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Abstract
Ventilated cavitation has been successfully employed as ship drag reduction technology and potentially can mitigate flow-
induced vibration. The obtained successes were based on solutions of design problems considered in the framework of ideal
fluid theory with their following validation by towing tank tests. However, various aspects of the interaction of ventilated cavities
with the viscous flows around the ship hulls remain unclear, whereas there is usually no possibility to simultaneously keep the
full-scale Froude number and cavitation number in the test facilities. So, the further progress of the application of ventilated
cavitation substantially depends on the ability of computational tools to predict this interaction. This paper briefly describes the
state-of-the-art computation of ventilated cavitation and points out the most challenging unsolved problems that appeared in the
model tests (prediction of air demand by cavities, ventilation effect on ship drag, on hydrofoil lift, and on the propagation of shock
waves in cavities).

Keywords Ventilated cavitation . Computational fluid dynamics . Lift, drag, and air demandof cavitating bodies . Shockwaves in
cavities

1 Introduction

Ventilated cavitation has been initially employed as a substi-
tute for natural cavitation in the low-velocity experimental
facilities (after Reichardt 1945). During several following de-
cades, ventilated cavitation has been used in the experiments
with the simple shape bodies. In the same time, the single
mathematical model employed for cavitating flows has been
the theory of ideal fluid flows with free boundaries. The per-
fect description of this theory can be found in the book by
Gurevich (1970). This theory did not separate ventilated cav-
itation from natural cavitation.

Later several types of ventilated flows have been success-
fully employed for improvement of ships, underwater

vehicles, or their tested models. The successful application
of ventilated cavitation to drag reduction of a river ship was
first noted by Basin et al. (1969). Butuzov et al. (1990),
Latorre (1997), Foeth (2008), Thill (2010), and Sverchkov
(2010) described its application to other ships.

Ship drag reduction by bottom-ventilated cavitation be-
came possible due to the contribution of two scientists. The
first of them was Alexander Ivanov, who pointed out that such
drag reduction can be possible only with the elimination of the
drag penalty caused by oscillation of the cavity tail; so, the
ship hulls must have some cavity lockers that can suppress
these oscillations. The second was Anatoly Butuzov. The de-
pendency of maximum cavity length on the Froude number
was found by Butuzov (1966). As illustrated in Fig. 1, two
kinds of bottom cavities for two kinds of the ship were
invented. The “smooth” cavity could exist at any Froude num-
ber Fr, but its length is always smaller than the half wave-
length Λ/2 = πV2/g, where V is the ship speed. The broadest
practical application of this kind of ventilated cavitation has
been obtained in planning boats.

On the other hand, as explained and illustrated by
Gorbachev and Amromin (2012), the “wavy” cavities can
exist only at small Froude numbers. For both kinds of cavities,
as shown in Fig. 2 with the images from Amromin et al.
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(2011) in its upper part and from Gorbachev et al. (2015) in its
lower part, the very important design aspect is the design of
the cavity locker. As one can see in the experimental data of
Courouble (1971), the air demand by the bottom cavities with-
out lockers is too high and requires unacceptable energy
consumption.

However, the most sounding concept associated with drag
reduction by ventilated cavitation is supercavitation over un-
derwater missiles. Information on ventilation of underwater
missiles exists at https://en.wikipedia.org/wiki/VA-111_
Shkval. Here, this concept is clarified in Fig. 3. The cavity
covers the major part of the body and eliminates the water
friction on this part. Only two small areas at the body bow
and its tail must be wetted to fix the cavity leading edge and to
generate the vertical force compensating the body weight.

Themain challenge for this concept is the high drag penalty
in supercavitating flows. It can be estimated using the depen-
dency from Fig. 4 calculated with taking into account exper-
imental data of Reichardt (1945). The drag penalty coefficient
was normalized by the body surface there. This coefficient
must visibly exceed the friction coefficient to make
supercavitation useful. For natural cavitation, it would be pos-
sible at the speeds substantially exceeding 200 knots.
Ventilation allows for drag reduction at the much smaller
speeds, but the gas demand to maintain the cavity appears to
be large, as was proven byKuklinski et al. (2001), Kinzel et al.
(2007), and others. As one can also find on the Internet, the
gas supply issue was resolved for the SKVALmissile with the
use of a special propulsor. However, the high pulsations of the
supercavity tail result in the problems of motion control and
high noise emission. It seems that these problems are unre-
solvable for supercavitating bodies.

Further, because of the buoyancy impact on cavity shapes
at small and moderate values of Froude number, maintenance
of ventilated cavities could be practical only under the bot-
toms of ships. However, Froude numbers related to wings of
hydrofoil ships or to marine propeller blades can be big
enough to neglect by this effect. On the other hand, the com-
putational technique used for “smooth” cavities is applicable
to problems on their drag reduction. The successful attempt of
Amromin et al. (2006) to design a hydrofoil with drag reduc-
tion by partial cavitation is illustrated in Fig. 5. The designed
hydrofoil OK2003 has the pressure side coinciding with the
pressure side of the hydrofoil NACA0015, the concavity
assigned for the cavity on the suction side, and the cavity
locker downstream of this concavity. Such concavity is nec-
essary because the cavity must be thick enough to withstand

Fig. 2 Partial views of model bottoms with the cavity lockers; in the
top—DTMB Model 5494 designed for Fr = 0.5; in the bottom—KSRC
model designed for Fr = 0.16

Fig. 3 Sketch of a body surrounded by a ventilated cavity

Fig. 4 Drag penalty coefficients for supercavitating bodies of revolution
versus cavitation number

Fig. 1 Sketches of ship buttocks with “smooth” ventilated cavity (top)
and “wavy” ventilated cavity
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moderate perturbations of the inflow. As seen in Fig. 5, this
design gave a 20% to 25% drag reduction for both natural and
ventilated cavitation with the very significant lift increase for
natural cavitation at the design values of the angle of attack α
and cavitation number σ.

Additionally, as shown in Fig. 6, this design leads to miti-
gation of the lift pulsations (and, correspondingly, of the flow-

induced vibration) in the regime of partial cavitation. As
shown in Fig. 7, this mitigation is more significant for venti-
lated cavitation. Alexander Ivanov suggested to employ ven-
tilation for mitigation of the blade vibration in the 1980s, but
the necessary blade design was not carried out then.

So, currently, ventilation is already used as the ship drag
reduction technology. Prediction of the ship design result is
based then on the towing tank tests. The similarity parameter
in such tests is Froude number, whereas, for cavitating flows,
the usual similarity parameter is cavitation number σ. Also,
ventilated cavitation affects the boundary layers and therefore,
the traditional extrapolations of viscous drag for cavitation-
free hulls are not accurate enough here. Because of these cir-
cumstances, the extrapolation of the model test results to the
full-scale conditions would be substantially improved by the
computational analysis.

2 Computational Methods

Computational analysis in the framework of ideal incompress-
ible fluid theory has played an important role in in the above-
mentioned successes in applications of ventilated cavitation.
However, the recent achievements of computational methods

(a) View of the hydrofoil OK2003 in the water tunnel

(b) OK2003 drag coefficient versus cavitation number at two
angles of attack α

(c) OK2003 its normalized lift in comparison with the lift of
NACA 0015 and flat plate theory

Fig. 5 Features of hydrofoil OK2003. aView of the hydrofoil OK2003 in
the water tunnel. b OK2003 drag coefficient versus cavitation number at
two angles of attack α. c OK2003 its normalized lift in comparison with
the lift of NACA 0015 and flat plate theory

Fig. 6 Comparison of lift pulsation for hydrofoils OK2003 and NACA
0015

Fig. 7 Lift RMS for natural (rhombs) and ventilated (squares) cavitation
of the hydrofoil OK2003 at α = 6°
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for cavitating flows allow for their investigation in more de-
tail. Indeed computational analysis of ventilated cavitation
looks simpler than computational analysis of natural cavita-
tion because lengths of ventilated cavities are comparable with
the body lengths and are usually incomparably greater than
the thickness of the body boundary layers. So, one zone
solvers can be acceptable for the water flows around the ven-
tilated cavities. As one can see in the recent review by Young
et al. (2017), there are certain successes in studies of ventilated
cavitation for hydrofoil and blades. Nevertheless, the chal-
lenges in computational analysis of ventilated cavitation re-
main and there are unsolved problems yet. These challenges
and problems are the focus of this paper.

There are two groups of computational methods broadly
employed in studies of ventilated cavitation. Only the very
brief statements on their capabilities are provided here, but
this is sufficient to understand the contemporary successes
and challenges.

The first group of computational methods relates to the
ideal fluid theory. The successful solution of the design prob-
lem can be delivered by ideal fluid theory. Indeed such a
solution is a solution of the boundary-value problem for the
velocity potential Φ:

ΔΦ ¼ 0 ð1Þ

∂Φ=∂N jS ¼ 0 ð2Þ

U 2 þ 2Pc=ρþ 2g z−z∞ð ÞjSc ¼ U∞
2 þ 2P∞=ρ ð3Þ

Here, U = |grad(Φ)|; S in the combination of all boundaries
of the flow; N is normal to S; Sc is the cavity surface, P∞ is the
ambient pressure, and Pc is pressure in the cavity.

Problems (1)–(3) can be solved in the nonlinear approach,
as byAmromin et al. (2006, 2011) or in the linear approach, as
by Butuzov et al. (1990), Matveev (2007), Sverchkov (2010),
and Gorbachev et al. (2015). These solutions allow for deter-
mination of the time-average cavity shapes. The average
thickness of the cavity tail, drag penalty, and intensity of air
escape are proportional to the computed cavity tail thickness
(the examples are shown in Figs. 8 and 9). In particular, the
minimal air demand to maintain cavity took place the model
tests reported by Mäkiharju et al. (2010) for Position 1 at
cavitation number 0.7 < σ < 0.72. Our computational results
in Figs. 8 and 9 are solutions of Eqs. (1)–(3) obtained in the
nonlinear approach described in Amromin (2007), with illus-
trations of numerical verification of this approach.

As shown in Fig. 10, for smooth closure of the ventilated
cavity (for a cavity without a drag penalty), the dependencies
of pressure in the cavity on cavitation number must be kept,
and this gives an implicit limitation on the air supply. As
shown by Amromin and Arndt (2019), a combined analysis
of incompressible ideal fluid flow out of the cavity and

compressible ideal fluid flow inside the cavity allows for a
quantitative prediction of forces on cavitating hydrofoils.
However, there are also effects caused by the interaction of
cavities with the surrounding viscous flow and these effects
cannot be analyzed by ideal fluid theory.

The second group of computational methods relates to fully
turbulent flows. For the majority of the employed designs, the
viscous flow around and downstream of ventilated cavities is
turbulent. The paper of Kinzel et al. (2007) gives a sufficient
impression on the diversity of models of fully turbulent flows
employed for computation of ventilated cavitation in the past.
For natural cavitation, some of these models (like models used
by Coutier-Delgosha et al. (2006), Kim (2015), and several
others) manifested the satisfactory results.

No similar achievements were obtained for the ventilated
cavities using the models of fully turbulent flows yet. For
example, Ji et al. (2010), Wang et al. (2015), and Liu et al.
(2018) show correlations of computed cavity regions with
their snapshots for body cavitation for cavitating flows at very
high Froude numbers. However, the comparisons of forces
provide more certainty and are more important practically.
Also, even similar results for much smaller Froude numbers
(like provided by Abolfazl et al. (2012), f. e.) are uncommon.
So, the ideal fluid theory methods (like used by Choi and
Chahine (2010) or by Amromin (2018), f. e.) remain to be
the most effective for ventilated cavitation yet.

Fig. 8 Computed shapes of cavities maintained under the model tested by
Mäkiharju et al. (2010). Solid thick line is its buttock corresponding to the
beach Position 1. The cavity sections are plotted up to the time-average
cavity tails

Fig. 9 Computed cavity tails (dashed curves) for two beach positions at
the same Fr. The model buttocks—solid lines
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This situation may be associated with the use of the flow
model invented by Kubota et al. (1992) that substitutes any
cavity by an ensemble of spherical bubbles. Meanwhile, as
seen in Fig. 11 extracted from the paper of Wosnik et al.
(2003), the main part of a ventilated cavity is not similar to
an ensemble of bubbles. Also, the majority of solvers (like
ANSYS employed by Long et al. (2017), f. e.) uses wall func-
tions irrelevant to separated flows and are unable to reproduce
velocity profiles across the cavities. This irrelevance must be
fixed.

3 Unsolved Problems

Let us consider the most important problems associated with
ventilated cavitation. This consideration is assisted by the pre-
sentation of unpublished experimental data and estimations.

3.1 Prediction of Air Demand

The energy spent to maintain the cavity must be substantially
lower than the energy saved by ventilation. Its prediction is a
challenge. There are numerous experimental studies of air
demand for various models and ships, but the diversity of
obtained experimental trends is disappointing.

As proven by observations of Arndt et al. (2009), for some
designs, a ventilated cavity surrounded by laminar boundary
layer can be maintained in a steady flow without any air sup-
ply. Thus, it looks that the turbulence impact on air entrain-
ment from cavities is a very substantial effect. On the other
hand, the increase of inflow speed in experiments was accom-
panied by the simultaneous increase Reynolds number Re and
Fr. The air demand to maintain and create the cavity sharply
increases at Fr > 1, but the cavity lockers for these experi-
ments were designed for Fr = 0.5 and the cavity tail became
thicker at Fr > 1. So, it is hard to identify the pure effects of

turbulence in these observations and measurements. Also, in
the experiment with ventilated supercavities used by Kinzel
et al. (2007), a sharp increase in air demand took place near the
water tunnel blockage conditions. In the Epstein experiments
noted by Kuklinski et al. (2001) the effect of Fr is coupled
with the flow blockage effect. So, the substantial part of avail-
able experimental data relates to unpractical conditions.
Nevertheless, air demand in some CFD studies is defined by
approximation of suitable experimental data, as byXiang et al.
(2011).

The situation could be improved computationally, but
though the attempt of Kinzel et al. (2007) to compute the air
demand using various existing theories of turbulence was very
informative, this attempt did not allow for determination of a
single theory providing the trends similar to observed even in
the mentioned experiments with a supercavitating body. The
problem remains unsolved.

3.2 Prediction of Drag

As already noted in the Compendium ( 2015), the majority of
drag reduction technologies reduces one drag component but
increases another. Nevertheless, that note does not relate to
drag reduction by ventilated cavitation.

As one can see in Fig. 12 with the experimental data
of Amromin et al. (2011) for the Model 5494 shown in
Fig. 2, the total drag reduction dR may exceed the fric-
tion eliminated by the cavity Rfriction. In particular for the
Model 5494, the physics behind of the high ratio dR/
Rfriction is the reduction of the hull side friction due to
the significant heavy of the model hull in the ventilation
regime. For the low-speed high-fullness model described
by Gorbachev et al. (2015), this ratio was also bigger
than 1.0 due to the reduction of the boundary layer thick-
ness downstream of the cavity; this reduction results in a

Fig. 12 Ratio of total drag reduction to friction eliminated by the cavity
under Model 5494 at various ratios of its draft T to length L

Fig. 10 Dependencies Fr(σ) for cavities with smooth closure under
Model 5494

Fig. 11 Photo of a ventilated cavity
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decrease of the model form resistance. On the other
hand, as reported by Zverkovski et al. (2014), this ratio
may be below 1.0 for other hull designs.

However, currently, there is no computational tool ca-
pable to predict the drag for ships with ventilated bottom
cavities. The situation with drag prediction is far from
perfect for ventilated cavitating hydrofoils as well. In par-
ticular, there are no Reynolds-dependent numerical results
for the hydrofoil OK2003 that has a quite high measured
CD at Re = 8 × 105 (see Fig. 13). The shape of this hydro-
foil is described in Tables 1 and 2.

By the way, because of the detailed experimental data
for cavitating OK2003 presented in Figs. 5, 6, 13, and 14
and of other data published by Amromin et al. (2006)
and Kopriva et al. (2007), this hydrofoil can be accepted
as a benchmark for solvers developed for cavitating
flows. The certain merit of such benchmark would be
in the existence of experimental data for both natural
and ventilated cavitation, as well as for the cavitation-
free regime.

3.3 Impact of the Air Supply Method

One can find a puzzle related to cavitating flows over this
hydrofoil in Fig. 13: while the CD dependencies on σ for
natural and ventilated cavitation are quite close, the dependen-
cies of lift coefficients for two kinds of cavitation are not.
Moreover, the method used to maintain ventilated cavitation
at the constant σ affects the lift values.

The first method to vary σ during water tunnel tests carried
out by Amromin et al. (2006) was based on a variation of the
inflow pressure with the constant air supply. The drag mini-
mum practically coincides with inherent to natural cavitation,
whereas the lift maximum is substantially lower.

The second method was based on a variation of this supply
with the constant inflow pressure (this method looks closer to
the method employable in the full-scale conditions, but the
inflow speed was also constant in the tests). No lift peak was
measured for the second method. Why?

Also, as shown by Shao et al. (2018), an increase of air
supply to the cavity can prevent its collapse, though the cavity
would be highly pulsating. What are the threshold air supply
rates?

Fig. 13 Comparison of force coefficients for ventilated and naturally
cavitating hydrofoil OK2003. a Measured drag coefficients. b
Measured lift coefficients

Table 1 Upper side of hydrofoil OK2003

x/C y/C x/C y/C

1 0 0.46158 0.079901

0.999605 9.88E−05 0.430062 0.06958

0.998901 0.000198 0.398556 0.058753

0.997901 0.000395 0.367037 0.047951

0.996395 0.000605 0.335519 0.037704

0.994099 0.001 0.304012 0.02858

0.990605 0.001605 0.272494 0.021099

0.985395 0.002605 0.240988 0.015802

0.977605 0.003901 0.209469 0.013247

0.965802 0.005901 0.177951 0.013099

0.934284 0.014235 0.146444 0.013099

0.902778 0.024383 0.114926 0.013099

0.871259 0.03516 0.08342 0.013099

0.839741 0.046111 0.051901 0.013099

0.808235 0.056877 0.034198 0.013099

0.776716 0.067173 0.022395 0.013099

0.745198 0.076753 0.014605 0.013099

0.713691 0.085432 0.009395 0.013099

0.682173 0.093062 0.005901 0.013099

0.650667 0.099457 0.003605 0.013099

0.619148 0.104432 0.002099 0.010099

0.58763 0.105407 0.001099 0.007296

0.556123 0.102321 0.000395 0.004704

0.524605 0.096802 0 0

0.493099 0.089148
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Another example of the impact of air supplymethod related
to the “wavy” ventilated cavities was noted by Gorbachev and
Amromin (2012): for the lower air demand, it is necessary to
start the creation of such cavity from its tail. This unsteady
phenomenon has no theoretical (computational) explanation.
Also, there is no quantitative description of the process of
cavity creation described by Arndt et al. (2009) and illustrated
here in Fig. 13.

3.4 Wave Impact on Ships with Ventilated Cavities

The wave impact on ventilated cavities is also a substantial
concern of naval architects. There are various effects of sea
waves on the ships with such cavities.

One effect is the breakup of large “wavy” cavities under the
ships operating at the small Froude numbers. Such breakup
may occur due to either the direct impact of high magnitude
waves or as a result of the ship pitch oscillations in waves.

Another effect is the mitigation of the wave-induced
vertical acceleration by the “smooth” bottom ventilated
cavities. This effect was observed at the bigger Froude
numbers. At such Fr, the ventilated cavity can also reduce

the ship additional wave-induced resistance (in the mod-
erate sea states allowing for the cavity maintenance). The
computational attempt of Amromin (2018) to describe this
effect in 2D approach (for the buttock of the Model 5494)
was carried out using theory of ideal incompressible fluid
for the water flow outside the cavity, but the compressible
flow in the cavity was also considered there (consequent-
ly, the boundary conditions (2) and (3) were modified).
As shown in Fig. 15, the mentioned mitigation was com-
putationally proven for the ratios of the wavelength to the
ship length λ/L > 0.8 (and this computed range of λ/L
corresponds to the observations of Sverchkov (2005) for
planning boats). However, this attempt delivered rather a
qualitative analysis. So, it validates the selection of the
flow model only.

Fig. 14 Cavity creation under floor of the water tunnel at flow speedU =
1.1 m/s. Air supply rateQC = 0.5 liter per minute; dt is the cavity creation
time, photos were made with the time step dt/5

Table 2 Lower side of hydrofoil OK2003

x/C y/C x/C y/C

0 0 0.524605 − 0.0634
0.000395 − 0.0047 0.556123 − 0.0605
0.001099 − 0.0073 0.58763 − 0.0574
0.002099 − 0.0101 0.619148 − 0.0542
0.003605 − 0.0131 0.650667 − 0.0506
0.005901 − 0.0166 0.682173 − 0.0469
0.009395 − 0.0206 0.713691 − 0.043
0.014605 − 0.0254 0.745198 − 0.039
0.022395 − 0.031 0.776716 − 0.0348
0.034198 − 0.0376 0.808235 − 0.0304
0.051901 − 0.0451 0.839741 − 0.0258
0.08342 − 0.05458 0.871259 − 0.0211
0.114926 − 0.06121 0.902778 − 0.0163
0.146444 − 0.06611 0.934284 − 0.0112
0.177951 − 0.06958 0.965802 − 0.0059
0.209469 − 0.07205 0.977605 − 0.0039
0.240988 − 0.07351 0.985395 − 0.0026
0.272494 − 0.07435 0.990605 − 0.0016
0.304012 − 0.07458 0.994099 − 0.001
0.335519 − 0.07414 0.996395 − 0.0006
0.367037 − 0.07317 0.997901 − 0.0004
0.398556 − 0.07189 0.998901 − 0.0002
0.430062 − 0.07035 0.999605 0

0.46158 − 0.06837 1 0

0.493099 − 0.06604
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As seen in Fig. 16, there is the quantitative difference be-
tween 2D and 3D cavitation even for hydrofoils with the same
sections. Also, the results presented in Fig. 15 were not ob-
tained from the complete solution for the hull motion in
waves: the experimental data on the time-average pitch and
heavy were used in these computations.

The quantitative 3D analysis with the complete computa-
tion of the flow around the ship with cavity and the ship
dynamics is the unsolved problem yet. Possibly, the existing
hydrodynamic software packages can be extended to include
new solvers.

3.5 Ventilation and Impact of Shock Waves in Cavities

Shock wave as the mechanism of cavitation induced erosion
has been discussed for decades. One can find the correspond-
ing notes in the book of Knapp et al. (1970), but the wave
appearance was addressed to a collapsing bubble. Also, these
notes were not supported by computations capable of proving
the concept associatedwith the collapse of a bubble in the pure
water. Recently, Jian et al. (2015) and Usta et al. (2017) gave
satisfactory predictions of the erosion areas, but not the body
mass losses due to erosion. So, the physical mechanism of
erosion was not clarified yet.

On the other hand, Amromin (1990) supposed that the
shock waves of sufficient intensity may appear in the homog-
enous gas-water mixture within the cavity tail and be ampli-
fied due to the interaction of these waves with the metal used
for body fabrication. Later Reisman et al. (Riesman et al.
1998) found shock waves in their experiments with cloud
cavitation and Ganesh et al. (2016) described the shock waves
observed within sheet cavities.

As shown below, ventilation can reduce the impact of
shock waves generated in the cavity and propagating to the
bodies. An analysis of their generation and interaction with the
solid body is given here for a cavitating hydrofoil in the one-
dimensional approach. The sketch of wave propagation in the
direction perpendicular to hydrofoil surfaces is presented in
Fig. 17 (z is the coordinate counted along the normal to its
surface). There are three media participating in this interac-
tion: water on one hydrofoil side, water-gas mixture on anoth-
er, and metal between them. As shown in this sketch, the
interaction of shock waves with various media can lead to
diffraction and propagation of different kinds of waves. The
velocities and pressure are continuous on the boundary be-
tween media (on contact surfaces), whereas these flow char-
acteristics experience a jump on the shock wave fronts.

First of all, it is necessary to point out the conditions of the
shock wave generation in the cavity. As seen in the photos
published by Ganesh et al. (2016), the reentrant jet acts as a
piston and can generate a shock wave when its velocity US

exceeds the local sound speed c. In a water-gas mixture, this
speed is defined as

Fig. 17 Sketch of shock wave interaction with a cavitating hydrofoil;
dashed lines are its surfaces; solid arrows are shock wave trajectories in
the {z, t} plane, dashed arrows limits rarefaction wave images in this
plane

Fig. 16 Comparison of lift to drag ratio for 2D and swept hydrofoils with
sections OK2003 at various angles of attack; 2D-5 are experimental data
for 2D hydrofoil at α = 5°, etc.

Fig. 15 Computed ratios of lift pulsation magnitudes for a ship with
bottom cavities and w/o them; 0.53F means the dependency for Fr =
0.53 in following sea, 0.61H—for Fr = 0.61 in head seas, etc.
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c ¼ m
ρg

þ 1−m
ρw

 !
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ρgcg

 !2

mþ 1−mð Þ 1

ρwcw

� �2

vuut ð4Þ

Here, m is the gas mass concentration, the subscripts “g”
mark the gas characteristics and “w” the water characteristics.
The formula p2 =ΠρwU

2 can link pressure behind the shock
wave with the inflow speedU. According to the data provided
by Tran et al. (2015), 0.2 <Π < 0.6; here, Π = 0.5 is used.
Some results of the calculation of sound speed in vapor-
water and air-water mixtures with the use of Eq. (4) are shown
in Fig. 18. For the same void fraction v, the sound speed is
lower in vapor. So, ventilation can delay the generation of
shock waves.

As shown, the evolution of the supersonic flow within the
cavity depends also on the material used in hydrofoil fabrica-
tion. The difference in the type of wave interaction between
two media is caused by the difference in their densities and
sound speeds. Densities ρ of the pure media are described by
Tait equation:

ρ
ρ0

� �κ

¼ P þ B
P0 þ B

ð5Þ

The coefficients of Eq. (5) are individual. The coefficients
for metals were calculated in Table 3 using the experimental
data of Al’tshuler and Bakanova (1969). The corresponding
sound speeds are also in Table 3.

As described by Courant and Friederichs (1948), the jump
of the media velocity on the shock wave front can be linked to
the jumps of pressure and density. In particular, the velocity
jump on the shock waves within the mixture is

F2;1 ¼ p2−p1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m
ρa1Ω p2; p1ð Þ þ

1−mð Þ
ρwκw Bw þ p2ð Þ

s

Here and below, subscripts at pressure and densities indi-
cate zones in Fig. 17, Ω(p2, p1) = (κg + 1)p2 + (κg − 1)p1. For
the same p2, the velocities behind the wave are different in
nature and ventilated cavities because of the difference of

sound speed and density for water vapor and air. So, as seen
in Fig. 19, the Mach numbersM = F2,1/c are lower for the air-
water mixture with the same U even for a higher p1 usually
inherent to ventilated cavities. Because there will be no shock
wave at M < 1, ventilation would delay erosion (will increase
its threshold speed).

At the point α of the {z, t} plane (but in a fixed hydrofoil
point, see Fig. 17), the shock wave will propagate in the metal
and a diffracted shock will go to the fluid. The interaction in
this point for the vapor cavity is described by the equation

AM p3−p1ð Þ ¼ F2;1− p3−p2ð ÞAw ð6Þ

Here, p3 is the unknown quantity, AM ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρMBMκM

p
and Aw ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρwBwκw

p
, and subscript “M” relates to the met-

al. The left-hand side of Eq. (6) is the velocity on the right side
of the contact surface, and its right-hand side, on its left side.
For the air cavity, Eq. (6) has the form

AM p3−p1ð Þ ¼ F2;1−

p3−p2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−mð ÞAw þ mΩ p1; p2ð Þ

ρa1Ω p2; p1ð ÞΩ p3; p2ð Þ

s

In both situations, this condition can be used to determine
p3. Calculations show that for any metal p3 ≫ p2.

Further, the shock wave will go to the water on another side
of the hydrofoil, but the diffracted wave will be the rarefaction

wave with the change of the media velocity f p2; p4ð Þ ¼ ∫
p4

p2

dp
ρc
.

Fig. 19 Dependencies ofMach number on the inflow speed for vapor and
ventilated cavitiesFig. 18 Dependencies of the mixture sound speed on its void fraction

Table 3 Coefficients of Eq. (5) and sound speeds of various materials at
atmosphere pressure

Material κ B (Pa) C = (κB/ρ)0.5 (m/s)

Aluminum 5.3 1.09 × 1010 4618

Cooper 5.65 2.25 × 1010 3756

Water 7.0 3.07 × 108 1492

Vapor 1.29 0 406

Air 1.42 0 340
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So, the pressure P10 related to the rarefaction wave returning
to the surface under the cavity can be found from the equation

cM p3−p10ð Þ
2κM−1ð ÞBMκM

þ Aw p10−p9ð Þ ¼ F3;1

and p10 = p7 < p3. The ratios Γ of p10 for a ventilated cavity to
its value in the vapor cavity is shown in Fig. 20. Ventilation
substantially mitigates this pressure.

Let us, however, recall that dependencies in Figs. 19 and 20
were obtained with several substantial simplifications of the
phenomenon. These dependencies do not take into account
the three-dimensional character of wave propagation, the ap-
proximate value used for Π, non-uniformity, and stochastic
nature of void fraction distribution within the cavities. So, an
accurate CFD analysis of erosion mitigation by ventilation is
necessary.

4 Conclusions

This paper recalls the successful applications of ventilated
cavitation to naval engineering, briefly estimates state-of-
the-art in the related branch of computational fluid dynamics
and emphasizes several computational problems appeared
from the experiments with the ship models, full-scale ships
and hydrofoils with the ventilated cavities. This emphasis is
also supplemented by several experimental and computational
results that were not published yet.

It is pointed out that the major successes in the application
of ventilated cavitation as the drag reduction technology was
substantially based on the solutions of design problems solved
in the framework of ideal fluid theory. However, it is also
accentuated that the interaction of the cavities with the sur-
rounding viscous flow and their effect on the total drag cannot
be predicted by this theory.

As also noted, design validation by themodel test is usually
carried out keeping similarity by Froude number, whereas air
demand by cavities is certainly affected by the surrounding
turbulent boundary layers. Prediction of this demand and its

dependency on air supply methods remain to be unsolved
problems for both ship hulls and ventilated hydrofoils. The
wave impact on ships on ventilated cavities and the cavity
influence of wave-induced loads on the ships should be deter-
mined from solutions of CFD problems, as well. The above-
mentioned problems would be serious topics for future CFD
studies.

Besides, as explained in the paper, ventilation can be used
as an erosion control technique. The provided analysis of
shock wave propagation within the cavities found the ventila-
tion effect on this propagation, but it also found the impact of
hydrofoil material on these waves.

The paper also includes detailed information on the inno-
vative hydrofoil OK2003 and experimental data on its cavita-
tion. Its natural and ventilated cavitation looks like the perfect
novel benchmark problem for CFD solvers.
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