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A hydrofoil is a fundamental structure in fluid machinery, and it is widely applied to the fields
of propellers, blades of axial flow pumps and underwater machinery. To reveal that the
geometric structure of the leading-edge of a hydrofoil is the mechanism that affects the
transient cavitating flow, we regard the three fish-type leading-edge structures of
mackerel, sturgeon and small yellow croaker as the research objects and use high-
precision non-contact 3D scanners to establish three bionic hydrofoils (Mac./Stu./Cro.).
We use large eddy simulation to simulate the transient cavitating flow of hydrofoils
numerically and compare and analyze their lift—-drag characteristics, the transient
behavior of unsteady cavitation and the vortex evolution. The numerical simulation
results are in good agreement with the experimental results. The warping of leading-
edge structure will cause a change in lift—drag characteristics, and the Cro. hydrofoil has a
good lift-to-drag ratio. When the leading-edge structure is tilted upward (Cro. hydrofoil),
the position of the attached cavity will move forward, which will accelerate the cavitation
evolution and improve the velocity fluctuation of the trailing edge. When the leading-edge
structure is tilted downward (Stu. hydrofoil), the change in the vortex stretching and
dilatation terms will be complex, and the influence area of the vortex will widen.

Keywords: bionic hydrofoil, large eddy simulation, cavitation, lift-drag characteristic, vortex evolution

INTRODUCTION

Cavitation is a typical vapor-liquid flow, and mass transmission is determined using the bypass
pressure and the local vaporisation pressure of the fluid. The fluid bypassing a hydrofoil will
generate lift. In accordance with this principle, hydrofoils are widely used in the field of hydraulic
machinery. However, cavitating flow is prone to occur in the application process, and a long-term
operation under cavitation will cause cavitation erosion, which will seriously affect the
performance of hydraulic machinery. In-depth research has found that the leading-edge
geometry of a hydrofoil is the key factor affecting the aerofoil cavitating flow (Arabnejad
et al., 2019; Liu and Tan, 2020; Garg et al., 2019). Most aerofoils used in hydraulic machinery
are still based on aerodynamics. The fluid flow state will inevitably be changed by the difference in
physical properties, such as density and viscosity, between air and water and other liquid fluids,
thereby affecting the cavitation performance of hydraulic machinery. Therefore, changing the
structure of the leading-edge of a hydrofoil and developing a new type of aerofoil suitable for
hydraulic machinery are particularly important. A large number of fishes are living in oceans and
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freshwater lakes. These fishes have excellent hydraulic
properties and provide basic materials for changing the
structure of the leading-edge of a hydrofoil.

Researchers have conducted considerable basic research on
the cavitating flow of different hydrofoils. For example, Zhang
et al. (2020) used numerical simulation to study the
hydrodynamic characteristics of the Clark-y hydrofoil and
found that the cavitation of the leading-edge promotes the
formation of a counterclockwise vortex at the trailing edge
and weakens the fluctuation in hydrodynamic load. Rajaram
and Srikanth (2020) optimised the geometry of a basic
hydrofoil to obtain a superior hydrofoil under specific flow
conditions. Marimon et al. (2018) evaluated a simplified
hydrofoil geometry and used a performance prediction
method for flexible foils to prove that distortion will reduce
the effective angle of attack by approximately 30% and
substantially reduce the lift and drag of the hydrofoil at high
flow rates. Antoine et al. (2009) analysed the structural
characteristics of a deformable hydrofoil in a forced pitching
motion and showed that structural changes are closely related to
the phenomenon of fluid mechanics. Fujii et al. (2007) also
studied the influence of hydrofoil geometry on cavitation
dynamic characteristics, and found that the change of
hydrofoil geometry only affects the oscillation intensity of
some cavities. Custodio et al. (2018) defined different
hydrofoil leading-edge structures to study the cavitation and
hydrodynamic characteristics of hydrofoils. The results showed
that the cavitation of the hydrofoil with a large amplitude is
mainly confined to the area behind a convex groove, whereas the
hydrofoil with a flat leading-edge and small amplitude shows
flaky cavitation in the whole span direction. Oller and Nallim
(2016) designed the geometric structure of a hydrofoil blade by
using an appropriate aerofoil shape to check its hydrodynamic
characteristics and determine the streamline velocity and
pressure field. Amini et al. (2019) used an ellipse as the
contour of the hydrofoil and studied its suppression effect on
tip vortex cavitation by bending the hydrofoil. For the hydrofoil
(10%-bent 90 degrees-downward), the tangential velocity of the
leading-edge vortex is improved. Zhou et al. (2016) studied the
effect of the wingtip clearance on the flow characteristics of the
hydrofoil. The sharp-tip foil has a small amount of vortex leakage,
and the tip separation vortex makes the gap cavitation more
serious. Recent studies have confirmed that the hydrodynamic
and lift-drag characteristics of a blade can be significantly
improved by changing the shape of the leading-edge of a
hydrofoil.

Bionics is a comprehensive cross-discipline that applies the
laws and mechanisms discovered in the biological world to the
engineering application field to solve problems. Many methods
for solving problems have been found using biological geometry,
physiological functions or life processes in engineering practice
(Hong et al, 2009). Huang et al. (2020) designed three new
dolphin-type hydrofoils based on the contour curve of a dolphin
and compared them with NACAO0018 aerofoils. They found that
the hydrofoils have the best lift-drag characteristics when the
deflection angle is 24°. You et al. (2020) designed two bionic tools
based on the surface structure of a dung beetle head, which

Bionic Hydrofoil

effectively reduced the main cutting force of the tools and the
average friction coefficient of the chip interface. Liu and Liu
(2014) constructed a bionic hydrofoil based on the geometric
characteristics of an owl, which effectively improved the lift and
drag characteristics of the hydrofoil and revealed the
characteristics of the sound source. Xue et al. (2016) regarded
fish as imitation organisms and designed a fin—peduncle
propulsion mechanism in accordance with their shape, which
improved the propulsion efficiency of hydrofoil propellers. In the
above research report, when obtaining the surface information of
an organism, acquiring an accurate bionic physical model
through curve-fitting technology is a critical step. In the aspect
of bionic hydrofoil design, the Hicks-Henne shape function
method with a strong hydrofoil shape control capability
(Hicks and Henne, 1978), the CST aerofoil parameterisation
method with a large design space description (Kulfan, 2008)
and the spline parameterisation method using a non-uniform
rational B-spline (NURBS) curve (Masters et al., 2017) to describe
aerofoils are the commonly used modeling methods. These
methods can provide theoretical support for this paper.

With the development of CFD technology, the numerical
simulation technology based on large eddy simulation (LES)
has been widely used in capturing complex cavitating flows
and vortex evolution. Wang et al. (2019) simulated the
cavitating flow of liquid nitrogen on a hydrofoil on the basis
of a homogeneous mixture model with LES and found that the
strong re-entrant jet initiated in the cavity tail is the main reason
causing the cavity shedding. Huang et al. (2010) proposed a
cavitating flow calculation model based on density correction to
calculate the cavitating flow of a hydrofoil and found that this
model has a significant improvement in the numerical calculation
results of cavitating flow. Zhang et al. (2015) studied the unstable
cavitation desorption of the Clark-y hydrofoil by increasing the
maximum density ratio, which improved the accuracy of
numerical simulation. Li et al. (2016) used the LES method to
simulate the transient spatiotemporal flow of the Clark-y
hydrofoil, which provided an effective numerical simulation
framework for the study of cavitating flow. Ji et al. (2015)
used the LES method to numerically simulate the cavitating
flow around the NACA66 hydrofoil to study the evolution of
cavitation. Sun et al. (2020) used the Schnerr-Sauer cavitation
model to simulate hydrofoil cavitation and used the LES method
to calculate an unsteady natural ventilation cavitation flow.
Huang et al. (2017) proposed an improved partially averaged
Navier—Stokes turbulence model to study the transient cavitation
turbulence of the Clark-y hydrofoil. Kim and Lee (2015) used LES
to study the cloud cavitation behaviour of the Clark-y hydrofoil
under different slip conditions.

In summary, the research on hydrofoil hydrodynamics has
mainly focused on the lift-drag characteristics and cavitating flow
of existing aerofoils (NACA, Clark-y series hydrofoils). However,
on the basis of different fishes, the basic research on using
geometric bionic principles to change the geometric structure
of the traditional hydrofoil leading-edge and analyse the 3D
vortex structure and cavitating flow evolution is inadequately
deep. Therefore, we select three fishes (mackerel/sturgeon/small
yellow croaker) with evident leading-edge differences as the
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FIGURE 2 | Computational domain and grids. (A) Computational area. (B) 3D mesh. (C) hydrofoil.

research objects to construct a bionic hydrofoil physical model.
The lift-drag characteristics, vortex evolution and cavitating flow
evolution under different schemes are compared and analysed
through the combination of LES and typical hydrofoil model
experiments to reveal the mechanism of the change in the
hydrofoil leading-edge structure in transient cavitating flow.
This study provides a reference for the subsequent
optimisation design of hydraulic machinery blades.

NUMERICAL METHOD AND SETUP

Establishment of the Physical Model of
Bionic Hydrofoils

Through measurement, we found that mackerel, sturgeon, and
small yellow croaker have different leading edge structures. We
take these three kinds of fish as the research objects, as shown in
Figure 1A. Ten fish are selected for each type of fish, and the
average value is collected several times to avoid the error caused

by the different body sizes of fish. High-precision non-contact 3D
scanners are used to perform 3D reverse engineering modeling of
all types of fish surface functional surfaces, and Geomagic Design
X software is used to reverse the process of obtaining point cloud
data to acquire a 3D physical model of fish, as shown in
Figure 1B. The geometric profile curves of different hydrofoils
are obtained and combined with the contours of the Clark-y
hydrofoil via the NURBS curve-fitting technology. Four
hydrofoils with different leading-edge structures are obtained,
as shown in Figure 1C.

Simulation Setup

In this study, the commercial software FLUENT is used for
numerical simulation. LES is used to calculate the transient
cavitating flow of the above four hydrofoils numerically, and
the setting of the calculation domain is shown in Figure 2A (Hu
et al., 2018). The chord length of all hydrofoils is set to C =
70 mm, the angle of attack is 8, the calculated area length is 10 C,
the height is 2.7 C, and the width is 0.5 C. The distance from the
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hydrofoils to the inlet is 4 C, and the distance to the bottom is
1.4 C. The finite volume method is used to discretize the
governing equation, and the diffusion term of the equation is
in central difference format. The equations are solved using the
separation and semi-implicit pressure coupling algorithm. The
inlet is set to imposed velocity, the flow rate is 10 m/s, the outlet is
set as fixed static pressure, and the pressure is 43,540 Pa. It can be
obtained that the cavitation number is 0.8 and the Reynolds
number is 700,000. The hydrofoil walls adopt the no-slip
boundary condition, the upper and lower walls are set as the
free slip walls, and the sidewall boundary is arranged as a
periodicity interface. The time step is set to 0.1 ms, and the
number of calculation steps is set to 6,000 steps (Zhang et al.,
2017).

For LES, the basic governing equations of mass conservation
and momentum conservation are as follows:

0P O(Puthi) _
TR @
a(Pmul) + E)(pmu,uj) — _al + i aui (2)
ot ax] ax,- ax] axJ

Among them, p represents the pressure, and u; and u; represent
the velocity components on i and j respectively. y is the laminar
viscosity of the mixture, p,, is the density of the mixture, which is
defined as follows:

u=ou,+ (1 - ‘xv)("[ (3)
Pm :‘x"/’{v-‘— (l_a")lul (4)

After filtering the above equation, the large eddy equation is
obtained:

0p , 9(puth) _
o + o 0 (5)
0(p,)  Apniity) 0 ( om\_0p 0w, ©)
ot ax] ax] maxJ ax,- axj

where 7;; is the subgrid scaled stress, which is defined as
iy = p, ;) )

The ZGB cavitation model is based on the simplified Rayleigh-
Plesset equation, and its accuracy has been widely verified (Cheng
et al., 2019). The cavitation model in this paper also adopts the
ZGB model, and its mass transfer equation is as follows:

% (ap,) + V- (avpv\7) =§'+S (8)

where a, is the volume fraction of the vapor, p, is the density of
the vapor, and S* and S~ represent the mass transfer rates of
evaporation and condensation, respectively.

When P<P,,
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P, is the vapor pressure, &, is the proportion of noncondensable
gas in the liquid, p, is the density of the liquid, and C,4, and Ceopng
represent the evaporation and condensation coefficients,
respectively. According to reference Ji et al. (2017), we take
Ope = 5% 1074, Rp = 1075, Cyqp is set to 50, and Ceong is set
to 0.01.

Grid Generation and Independence

Verification

ICEM software is used to divide the computational area into
structured grids. Figure 2B shows the 3D grids, and the hydrofoil
structure is shown in Figure 2C. The periphery of the hydrofoils
is densified to ensure that the grid size near the hydrofoil bone
lines is less than or equal to 1.9e-4m in the flow direction, less
than or equal to 1.9e-4m in the normal direction of the walls and
less than or equal to 2e-5m in the spanwise direction. The
calculated Y+<1. Before the transient calculation, a sufficient
steady-state calculation is performed to ensure the accuracy of the
numerical simulation calculation results.

The Mac. bionic hydrofoil is regarded as an example to verify
the grid independence. We verify the grid independence by
testing the average lift and drag coefficients, which are defined
as follows:

B FL C = Fy
T 05px U2 x A" 05px U2 X A

CL (11)
Amongst them, F| and F, respectively represent the lift and drag
of the hydrofoil, p is the density of the medium, U,, is the velocity
at infinity from the hydrofoil, and A is generally regarded as the
chord length of the hydrofoil multiplied by the span.

Figure 3 shows the lift and drag coefficients of the six grid
types under the test conditions. When the number of grids
increases from casel (420545) to case 4 (1450464), the lift
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TABLE 1 | Verification of grid independence.

Case Nodes C, Cq P4(Pa) P,(Pa)
Case 1 420545 0.6779 0.1257 60,339 26581
Case 2 819720 0.6978 0.1174 60,889 27166
Case 3 1146458 0.7011 0.1113 60,955 28086
Case 4 1450464 0.7035 0.1092 61,106 28479
Case 5 1757400 0.7048 0.1084 61,761 28725
Case 6 2772392 0.7052 0.1086 61,825 28832

coefficient rises obviously, and the drag coefficient decreases fast,
which shows that the number of grids significantly affects the test
results. From case 4 (1450464) to case 6 (2772392), the lift and
drag coefficients change minimally. When the coarse grid is
refined, the coefficient fluctuation becomes small; when the
number of grids is sufficiently high, the coefficient tends to a
constant.

Table 1 summarises the six test grids under the test conditions
to verify the grid independence. It includes the average pressure
value P; on the suction surface at x/C = 0.4, and the average
pressure value P, on the pressure surface at x/C = 0.32. The table
presents that case 5 and case 6 have similar characteristics, and
both can meet the grid requirements for LES. We choose case 5 as
the final grid to reduce the computational workload, and the
number of grids is approximately 1.7 million.

RESULTS AND DISCUSSIONS

Verification of Numerical Simulation
Methods

Figure 4 shows the numerical simulation results of the transient
cavitating flow distribution of the three types of bionic hydrofoils

Bionic Hydrofoil

and the Clark-y hydrofoil. The setting of numerical conditions is
completely consistent with experimental setting (Huang et al.,
2012; Roohi et al., 2013). The figure presents that the cavitation
circumfluence in a cycle can be roughly divided into four stages.
In the first stage, an attached cavity forms at the leading-edge, and
the cavity at the trailing edge begins to fall off. In the second stage,
the attached cavity gradually increases and forms a sheet cavity,
and the influence range of cavitation is the largest. In the third
stage, the sheet cavitation breaks up gradually, separates and falls
off, forming cloud cavitation, and the influence range of
cavitation becomes small. In the fourth stage, the cavity
gradually moves from the leading-edge to the trailing edge. At
this time, the cavity of the hydrofoil is mainly concentrated at its
trailing edge, and the influence range of cavitation is the smallest.
Afterwards, the attached cavity is generated again at the leading-
edge, which represents the beginning of the next cycle. Figure 4
depicts that the numerical simulation can accurately observe the
transient cavitating flow change process under different hydrofoil
schemes. Comparison of the results of the four-stage numerical
simulation with experimental results shows a high degree of
agreement, which proves the correctness of the numerical
calculation method in this paper. The numerical simulation
and experimental values of clark-y hydrofoil are given on the
right side of Table 2 [numerical simulation is carried out under
the same experimental conditions as Wei et al. (2011)]. It can be
seen that both the lift coefficient and the drag coefficient are very
close to the experimental value, and the maximum error is 1.68%,
which is within the allowable error range. Further, according to
the formula Sr = [ f /v, the experimental Strouhal number is 0.169
and the numerical simulation Strouhal number is 0.176. The
relative error between them is 3.98%, which can meet the
similarity criterion of flow unsteady. This further verifies the
accuracy of the numerical simulation in this paper.
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FIGURE 4 | Cavitation experimental results and numerical simulation results of different hydrofoils in a single cycle. (A) Experimental pictures from Huang et al.
(2012) (B) Experimental pictures from Roohi et al. (2013) (C) Numerical results of this study for Clark-y (D) Numerical results of this study for Mac. (E) Numerical results of
this study for Stu. (F) Numerical results of this study for Cro.
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TABLE 2| Average lift-drag coefficient and lift-to-drag ratio and cavitation cycle (T)

of each hydrofoil.

Hydrofoil Mac Stu Cro Clark-y

LES Exp
CL 0.765 0.770 0.754 0.768 0.760
Cq 0.131 0.130 0.117 0.121 0.119
C1/Cqy 5.840 5.923 6.444 6.347 6.387
T (ms) 42.10 40.72 39.43 39.68 -

Comparison of Lift and Drag
Characteristics

Figure 5 shows the transient change curves of the lift coefficient
C; and drag coefficient C, of the four hydrofoils over a while. The
left side of the coordinate axis represents the value of C;, and the
right side represents the value of C; Cp and C; of the four
hydrofoils fluctuate periodically over time, and the value of Cy, is
always greater than the value of C;. Their fluctuations are also
always synchronised, that is, crests and troughs appear at the
same time. Depending on the scheme, the period and amplitude
of the fluctuations in the values of C; and C; differ, which shows
that a change in the leading-edge structure will have a certain

effect on the lift and drag characteristics of the hydrofoils. The
Cro. scheme has the largest amplitude, whereas the Stu. scheme
has the smallest amplitude. The average values of C; and C, for
each scheme in Table 2 indicate that the average lift coefficients of
the four hydrofoils are relatively close, but the lift coefficient of
the Stu. hydrofoil is relatively larger. For the average drag
coefficient, the four hydrofoils have small differences, but the
average drag coefficient of the Cro. hydrofoil is the smallest.
Table 2 also provides the lift-to-drag ratios of the four hydrofoils
to measure their lift-drag characteristics clearly. The lift-to-drag
ratio of the Cro. hydrofoil is significantly greater than those of the
two other bionic hydrofoils, and it is also slightly higher than that
of the traditional Clark-y hydrofoil.

The upper part of each curve in Figure 5 shows the pressure
coefficient C, cloud diagram of the four hydrofoils at the peak and
trough of the C; curve. The expression is

p
C =
P 0.5pU2

(12)

p represents the pressure value in space coordinates. The figure
demonstrates that the C, value of the pressure surface of the
hydrofoils is always higher than that of the suction surface
regardless of when the lift coefficient is the largest or smallest,
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and the value reaches the maximum at the front and trailing edges
of the pressure surface. When the lift coefficient changes from the
trough to the crest, the low-pressure area on the suction surface of
the hydrofoils gradually decreases and moves to the trailing edge.
On the contrary, the high-pressure area on the pressure surface of
the hydrofoils gradually expands and mainly concentrates on the
leading and trailing edges. The pressure difference between the
suction and pressure surface is the fundamental reason for the lift
of hydrofoils. When the low-pressure area of the hydrofoils is
large, the pressure difference of hydrofoil is also great which can
obtain a good lift. Comparison of C, cloud images of the four
hydrofoils at the wave crests shows that the pressure surface of the
Cro. hydrofoil has the widest high-pressure area, and the lift
coefficient is also the largest. From the C, cloud picture at the

trough, the low-pressure area on the suction surface of the Cro.
hydrofoil is the widest. On the basis of the lift-drag ratios in
Table 2, the Cro. hydrofoil has a better lift-drag characteristics
than the others.

Evolution of Transient Cavitating Flow

We use the C; curve as a basis, regard one wave trough to the next
wave trough as a cycle and provide the cavitation evolution
diagram of the four hydrofoils in one cycle, as shown in
Figure 6. The cavitation process of the four hydrofoils
changes periodically with the change in C;. When C; is in the
trough position, a thin attached cavity is produced at the leading-
edge of the hydrofoils, and the cloud cavity generated in the
previous cycle at the trailing edge is gradually falling off. At
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four hydrofoils, ¢ = 0.8.

moment @, the cloud cavitation at the trailing edge falls off and
leaves the hydrofoil surface, whilst the attached cavity at the
leading-edge gradually extends backward until the cavity covers
the suction surface to form sheet cavitation. At time @, the sheet
cavitation continues to move to the trailing edge of the hydrofoils,
the cavity begins to break in the middle and rear parts, and the
volume of the cavity reaches the maximum at this time. At time
®, the sheet cavitation is breaking down, the cavitation of the
leading-edge is gradually reduced, and the cavitation area of the
hydrofoils is gradually divided into two parts. When time @ is
reached, the cavitation at the leading-edge disappears, the cavity
is mainly concentrated near the trailing edge, and the influence
range of cavitation is the smallest. Time ® is another trough. The
attached cavity reappears, and the cloud cavitation at the trailing
edge begins to fall off. This phenomenon indicates that the
evolution of the hydrofoil cavitation begins to enter the next cycle.

The figure illustrates that the cavitation evolution of the four
hydrofoils is similar, but some differences exist. The cavitation of
the Stu. hydrofoil is slightly different from that of the three other
types of hydrofoils. The Stu. hydrofoil always has a thin attached
cavity at the leading-edge, and the subsequent series of cavitation
evolution occurs close to the maximum thickness of the hydrofoil
(approximately x/C = 0.25). The cavitation evolution of the other
three hydrofoils starts from the leading-edge. The Cro. hydrofoil
cavitation occurs more forward than the others, whereas the Mac.
hydrofoil cavitation occurs more rearward. At time @, the sheet
cavitation of the Cro. hydrofoil has been basically broken, whilst
the remaining three hydrofoils have just started to break. This
condition may be due to the upturning of the leading-edge,
resulting in the early break of its sheet cavitation. The last line
of Table 2 shows the average cavitation cycle of the four
hydrofoils. It can be seen from the table that the cavitation
cycle of the Cro. hydrofoil (T = 39.43 ms) is the shortest and
that of the Mac. Hydrofoil (T = 42.10 ms) is the longest. This
further shows that the change of hydrofoil leading-edge will affect
the evolution of cavitation. When the characteristic curve of the

Bionic Hydrofoil

hydrofoil leading-edge is Cro. model, the hydrofoil can have a
shorter cavitation evolution cycle.

Figure 7 shows the curves of the density distribution (averaged
in one cycle) on the suction surface of the four hydrofoils to
consider the cavitation evolution of the hydrofoils. The position
of the Cro. hydrofoil cavitation occurs earlier (approximately
x/C = 0.03) than that of the others, whereas the position of the
Mac. hydrofoil cavitation occurs later (approximately x/C =
0.124). For the Stu. hydrofoil, cavitation has already appeared
at the forefront of the hydrofoil, and the cavitation range ends at
x/C = 0.099. The subsequent evolution of cavitation starts at x/C =
0.241. This is consistent with the results observed in the 3D
cavitation evolution of the hydrofoil in Figure 6. The cavitation of
the hydrofoils is mainly concentrated in their middle section, and
it is the most serious at approximately x/C = 0.21-0.23. As the
cavity stretches along the hydrofoils, the density fields of the
hydrofoils rise. After the trailing edge is approached, the density
fields of the four hydrofoils drop again slightly.

The occurrence of cavitation will inevitably lead to changes in
the cavity velocity. Figure 8 shows the time-averaged x-velocity
distribution of the four types of hydrofoils. The upper part of
Figure 8 shows the location of the selected area (taking Clark-y
hydrofoil as an example, the other hydrofoils are the same). The
figure indicates that the velocity fluctuation is related to the
selected position of the hydrofoil sections. From the Y-axis
direction, the velocity near the walls of the hydrofoils shows
great fluctuations; the higher the upward tilt is, the more the
velocity fluctuations tend to be stable. As the fluid particle
moves towards the trailing edge of the hydrofoils, the influence
range of the velocity fluctuation in the Y-axis direction
gradually increases. Especially at x/C = 1.2, velocity
fluctuations exist in the Y-axis direction, indicating that the
cavity will continue to move backward after falling off the
surface of the hydrofoils. The size of the velocity fluctuation
is related to the thickness of the cavity, and the velocity
fluctuation of the Cro. hydrofoil is the smallest. The figure
also shows the experimental results of Li et al. (2017). The
velocity fluctuations of the four hydrofoils tend to be in good
agreement with the experimental results.

Vortex Evolution

The transient cavitating flow of the hydrofoils is closely related to
the vortex structure. We use the Q criterion to study the structure
of the vortex, which is an important method to study the vortex in
transient cavitation flow (Yu et al., 2020). It is defined as follows:

(Q*-8?)

Q="

(13)
Amongst them, Q is the second invariant of the velocity gradient
tensor, (2 represents the vorticity amplitude, and S represents the
strain rate tensor. The magnitude of its value can be used to
identify the relationship between vorticity and strain rate. When
Q> 0, the rotation effect is dominant; when Q <0, the shearing
effect is dominant.

Figure 9 shows Q distribution of the four hydrofoils. It can be
seen from the figure that the Q distribution of Clark-y hydrofoil is
significantly different from that of the three bionic hydrofoils. In
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FIGURE 8 | Time-averaged velocity fluctuation curve along the flow direction around the four hydrofoils.

the whole cycle, the negative Q area of Clark-y hydrofoil is always
larger than that of the other three bionic hydrofoils, which shows
that the shear effect of Clark-y hydrofoil is dominant when
cavitation shedding. The vortex evolution of the three bionic
hydrofoils is similar. Take Mac. hydrofoil as an example, in the
initial stage (1/5T), Q of the leading-edge is mainly negative, and
Q towards the trailing edge becomes positive. The rotation effect
of the hydrofoil at the trailing edge is dominant at this time.
When the sheet cavitation begins to break (2/57T), the negative Q
area near the trailing edge begins to increase gradually, and the
shear effect begins to become evident. When the break of the
hydrofoil cavity intensifies (3/5T), the negative Q area appears
widely. At this time, the positive Q and negative Q areas
alternately appear, and the rotation and shear effects jointly
dominate the cavitation flow. When the cavity moves further
back (4/5T), cavitation is mainly concentrated at the trailing edge.
Q value is mainly positive at this time given no shedding of the
cavity, and the rotation effect is dominant. With continuous

development, an attached cavity is formed at the leading-edge,
and the cavitation at the trailing edge begins to fall off the
hydrofoil surface (5/5T). At this time, the cavitating flow
becomes unstable, and rotation- and shear-dominant areas
appear on the cavity surface.

However, there are still differences among the three bionic
hydrofoils. In the initial stage, the negative Q area of the front
edge of the Mac. hydrofoil is more obvious; when the sheet
cavitation breaks, the shear effect of the Mac. hydrofoil is more
significant. The positive Q area of the leading-edge of the Cro.
hydrofoil is significantly wider, indicating that the rotation effect
of the Cro. hydrofoil is more obvious. This result shows that in
unsteady cavitating flow, rotation and shear jointly control the
cavitation evolution. When the leading-edge structure is changed,
the evolution of the hydrofoil vortex will also be affected.

The vorticity transport equation is used to compare and
analyse the vorticity on the three bionic hydrofoils to study
the cavitation-vortex interaction. The equation is as follows:
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The vortex-stretching term (@ - V)V reveals the stretching and
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contraction. ~%—~= is the vortex baroclinic term, which
describes the efféct of the baroclinic moment on the vorticity
due to the nonparallel pressure gradient and density gradient.

(Vi + %)V2® of different bionic hydrofoils slightly changes, but
this change is minimal and is thus usually ignored.

Figure 10 shows the distribution of total vorticity and the
three directional vorticities of the four hydrofoils on the cavity
surface at the same time (¢ = 0.4 s). Vorticity distribution in the Z
direction is similar to the total vorticity, and the vorticity in the Z
direction is much larger than the vorticity distribution in the
other two directions. Therefore, the vorticity dynamics of the
three bionic hydrofoils are evaluated by analyzing the vorticity Z.
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FIGURE 11 | Comparison of the Z-direction vortex-stretching term evolution of the four hydrofoils in a typical cycle.

The vortex-stretching term is related to the velocity gradient,
and cavitation will have a significant effect on the velocity
gradient in the transient flow. As shown in Figure 11, in the
initial stage (1/5T), only a small range of vortex stretching is
evident. Cavitation is in the developing stage, and the velocity
gradient does not change much. With the development of
cavitation (2/5T), a re-entrant flow gradually forms and
develops, causing the velocity gradient of the hydrofoil surface
to change. At this time, the influence range of the vortex-
stretching term gradually increases. When the sheet cavitation
gradually breaks (3/57), the scope of influence of this item further
increases and gradually extends to the entire surface of the
hydrofoils. When the sheet cavitation is completely broken,
the cavitation begins to move to the trailing edge of the
hydrofoils, and the leading-edge cavitation begins gradually (4/
5T-5/5T). At this time, the growth of the cavity slows down, the
velocity gradient change is small, and the influence range of the
vortex-stretching term gradually decreases.

The change trends of the vortex-stretching term of the four
hydrofoils are generally similar. However, there are still
differences. Compared with the bionic hydrofoil, the variation
area of the vortex-stretching term of Clark-y hydrofoil in the
initial stage of cavitation is smaller, but when the cavity begins to
shedding from the living cavity, the vortex stretching term begins
to change dramatically. The stretching term of vortices of the
three bionic hydrofoils changes gently in the whole cycle, and the
change of the velocity gradient of the Stu. hydrofoil in each stage
is more obvious, especially near the leading-edge. This is because
the flat structure of the leading-edge is more conducive to the

formation and development of re-entrant flow, resulting in
greater changes in velocity gradient. When the attached
cavitation of Cro. hydrofoil is formed, the area with zero
vortex-stretching term accounts for a larger proportion, and
the change of velocity gradient is the smallest.

The vortex dilatation term mainly refers to the change in fluid
volume that affects the vortex. Due to cavitation, the volume of
the fluid will change, causing the vorticity to also change.
Figure 12 shows the distribution of the vortex dilatation term
of the four hydrofoils in a typical period. In the 1/5T stage, the
vortex expansion is concentrated near the trailing edge, and the
vortex dilatation term of the leading-edge is small. When the
cavitation develops to the 2/5T stage, an attached cavity gradually
develops, and the volume change rate gradually increases. When
the sheet cavitation begins to break (3/57), the volume changes
drastically, and the value of the vortex dilatation term reaches the
maximum at the break of the cavity. When the sheet cavitation is
completely broken to form cloud cavitation (4/57), the positive
and negative values of the vortex dilatation term appear
alternately. Afterwards, the value of the vortex dilatation term
gradually decreases due to the slow formation of the attached
cavity (5/5T).

In the initial stage of the cavitation evolution cycle, the fluid
volume change rate of Clark-y hydrofoil and Mac. hydrofoil is
low, and the dilatation term of the vortex is mainly zero.
However, at 3/5T, due to the shedding of sheet cavitation, the
fluid volume changes sharply, resulting in a sharp decrease in the
zero value region of the dilatation term. The zero value area of the
vortex dilatation term of the Stu. hydrofoil in the whole cavitation
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FIGURE 13 | Comparison of the Z-direction vortex baroclinic term evolution of the four hydrofoils in a typical cycle.

evolution cycle is low, indicating that its fluid volume changes The vortex baroclinic term is related to the variation of
most dramatically. The warping of hydrofoil leading-edge  nonparallel pressure and density. For a general positive
structure will affect the change of vortex dilatation rate. pressure fluid, pressure and density have the same gradient,
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that is, zero. For an unsteady cavitating flow, these two items are
not always the same, which will cause the change of the vorticity.
Figure 13 shows the distribution of vortex baroclinic terms for
the four hydrofoils. The vortex baroclinic terms mainly exist in
the leading-edge of the hydrofoils and the area where the sheet
cavitation is broken. The occurrence of the attached cavity or the
break of the cavity will cause a gas-liquid two-phase transition,
which in turn will change the density gradient of the flow field.
Although the influence range of this term is smaller than those of
the above two terms, it plays an important role in the generation
of vortices. The baroclinic term of the Mac. hydrofoil and Clark-y
hydrofoil are more complex when cavitation breaks (3/5T). When
attached cavitation occurs (5/5T), the baroclinic term of the Cro.
hydrofoil is more stable. The change in the vortex of the flow field
will also change due to the influence of cavitation, and the change
in the leading-edge structure will affect the evolution of the
hydrofoil vortex.

CONCLUSION

This study uses geometrical bionic principles to establish three
bionic hydrofoils with evident leading-edge structural differences
and calculates the lift and drag coefficients, transient cavitating
flow and vortex evolution of the hydrofoils by using the LES
method. On the basis of comparison and analysis, the conclusions
are as follows:

1) From the comparison of the numerical simulation and
experimental results of the transient cavitating flow of four
hydrofoils in a period, their cavitation evolution process is
always similar. Regardless of the location where the attached
cavity occurs, the size of the sheet cavitation and the location
of its break and the shape of the cloud cavitation, the
numerical simulation and experimental results show a high
degree of agreement. This agreement verifies the accuracy of
the numerical simulation method in this paper.

The lift and drag coefficients of the three bionic hydrofoils and
the Clark-y hydrofoil are inconsiderably different in general, but
the lift-drag ratio of the Cro. hydrofoil is better. Comparison of
C, cloud images of the four hydrofoils shows that when C;
reaches the peak, the pressure surface of the Cro. hydrofoil has
the widest high-pressure area. When C; is in the trough, the low-
pressure area of the Cro. hydrofoil is the widest. The Cro.
hydrofoil has better lift and drag characteristics than the others.
The position of the attached cavity of a hydrofoil will change
due to the change in the leading-edge structure. When the
leading-edge structure is upturned, the position of the
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