in the transitory regime favors the formation of the
re-entrant jet.

4.3.3. Medium compressibility

Next, we consider the effect of pressure recovery on medium
compressibility. As discussed earlier, in the periodic regime, pres-
sure recovery is weaker from within the cavity to outside. As a
result, relatively low pressure is maintained in the divergent sec-
tion of the wedge following the cavity. This is shown in Fig. 14(a)
by profiles of mean pressure at y/h = 1.5 along the convergent-
divergent section of the wedge. Significantly lower pressures are
observed in the region following cavity closure. Low pressure fol-
lowing the cavity also leads to an increased vapor volume fraction.
This forms a bubbly mixture with o ~ 0.01 — 0.1, higher values
in the periodic shedding cases (Fig. 14(b)). The vapor volume frac-
tion observed beyond cavity closure can be due to the cloud shed-
ding and the expansion of the free stream nuclei. This low pressure
bubbly mixture results in increased medium compressibility. Con-
sider the variation in the sound speed with vapor volume fraction
and pressure (plotted in Fig. 15). Sound speed drops by an order of
magnitude in the bubbly mixture with the drop in pressure from
100 kPa to 2 kPa. In addition, higher vapor volume fraction further
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4.3.4. Vapor production

We consider the differences in vapor production between the
transitory and the periodic regimes. In the transitory regime, vapor
begins to form inside the shear layer attached to the wedge apex
and also intermittently within the cavity, as instantaneous pres-
sure drops below vapor pressure (Fig. 16(a)). Vapor production av-
eraged over an entire cycle of re-entrant jet-driven sheet to cloud
shedding show high values along the shear layer and at the cavity
closure inside the spanwise rolled up cloud (Fig. 16(a)). With fur-
ther drop in cavitation number to o = 1.78 in the periodic regime,
vapor forms over the entire thickness of the cavity as indicated in
Fig. 16(b). Vapor production averaged over an entire cycle of the
bubbly shock wave is evidently different from the re-entrant jet
driven shedding cycle, particularly with regard to the overall mass

Table 6
Sound speed variation with vapor volume fraction and pressure.
P 100 (kPa)
o 0.01 0.05 0.1 0.01
a(mfs) 106.88 45.52 3356  47.89
3
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Fig. 15. Sound speed variation with vapor volume fraction and pressure.

reduces the speed of sound. As shown in Table 6, speed of sound at
p =100 kPa and o, = 0.01 is 106.88 m/s and it drops to as low as
4.7 m/s at p =2 kPa and «, = 0.1. Consequently, as one move from
the transitory to the periodic regime, the medium becomes more
compressible and susceptible to the formation of shock waves.

fraction within the cavity. Significant vapor production in the pe-
riodic regime, leads to reduction in the speed of sound favoring
the formation of shocks. This is also in-line with the observation
of high vapor volume fractions (~0.9) within the cavity both in the
experiments (Ganesh et al., 2016) and in the LES.

We define local cavitation number as o} = %, where pj,c

is the local pressure inside a cell. At a given instant if o; is below
0, vapor is produced by the phase change. This also distinguishes
the phase change process as compared to only expansion. We com-
pare (o) and (Yy) within the cavity to identify the distinction be-
tween re-entrant jet and bubbly shock cycles. Fig. 17(a) and (b)
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show profiles of (o;) and (Yy) taken respectively at s = 0.1L,, and
s =0.2L, normal to the wedge for both cycles. For the bubbly
shock cycle, (o)) remains less than O (nearly constant) spanning
the entire cavity, unlike the re-entrant jet cycle where o, tends
to 0 in the shear layer at cavity interface and recovers to positive
values within the rest of the cavity. In addition, vapor mass pro-
duction inside the cavity is noticeably higher for the bubbly shock
cycle. Nearly constant value of o; <0 inside the cavity for the bub-
bly shock cycle can be explained by considering Eq. (8). With sig-
nificant vapor inside the cavity, the overall mixture density is an
order of magnitude small and consequently the resulting pressure
difference from Eq. (8) is small. This is unlike the case of re-entrant
jet, where in addition to the low vapor production within the cav-
ity, density recovers by the liquid layer. In either case, regions of
the shear layer (at cavity interface) show maximum vapor pro-

duction. Makiharju et al. (2017) indeed observed that injection of
non-condensable gas at the apex into the shear layer as compared
to the injection at mid-cavity led to significant reduction in vapor
production within the cavity, and consequently influencing bubbly
shock propagation.

4.4. Origin of the bubbly shock waves

In the periodic regime we observed that cavity retraction is ini-
tiated by the collapse-induced pressure wave. Occurrence of this is
evident at lower o,. We consider o}, = 1.59 (periodic shedding II
in Table 1) to explain this phenomenon. We concentrate only on
the part of the cycle visualizing collapse-induced pressure waves
and subsequent cavity retraction. The shedding cycle is visualized
using instantaneous isocontours of vapor volume fraction along
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Fig. 19. Temporal evolution of spanwise averaged quantities taken on a line parallel to the wedge surface at a normal distance n = 4 mm for 0.15s showing approximately 3

cavity shedding cycles. a) (o) and b) (p).

with pressure on the side plane as shown in Fig. 18. High pres-
sure generated due to the collapse of large vapor clouds (visible in
the Fig. 18(a)) is indicated in Fig. 18(b). Collapse-induced pressure
waves impinging on the trailing edge of the cavity are visualized
in Fig. 18(c). Note that Figs. 18(b) and (c) are only 0.6 ms apart.
Subsequently, the retraction of the cavity by a condensation front
is visualized in Fig. 18(d). The shedding cycle illustrates the cavity
retraction due to the condensation front, initiated by the collapse-
induced pressure wave from the previously shed cloud.

Time evolution over multiple cavity shedding cycles can be an-
alyzed by constructing an s — t diagram. We consider spanwise av-
eraged quantities ({«y) and (p)) along a line parallel to the wedge
surface at a normal distance n =4 mm, and stack them for mul-
tiple time instants as indicated in Fig. 19. The cavity is indicated
by the triangular region. Cavity growth (~t = 0.01 s), cavity re-
traction (~t =0.03 s) and shedding of the cloud is indicated by
the arrow in Fig. 19(a) (cycles presented in the s —t diagram are

different from the instantaneous shedding cycle in Fig. 18). The
cloud advects downstream as we march in time (~t =0.05 s).
Note that collapse of the cloud is not visible in the frame con-
sidered at n =4 mm, rather it occurs at a higher normal distance
and downstream of the wedge trailing edge. Fig. 19(b) visualizes
the collapse-induced pressure wave impinging on the trailing edge
of the cavity (indicated by black arrow ~ t =0.06 s), and subse-
quent retraction of the cavity due to the propagation of condensa-
tion front (indicated by white arrow ~ t = 0.06s — 0.08s). Note the
difference in the slopes of the collapse-induced pressure wave and
the condensation front. The inverse of the slopes of the line indi-
cate the speeds. As one would expect, the collapse-induced pres-
sure wave travels much faster than the condensation front.

4.4.1. Rankine-Hugoniot jump conditions
Properties across the collapse-induced pressure wave and
the condensation front are extracted at the points indicated in
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Table 7
Properties ahead and behind of the collapse-induced pressure wave.
p(kPa) p (kg/m®) us(mfs) Y a(mfs) S(mfs) M
Pre-shock (L) 30.83 993.0 4.86 1.403 x 106 74.54 -90.9 1.22
Post-shock (R)  66.92 997.0 4.29 9.215 x 107 187.2
Table 8
Properties ahead and behind of the condensation front.
p(kPa) p (kg/m’)  us(mjs) Y a(m/s) S(mfs) M
Pre-shock (L) 2.23 172.9 -0.27 1.069 x 104 3.88 -5.438  1.40
Post-shock (R)  5.248 973.7 -3.32 2.168 x 106 15.74
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Fig. 20. Temporal evolution of spanwise averaged quantities taken on a line parallel to the wedge surface at a normal distance n =4 mm for 0.15 s showing approximately
3 cavity shedding cycles. a) (M) and b) (u;). Cavity is indicated by triangle shape formed by solid black line.

Fig. 19(b), and shown in Tables 7 and 8 respectively. Only a
representative case is considered. Detailed derivation of Rankine-
Hugoniot jump conditions for the current homogeneous mixture
system is provided in Brandao et al., 2019. Expression for the shock
speed as derived in Brandao et al., 2019 is given as:

(P = PO 25 +1]
(or = PR %ﬂ]

1 Gmp+[Cm+ (A -N)KIR (9)
y-1  [YVR)(p+PF)+ (1 -Y)Kp]
Here, ‘L’ and ‘R’ respectively refer to the pre-shock and the post-
shock states as shown in Tables 7 and 8. It is important to note
that essentially both the collapse-induced pressure wave and the
condensation front move through a bubbly mixture (not through
a completely liquid phase of water). Collapse-induced pressure
waves travel through a low void fraction bubbly mixture (~0.05)
in the shed cloud, while the condensation front moves through
extremely high volume fraction regions (~0.9) within the cavity.
Shock speed obtained for the condensation front using Eq. (9),
for the representative case chosen in Table 8, is —5.438 m/s. It is
in close agreement with the mean value of the shock speed ob-
tained from the slope of the s —t diagram and experiments (see
Table 4). Mach number based on the sound speed of 3.88 m/s
ahead of the shock is 1.4, indicating the supersonic nature of the
front. In addition, approximately two orders of magnitude jump
in vapor mass fraction and an order of magnitude jump in den-
sity (see Table 8) indicate significant condensation of vapor as the
front propagates. Accordingly, the front is referred as “condensa-
tion shock”. A pressure ratio of 2.35 suggests that the condensa-
tion shock is a weak discontinuity in pressure (also observed by
Ganesh et al. (2016) and Budich et al. (2018)). Interestingly, the ve-
locity ahead of the shock (u;) is only —0.29 m/s, which is less than
an order of magnitude of the free stream velocity. As Eq. 9 sug-

S=LlL7

gests, u; plays a critical role in determining the shock speed and
consequently the nature of the condensation front.

For collapse-induced pressure waves, jumps in the vapor mass
fraction and the density are very small. Speed of the pressure wave
obtained from Eq. 9 is —90.9 m/s. Mach number based on the
sound speed of 74.54 m/s ahead of the shock is 1.22; suggesting
the supersonic nature of the pressure wave. This conclusion how-
ever is subject to some uncertainty due to cycle to cycle variations,
probed location and accurate sound speed value in the low volume
fraction bubbly mixture.

4.4.2. Cavity Mach numbers

We consider the time evolution of spanwise averaged Mach
number ((M)) and tangential velocity ({u;)) on a line parallel to
the wedge at a normal distance n =4 mm as indicated in Fig. 20.
The cavity is illustrated by the black line. The region immediately
following the cavity closure is indicated by a box; note that it is
supersonic (Fig. 20(a)), and flow is reversed with a speed compa-
rable to the free stream values (Fig. 20(b)). Interestingly, the cavity
itself is subsonic despite the low speed of sound in the high vol-
ume fraction mixture (Fig. 20(a)). This is due to the negligible flow
velocities within the cavity as shown in Fig. 20(b). This behavior
is related to the vapor formation within the cavity in the periodic
shedding case. In the periodic regime, it is observed that vapor is
formed within the cavity during the cavity growth phase and upon
formation it remains stationary.

5. Summary

LES is used to investigate partial cavitation over incipient,
transitory and periodic regimes matching the experiments of
Ganesh et al. (2016). LES captures both the re-entrant jet and the
bubbly shock wave induced sheet to cloud transition in their re-
spective regimes. Comparison to X-ray densitometry reveals that
in the developed cavitation regimes, large regions of vapor in the
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sheet/cloud and the resulting volume fraction field are accurately
captured in the current simulations. In addition, instantaneous
evolution of void fraction field, bubbly shock propagation speed
and shedding frequency show very good comparison to the exper-
iments.

Conditions favoring the formation of either the re-entrant jet or
the bubbly shock wave are analyzed using LES. In the transitory
regime, larger streamline curvature leads to higher adverse pres-
sure gradient. This is observed both normal to the cavity and along
the axial direction at the cavity closure. Higher adverse pressure
gradient supports flow reversal and formation of re-entrant jet. The
streamline curvature reduces with growing cavity moving from the
transitory to the periodic regime. Reduction in the streamline cur-
vature leads to smaller pressure recovery from within the cavity
to outside. Hence, overall low pressures in the cavity closure lead
to reduced speed of sound and increased medium compressibility.
This favors the formation of shock waves in the periodic regime.
In the re-entrant jet cycle, vapor production is observed predom-
inantly in the shear layer and intermittently within the cavity. In
the bubbly shock cycle, vapor production is observed over the en-
tire thickness of cavity. With the reduction in o, first the mean
pressure inside the shear layer drops below vapor pressure. A fur-
ther reduction in o} causes the mean pressure inside the cav-
ity also to drop below vapor pressure along with the shear layer.
This affects the vapor production and consequently the instability
mechanisms.

Finally, in the periodic regime, bubbly shock waves are initi-
ated by the collapse-induced pressure waves of the previously shed
cloud. The process is illustrated using instantaneous plots and s —t
diagrams. The collapse-induced pressure wave travels through a
highly compressible low volume fraction bubbly mixture. It sub-
sequently impinges on the trailing edge of the cavity initiating
the cavity retraction by a bubbly shock wave. Properties across
collapse-induced pressure wave and the bubbly shock wave are an-
alyzed using Rankine-Hugoniot jump conditions. Supersonic Mach
numbers, significant condensation and smaller pressure rise are
observed across the bubbly shock wave in accordance with the
prior studies. Jumps in the vapor mass and density across the
collapse-induced pressure waves are small. Interestingly, the re-
gions within the cavity are subsonic despite low speed of sound
due to extremely small velocities inside the cavity. Reverse flow
and supersonic Mach numbers are observed in the cavity closure
region.
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