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ABSTRACT

This paper aims to numerically explore the characteristics of unsteady cavitating flow around a NACA0015 hydro-
foil, with a focus on vorticity attributes. The simulation utilizes a homogeneous mixture model coupled with a
filter-based density correction turbulence model and a modified Zwart cavitation model. The study investigates
the dynamic cavitation features of the thermal fluid around the hydrofoil at various incoming flow velocities.
It systematically elucidates the evolution of cavitation and vortex dynamics corresponding to each velocity con-
dition. The results indicate that with increasing incoming flow velocity, distinct cavitation processes take place in
the flow field.
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Nomenclature

Density

Time

Space variable

Velocity

Dynamic viscosity

Specific heat of mixture phase
Specific heat of liquid phase
Specific heat of vapor phase
Temperature

Thermal conductivity
Latent heat

Condensation rate
Evaporation rate

Volume fraction

Turbulent kinetic energy
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3 Turbulent eddy dissipation

A Filter size

n Exponential coefficient

Rp Single spherical bubble radius
P, Saturated vapor pressure

p Pressure

w Vorticity

vV Volume

c Chord length

Cp Pressure coefficient

g Cavitation number

Subscripts

/ Liquid phase

\ Vapor phase

00 Reference

m Mixture phase

i,k Direction of the Cartesian coordinates
tur Turbulence

out Outlet

1 Introduction

Cavitation is the phenomenon of vapor cavities forming in a liquid where the pressure is lower than the
saturated vapor pressure [1]. The cavitation process involves phase changes and various complex physical
phenomena, including unsteady characteristics [2]. These unsteady features of cavitation are primarily
responsible for the hydrodynamic load [3], as well as noise [4] and vibration [5] associated with
hydraulic machinery [6]. The unsteady development process of cavitation phenomena is closely related to
vortex dynamics [7]. Cavitation generation and development lead to complex vortex structures [&],
intensifying the turbulence of the flow field [9] and complicating the interaction between turbulence and
cavitation [10].

In recent years, the interaction between the evolution process of vortex structures in cavitation flow
fields and cavitation development has become a hot research area for scholars. Szantyr et al. [11]
conducted experimental and numerical investigations on tip vortex cavitation. The accuracy of
Computational Fluid Dynamics (CFD) predictions heavily relies on the chosen turbulence model,
cavitation model, and mesh distribution around the tip region. Tan et al. [12] examined the impact of
large-scale cavitating vortical structures on the performance breakdown of an axial water-jet pump. Their
observations illustrate that the interaction between the tip leakage vortex (TLV) and the trailing edge of
attached cavitation near the rotor blade tip is crucial in the processes leading to breakdown. Wang et al.
[13] studied ventilated cavitating flow structures, focusing particularly on vortex shedding dynamics.
Their findings reveal two main categories of flow patterns: structures primarily characterized by vortex
shedding and relatively stable structures. Liu et al. [14] experimentally investigated flow-induced
vibration in cavitating flow around a flexible hydrofoil. They identified two primary shedding
mechanisms for cloud cavitation: the re-entrant jet and shockwave mechanisms. Zhang et al. [15]
explored the cavitating vortical structures surrounding a Tulin hydrofoil. They utilized Lagrangian
Coherent Structures (LCS) to examine the formation, development, and collapse of vortex cavitation
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patterns. Ji et al. [16] conducted a numerical study investigating cavitation shedding dynamics around a
twisted hydrofoil, with a focus on cavitation-vortex interaction. The predicted three-dimensional cavity
structures and shedding frequency closely aligned with experimental observations. Additionally, they
analyzed three types of flow behavior along the suction side of the twisted hydrofoil. Chen et al. [17]
explored the interaction between cavitation and vortices, with a specific focus on the multistage shedding
process. They also employed the Liutex method to examine the intricate details of the vortex structure
during both primary and secondary cavity shedding processes, particularly emphasizing the formation and
development of the U-shaped structure. Ullas et al. [9] investigated internal turbulent cavitating flow
using a dynamic cavitation model. Their study shows that the combination of Detached Eddy Simulation
(DES) and the Dynamic Cavitation Model (DCM) is the most suitable approach for predicting turbulent
cavitating flows. De Giorgi et al. [18] presented data on cavitating flow around a hydrofoil. In summary,
the vortex dynamic characteristics in cavitation flow have increasingly gained attention in cavitation
research. However, the above studies overlook the analysis of the unsteady characteristics of typical
cavitation flow from the perspective of vorticity transport.

Recently, new research findings have emerged supporting the influence of thermodynamic effects on
cavitation performance and vorticity characteristics. Ge et al. [19] investigated the thermodynamic effect
on cavitation dynamics in a venturi channel, analyzing the thermal transition and the variation in cavity
length. Xu et al. [20] investigated the thermodynamic effects on attached cavitation and cavitation-
turbulence interaction around a hydrofoil. They examined the coupling mechanism between thermal
effects, vorticity, and cavitation. Yu et al. [21] analyzed the interactions between vorticity and local
entropy production rate in a two-phase cavitating flow. Shen et al. [22] studied the correlation between
hydrodynamic forces and cavity evolution in thermo-sensitive cavitating flow considering the local
compressibility. Le et al. [23] investigated thermodynamic cavitation suppression in the laminar vortex
flow over a circular cylinder, observing suppression at a relatively low temperature. Liu et al. [24]
investigated transient liquid nitrogen cavitating flows, analyzing in detail the interactions between entropy
characteristics, vorticity, and force coefficients.

Although the dynamic characteristics of vortices in cavitating flow have been widely studied in recent
years, the thermodynamic effects on cavitation performance and vorticity characteristics are still not well
understood. Additionally, the cavitating flow around a hydrofoil under different incoming flow velocities,
considering thermodynamic effects, has not been fully investigated. In this study, the vortex structure of
the unsteady cavitation flow field around the NACAO0015 hydrofoil at different incoming flow velocities
was numerically analyzed. The relationship between the unsteady cavitation phenomenon and the vortex
structure around the hydrofoil was examined. Additionally, the vortex transport equation was introduced
to analyze the influence of cavitation on vortex structure development. The objective of this work is to
shed light on unsteady cavitating flow and corresponding vorticity characteristics under different
velocities, considering thermodynamic effects.

2 Numerical Methods

2.1 Governing Equations
For the homogeneous mixture model, the governing equations for mass, momentum, energy
conservation, and mass transport are expressed as follows:
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In the formula, p, u, p, T, C,, L, and « are the density, velocity, pressure, temperature, specific heat, latent
heat, and volume fraction, respectively; the subscripts v, /, and m represent the vapor phase, liquid phase, and
mixture phase, respectively; the subscripts 7, j, and k indicate the x, y, and z directions in the Cartesian
coordinate system, respectively; u, and p,,. are the mixture dynamic viscosity and turbulent viscosity,
respectively; A, and A, are the mixture thermal conductivity and turbulent thermal conductivity,
respectively.

2.2 Density Correction Turbulence Model

The selection of an appropriate turbulence model is essential for precise predictions of cavitating flow.
Conventional two-equation turbulence models often exhibit a tendency to overestimate turbulent eddy
viscosity within the cavity region, thereby impeding its proper evolution. In this study, a filter-based
density correction model (FBDCM) is adopted to capture the turbulence attributes accurately. This model
segments the flow field into regions based on the mixing density and subsequently adjusts the turbulent
viscosity accordingly. The FBDCM turbulence model is introduced herein as follows:

trepem = Cu mek2fhybrid )
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where C, = 0.0845, C; =4, C; = 0.2, C3 = 0.6 and C; = 0.2. k and ¢ represent the turbulent kinetic
energy and turbulent eddy dissipation, respectively; A is the filter size.

2.3 Modified ZGB Cavitation Model

Isothermal cavitation models have been developed for liquids at room temperatures, disregarding the
thermodynamic impacts during cavitation. However, for thermosensitive fluids like fluoroketone, these
thermodynamic effects are significant and cannot be disregarded. To address this, modifications have been
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made to the Zwart cavitation model to account for the influence of thermodynamic effects on cavitating flow.
The adjusted evaporation and condensation source terms are presented below:

1— 2 T) —
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where F\,, and F,,q are the empirical coefficients, which are proposed to be 5.0 and 0.01, respectively. Rp is
the bubble radius, which is set to 1 x 10°°m. %aue 18 the volume fraction of the vapor nuclear, which is set to
5x 107* Cohy = 1 W/(m?<K). The saturated vapor pressure is assumed to be a function of temperature.

4
po(T) = aT"+0.195kp,, (16)

i=1

where a; = 8253.5620, a; = 97.3029, a3 = 0.3872, and a4 = 0.0005206.

2.4 Vorticity Transport Equation

The interplay between thermodynamic effects and compressibility in thermo-sensitive cavitating flow is
tightly connected with each other. This paper endeavors to unveil the correlation between the unstable
evolution of cavitation, vorticity, and thermo-dynamic effects by employing the vorticity transport equation.

I]))—(;):(CB-V)V—(B(V-V)%—W—F(vm—kv,)vz(ﬁ 17

The expression on the left-hand side (LHS) of the equation signifies the rate at which vorticity changes.
Conversely, the terms on the right-hand side (RHS) denote various contributing factors: the vortex stretching
term (VST), the vortex dilatation term (VDT), the baroclinic torque term (BTT), and the viscous diffusion
term (VIS). Specifically, the vortex stretching term elucidates the bending and elongation of the vortex
due to velocity gradients. Meanwhile, the vortex dilatation term encapsulates the expansion and
contraction of fluid volume, showcasing the impact of fluid compressibility on vorticity. The baroclinic
torque term characterizes the effect arising from the misalignment between pressure and density gradients.
Additionally, the viscous diffusion of vorticity delineates variations in the vortex due to viscous diffusion.
In scenarios characterized by high Reynolds numbers, the viscous force minimally influences the flow
field. Consequently, the magnitude of the viscous diffusion term pales in comparison to the other three
terms, rendering it negligible.

3 Numerical Frameworks

3.1 Simulation Setup

Kelly [25] conducted a series of experiments to analyze the influence of thermodynamic effects on
cavitating flow dynamics. This simulation is based on Kelly’s experimental data and physical model. The
hydrofoil has a chord length of C = 50.8 mm, with the angle of attack o = 7.5° accordingly. The inflow
velocity and temperature are specified, with an adiabatic boundary condition for temperature and a free-
slip wall boundary condition for velocity applied to the top, bottom, front, and back surfaces of the
computational domain. A no-slip wall boundary condition for velocity is applied to the hydrofoil’s
surface. Fig. 1 illustrates the computational domain and boundary conditions.
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Free slip walls Pressure Outlet

Figure 1: Computational domain and boundary conditions

The cavitation number is defined as follows:

0 = (Pour —pv)/O.Sp,uf>O (18)
The lift and drag coefficients are defined as follows:
F
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where £, is the lift force, Fp is the drag force, and S is the spanwise length of the hydrofoil.

3.2 Mesh Independence Study

This study uses a hexahedral structural mesh generated with ANSYS ICEM. The mesh distribution
around the hydrofoil is illustrated in Fig. 2, with refinement applied to ensure accuracy. Three mesh
sets—Grid 1, Grid 2, and Grid 3—are used for the mesh independence study, containing 1.837, 2.713,
and 4.158 million total grids, respectively. The lift and drag coefficients are analyzed to assess mesh
independence. Based on the grid independence analysis, the lift and drag coefficients of Grid 2 and
Grid 3 show minimal differences and remain essentially unchanged. Therefore, Grid 2 is selected for
subsequent numerical calculations and analysis.
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(a) 3D mesh around hydrofoil (b) 2D mesh around hydrofoil

Figure 2: Mesh distribution around the hydrofoil
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3.3 Numerical Verification

The pressure coefficient C, = (py — psc)/ (0.5 X p; x uZ ) can be monitored through a profile line
placed within the computational domain, as depicted in Fig. 3. The profile line is located on the middle
part of the suction surface of the hydrofoil. The monitoring points A, B, C, D, and E correspond to
positions 0.056, 0.112, 0.168, 0.212, and 0.317 along x/C, respectively.

0.0 1.0 Profile line Middle section
| x/C |
| |

Figure 3: Schematic illustration of the profile line along the suction surface of the hydrofoil

To verify the accuracy of the numerical model, the variation in pressure coefficient along the profile line
at points A, B, C, D, and E is shown in Table 1. The numerical pressure coefficients closely match the
experimental values, with a maximum difference of less than 4%. This indicates that the current
simulation model can effectively simulate cavitating flow.

Table 1: Comparison between experimental value and numerical value

Point Experimental value Numerical value Difference
A —0.6382 —0.6472 1.4101%
B —0.6526 —0.6343 2.8031%
C —0.6257 —0.6166 1.4637%
D —0.6264 —0.6020 3.8996%
E —0.5872 —0.5689 3.1214%

3.4 Numerical Settings

The inflow temperature is set to be T, = 298.15 K. The working fluid is fluoroketone. The
compressible cavitation solver employed a finite-volume method (FVM) for spatial discretization and a
multi-step scheme for time derivatives to solve the Navier-Stokes equations for unsteady cavitating flow
[26]. The pressure-velocity field coupling used the Pressure Implicit with Splitting of Operator (PISO)
algorithm, which provides fast convergence but requires smaller time steps to ensure computational
stability and accuracy. The diffusion term was discretized using a second-order central difference scheme,
while the convection term was discretized with a second-order Gauss upwind scheme. The transient term
was discretized with a second-order backward Euler scheme. The time step is set as 6.8 x 107 s.

4 Results and Discussions

4.1 General Observations of Transient Cavitation
Based on Kelly’s cavitation flow test of fluoroketone around the NACAO0015 airfoil, the study examined
the unsteady cavitation flow phenomenon around the airfoil at various incoming flow velocities. The
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unsteady cavitation flow is categorized into three stages based on the shapes of different flow fields and
cavitation development cycle characteristics: (I) At an incoming velocity of 6 m/s, the maximum
cavitation length is less than 0.5 C initially, then it gradually falls off, where C is the hydrofoil chord. (II)
With an incoming velocity of 7.5 m/s, the maximum cavitation length progressively increases to 0.8 to
1.0 C, accompanied by noticeable attached cavitation. (II[) At an incoming velocity of 9.6 m/s, the
maximum cavitation length exceeds 1.0 C, covering the entire hydrofoil surface, and larger-scale cloud-
like cavitation form in the flow field. Detailed descriptions of the unsteady cavitation flow characteristics
of fluoroketone around the hydrofoil at different fluid velocities are shown in Fig. 4.

(Ii) (le1)

Figure 4: Schematic diagram of maximum length of attached cavity at different inlet velocities. (I) u,, = 6 m/s,
(I v, = 7.5 m/s, (III) u, = 9.6 m/s

For the coordinates with respect to the hydrofoil, x is the chordwise coordinates of the hydrofoil, z is the
spanwise coordinates of the hydrofoil. To analyze the three-dimensional characteristics of the cavitation flow
around the NACAO0015 hydrofoil at varying chord lengths, Fig. 5 displays the cavitation volume distribution
at xoy sections with different chord lengths. On the hydrofoil, S1, S2, and S3 correspond to z = 0.4928,
z=0.985, and z = 1.4775 C, respectively (the solid blue line represents the intersection line between the
cross-section and the hydrofoil surface).

Vapour volume fraction

Figure 5: Distribution of vapor volume fraction at different chord length sections

4.2 Flow Characteristics at Different Inlet Velocities

4.2.1 u,= 6 m/s
Figs. 6 and 7 show the variation of cavitation volume, and of lift and drag coefficients, respectively, for
inlet velocity of 6 m/s. Numerical calculations reveal the quasiperiodic process of cavitation growth,
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development, and shedding persists under this condition. During this stage, the periodic cavitation
development affects the hydrodynamic load, causing the lift coefficient to fluctuate periodically. This
section analyzes the characteristics of cavitation dynamics by selecting 6 instantaneous moments from a
typical cycle in the Fig. 6b.

a typical cycle
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Figure 6: (a) Variation of total cavity volume with time, (b) A typical cycle
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Figure 7: (a) Variation of lift and drag coefficient with time, (b) A typical cycle

Fig. 8 displays the changes in cavitation volume on the S1, S2, and S3 sections at six moments within a
typical cycle. A comparison of the cavitation cloud images across the three sections reveals strong three-
dimensional characteristics of cavitation at this stage, with variations in cavitation shapes observed among
different sections simultaneously. During the ¢;,—¢; stage, cavitation gradually forms at the leading edge of
the hydrofoil due to pressure changes. As cavitation develops, it adheres to the leading edge and begins
to detach as it approaches a position close to 0.4 C. Concurrently, the hydrodynamic load on the
hydrofoil surface alters, leading to an increase in lift and drag coefficients. Upon observation of cavitation
at the subsequent moment, it is evident that cavitation is partially detached at this point, particularly
upstream of the hydrofoil. Some cavities remain attached to the leading-edge surface, partially
dissociating downstream. From #; to ¢4, the cavitation bubbles started to detach and collapse downstream,
resulting in a decrease in the overall cavitation volume and corresponding lift and drag coefficients. From
ts onwards, new cavitations emerged at the hydrofoil’s leading edge and continued to evolve, while the
previously shed vortices collapsed downstream. The energy released during the detachment and collapse
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of cavitation bubbles altered the hydrodynamic load on the hydrofoil surface, leading to a subsequent
increase in lift and drag coefficients.

Vapour volume fraction 1

- @

i ,, = , -
t“ L - : = '7?.5

W

Figure 8: The cavity volume fraction at different sections at six typical instantaneous moments

Cavitation arises from pressure changes, evident in abrupt shifts in the pressure coefficient. To further
examine cavitation development locations, Fig. 9 illustrates the pressure coefficient distribution at six typical
instantaneous moments. At ¢;, the pressure coefficients of the three sections change at x =0.1 and x = 0.6 C,
corresponding to the cavitations that detached in the previous cycle at time ¢; in Fig. 9 and those that will
form in the next cycle. At #,, the pressure coefficient begins to change near x = 0.45 C, indicating that the
cavitation attached to the hydrofoil surface has developed near x = 0.45 C. At ¢;, the pressure coefficient
changes at both x = 0.2 and x = 0.7 C, confirming the partial shedding mode mentioned earlier. This
means that the cavitation developed at time ¢, partially detaches and moves to the position of 0.7 C along
the hydrofoil. At #,, the cavitation attached to the leading edge of the hydrofoil shrinks to 0.1 C, while
the cavitation detached from the trailing edge starts collapsing, causing a significant pressure change. At
t5, new cavitations begin developing continuously, extending the length to 0.3 C, while the previously
collapsed cavitation continues moving downward along the hydrofoil span length of 0.9 C. At # the
length of the cavitation attached to the leading edge continues to increase to about 0.45 C, initiating a
new cycle of development.
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Figure 9: Distribution of pressure coefficients at different cross-sections at six typical instants

To illustrate the impact of the three-dimensional cavitation structure on vortex generation and transport
in cavitation flow, we selected the vortex distribution and transport on the spanwise sections S1, S2, and S3 of
the hydrofoil for discussion. Fig. 10 depicts the distribution of Q values at different sections during six
instantaneous moments. It reveals the close relationship between the growth, development, and shedding
of cavitation and the vortex structure. The results indicate that the vortex structure develops more densely
near the cavitation. Additionally, a higher QO value at the center of the cavitation suggests a stronger
vortex structure inside the cavitation. Moreover, at the trailing edge of the hydrofoil, a significant number
of vortices are shed alternately, indicating a notable rotational effect in the vortex shedding process
induced by cavitation. Fig. 11 illustrates the distribution of the VST at different cross-sections during six
instantaneous moments. The results indicate that the positive and negative alternations of these terms are
mainly associated with the shedding of vortices on both sides of the bubble. This alternation reflects the
conservation of angular momentum principle. Changes in cavitation during unsteady cavitation led to
alterations in the vortex structure, weakening the inertia moment of fluid elements and increasing their
angular velocity, which is a key factor in vorticity generation. Therefore, the VST plays a significant role
in vorticity transport. Figs. 12 and 13 depict the distribution of the VDT and the BTT, respectively. It’s
evident from the Figs. 11 to 13 that these terms only appear at the location of cavitation. As cavitation
collapses, both terms gradually vanish. The values of the VDT alternate between positive and negative,
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which is more pronounced. Meanwhile, at the edge of the cavitation, especially at the fracture, the
distribution of the BTT is more evident. Comparing these Figs. 11—13, it can be observed that the VST
consistently pervades the entire flow field with vortices, whereas the VDT and the BTT are only present
in and around the cavitation. This confirms the significant role of the stretching and twisting term in
vorticity transportation.

Figure 11: Vortex stretch term contours at different cross sections at different times
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13 I3

Figure 13: The baroclinic torque contours at different cross sections at different times

422 uy,=7.5m/s

Figs. 14 and 15 depict the variation curves of cavitation volume and lift-drag coefficient over time in this
working condition. Numerical calculations reveal the qua-si-periodic process of cavitation growth,
development, and shedding persists under this condition. At a flow velocity of 7.5 m/s, noticeable sheet
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cavitation adheres to the hydrofoil’s leading edge, with the maximum cavitation length ranging between
0.5 and 1.0 C. During this stage, the periodic cavitation development affects the hydrodynamic load,
causing the lift coefficient to fluctuate periodically between 0.1 and 0.8, and the drag coefficient between
0.05 and 0.2.

a typical cycle
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Figure 15: (a) Variation of lift and drag coefficient with time, (b) A typical cycle

Fig. 16 illustrates cavitation cloud diagrams at six typical instantaneous moments within one cycle of
sections S1, S2, and S3 at an inflow velocity of 7.5 m/s. In the S1 section, during time ¢,—¢;, cavitation
gradually initiates at the hydrofoil’s leading edge due to pressure changes, extending towards the trailing
edge and forming pronounced attached cavitation. The attached cavitation on the hydrofoil’s surface
reaches a maximum length exceeding half the hydrofoil’s span, i.e., greater than 0.5 C. During the #;—¢,
stage, the attached cavitation on the hydrofoil’s surface start to rupture, indicating a partial shedding
mode. Some broken cavities detach and move towards the hydrofoil’s trailing edge. In the 7,5 stage, the
remaining cavities on the hydrofoil’s leading edge completely detach from its surface, and all attached
cavities shed downstream, displaying a complete shedding mode. Previously partially detached cavity
clusters begin to collapse and shrink. At ¢5—#4, cavitation development initiates a new cycle. Cavitation
emerges at the leading edge and grows along the hydrofoil’s surface. Previously shed cavitation
downstream collapses. While there are variations in cavitation development on the S2 and S3 sections,
the overall pattern mirrors that of the S1 section, following a quasi-periodic growth process.
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0 Vapour volume fraction 1

S1 S2 S3

Figure 16: The cavity volume fraction at different sections at six typical instantaneous moments

Fig. 17 illustrates changes in the pressure coefficient at six transient moments with an inflow velocity of
7.5 m/s, showcasing the pressure distribution under this condition. At time ¢#;, cavitation initiates at the
leading edge of the hydrofoil at sections S1 and S2, with pressure fluctuations occurring at positions less
than 0.1 C. Simultaneously, the vortex detached in the previous cycle near the trailing edge begins to
move and collapse. At time ¢,, cavitation attached to the hydrofoil surface continues to grow, with a
length exceeding 0.5 C, resulting in pressure coefficient fluctuations between x = 0.5 and x = 0.7 C. At
time #3, small and larger pressure coefficient fluctuations occur at x = 0.3 and x = 0.8 C, respectively. This
is because cavitation is about to rupture at x = 0.3 C, leading to partial detachment, while the length of
sheet cavitation reaches a peak value which is around 0.8 C. At time #,, there were two noticeable
fluctuations in the pressure coefficient near x = 0.2 and x = 0.5 C. This occurred because the sheet
cavitation generated earlier ruptured at these locations simultaneously, forming two distinct void clusters.
At t5 and f4, the remaining voids at the front edge fall off completely and move downward, while new
voids are generated at the front edge, gradually growing. This state aligns with the cavitation evolution
depicted in each stage in Fig. 16.
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Figure 17: Distribution of pressure coefficients at different cross-sections at six typical instants

Figs. 18 to 21 depict the distribution of vortex Q value, VST, VDT, and BTT across three hydrofoil
cross-sections, along with cavitation changes. Comparing Figs. 18 and 19 reveals that as cavitation sheds,
vortices start alternating around it. Where vortex intensity is higher (i.e., larger Q values), the VST
emerges, causing significant alternating positive and negative values. This term fills the flow field along
with vortices, acting as the primary source of vorticity transport. In Fig. 20, the VDT increase noticeably
with rising incoming flow velocity, evident from the denser colored areas, particularly within cavitation
regions. This demonstrates that as flow velocity rises, the influence of VDT on vorticity transport
amplifies. In Fig. 21, the BTT correlates with density changes and pressure drops, exhibiting the most
significant impact at the gas-liquid interface. Notably, its effect increases notably when cavitation sheds at
t, and completely detaches at ¢s.

4.2.3 uy,= 9.6 m/s

This section primarily discusses the characteristics of unsteady cavitation flow around the hydrofoil
under an incoming flow velocity of 9.6 m/s and a cavitation number of 0.7. Figs. 22 and 23 depict the
curves illustrating the variation of cavitation volume and lift-drag coefficient over time. The results
indicate that over time, the volume of cavitation across the entire flow field surpasses that of the first two
operating conditions. Additionally, the quasi-periodic growth and shedding process of cavitation are faster
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compared to the initial two conditions. During this phase, cavitation initiates from the hydro-foil’s leading
edge and extends backward. The maximum length of cavitation exceeds 1.0 C, covering the entire
hydrofoil surface, forming a noticeable large-scale cloud-like void. Concurrently, alterations in
hydrodynamic load mirror cavitation changes, exhibiting shorter periods and more pronounced fluctuations.

Figure 19: Vortex stretch term contours at different cross sections at different times
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Figure 20: Vortex dilatation term contours at different cross sections at different times
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Figure 21: The baroclinic torque contours at different cross sections at different times
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Figure 23: (a) Variation of lift and drag coefficient with time, (b) A typical cycle

Fig. 24 depicts the cavitation change cloud diagram for a typical period on sections S1, S2, and S3 at an
inflow velocity of 9.6 m/s. The results reveal significant variations in cavitation scale under this operating
condition, with similar patterns across the three sections. Sequentially, the processes of no shedding
mode, partial shedding mode, and complete shedding mode occur. From #; to #;, cavitation enters the
development stage, initiating at the hydrofoil’s leading edge and progressing along its surface towards the
trailing edge. Throughout this phase, cavitation extends to envelop the entire hydrofoil, forming a
pronounced cloud-like void. Notably, the attached cavities at the leading edge persistently grow without
detachment (the detached cavities downstream in the image represent the evolution of cavities from the
previous cycle). At time #,, the cloud-like cavitation attached to the hydrofoil’s surface starts to break
from the middle. The ruptured cavitation fragments into a larger cavitation cluster and several smaller
cavities, as seen in section S1. A notable occurrence is the detachment of the cavitation segment at this
point. At time ¢, the cavities dislodged earlier continue to fragment, forming additional small-scale ones.
Meanwhile, the remaining cavities on the hydrofoil’s leading edge start to detach, marking the onset of
complete shedding as all cavities depart from the surface. At time 4, attached cavities form again at the
leading edge while those dislodged earlier move downstream and collapse. This initiates a new cycle akin
to time ¢;, where cavities grow, detach, disintegrate, and collapse.
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Figure 24: The cavity volume fraction at different sections at six typical instantaneous moments

Fig. 25 illustrates the corresponding pressure coefficient variations. At time ¢;, the pressure coefficient
on the hydrofoil surface abruptly changes near x = 0.4 C, corresponding to where primary cavitation develops
at ¢; in Fig. 25. Cavitation initiates growth along the leading edge of the hydrofoil, extending to a length of
0.4 C. At time ¢,, the pressure coefficient on the hydrofoil surface undergoes significant change near
x = 0.7 C. At this point, cavitation continues to expand, with the attached cavitation length reaching
0.7 C. At time ¢;, since cavitation nearly covers the entire hydrofoil surface without any obvious fracture,
the pressure coefficient on the hydrofoil surface changes slightly, with no significant sudden change.
Therefore, from time ¢; to ¢;, the pressure coefficient on the hydrofoil surface remains in a state of
continuous development, with no signs of detachment, indicating a non-shedding mode. At time #,, the
pressure coefficient on the hydrofoil sur-face exhibits multiple small fluctuations between x = 0.2 to
0.6 C. This is attributed to the cloud-like cavitation on the hydrofoil surface beginning to rupture,
forming several small free bubbles. Although cavitations start to rupture and disintegrate, the hydrofoil
surface remains enveloped by the gas phase, resulting in relatively small fluctuation amplitudes in the
pressure coefficient. This marks the onset of partial shedding of cavities between times #; and 7,. At time
t5, the pressure coefficient on the hydrofoil surface fluctuates significantly, primarily at the leading edge
and middle position of the hydrofoil. At this point, cavitation completely separates from the hydrofoil
surface at the leading edge, while the bubbles breaking away from the middle of the hydrofoil also start
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to collapse and disintegrate, gradually descending downward. This signifies a complete shedding mode, with
all bubbles detached from the hydrofoil surface. At time #5, the cavitation clusters that were shed continued
downstream, and a new cycle of primary cavitation began forming on the hydrofoil surface.
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Figure 25: Distribution of pressure coefficients at different cross-sections at six typical instants

Figs. 26 to 29 depict the distribution of vortex Q value, VST, VDT, and BTT across three cross-sections
of hydrofoil, along with cavitation changes. In this process, based on the distribution of Q values, the vortex
and the VST in vorticity transport remain consistent. As large-scale cloud-like cavitation emerges on the
hydrofoil surface, the vortex structure becomes more complex. The alternations between positive and
negative values of the VST occur more frequently. Moreover, with the increasing incoming flow velocity,
the VDT shows a more pronounced alternation between positive and negative values, thereby increasing
their influence in this working condition. As for the BTT, it continues to operate at the gas-liquid interface.

4.2.4 Evaluation of the Effect of Incoming Flow Velocity on Cavitation Characteristics around Hydrofoils

In Sections 4.2.1-4.2.3, the cavitating flows around hydrofoil are analyzed under different incoming
flow velocities (6, 7.5, 9.6 m/s). This section will integrate the above results to comprehensively evaluate
and analyze the impact of varying incoming flow velocities on the cavitating flow around hydrofoil.
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Figure 27: Vortex stretch term contours at different cross sections at different times
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Figure 29: The baroclinic torque contours at different cross sections at different times
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The results indicate that at a flow rate of 6 m/s, cavitation demonstrates a quasi-periodic growth and
shedding process. Initially, cavitation starts at the leading edge of the hydrofoil, then gradually expands
backward before falling off. At 7.5 m/s, the growth and shedding process of cavitation remain quasi-
periodic, but the maximum length of the bubbles increases to 0.5 to 1.0 C, displaying more pronounced
sheet cavitation characteristics. At 9.6 m/s, cavitation covers the entire hydrofoil surface, exhibiting a
faster quasi-periodic growth and shedding rate compared to the previous two conditions. Additionally, the
cavitation volume is significantly larger. Across the three conditions, the morphology and shedding mode
of cavitation vary on the cross-section. Particularly at higher flow rates, the three-dimensional
characteristics of cavitation become more prominent.

At low incoming flow velocities (6 m/s), vorticity changes are primarily influenced by the VST, which
significantly affects vorticity alterations. As the incoming flow velocity increases to 7.5 and 9.6 m/s, the
impact of the VDT and the BTT intensifies, particularly within and around cavitation formations. This
suggests that fluid compressibility and density gradient alterations affect the vortex, especially at higher
flow rates. Table 2 provides a comprehensive evaluation of cavitating flow around hydrofoil under
different in-coming flow velocities.

Table 2: Evaluation of cavitating flow around hydrofoil under different incoming flow velocities

Flow Cavity volume Lift and drag Cavity shape Pressure Vorticity
velocity  periodicity coefficient coefficient dynamics
(m/s) changes distribution impact
6 Noticeable Periodic Quasi-periodic Periodic Significant
fluctuations growth and fluctuations
shedding
7.5 Larger More significant ~More pronounced  Severe changes  More complex
fluctuations sheet cavitation
9.6 Largest and  Rapid fluctuation Large-scale cloud  Significant Extremely
fastest cycles cavitation changes complex

5 Conclusions

This study simulated the transient cavitating flow around a NACAO0015 hydrofoil using the FBDCM
turbulence model and the modified Zwart cavitation model. It analyzed the unsteady cavitation
characteristics of the thermal fluid around the hydrofoil under various incoming flow velocities and
systematically explained the cavitation evolution and vortex dynamics under each flow velocity. The main
conclusions are as follows:

1. As the incoming flow velocity increases, different cavitation development processes emerge in the
flow field. At an inflow speed of 6 m/s, the maximum length of cavitation attached to the
hydrofoil surface is less than 0.5 C. During this process, there are only two shedding modes of
cavitation: no shedding mode and partial shedding mode. When the flow speed increases to
7.5 m/s, the maximum length of cavitation development ranges between 0.5 and 1.0 C. At an
incoming flow speed of 9.6 m/s, cavitation development covers the entire hydrofoil surface,
forming a more prominent large-scale cloud-like cavitation. Under these two speed conditions
(7.5 and 9.6 m/s), cavitation appears in three modes: no shedding, partial shedding, and complete
shedding.

2. Throughout the entire cavitation process, the VST consistently align with the vortex distribution and
predominantly facilitate vortex transport. Conversely, the VDT mainly reside within cavitation
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bubbles, playing a minor role in vorticity transport. However, their influence intensifies as the
incoming flow velocity increases. The BTT, smaller than the first two, primarily resides at the
gas-liquid interface and during cavitation breakage, serving as the third source of vorticity transport.

3. The pressure distribution varies with different cavitation modes. By monitoring the pressure
distribution on the surface of hydraulic machinery blades, the severity of cavitation can be
assessed, offering a useful reference for cavitation monitoring.
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