
Theoretical & Applied Mechanics Letters 7 (2017) 231–234

Contents lists available at ScienceDirect

Theoretical & Applied Mechanics Letters

journal homepage: www.elsevier.com/locate/taml

Letter

A numerical model for cloud cavitation based on bubble cluster
Tezhuan Du *, Yiwei Wang, Chenguang Huang, Lijuan Liao
Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Beijing 100190, China
School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China

h i g h l i g h t s

• The structure of cloud cavitation is needed to accurately predict collapse pressure.
• A cavitation model was developed through dimensional analysis and CFD simulation.
• Bubble number density was used to characterize the internal structure of cavitation.
• This model is implemented on cavitating flow over a projectile with conical head.
• The results show that the collapse pressure is affected by bubble number density.
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a b s t r a c t

The cavitation cloud of different internal structures results in different collapse pressures owing to the
interaction among bubbles. The internal structure of cloud cavitation is required to accurately predict
collapse pressure. A cavitation model was developed through dimensional analysis and direct numerical
simulation of collapse of bubble cluster. Bubble number density was included in proposed model to
characterize the internal structure of bubble cloud. Implemented on flows over a projectile, the proposed
model predicts a higher collapse pressure comparedwith Singhalmodel. Results indicate that the collapse
pressure of detached cavitation cloud is affected by bubble number density.

© 2017 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics.
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Cloud cavitation, as one of the most common type of cavitation
for the marine vessels and projectile, consists of a large amount
of small bubbles. The pressure pulse generated by the bubble
collapse in the cloud cavitation is usually considered to be the
major cause of the structure failure and thenoise radiation.Numer-
ical simulations are commonly used to study cavitating flows in
many applications, such as hydrofoils, projectiles, turbo machines,
etc. Most of the researches were focused on the homogeneous
flow modeling, which is based on the Navier–Stokes equations
of mixture phase [1–7]. However, the homogeneous cavitation
modeling is only capable of providing macro-solutions of vapor
volume fraction while the micro mechanism of cavitation evolu-
tion remains unknown. For example, bubble clusterswith different
distributions may lead to different collapse pressures because of
the interaction of bubbles under identical vapor volume fractions.
Therefore, a numerical model considering the internal structure of
cloud cavitation is essential to understand bubble evolution and
improve the accuracy of predicting bubble collapse pressure. Evans
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et al. [8] developed a population balance model to predict bubble
size distribution in the wake region below a ventilated gas cavity.
Du et al. [9] proposed an evolutionmodel of bubble number density
is proposed to simulate bubble breakup and transportation.

In this letter, a cavitation model based on bubble cluster is
deduced by dimensional analysis and direct simulation. A numer-
ical strategy is established to solve flow with cloud cavitation by
combining the developed model with the multi-phase Reynolds
averaged Navier–Stokes (RANS) equations and transport equation
of bubble number density. This strategy is applied on simulation of
cavitating flow around a projectile. These solutions are compared
with experimental observations. The comparisons of proposed
model and Singhal model are discussed.

The proposed numerical model consists of multi-phase RANS
equations of the mixture phase, transport equation of bubble
number density [9], modified re-normalized group (RNG) k–ε
model [10], continuity equation of the vapor phase and cavitation
model based on bubble cluster.

The condensation rate based on bubble cluster is constructed by
dimensional analysis and direct numerical simulation. All bubbles
are assumed to be spherical and in the state of equilibrium at
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Fig. 1. Flow field and numerical model.

the beginning and then collapse under ambient pressure p∞. The
averaged variation rate of total bubble volume can be expressed as:

V̇ = f (R0, a; n; ρL, µL, S, ρA0, µA, γ ; p∞, pB) , (1)

where R0 is initial bubble radii, a is characteristic length of bubble
cluster, n represents population of bubbles per unit volume. ρL
and µL are density and viscosity of liquid, respectively. ρA0 and µA
are reference density and viscosity of gas, respectively. γ is ratio
of specific heats of gas, S is surface tension. p∞ and pB are sur-
rounding pressure and pressure inside bubbles, respectively. Tak-
ing ρL, R0, p∞ −pB as a unit system produces dimensionless form:
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where TC = 0.915R0

√
ρL

p∞−pB
represents collapse time of single

bubble. The collapse of bubbles is mainly controlled by pressure
difference and inertial force, which provides the possibility of
ignoring of viscosity and surface tension. For given material ρA0

ρL
and γ , Eq. (2) can be reduced to:

V̇ ′
= f

(
α; N; p′

)
, (3)

where p′
= (p∞ − pB) /p∞ represents non-dimensional driving

pressure, V̇0 =
4
3πR3

0/TC represents volume variation rate of single
bubble, therefore V̇ ′

= V̇/V̇0 is non-dimensional volume variation
rate of bubble cluster. According to the π theorem, we can assume
that:

V̇ ′
= cαk1Nk2p′k3 . (4)

The empirical parameters c, k1, k2, k3 can be determined by
direct simulation of collapse of bubble clusters.

Consider a cubic bubble cluster with primitive cubic lattice
distribution, in which bubbles are arranged in order as shown in
Fig. 1. The initial pressure inside bubble cluster is set to be pB, and
the pressure at boundary is p∞. The liquid is incompressible water,
and the gas inside the bubbles is air modeled as ideal.

Volume of fraction (VOF) method and large eddy simulation
(LES) are adopted in the numerical simulations. The parameters are
listed as follows:

volume faction α : 0.15, 0.27, 0.50,
population of bubbles N : 33, 43, 53, 63,
non-dimensional pressure p′

: 0.6, 0.7, 0.8, 0.9.
The results show that bubble cluster collapses layer by layer

from outside to inside (Fig. 2).
Combined with the influence of α, N , and p′, Eq. (4) becomes :

V̇ ′
= −α−0.2N0.68p′0.61. (5)

Equation (5) gives the no-dimensional collapse velocity of bub-
ble cluster. We can get the condensation rate as follows:
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where Vm is the volume of a mesh cell, and CC = 0.057. According
to Singhal model, the evaporation rate is set to be:
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The present model is then implemented on the cavitating flow
over a cylindrical body with 90◦ conical head. The diameter of
cylinder is d = 37.5 mm, and the free-stream velocity is v = 18
m/s. The corresponding cavitation number and Reynolds number
are σ = 0.612, Re = 6.75 × 105, respectively. The 2-D ax-
isymmetric geometry is utilized in the simulation, with a 350 ×

150 structural mesh, depicted in Fig. 3. The numerical results are
validated by the experimental data based on the split Hopkins
pressure bar (SHPB) launch system [11].

Figure 4 illustrates the outline of cavitation and the distribution
of bubble number density n. The black curves represent the iso-
surface of vapor fraction with the value of 0.1, and the white zones
in the cavitation indicate the high bubble number density area
(n ≥ 109). It can be seen that cloud cavitation area is consistent
with the region swept by the re-entrant jet, which suggests that
the re-entrant jet breaks bubbles into small ones, and forms the
cavitation cloud.

The performance of the present model and Singhal model on
predicting pressure focusing effect are compared in this letter.
Results show that present model presents a higher condensation

Fig. 2. Collapse of bubble cluster (α = 0.15, N = 53 , p′
= 0.8).
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Fig. 3. Computational domain.

Fig. 4. Formation of cloud cavitation.

Fig. 5. Comparison of condensation rates.

rate and collapse pressure than Singhal model (Figs. 5 and 6). Fur-
thermore, the condensation rate of Singhal model is quite smooth
while present model shows local effects of collapse. The region
of cavitation cloud with higher bubble number density collapses
more fiercely than other else. That is an important characteristic
named geometry focusing of collapse pressure in the collapse
process of bubble cluster. The pressure waves emitted by collapse

Fig. 6. Comparison of collapse pressure (at x/d = 2).

bubbles will propagate inward which leads to a higher magnitude
of collapse pressure [12].

In this letter, a numerical model for cloud cavitation based on
bubble cluster is proposed. The condensation rate is constructed
through dimension analysis and direct simulation of collapse of
bubble cluster. Bubble cluster collapses layer by layer from outside
to inside. The geometry focusing effect leads to a highermagnitude
of collapse pressure. This model is implemented on cavitating flow
over a projectile with conical head. The simulation results show
that present model can predict the evolution of cavitation and the
distribution of bubble number density. The performance of present
model and Singhal model are compared. Proposed model predicts
a higher collapse pressure than Singhal model due to the geometry
focusing effect. The results show that the collapse pressure of
detached cavitation cloud is affected by bubble number density.
Non-uniform distribution of bubble number density may lead to
different collapse velocities. The region of cavitation cloud with
higher bubble number density collapses more fiercely than other
else.
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