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Cavitation is a flow phenomenon that sees the formation of vapour bubbles in the liquid in regions in which
the flow pressure is less than the vapour pressure. There have been many studies on cavitation but only a
small proportion of these have considered cavitation near a free liquid surface. Hydrofoils used as lifting
devices for high-speed vessels [1] are near the free surface by necessity, and cavitation may be
unavoidable in such situations. As well, the presence of the hydrofoil affects the shape of the free surface.
Propellers of surface vessels may be near the water surface.
The present work uses OpenFOAM v1706 [2]. Specifically, a solver for a three-phase mixture with
cavitation was developed based on the interPhaseChangeFoam solver along with some parts of the
multiphaseInterFoam solver. The approach solves the Reynolds-Averaged Navier-Stokes (RANS) flow
equations. It involves a multiphase analysis using a homogeneous mixture model with the velocities of the
different phases (liquid water, water vapour and air) assumed to be equal at any given point. Mass transfer
due to cavitation can only occur between the liquid water and water vapour phases. Transport equations
are solved for the volume fractions of the air and water vapour phases with the volume fraction of liquid
water being the remainder. This contrasts to the (two-phase) interPhaseChangeFoam which solves a
transport equation for the liquid fraction with the vapour fraction as the remainder. In the three-phase
model, solving for liquid fraction often resulted in spurious vapour fractions at the liquid-air interface that
affected subsequent calculations.
Various cavitation models may be used to predict phase changes. Modified versions of the Schnerr-Sauer
model [3,6], Singhal’s Full Cavitation Model [4,6] and the Zwart-Gerber-Belamri model (hereafter referred
to as the Zwart model) [5,6] are incorporated in the code. Typically, the two-phase (liquid, vapour) mass
transfer expressions were used but multiplied by a filter to enforce the condition that mass transfer does
not take place between either air and the liquid or air and vapour. The filter was (1-αa) where αa is the air
volume fraction.
A simulation of a test by Duncan [7] was performed as a check on the behaviour of the model with a free
surface but without cavitation. Duncan’s tests were for a two-dimensional submerged hydrofoil moving
horizontally at constant speed in a shallow tank 24 m long, 0.61 m deep and 0.61 m wide. The foil had a
NACA 0012 section, 0.203 m chord length (c) and was located at 0.175 m above the tank floor. The
simulation is for a test with foil speed of 0.8 m/s, 5° angle of attack and depth of submergence of 0.193 m
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at the foil mid-chord. The water fraction at the end of the simulation is shown in Figure 1, and the
generated water surface profile is compared to the experimental results of Duncan and the simulation
results of Yang and Stern [8] and Wu and Chen [9] in Figure 2. Singhal’s cavitation model was active but no
cavitation occurred. Results for water surface profile are reasonable.

Figure 1: NACA 0012 foil with free surface – water volume fraction

Figure 2: NACA 0012 foil with free surface – water surface profile

Xu et al. [10] reported a water tank experiment and simulations for cavitating flow around a blunt
cylindrical body near the free water surface. In the experiment a slender polished stainless-steel cylindrical
projectile of 37 mm diameter was launched horizontally into a water tank, attaining a speed of 18.5 m/s
in 50 µs. For the present example, the top of the cylinder was 15 mm below the undisturbed water surface.
The finite length of the projectile was neglected and instead it extended to the outflow boundary. Some
results for a simulation with Zwart’s cavitation model are presented in Figure 3. The cavitation bubble
lengths are on the centreline of the cylinder (above and below). The comparison to the test results is
reasonable until about 0.014s, after which there is a lot of bubble break-up.
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Figure 3: Blunt cylinder with free surface – bubble lengths
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