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Abstract. The objective of this work is to investigate the cavitating flow mechanism of a
specific hydrofoil, Tulin hydrofoil, and better understand the vortex-cavitation interactions in
transient cavitating flows. The numerical investigations are performed using a large eddy
simulation method and the Zwart cavitation model. The predicted cavity formation and
evolution agree well with the experimental observation. An asymmetric vortex street has been
formed, with the upper one (the trailing edge vortex street) has a regular vortex shape and a
clear boundary between vortex structures, while the lower one (the leading edge vortex street)
has a larger cavitation area due to the low pressure distribution on the suction side of the foil.
The turbulent kinetic energy transport equation has been adopted to examine the balance and
contribution of different mechanisms. The formation and evolution of the leading and trailing
edge vortex structures are responsible for the generation and modification of the turbulent
kinetic energy distributions. The convection term varies significantly in the cavity region
during the phase change process, and the boundary of the vortex structures enhance the
production term of the turbulent kinetic energy.

1. Introduction

Cavitation generally occurs when the local fluid pressure reduces to the saturated vapor pressure and
consequently the gas filled or gas and vapor filled bubbles are formed. Owing to its great importance
in a wide range of applications, much effort has been made to study the fundamental physics of the
cavitating flow!'*. With the decreasing of the cavitation number in a specific flow condition, the
cavitating flow displays several patterns: incipient cavitation, sheet cavitation, cloud cavitation and
supercavitation>®, With the development of the experimental and numerical technique, more attention
has been paid to the complex interaction between phase-change and vortex structures in cavitating
flow. Kawanami et al.l®] investigated the cloud cavitation through a series of experiments and
presented the close relationship between the formation of cloud cavity and the re-entrant jet. Ausoni et
al."% conducted the experimental studies to investigate the effects of cavitation on vortex generation
mechanism. They found that the vortex-induced vibration level significantly increased at cavitation
onset and the transverse velocity at the hydrofoil trailing edge increased the vortex strength. Due to the
improvement of computing technique, numerical simulations have played an important role in
capturing the interaction between the cavitation patterns and turbulent flow structures. Huang et al.l'!
investigated the sheet/cloud cavitating flow turbulent structures and provided the interaction between
the unsteady cavitating flow and vortex dynamics. The results showed strong correlation between the
cavities and vortex structures and the cavitation development significantly change the interaction
between leading and trailing edge vortices. Ji et al. ['2] numerically investigated the structure of
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cavitating flow around a twisted hydrofoil and revealed that cavitation promotes vortex production and
increases the flow unsteadiness.

The objective of this paper is to numerically investigate the cavitating flow around the Tulin
hydrofoil, which has a sharp leading edge and a relatively thick trailing edge, with focus on the
intrinsic relationships between the cavity patterns and the vortex structures.

2. Numerical model

2.1. Governing equations
The numerical simulations are performed by solving the incompressible and unsteady Reynolds
Average Navier-Stokes (URANS) equations via the commercial CFD software ANSYS CFX.
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where u is the velocity, p is the pressure, pn is the mixture density, pris the liquid density, pvis the
vapor density, u» is the mixture viscosity, w and g are respectively the liquid and vapor dynamic
viscosity. o, is the vapor fraction, o;is the liquid fraction. The subscripts (i, j, k) denote the directions
of the Cartesian coordinates. The source termm*, and the sink termm™, in equation (3) represent the
condensation and evaporation rates, respectively.

Large Eddy Simulation (LES) is about filtering of the equations of movement and decomposition
of the flow variables into a large scale (resolved) and a small scale (unresolved) parts. By performing
the volume averaging and neglecting density fluctuations, the filter Navier-Stokes equations become:
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7;71s the sub-grid scale (SGS) stress, which is defined as:
7 = UU; — U, (7)

In present simulation, the Smagorinsky model!* is used, where the sub-grid scale (SGS) stress is
assumed to be proportional to the modulus of the strain rate tensor Sj of the filtered large-scale flow:

Tj = —2 Vs *Sj = Vses ® @*r%] ®
OX; 0%
The SGS viscosity vsgs are modeled by:
Vses = (CSA)Z ‘S‘ )]
‘g‘ = (2§ij §ij )2 (10)

with the Smagorinsky constant Cs =0.18, which is the default values in CFX, A is the local grid size,
namely,
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Agrid 2D = (AX i Ay)llz and Agrid,3D = (AX i Ay hd AZ)1/3 (1 1)
where AX, AY and Az are the mesh sizes in each direction.
2.2. Cavitating model

The Zwart cavitation model!**! are introduced to the cavitating flow simulations, with the source and
sink terms defined as:
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where o is the nucleation volume fraction, Rp is the bubble diameter, p, is the saturated liquid vapor
pressure, and p is the local fluid pressure. Cuey is the rate constant for vapor generated from the liquid
in a region where the local pressure is less than the vapor pressure. Conversely, Cyroq 1S the rate
constant for re-conversion of vapor back into liquid in regions where the local pressure exceeds the
vapor pressure. In this work, the assumed model constants are au=5%10, Rg=1x10°m, Cgs=50, and
Cpr0i=0.01, which are the default values in CFX, and are used because of their supposed general
applicability.

2.3. Numerical setup
The computational domain and boundary conditions are given according to the experimental setup!!®,
which is shown in Figure 1. The hydrofoil is subjected to a nominal free stream velocity of U,=10m/s,
yielding a moderate Reynolds number of Re=U..c/v=7.0x10°, where c is the chord length and v is the
dynamic viscosity of the liquid (water at 25°C). The outlet pressure is set according to the cavitation
number 6=(p-p,)/(0.5p:U.>)=1.27, where p. is the tunnel pressure, p,is the saturated vapor pressure.
The angle of attack of the hydrofoil is set to be a=15° for the simulations.

Figure 2 shows the 2D fluid mesh, which is refined near the leading and trailing edge of the foil and in
the wake region to satisfy y"=yu,/A=1, where y is the distance from the first cell to the foil surface, u, is the
wall frictional velocity. The total mesh nodes number is 503,140 nodes.

Outlet

2.7¢
I~
&
-

10c

Figure 1. Computational domain and boundary conditions
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Figure 2. Mesh distributions

3. Results and discussions

Figure 3 shows the time evolution of the cavity and the vortical patterns. Good agreement can be
obtained between the experimental observation and numerical simulations, the cavity forms and sheds
at the leading and trailing edge of the foil alternatively. From both the vapor and vorticity contours, it
can be observed that the cavities always concentrate in the center area of the vortex structures. At t=ty,
the cavity at the leading edge of the foil has already formed and instead of the cavity attachment and
development in length, the cavity rolls into a small-scale cloud cluster, corresponding to the counter-
clockwise vortex structures. Meanwhile, another cluster of cavity, as well as a clockwise vortex, begin
to form at the trailing edge of the foil, as shown in figure 3(a). From t; to t3, the leading edge vortex
structure shed downstream, along with the development of the cavity cluster. And the trailing edge
vortex structure further develops, with clear vortex boundary being observed, as shown in figures 3(b)
and (c). Until t=ts, the leading edge vortex has moved downstream to the trailing edge of the foil, the
counter-rotating vortex structures interact with each other, so that both vortex structures shed from the
foil, accompanied with the cavity collapse, as shown in figures 3(d) and (e). With the time increasing,
a asymmetric vortex street has been well formed, as shown in figure 4. The upper one (the trailing
edge vortex street) has a more regular vortex shape and more clear boundary between vortex structures,
while the lower one (the leading edge vortex street) has a larger cavitation area due to the low pressure
distribution on the suction side of the foil.
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Figure 3. Evolution of the cavity patterns and vortex structures
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Figure 4. lllustration of the leading and trailing edge vortex structures
To further investigate the vortex-cavitation interaction and examine the balance and contribution of
different mechanisms, the turbulent kinetic energy transport equation has been adopted. A generic
form of the turbulent kinetic energy transport equation for incompressible flow!'®! is given by:
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where k is the turbulent Kkinetic energy per unit mass, the left side of the equation represents the
material derivative of the turbulent kinetic energy and the terms on the right side of the equation are,
the convection term, the turbulence production term, the diffusion term and the dissipation term.
Figure 5 shows the time evolution of the convection term, the production term, the diffusion term and
the dissipation term. As demonstrated in figure 5, the formation and evolution of the leading and
trailing edge vortex structures are responsible for the generation and modification of the turbulent
kinetic energy distributions. The convection term varies significantly in the cavity region during the
phase change process, and the boundary of the vortex structures enhance the production term of the
turbulent kinetic energy.
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Figure 5. Turbulent kinetic energy budget for the cavitating flow

4. Conclusions

In this work, the numerical investigations are performed on a Tulin hydrofoil, which has a sharp
leading edge and a relatively thick trailing edge, using a large eddy simulation method and the Zwart
cavitation model. The main findings are as follows:

Good agreement can be obtained between the experimental observation and numerical simulations
and the cavity forms and sheds at the leading and trailing edge of the foil alternatively. Meanwhile, an
asymmetric vortex street has been formed, with the upper one (the trailing edge vortex street) has a
regular vortex shape and a clear boundary between vortex structures, while the lower one (the leading
edge vortex street) having a larger cavitation area due to the low pressure distribution on the suction
side of the foil.

From the turbulent kinetic energy transport equation, the formation and evolution of the leading
and trailing edge vortex structures are responsible for the generation and modification of the turbulent
kinetic energy distributions. The convection term varies significantly in the cavity region during the
phase change process, and the boundary of the vortex structures enhance the production term of the
turbulent kinetic energy.
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