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Ventilated cavitation occurs as a complicated problem if the free surface is close to the
cavity boundary around a high-speed underwater vehicle. The present study investigate the
cavitating flow around a blunt axisymmetric body very near the free surface. A typical
experiment is conducted by using a launching system with a split Hopkinson pressure
bar device, and a numerical scheme is established based on large eddy simulation and
volume-of-fluid methods. Unsteady behavior, including air entrainment and shedding of
the cloud cavity, is observed, and high consistency is achieved between numerical and
experimental results. Distinctions of evolution features between the cavities on the upper
and lower sides are presented and analyzed. First, strong entrainment of noncondensable
air occurs and changes the fluid property inside the cavity, which makes the cavity larger.
Moreover, given the small distance between the vehicle and the free surface, the re-entrant
jet generated in the upper part is thin and cannot completely cut off the main cavity,
which causes the upper part of the cavity to remain approximately unchanged after the
growth stage without the occurrence of the shedding phenomenon. Finally, the evolution of
vortex structures is also discussed by comparisons with the motions of the air entrainment,
re-entrant jet, and shedding cavity.
DOI: 10.1103/PhysRevFluids.2.084303

I. INTRODUCTION

The interaction between the cavitation region and the free surface is essential to the fast cruising
of surface vehicles. Ventilated cavitation occurs as an extremely complicated problem if the free
surface is close to the vehicle or the cavity boundary mentioned by Faltinsen and Semenov [1].
The gas above the free surface can be entrained into the cavity, which may change the dynamic
behavior of the cavity. Furthermore, the effect of wave elevation is coupled with the distribution of
the cavitation region.
Relevant studies on the interactions between the free surface and the cavitating flow are limited.
Most relevant studies have focused on stable cavitation, and the interfaces of the cavity and the free
surface are separated from each other. Early experimental results were obtained by Dawson and Bate
[2] in a free-surface water tunnel under low flow speed conditions. They used artificial ventilation
to generate stable supercavitating flows around a wedge-shape hydrofoil. Theoretical analysis and
numerical simulation are primarily adopted at present. Early research based on linearized theory can
be found in the book of Franc and Michel [3]. Faltinsen and Semenov [1] established a numerical
approach within a unified framework on the supercavitating flow near free surface. They discussed
the effects of submerged depth, Froude number, cavitation number, and other parameters on the
cavitation shape and lift force. Bal et al. presented a boundary element method [4–6] for cavitating
flows around hydrofoils near free surface, including surface-piercing cavitating cases. The effect of
free surface was also considered in several studies on supercavitating flow in shallow water [7,8].
Wang et al. [9] established experimental and numerical results to analyze the unsteady cavitating
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FIG. 1. Components of the underwater launch system.

flow around an axisymmetric projectile near a free surface. The effects of the free surface on unsteady
behavior were investigated based on the results under a typical condition.
Moreover, neglecting the influence of the free surface, the dynamic characteristics of the cloud
cavitating flow are often linked with the motion of vortices. The evolution of cavities, including their
growth, re-entrant, shedding, and collapse were investigated based on the experimental [10–12] and
numerical [13–15] approaches. For the numerical approaches, turbulence-solving approaches were
emphasized. Modified Reynolds-averaged Navier-Stokes equations (RANS) [16–21] and large eddy
simulation (LES) [22–28] methods are common methods of study.
Ventilation, as an important control method for cavitating flow, is usually investigated under
artificial conditions. Except for drag reduction [29], ventilation of noncondensable gas can also
weaken the instability of the cavity or eliminate the collapse of the unstable cavity. However, only a
few studies focused on partial cavitation. Pham et al. [30] performed air injection through a slit in
the vicinity of the leading edge on a foil. Their results validated the effectiveness of decreasing the
amplitude of instabilities. Wang et al. [31] transformed the shedding phenomenon of an entire cavity
into partial shedding at the closure of the cavity by passive ventilation around a projectile. Young
and Harwood examined the ventilated cavities on a surface-piercing hydrofoil at moderate Froude
numbers [32,33]. The formation and elimination mechanisms are proposed and stability regions of
the different flow regimes are plotted. In addition, the authors also give a comprehensive review of
scaling effect on the ventilation of lifting bodies.
The aforementioned literature analysis shows that research on unstable cavitation near the free
surface is still difficult and inadequate; studies on unsteady cavitating flow near the free surface
involving surface pierce are very rare. Many complicated phenomena and relative mechanisms should
be revealed. In the present study, we investigated the cavitating flow around a blunt axisymmetric
body close to a free surface. New phenomena involving interactions between cavitation and local air
entrainment were observed and analyzed. A typical experiment is conducted by using a launching
system with a split Hopkinson pressure bar (SHPB) device, and a numerical method is established
based on the LES and volume-of-fluid (VOF) methods. The distinctions of evolution features between
the cavities on the upper and lower sides are presented. The effects of the free surface and the gas
entrainment on cavity evolution are investigated.
II. EXPERIMENTAL SETUP

The experiment is performed by using a launching system (as shown in Fig. 1) based on SHPB
technology [34], which can transiently accelerate a projectile with only a slight disturbance on the
water. There is a transfer bar shown in the figure with one side out of the water, while the other
side is inside. When the incident bar impacts the transfer bar, a strong stress wave is generated and
propagates into the projectile, which can accelerate the projectile very quickly. So the total system
has very little disturbance to the flow field before the launching process. The projectile used in this
study has a blunt and axisymmetric shape. The total length is 150 mm, and the diameter is 37 mm.
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FIG. 2. Typical cavitation photograph. The cavity length on the upper and lower side of the projectile is
marked by Lup and Ldown . The free surface is pointed out by an arrow.

Photographs of typical cavitation are obtained using a high-speed camera with a sampling frequency
of 12 000 frames per second. The cavity is non-asymmetrically affected by the free surface. Thus,
the lengths on the upper and lower sides of the cavity are measured by pixel analysis (as shown in
Fig. 2). The precision of the cavity length is approximately a pixel of the image, which amounts
to approximately 0.65 mm. For the typical condition investigated in the present study, the distance
between the free surface and the upper side of the projectile is 5 mm, and the analysis of the obtained
images indicates that the speed is approximately uniform at 19.1 m/s. The cavitation number is
calculated as 0.537.
III. NUMERICAL METHODS
A. Governing equations

To simulate the motions of liquid water and vapor and air, including the phase change, mixture
and multiphase flow equations are adopted. Continuity and momentum equations for the mixture
are established as follows.
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where ui is the velocity component in the i direction, and p is the pressure.
Laminar viscosity μ is defined as a volume-weighted average of the three components as
μ = (1 − αv − αa )μl + αv μv + αa μa ,

(3)

where αv and αa are the vapor and air volume fractions, respectively.
Mixture density ρ is defined as
ρ = (1 − αv − αa )ρl + αv ρv + αa ρa .

(4)

The volume fractions of vapor and air are governed by the following mass transfer equations:
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The source terms ṁ+ and ṁ− in the vapor transport equation (5) represent the mass transfer
rates of evaporation and condensation, which are derived from the bubble dynamics equation of the
generalized Rayleigh Plesset equation by Zwart et al. [35] as follows:
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In Eqs. (7) and (8) generalized bubble radius RB is set at 10−6 m, nucleation site volume fraction
anuc is set at 5 × 10−4 , the evaporation coefficient is set at 50, and the condensation coefficient
is set at 0.01. The chosen parameter values are based on the work of Zwart et al. The parameters
have been discussed and found to work well for a variety of fluids and devices. The parameters and
the recommended value of the cavitation model are widely used [9]. In addition, some studies have
shown that within a certain range, the parameters have little effect on the results of cloud cavitating
flow [36].
B. LES approach

The governing equations are solved by a LES approach with a Smagorinsky-Lilly subgrid scale
(SGS) model. Applying a Favre-filtering operation to Eqs. (1) and (2) derives the following LES
equations:
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where the overbars denote filtered quantities. The SGS stress τij as the extra term in Eq. (10), which
must be modeled, is defined as follows:
τij = ρ(ui uj − ūi ūj )

(11)

The Boussinesq hypothesis is employed, in which the SGS stress is computed from
τij − 13 τkk δij = −2μt S̄ij ,

(12)

where μt is the SGS turbulent viscosity. Isotropic part kk is not modeled but added to the filtered
static pressure term. Sij is the rate-of-strain tensor for the resolved scale defined by


∂ ūj
1 ∂ ūi
.
(13)
S̄ij ≡
+
2 ∂xj
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The SGS
√ turbulent viscosity μt is closed by the Smagorinsky-Lilly model, and calculated by
2
μt = ρL s 2S̄ij S̄ij , where Ls is the mixing length for subgrid scales. It is computed by Ls =
min(κd,Cs V 1/3 ), where κ is the von Karman constant, d is the distance to the closet wall, Cs is the
Smagorinsky constant set as 0.1, and V is the volume of the computational cell.
C. Simulation procedure

Unsteady numerical simulations are performed based on the finite volume method with coupled
scheme by using the commercial computational fluid dynamics software ANSYS-FLUENT. The
equations are discretized by a second-order implicit scheme in time and a bounded central
differencing scheme in space. An implicit scheme is also used for time discretization of the volume
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FIG. 3. Calculated domain and boundary conditions in the simulation. The defined velocity-inlet, pressureoutlet, and wall boundary conditions are marked.

fraction equation which is compatible with the cavitation model. The pressure staggering option is
selected for pressure interpolation. The modified high-resolution interface-capturing scheme is used
for the volume fraction, which is more robust than the explicit geometric reconstruction scheme.
The unsteady cavitating flow simulations are started from a uniform flow field because the whole
acceleration process is very short. The time step is set as 10−5 s.
The computational domain is discretized with a block-structured grid, which is refined around
the model and near the free surface, and only half of the model is considered (as shown in Fig. 3). A
semi-infinite projectile model is used, and the effect of the tail on the shoulder cavity is neglected.
The cell number is approximately 4 × 106 with good orthogonality (as shown in Fig. 4). The model
is fixed, with the free surface moving toward the model. The inlet velocity is set as 19.1 m/s,
with no turbulent perturbations for the velocity-inlet boundary condition. Independence analysis and
validation of a similar grid on the simulation of the typical evolution of cloud cavitating flow can be
found in the reference paper of Wang et al. [9].
To verify the stability of the original mesh size for the simulation, we produce a new refined
mesh that contains about 3 × 107 cells using the same mesh method. The resultant cavity profiles
are compared between that in the previous simulation and that in the experimental results. Figure 5

FIG. 4. Mesh near the head of the projectile.
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FIG. 5. Comparison of the cavity profiles between the experimental figures and the simulated results of the
original mesh and refined mesh.

shows the results. In the present study, we consider the main features of cavity evolution to a greater
extent than in other attributes. By comparing the images shown in Fig. 5, we find that the refined
mesh simulation results are consistent with the original results of cavity evolution. The specific
features for comparison include cavity length, re-entrant jet fronts, and cavity shape.
After verifying the mesh independence of the simulation method, the simulation results of the
original mesh are used for further analysis and discussion. The results show that the mesh plan is
fairly stable. The simulated results of small cell sizes remain fine.
IV. RESULTS AND DISCUSSION
A. Overall evolution of cavities

The quasiperiodic development of cavity shape is obtained from the experimental and numerical
results. The variations of cavity lengths on the upper and lower sides are shown in Fig. 6. The
length development and variation of the obtained numerical results are fairly consistent with those
of the experiments, including the phenomenon of the breaking lower side cavity and the relationship
between cavities on the upper and lower sides. The results of a submerged case with the same
cavitation number are also provided for comparison. The free surface is 40 mm away from the
projectile; thus, the effect of the free surface is negligible.
The cavity shapes in experiment photographs and numerical results at typical moments of different
stages are as shown in Figs. 7–9. Cavities in the stage of cavity growth and air entrainment are shown
in Fig. 7. The cavities incept when the projectile moves suddenly, and the free surface is elevated at
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FIG. 6. The comparison of the variation of cavity length between numerical and experimental results.

the same time. The cavities appear transparent at the beginning. Then, at the moment of 2 ms, the two
interfaces of the cavity boundary and free surface intersect with each other. A hole is generated, and
air entrainment emerges from the open air into the cavity. A foamlike pattern caused by the strong
immersion appears in the experiment photograph, whereas the blue surface also separates from the
translucent surface in the numerical results. Subsequently, a sharp angle facing downstream on the
free surface is induced by the stream of the air entrainment at the moments of 3 and 4 ms. The cavity
on the upper side is shorter and thicker than that on the lower side.
The re-entrant jet is generated and has an important role in the unsteadiness from 5 to 14 ms.
This stage can be divided into two parts. The cavity boundary is approximately smooth before 8 ms
(as shown in Fig. 8). Cavity growth is stable, and the cavity on the lower side is always longer than
that on the upper side. Water layer breaking induced by the air entrainment is clearly shown in the
experiment photographs. Meanwhile, the large deformation of the free surface caused by the initial
impact is shown in the numerical results.

FIG. 7. Time evolution of cavitation patterns obtained from the experiment and simulation in the stage
of cavity growth and air entrainment. The translucent isosurface represents where the volume fraction of
liquid water is 0.9, while the blue isosurface represents where the volume fraction of vapor is 0.5, which can
demonstrate the front of the air entrainment.
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FIG. 8. Time evolution of cavitation patterns obtained from the experiment and simulation in the earlier
part of the re-entrant jet action stage. The translucent isosurface represents where the volume fraction of liquid
water is 0.9.

Obvious disturbance inside the cavity caused by the nearby free surface and the air injection is
present in Fig. 9. Initially the boundary of the cavity becomes unsmooth near the cavity closure
[as shown in Figs. 9(a)–9(c)]. Then, the bumps inside the cavity become larger and extend to the
lower region of the cavity [as shown in Figs. 9(d)–9(f)]. In the experimental figures, the disturbance
propagates along the white foamlike structure, which is a typical feature of the re-entrant jet. Gas
leakages appear in the experimental and numerical results near the lower region of the cavity closure
[pointed out by red arrows in Fig. 9(d)].
Large clouds shed from the lower part of the main cavity along with gas leakage from 15 to 18 ms.
The large clouds appear in the experimental and numerical results (Fig. 9). The shedding cavities

FIG. 9. Time evolution of cavitation patterns obtained from the experiment and simulation in the later part
of the re-entrant jet action stage. The translucent isosurface represents where the volume fraction of liquid
water is 0.9.
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FIG. 10. Time evolution of cavitation patterns obtained from the experiment and simulation in the cavity
shedding stage. The translucent isosurface represents where the volume fraction of liquid water is 0.9.

transform from slug bubbles into strips. However, a large gap is not observed in the numerical
results, and the gap is considered as the trailing edge of the cavity with which we calculate the
length in Fig. 6. Thus, a notable difference in length between the numerical and experimental results
is observed. This may be due to the decrease of the projectile speed in the water tank experiment
and the changes of the trajectory during the experiment. Because the projectile pitches downward
after long-range movement in experiments, large-scale cavity shedding occurs more easily near the
shoulder on the lee side (lower side), which does not appear in numerical results. Notably, the cavity
stays stable on the upper side of the projectile in the numerical and experimental results without
visible shedding (Fig. 10).
Compared with the submerged case as shown in Fig. 6, the quasiperiodical evolution of the cavity
exhibits typical cavity patterns, as shown in Fig. 11. We can see the development, including the
cavity growth [in Figs. 11(a) and 11(b)], re-entrant jet [in Figs. 11(c) and 11(d)], cavity shedding
[in Figs. 11(e)–11(g)], and collapse [in Fig. 11(h)] of the entire process. The cavity evolution is
approximately axisymmetric, and the average length is smaller than the length on each side in the
case near the free surface.
Referring to the aforementioned evolutions, we observe that the cavity on the upper side stays
approximately stable and that its length varies in just a small range after the growth stage. The length
variation on the lower side is similar to the case under the same cavitation number without the free
surface, but has a larger amplitude. These features are linked to the particularities of the current case.
For example, the free surface is close to the cavity boundary, and the air above the free surface has

FIG. 11. Time evolution of cavitation patterns obtained from the experiment in the submerged case. The
time interval is 2 mm for each view.
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FIG. 12. Flow field of the air entrainment at the beginning (the flow time is equal to 2 ms, and the line
represents the interfaces where the volume fraction of the liquid water is equal to 0.5, while the color represents
the velocity in the X direction)

been entrained into the cavity. These characteristics can affect the fluid property inside the cavity
and affect the re-entrant jet and other instability factors. These factors will be discussed in detail in
subsequent sections.
B. Air entrainment into the cavity

Passive ventilation occurs in the present case as air entrainment into the cavity, which is a particular
feature that may cause the unsteady behavior. The thickness of the cavity increases gradually in the
growth stage, and regions of free air space and the cavity will connect after the cavity boundary
intersects with the free surface. High-speed air entrainment forms in the connecting channel because
the pressure above the free surface is higher than that inside the cavity. At the beginning of air
entrainment, the high-speed air flow affects the leading edge of the cavity, which increases the upper
cavity boundary and thickens the cavity (Fig. 12). Simultaneously, air flows to the low-pressure
region inside the cavity on the lower side and fills it (as shown in Fig. 13). The region influenced by
air entrainment is foamlike in the experiment photograph (Fig. 7). Its shape is similar to that of the
region with large negative Y velocity in the numerical results (Fig. 13).
Thereafter, the water layer between the cavity and the outside space is affected by the gravity
and pressure difference, and moves downward to the wall. The reattachment, which ends the air
entrainment, occurs at approximately 4 ms. As shown in Fig. 14, the water layer is curled under the
joint effects of gravity and air entrainment, and the air entrainment is compressed just inside a thin
gap. The tangential velocity inside the cavity also decreases remarkably at this moment (Fig. 15).
The entire air entrainment process lasts approximately 2 ms in the cavity growth stage, carrying
large amounts of air to fill the cavity. On the one hand, air entrainment increases the inner pressure
significantly, causing the inner pressure to be higher than the saturation pressure in the natural
cavitation bubbles. This difference can be considered as the decrease of the cavitation number inside
the cavity. On the other hand, the entrained air is noncondensable, which will remarkably weaken
the condensation and collapse processes on the cavity trailing edge and increase the cavity length
and stability.
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FIG. 13. Distribution of the air entrainment at the beginning (the flow time is equal to 2 ms, translucent
surfaces represent the cavity boundary and the free surface, line represents the volume fraction of air, and the
color represents the velocity in the Y direction)

C. The re-entrant jet and cavity shedding

After the cavity is closed by the water layer, a strong adverse pressure gradient forms in the cavity
growth stage between the high-pressure region at the cavity closure and the low-pressure region

FIG. 14. Flow field of the air entrainment at the end (the flow time is equal to 4 ms, and the line represents
the interfaces where the volume fraction of the liquid water is equal to 0.5, while the color represents the
velocity in the X direction).
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FIG. 15. Distribution of the air entrainment at the end (the flow time is equal to 4 ms, translucent surfaces
represent the cavity boundary and the free surface, line represents the volume fraction of air, and the color
represents the velocity in the Y direction).

inside the cavity. Flow detachment occurs, and the re-entrant jet is generated as a water layer flows
upstream near the wall inside the cavity. An overview of the re-entrant jet shape is as shown in
Fig. 16. The water layer of the re-entrant jet is thin on the upper side, whereas it is thicker on the
lower side.
The velocity of the re-entrant jet can be observed clearly on the symmetric section plane, as
shown in Fig. 17. The re-entrant jet on the upper side of the projectile is thin and flows to the leading
edge of the cavity with a high velocity similar to the projectile speed. Theoretically, the thickness of
the re-entrant jet is proportional to the thickness of the water layer between the cavity and the free
surface, which is also proportional to the submerged depth in the present case. Meanwhile, the water
layer starts to flow upstream near the closure of the lower part of the cavity. To see the re-entrant jet
more clearly in the figures, the profiles of the re-entrant jet change with time inside the cavity at the
upper and lower sides of the projectile are given in Figs. 18 and 19. Specific characteristics of the
jet can be observed from the figures. The water layer of the re-entrant jet is thin and flows upstream
fast on the upper side, whereas it is much thicker and slower on the lower side. The upturned tail of
the re-entrant jet in the upper side cavity can be clearly seen in Fig. 18 which shows the profiles of
the re-entrant jet inside the cavity on the upper side of the projectile at t = 5,6,7, and 8 ms.
The cavity on the upper side is initially cut off with further development of the upper part of
the re-entrant jet. However, only a small gap exists between the newly incepted and the remaining
cavities because the re-entrant jet is thin (Fig. 20). The gap is soon filled by the growth of the new
cavity. By contrast, the re-entrant jet on the lower sides is slower and thicker. A thick front of the
re-entrant jet is generated and flows to the leading edge, which can significantly disturb the cavity
boundary [as shown in Figs. 20(a)–20(d)]. The cavity boundary is intersected and cut off by the
thick front [as shown in Figs. 20(e) and 20(f)]. The experiment photograph (Fig. 8) also shows that
the upper part of the cavity is smooth, whereas the middle and lower parts have many small bumps
and holes on the surface. When the re-entrant jet reaches the leading edge of the cavity on the lower
side, the remaining bubbles only retain a small space of the origin cavity. A region with high liquid
water content can separate the new cavity from the remaining part, inducing an obvious shedding
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FIG. 16. Shape of the re-entrant jet at the moment of 7 ms. Translucent surfaces represent the cavity
boundary and the free surface, line represents the volume fraction of air, and the color represents the velocity
in the X direction on the cylindrical surface where the radial coordinate is equal to 1.1 times of radius of the
projectile section.

FIG. 17. The development of the re-entrant jet in the upper part of the cavity on the symmetric plane. The
line represents the interfaces where the volume fraction of the liquid water is equal to 0.5, while the color
represents the velocity in the X direction. The jet front is pointed out by the white arrow in each view.
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FIG. 18. Profiles of the re-entrant jet inside the cavity on the upper side of the projectile at t = 5,6,7, and
8 ms.

phenomenon. However, only a small fluctuation occurs on the cavity boundary on the upper side,
and the cavity approximately remains in a constant area.
The overview of the re-entrant jet development (Fig. 21) shows that the re-entrant jet has a
tangential component from the upper to the lower sides. The pressure is higher at the closure than
the lower side because the upper part of the cavity is short and thick. The liquid water accumulates
at the re-entrant jet front, which leads to a thick re-entrant jet that can cut off the cavity on the lower
side.

FIG. 19. Profiles of the re-entrant jet inside the cavity on the lower side of the projectile at t = 5,6,7, and
8 ms.
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FIG. 20. The development of the re-entrant jet in the lower part of the cavity on the symmetric plane. The
line represents the interfaces where the volume fraction of the liquid water is equal to 0.5, while the color
represents the velocity in the X direction. The jet front is pointed out by the white arrow in each view.

The aforementioned results indicate that, if the vehicle moves closely to the free surface, then the
water layer flowing around the upper side will be thin and the restriction of the water layer to the
flow will be weak. Thus, the generated re-entrant jet will possess insufficient strength and thickness

FIG. 21. The development of the re-entry jet inside the cavity on the symmetric plane. The iso-surface
represents the interfaces where the volume fraction of the liquid water is equal to 0.5, while the color represents
the velocity in the X direction. The trajectory of the jet front is pointed out by the red arrow in each view.
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FIG. 22. The development of the re-entrant jet in the cavity on the symmetric plane for the simulated case
with 40 mm distance between the upper side of the projectile and the free surface. The line represents the
interfaces where the volume fraction of the liquid water is equal to 0.5, while the color represents the velocity
in the X direction.

to cut off the main cavity completely. Consequently, notable fluctuations of cavity shape will not
occur on the upper side. However, the effect of the free surface on the cavity on the lower side is
relatively small; thus, a powerful re-entrant jet can be generated, and unsteady evolutions, including
breaking and shedding, will still exist.
The re-entrant jet profile for the simulated case with 40 mm distance between the upper side of
the projectile and the free surface is shown in Fig. 22. Comparing to the simulated results when the
distance between the upper side of the projectile and the free surface is 5 mm shown in Figs. 17
and 20, a much thicker re-entrant jet inside the cavity on the upper side of the projectile is shown
in the simulated case in deep water, which verified that the free surface nearby could affect the
thickness of the re-entrant jet.
D. Evolution of vortex structures

The motions of cavity development and shedding are closely linked to vortex structures. The flow
structures can be visualized based on the Q criterion. Q has a direct physical interpretation. When
Q > 0, the vector field is dominated by the vorticity and the region is determined as a vortex tube.
When Q < 0, the vector field is dominated by the strain. This physical interpretation supports the
value of the Q criterion in the vector fields when areas of high strain and areas of strong vertical
motions should be distinguished.
In the present study, the isosurface of Q = 5 × 106 s−2 represents the vortex core, and the color
represents the velocity component in the axial direction. In the air entrainment stage, strong vortices
concentrate at the leading edge and air-entrainment channel. The negative value of X velocity is
high near the wall in the upper part of the cavity, indicating the existence of intense air entrainment
[Fig. 23(a)]. After the channel is closed, most vortices are distributed along the high-speed air
entrainment inside the cavity, in which the X velocity is negative on the upper side and positive on
the lower side [Fig. 23(b)]. Then, vortices on the upper side weaken and disappear, whereas vortices
on the lower side break down into clusters [Fig. 23(c)]. The effect of air entrainment on the velocity
field wears off, and vortices are induced by the detachment at the leading edge and the re-entrant jet [as
shown in Figs. 23(d) and 23(e)]. Vortex tubes are oblique and normal relative to the aforementioned
084303-16
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FIG. 23. Vortex structures in the cavity development and shedding process. The isosurfaces represent where
Q = 5 × 106 , color represents the velocity component in the axial direction, and the outer translucent surfaces
represent the cavity boundary and the free surface. Key structures are marked by arrows and lines. The time
interval is 2 ms and the first view is at the moment of 2 ms.

re-entrant jet direction [Fig. 23(e)]. Strong vortices are generated after the re-entrant jet arrives at
the leading edge of the cavity [Fig. 23(f)]. Afterward, the cavity is cut off and begins to shed, and
vortices form around the gap [as shown in Fig. 23(g)]. Finally, the shedding vortices and cavity begin
to break down, and vortex tubes turn parallel to the main flow [as shown in Figs. 23(h) and 23(i)].
The three-dimensional vorticity transport equation is used to analyze the interaction between the
vortex and cavitation. The results of the simulated cases with a free surface nearby are compared to
the fully submerged case to understand the effect of the free surface on the vortex [19,28,37],
Dω
∇ρm × ∇p
1
= (ω · ∇)V − ω(∇ · V ) +
(∇ 2 ω).
+
Dt
ρ2m
Re

(14)

The four terms in the equation, namely, vortex stretching, volumetric expansion and contraction
(dilatation), baroclinic torque (resulting from the misaligned pressure and density gradients), and
viscous diffusion, represent the physical mechanism of the vorticity variation of fluid particles during
their motion. Given its much smaller effect on vorticity transport than the other terms for the high
Reynolds number flow, the last term in the equation can be ignored during the analysis.
Figures 24–26 present the velocity distribution on the added isosurface when the calculated
vortex-stretching, vortex-dilatation, and baroclinic torque magnitudes of the simulated cases are
equal to 5 × 106 s−2 at various times. The cases with and without a free surface show obvious
differences. Figure 24 shows that the case with a free surface and air injection into the cavity
has a highly complex vortex-stretching magnitude structure. The vortex-dilatation magnitude of
the simulated cases in Fig. 25 also shows many disturbances in the case with a free surface. The
structure of the case with a free surface is also more broken than that of the case without a free
surface. Figure 26 shows that the baroclinic torque magnitude has a small drawn isosurface that does
not dominate the results of the vortex around the projectile.
Therefore, the main factor lies in the first term, namely, the vortex-stretching magnitude. Given
the small upper constraint under the effect of free surface, the velocity gradient becomes larger and
the shedding vortex tends to be stretched toward the final asymmetric profile. The second term,
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FIG. 24. Velocity distribution on the added isosurface of vortex-stretching magnitude is 5 × 106 at t =
4,8,12, and 16 ms of the simulated cases with and without free surface.

vortex-dilatation magnitude, reflects the density change in the continuity equation, which involves
the formation and phase transition of the cavity. Therefore, the presented characteristics in Fig. 23
are the same as those of the original form of the cavity. Moreover, when the cavity is generated, the
vortex-dilatation magnitude produces a negative effect, thereby weakening the original vortex. The
condensed vortex gradually becomes stronger as the generated vortex becomes weaker. The third
term, baroclinic torque, reflects the inconsistencies in the direction of pressure and density gradient.
This term has a small value because the density change is driven by the pressure change in the
flow-dominated phase transition.
V. CONCLUSIONS

This paper presented experimental and numerical studies on the ventilated cloud cavitating flow
around the axisymmetric projectile near a free surface. The numerical simulation was performed
based on the VOF and LES methods. Unsteady behavior, such as air entrainment and shedding
of the cloud cavity, was observed, and high consistency was achieved between the numerical and
experimental results.

FIG. 25. Velocity distribution on the added isosurface of vortex-dilatation magnitude is 5 × 106 at t =
4,8,12, and 16 ms of the simulated cases with and without free surface.
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FIG. 26. Velocity distribution on the added isosurface of baroclinic torque magnitude is 5 × 106 at t =
4,8,12, and 16 ms of the simulated cases with and without free surface.

Air entrainment occurred when the cavity grew and reached the free surface. The entrained
noncondensable air made the cavity larger and more stable than the cloud cavity under a similar
cavitation number far from the free surface.
The upper part of the cavity was approximately stable after the growth stage and demonstrated
no shedding phenomenon during the whole cavity evolution. This may due to the weak restriction
of the water layer to the flow around the upper side of the projectile. The re-entrant jet generated in
the upper side cavity was thin and could not cut off the main cavity completely.
The cavity shedding phenomenon on the lower side of the projectile was similar to that of the
submerged case. However, the cavity near the free surface was longer. The velocity of the re-entrant
jet had a tangential component from the closure of the upper part to the lower side. Strong vortices
were mostly generated by air entrainment and the re-entrant jet, and close correlations existed
between vortex and shedding cavity motions. The results of the simulated cases with a free surface
nearby are compared to the fully submerged case to understand the effect of the free surface on the
vortex. Terms in the vorticity transport equation are separately analyzed to identify the dominant
physical mechanism. Major differences are observed in the results for vortex stretching and dilatation,
thereby suggesting that some disturbances are introduced due to the free surface nearby as well as
the air injection into the cavity.
However, several differences regarding the phenomena after cavity shedding existed between the
experimental and numerical results, and the current numerical simulation method can be improved
in the future. The present study can be extended to vehicles of other shapes including hydrofoils,
and the cavity may be kept stable by adjusting the distance between the vehicle and the free surface.
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