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ABSTRACT

In order to investigate the influence of plasma actuation on cavitation in the flow
field around a hydrofoil, the RNG k-¢ turbulence model with density correction,
the Schnerr—Sauer cavitation model, and the plasma phenomenological model
were used to analyze the influence of forward and reverse plasma actuation on
the cavitation characteristics of the NACA66(MOD) hydrofoil at an angle of
attack of 8. The cavitation number of the incoming flow was 0.99. The results
showed that under the positive excitation condition, the cavitation volume on the
suction side of the hydrofoil was reduced by about 30%, and the time-averaged
lift—drag ratio was reduced by about 5%, which had little influence on the re-
entrant jet, vortex and shear flow. Therefore, the cavitation suppression effect
on the hydrofoil flow field was weak. Under the condition of reverse actuation,
the volume of cavitation on the suction side of the hydrofoil was reduced by
about 87%, and the time-averaged lift—drag ratio was increased by about 21%,
which effectively worsened the development conditions of cavitation. By greatly
reducing the intensity of the re-entrant jet and eliminating the vortex and shear
flow in the flow field, cavitation in the hydrofoil flow field was obviously
suppressed. This shows that reasonable plasma actuation is an effective means
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to control hydrofoil cavitation.

1. INTRODUCTION

Hydrofoils are the smallest components of fluid
machinery and are often used in pumps (Thomai &
Chatterjee, 2015), ships (Kumagai et al., 2015), and
submarines (Deng et al., 2021). Hydrofoil cavitation refers
to the phenomenon where water vapor on the hydrofoil
surface is rapidly generated in the low-pressure area and
suddenly collapses in the high-pressure area under the
impact of water flow. Cavitation leads to the appearance
of bubbles on the surface of the hydrofoil, deteriorating
the performance of the machine (Wang & Brennen, 1999;
Look et al., 2019;). Therefore, it is very important to
improve the cavitation flow field and suppress and weaken
the damage caused by hydrofoil cavitation to improve
efficiency and maintain safe and stable operation (Liu et
al., 2019; Pant & Frankel, 2021).

Scholars have conducted a large amount of research
work on hydrofoil cavitation (Li et al., 2021; Podnar et al.,
2021;Guetal., 2022; Yang et al., 2023). Zhao et al. (2023)
realized the overall and local control of a cavitation flow
field by optimizing the profile and adding a continuous

flow control structure, which effectively improved the
cavitation and hydrodynamic performance of a hydrofoil.
Kawanami et al. (1997) studied the mechanism of
hydrofoil cloud cavitation by setting obstacles with a
certain height on the suction side of the hydrofoil and
revealed the relationship between the re-entrant jet and
cloud cavitation. The above research has made an
important contribution to people's understanding of the
evolution mechanism of hydrofoil cavitation, but the
influence of the active control method on hydrofoil
cavitation characteristics needs further study.

Plasma, primarily composed of free electrons and
charged ions, is often referred to as the fourth state of
matter and exhibits unique electromagnetic properties.
Plasma actuation is a technique that leverages the
properties of plasma for the active control of fluid flow.
Its fundamental principle involves the wuse of
electromagnetic forces to induce directed movement of
plasma clusters or changes in physical properties such as
pressure and velocity due to gas discharge, thereby
applying a controllable disturbance to the local flow
field. Numerous researchers have done related work on the
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NOMENCLATURE

a height of the plasma equivalent action region
triangle OAB

b length of the plasma equivalent action region
triangle OAB

c hydrofoil chord

Cu model constant

d electrode spacing

e electron charge constant

Eo electric field strength at the origin
= maximum electric field strength
Fwp  evaporation coefficient

Feond  CcOndensation coefficient

coordinate direction

I liquid phase

m*  fluid evaporation rate
m~  fluid condensation rate

n density correction index
number of cavities

mixed phase pressure

Rs cavity radius

u mixed phase velocity
U actuation voltage

v vapor phases

o volume fraction

pm mixed phase density

Pe charge density,

Mm mixed phase laminar viscosity coefficient

Mt mixed phase turbulence viscosity coefficient
€ dissipation rate of turbulent kinetic energy
71 voltage actuation frequency

0 dirac delta function

At plasma action time in one actuation cycle
UDF  User-Defined Functions

interaction between plasma and flow field (Li et al., 2022).
Wang et al. (2016) numerically simulated the flow around
the column under the DBD plasma effect, and found that
the method could reduce the drag coefficient and change
the vortex shedding frequency. Yu and Zheng (2023) used
nanosecond pulsed plasma actuation to control the
aerodynamic performance of hydrofoil separated flow,
and revealed that the effect of flow control depends on the
plasma actuation frequency, and the best control effect can
be obtained when the frequency is close to the natural
frequency of the shear layer in the reference flow. Guo et
al. (2022) conducted a numerical study on plasma control
of axial tip clearance leakage flow in liquid ring pumps.
The study found that plasma actuation can effectively
suppress the leakage flow intensity and reduce flow losses.
An important condition for cavitation is that the local
pressure is lower than the saturated vapor pressure of the
liquid. Plasma actuation changes the flow velocity and
direction by applying a controllable disturbance to the
local flow field, thus affecting the pressure distribution of
the flow field, thus destroying the conditions for cavitation
and hindering the development of cavitation nuclei.

The Dielectric Barrier Discharge (DBD) plasma
actuation (Zhang & Wang, 2023) generates an electric
field by applying a high voltage between two electrodes,
ionizing gas molecules to create plasma, which in turn

stimulates the flow of the fluid field. In this study, the
DBD plasma actuation method, coupled with the
phenomenological model, the RNG k-g turbulence model
with density correction, and the influence of the plasma
actuation on the hydrofoil cavitation characteristics, was
studied numerically.

2. NUMERICAL METHOD

2.1 Physical Model

The 2D NACA66(MOD) hydrofoil is used for
numerical simulation and analysis. The chord length of the
hydrofoil is 70 mm, the maximum thickness at a distance
from the leading edge of the hydrofoil is x = 0.45c, the
maximum camber is 2%, and the distance from the leading
edge is x =0.50c. The flow area is a rectangle, as presented
in Fig.1.

2.2 Grid Division and Boundary Conditions

The hydrofoil calculation domain was divided into
hexahedral structured grids, which were completed using
ICEM CFD 19.0. To accurately capture the flow field in
detail, the near-wall area of the hydrofoil was encrypted
with the grid height of the first layer located in the viscous
bottom layer, as presented in Fig. 2.
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Fig. 1 Numerical simulation domain and hydrofoil's position
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\

(a) Hydrofoil grid

(b) Local grid
Fig. 2 Grid schematic

Fig. 3 Grid wall y* distribution

To satisfy the requirements of enhanced wall function
on the wall boundary layer mesh, the y* near the hydrofoil
was checked, as presented in Fig.3. It could be seen that
y* <2 met the calculation requirements.

To negate the impact of mesh count and quality on the
accuracy of computational simulations, five distinct sets
of grids with varied quantities were created for grid
independence analysis, as presented in Table 1.

It is evident from Mesh3 that the lift and drag
coefficients calculated after continued encryption have
become stable. In order to save computing resources,
Mesh3 grids are used in the numerical simulation of the

Table 1 Comparative analysis of lift and drag
coefficient of five grids.

Mesh Nodes Cix10? Cygx10°
Mesh1 70380 52.284 87.035
Mesh?2 92720 52.411 87.065
Mesh3 113708 52.559 87.053
Mesh4 132293 52.675 87.054
Mesh5 152000 52.676 87.055

two-dimensional hydrofoil, and the total number of grids
is 113708.

The numerical simulation of the hydrofoil cavitation
flow field was carried out using ANSYS Fluent 19.0, and
the unsteady cavitation flow field was calculated with the
calculation result of the steady cavitation flow field as the
initial value. Using the boundary conditions of velocity
inlet and pressure outlet, the hydrofoil surface and the
upper and lower wall boundaries were all no-slip walls.
The inlet velocity was 7.832 m/s, the angle of attack was
8, and the cavitation number was 0.99. Based on the
pressure solver and SIMPLEC algorithm, the turbulence
model was the RNG k-¢ model with density correction,
and the cavitation model was the Schnerr—Sauer cavitation
model. The pressure term was in PRESTO! and each
convective term was in Second-Order Upwind. The
transient solution format was Second-Order Implicit, and
the time step of the unsteady calculation was At=5.0x1074,

2.3 Governing Equation

Drawing from the homogeneous equilibrium flow
model's foundational equations (Saurel & Lemetayer,
2001), the continuity and momentum equations pertinent
to the vapor—liquid biphasic system are delineated below:

alp.u.
n , (pnU;) .
ot oX. (1)

]

APl
Pt (Pt ) o,

ot oX; oX
0 o, OHy 2 p (2)
— +u)(—+——-="—0;
o a4 =520
The density and viscosity of the mixed phase are
m = G + vav
Pn =P+ 0 3)
W = Moyt U,
;u :ul | :uv (4)
2.4 Turbulence Model
Because the original turbulence model was

established for single-phase flow, the phase transition and
compressibility characteristics were not fully considered,
and the turbulent viscosity of the hole tail was over-
predicted during the simulation of cavitation flow,
resulting in a larger viscous force than the actual one in the
hole tail region, and preventing the backflow structure in
the flow field from moving upstream due to insufficient
energy. Therefore, a density-modified RNG k-¢ turbulence
model was adopted in this study. The model adopts a
vapor-liquid two-phase mixing density function to refine
the adjustment of turbulent viscosity present in the
conventional RNG k-¢ model (Coutier-Delgosha et al.,
2003). In the standard RNG k-g& model, the turbulent
viscosity is as follows:

2

= pC —
/"tp,,g ©)

The modified turbulence model adopts the
following two formulas to calculate turbulence viscosity
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k
M= f(pm)cﬂ ? (6)

(7

1 v

f(pm>=pv+(Mj (o -1,

where ¢, = 0.085, n=3 in this study.
2.5 Cavitation Model

The cavitation model characterized the bidirectional
mass transfer between the liquid and vapor phases. Both
cavitation formation and collapse should be considered in
the model. The study employed the Schnerr—Sauer model
(Schnerr & Sauer, 2001) to solve for vapor—liquid phase
density. In most of these models, heat transfer and non-
equilibrium phase transition effects are ignored, and the
transport equation of vapor phase volume fraction is
described using the component transfer method:

(8)
N, i7ng
_ 3
(ZV = —4
1+n, 3 RS 9)

Thus, the vapor—liquid mass transfer rate of the model
is formed as follows:

m* = F, Mav(l—av)i ,Eu
Pnm RB 3 P

p<p,

M = Fog 2L (1) 2 2P (10)
Prm RB 3 P

p>p,

Where Fvap :50 and Fcond :02
2.6 Phenomenological Model of Plasma

There are two arrangements of DBD plasma
actuations: symmetric and asymmetric. In this study, the
plasma actuation model with an asymmetric structure
proposed by Shyy et al (2002) is adopted, which ignores
the chemical reaction and specific discharge process
caused by discharge and only pays attention to the electric
field force generated by the plasma acting on the flow field
in the form of momentum. The active area of plasma is
equivalent to a right triangle OAB, as presented in Fig.4.

y
A
a \ J
o _d_ o
—

b

Fig. 4 Action region of plasma actuation

There is a maximum electric field intensity at the
origin O. The distribution of the electric field force in this
region is linear, and the direction points downward along
AB, which can be expressed as follows:

E(x,y)= Eo _klx_kzy

(11)
e, =Y
d (12)
Eo B Eb
“T % (13)
k2 — EO B Eb
a (14)

The component of the electric field strength in the x
and y directions can be expressed as follows:

£ - EX Yk,
,fkf +k,?
_ ECuyk

ka.Z + k22

The body force in the x and y directions can be
expressed as follows:

(15)

E
(16)

f, = p,eE y,AtS a7

f, = p,eE ¥, AtS (18)

The parameters of the plasma actuation are as follows:
a=2.0mm, b=4mm,and d=0.25 mm in the equivalent
region of action, p. = 10t cm?®, e = 1.6022 x 10 C, v, =
20 kHz, At =67 ps; U = 15 kV, and Ep = 30 kV/cm. The
Dicla function ¢ is used to determine the boundary of the
electric field force; when E > Eo, we take § = 1, and for the
opposite, it is 0.

_[LE=E,
|0, other (19)

The control of the hydrofoil cavitation flow field by
the plasma body force was achieved by writing UDF in
Fluent to describe the relationship between the body force
and the coordinates and adding the body force source term
to the N-S equation.

2.7 Plasma Actuation Control Methods

Plasma actuation was arranged at the highest point of
the hydrofoil suction surface (0.19 times the hydrofoil
chord length from the leading edge of the hydrofoil).
According to the jet direction, it was categorized in the
leading edge to trailing edge direction (hereinafter called
the forward direction) and the trailing edge to leading edge
direction (hereinafter called the reverse direction), as
presented in Fig.5. The forward direction was the same as
the incoming flow direction and caused downwind jetting;
the reverse direction was the opposite of the incoming
flow direction and caused upwind jetting.
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Upper electrode
\ Lower electrode
»

(a) Forward actuation

Lower electrode v Upper electrode
.

(b) Reverse actuation

Fig. 5 Schematic diagram of the location of the
plasma actuation

(a) Reference (Abdelraouf et al., 2020

(b) Simulation results of this study
Fig. 6 Velocity contour at velocity inlet 2 m/s

3. MODEL VERIFICATION

3.1 Shyy Model Verification

The calculation domain and actuation position
proposed by Abdelraouf et al. (2020) were used to verify
the Shyy model, and the actuation parameters were the
same as that of Shyy, and the results of the Shyy model
are compared with the results of the current calculation

—a— Simulation 2 m/s
— 4 - Shyy 2 m/s

—=— Simulation 5 m/s
— 4 - Shyy 5 m/s

—=— Simulation 10 m/s
— 4 - Shyy 10 m/s

Fig. 7 Velocity distribution at position 3.8 mm after
the upper electrode with different inlet velocity
magnitude

simulation. Figure 6 presents the velocity contour at
velocity inlet 2 m/s, which is basically consistent with
Abdelraouf's work.

Figure 7 presents the distribution of different
velocities at 3.8 mm behind the upper electrode, which,
upon comparison with the findings of Shyy, displays slight
differences. However, the overall trend is consistent. This
can be attributed to Shyy's study not detailing the
numerical settings in the publication. From this
observation, it can be ensured that model accuracy is
maintained.

3.2 Numerical Model Verification

In order to verify the feasibility of the adopted
numerical method, the numerical results were compared
with the experimental results. The experimental
equipment and conditions were as those used in Ref.
(Wang et al., 2020); Fig.8 presents the process of
NACA66(MOD) hydrofoil cloud cavitation evolution,
and the numerical calculation results clearly described the
quasi-periodic  changes in cavitation generation,
development, and shedding; however, the capture of cloud
cavitation shedding on the suction side was somewhat
shortened, or the thickness was thinned compared to the
experiments. Still, the periodicity and the trend of the
changes were basically the same, which indicated that the
numerical method was accurate and could be used for
further research.

4. RESULTS AND ANALYSIS

4.1 Effect of Plasma Actuation on the Cavitation
Morphology of the Hydrofoil

Fig.9 illustrates the variation in the cavitation flow
field of the hydrofoil with time in one cycle with three
actuation forms, and the pressure contour map (unit Pa) is
also presented in the figure. The figure illustrates that
under the non-actuation condition, cavitation first
appeared in the leading-edge area of the hydrofoil and
developed into sheet cavitation attached to the surface;
then, the end of sheet cavitation was lifted and gradually
transformed into cloud cavitation. When the cavitation
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Volume F ”‘“‘"j m volume reached the maximum downstream of the trailing
0 e 06 o 08 < edge, it fell off and collapsed, and local high pressure

formed an adverse pressure gradient at the moment of
collapse. Under the condition of forward actuation, the
maximum length of the sheet cavitation decreased at 1/4T,
and the adverse pressure gradient also decreased. During

the period from 1/4T to 3/4T, the cavitation attached to the

suction side of the hydrofoil developed slowly after a
retraction, and it was not until 3/4T that cloud cavitation
appeared on the trailing edge, indicating that the forward
actuation prolonged the duration of the sheet cavitation but

t,=0.25Tcycle reduced the existence time of cloud cavitation. Under the

condition of reverse actuation, the cavitation above the

‘*‘ pr— suction side of the hydrofoil shrank to "quasi-steady" sheet
< ‘ cavitation attached to the leading edge of the hydrofoil,

and the cavitation length did not increase after it reached

£,=0.5Tcycle 0.19c, and it did not continue to develop into cloud
- cavitation. The results of the above analysis show that both
actuation directions can effectively improve the pressure
gradient on the suction side of the hydrofoil and then
inhibit cavitation, and the reverse actuation effect is more

r3 =0.75Tcycle significant.

Figure 10 (the left ordinate shows the cavitation
volume of non-actuation and forward actuation hydrofoils,
and the right ordinate shows the cavitation volume of
reverse actuation hydrofoils) presents the change process

t,=Tcycle in the cavitation volume in four periods. From the figure,
it can be seen that the pulsation period of cavitation
volume under the condition of forward actuation was
Fig. 8 Cavitation shape evolution of the consistent with that under the condition of non-

NACA66(MOD) hydrofaoil actuation, but the emergence time of the maximum cavitation

(a) Experimental results  (b) Numerical calculations
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Fig. 9 Cavitation shape evolution of the hydrofoil in one cycle
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Fig. 10 Cavitation volume before and after actuation

Table 2 Hydrofoil's hydrodynamic properties under
different plasma actuation

Ci Cq Ci/Cyq

Non-actuation 0.416 0.057 7.298
Forward actuation 0.403 0.058 6.948
Reverse actuation 0.362 0.041 8.829

volume changed, while the pulsation period of the
cavitation volume under the condition of reverse actuation
was obviously shortened, and the pulsation amplitude was
obviously reduced. According to the calculation, the time-
averaged cavitation volume of the hydrofoil under the
three actuation conditions was about 177cm?, 123cm?, and
22cm?, respectively, which indicated that plasma actuation
could effectively suppress cavitation volume, and reverse
actuation had the best suppression effect, accounting for
only about 13% of the non-actuation condition.

4.2 Effect of Plasma Actuation on the Hydrofoil
Hydrodynamic Characteristics

Figure 11 presents the time—domain graphs of the
hydrofoil lift-drag coefficient in three actuation forms,
and Table 2 contains the influence of the plasma actuation
on the hydrofoil lift-drag coefficient. According to the
graphs, we can see that forward actuation had little
influence on the lift-drag coefficient, but the lift-drag
coefficient was obviously reduced, and the change period
was shortened when reverse actuation was used, which
indicates that reverse actuation makes the hydrofoil
cavitation change process more stable.

Combined with Table 2, it can be observed that
compared with the non-actuation hydrofoil, the time-
averaged lift-to-drag ratio of the forward-actuated
hydrofoil decreased by approximately 5%, whereas that of
the reverse-actuated hydrofoil increased by around 21%.
This suggests that forward actuation has a marginal impact
on the hydrofoil's hydrodynamic properties, while reverse
actuation significantly enhances them.

In order to more accurately analyze the difference in
the hydrodynamic performance of the hydrofoil under the
three actuation forms, the lift coefficient was analyzed in
the frequency spectrum, as presented in Fig. 12 (the left

1.0

r non-actuation(C,) forward-actuation(C,)
—-—-non-actuation(C,;) —-—- forward-actuation(C )
0.8 -
_ 06+
o
=
@]
04 -
02 -
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e \\-’”u,--;“”/" \\n’wl\.,gf"z \‘«JL.,
OO 1 i |
0.000 0.075 0.150 0.225

s
(a) The lift—drag coefficients of non-actuation and
forward-actuation hydrofoil
=107 — —C, ><10_'34 1450
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(b) The lift-drag coefficients of the reverse actuation
hydrofoil
Fig. 11 Hydrofoil lift-drag coefficient under different
plasma actuation
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Fig. 12 Hydrofoil lift coefficient spectrum under
different plasma actuation conditions

Fig. 13 Monitoring point distribution
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ordinate shows the pulsation amplitude of the non-
actuation hydrofoil and forward actuation hydrofoil, and
the right ordinate shows the pulsation amplitude of the
reverse actuation hydrofoil).

It can be seen from the figure that the characteristic
frequency of the lift coefficient of the hydrofoil was the
same under the conditions of non-actuation and forward
actuation, which shows that forward actuation had little
influence on the spectral characteristics of the lift
coefficient. The first frequency in the spectrum analysis
was the dominant frequency of cloud cavitation (Wang et
al., 2019), which shows that the vibration amplitude
caused by cloud cavitation increased by 13%. Compared
with the non-actuation condition, reverse actuation
changed the frequency spectrum characteristics of the
hydrofoil lift coefficient but also significantly reduced its
pulsation amplitude, which was due to the disappearance
of the cloud cavitation on the hydrofoil surface before it
was suppressed by plasma to 0.19c (the highest point),
which improved its hydrodynamic characteristics.

4.3 Effect of Plasma Actuation on the Pressure
Pulsation Characteristics of the Hydrofoil

The pressure time—frequency characteristics of four
characteristic positions (A~D are x=0.1c, x=0.25c, x=0.5c,
and x=1.0c, respectively) of the hydrofoil suction surface
were quantitatively analyzed, as presented in Fig.13.

Figure 14(a) contains a time—domain diagram of the
pressure pulsation at each characteristic position. As can
be seen from the diagram, the pressure peak at point A
increased by about 10% under the condition of forward
actuation, while the pressure peak at points B~D decreased
to some extent. During the whole period, the duration of
low pressure (P<5000Pa) at points A, B, and D had no
obvious change, and the duration of low pressure at point
C was shortened by about 1/4T, which was consistent with
the evolution process of the cavitation presented in Fig.
9(b), indicating that forward actuation inhibited the
development of cloud cavitation in the second half
(0.5¢c~1c) of the suction side. Under the condition of
reverse actuation, the pressure at A was at a low level in
the whole cycle. Combined with Fig. 9(c), it can be seen
that this point was always surrounded by cavitation, and
the peak pressure and low pressure duration at other
characteristic positions were obviously improved,
indicating that reverse actuation could improve the
pressure on the suction side as a whole and inhibit the
development of cavitation.

Figure 14(b) (the left ordinate shows the pulsation
amplitude of the non-actuation and forward actuation
hydrofoils, and the right ordinate shows the pulsation
amplitude of the reverse actuation hydrofoils) contains the
frequency spectrum of the pressure pulsation at each
characteristic position. Under forward actuation, the main
frequency of the pressure pulsation at A, B, and D were
the same as that without actuation, while the main
frequency of the pressure pulsation at C was 6.6 Hz and
33.2 Hz without actuation. As far as the amplitude
corresponding to the main frequency was concerned,
points A and B were smaller than the non-actuation

hydrofoil, and points C and D were larger than the non-
actuation hydrofoil, which demonstrates that the pressure
pulsation intensity in the suction side of the hydrofoil was
weakened by forward actuation, and the pressure pulsation
intensity in the range of 0.25c~1c was enhanced. Under
the condition of reverse actuation, the main frequency of
each characteristic position was between 200 and 300 Hz,
and the corresponding amplitude was very small (at least
10° orders of magnitude lower than that of the non-
actuation hydrofoil), which shows that reverse actuation
had a significant impact on the pressure pulsation
spectrum characteristics of the suction side, and it
obviously improved.

4.4 Effect of the Plasma Actuation on the Re-entrant
Jet Characteristics of the Hydrofoil

The re-entrant jet forms as fluid flows in the reverse
direction along the suction side of the hydrofoil due to the
presence of an adverse pressure gradient, severing sheet
cavitation and triggering the development of cloud
cavitation (Wang et al., 2017). The dimensionless number
Cre is used to define the strength of the re-entrant jet:

C,-= Pop L (ﬂ_lj Re,
P, 4 P,

(20)

where p is the average pressure near the start of the re-
entrant jet, py is the saturated vapor pressure, p is the fluid
density, v is the re-entrant jet velocity, L is the
characteristic size of the contact surface between the re-
entrant jet and the cavitation, and x is the dynamic
viscosity.

The size of Ce is closely related to cavitation
morphology. When C. reaches 10% the cavitation
morphology in the flow field is sheet cavitation. When Cie
reaches the order of 105, the cavitation form in the flow
field is cloud cavitation, and when C. reaches the order of
108, the cavitation form interacts strongly with the re-
entrant jet and changes dramatically.

The distribution of the hydrofoil streamline and re-
entrant jet in three actuation forms is described in Fig. 15.
As illustrated in the figure, compared with the non-
actuation hydrofoil, the intensity of the re-entrant jet on
the suction side of the hydrofoil was reduced by different
degrees at the characteristic moment, and the intensity of
the re-entrant jet on the suction side of the hydrofoil was
obviously weakened and thinned by reverse actuation.
Through quantitative analysis of the strength of the re-
entrant jet, it was established that the re-entrant jet strength
on the suction side of the hydrofoil was about 2.89x108,
2.03x108, and 6.71x10* under the conditions of non-
actuation, forward actuation, and reverse actuation,
respectively. The above results show that although the re-
entrant jet strength could be weakened to some extent by
forward actuation, the cavitation and the re-entrant jet
were still on a strong interaction level. The inhibition
effect on the development of cavitation was limited, while
reverse actuation could obviously reduce the re-entrant jet
strength and its interaction with cavitation; thus, the
cavitation in the hydrofoil flow field could be obviously
suppressed.
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(b) Spectrogram of plasma actuation pulsation on hydrofoil pressure

Fig. 14 Waveform and spectrogram of plasma actuation pulsation on hydrofoil pressure
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4.5 Effect of the Plasma Actuation on the Vortex and
Shear Characteristics of the Hydrofoil

Q is the second invariant of the velocity gradient
tensor under Galilean transformation, which can clearly
reflect the vortex structure and shear motion in the flow
field. Q>0 is the vortex, the local maximum positive value
can be used to identify the vortex core, and Q<0 is the
shear flow area. The larger the Q, the stronger the vortex
motion, and the smaller the Q, the greater the shear force.
In a two-dimensional flow field, Q is defined as follows:

oU ov oV ou
Q==

(21)

The Q distribution of the hydrofoil under three
actuation modes is presented in Fig. 16. The information
in the figure demonstrates that the positive value of Q was
consistent with the outer contour area of cavitation, and
the negative value correlated with the exterior outline area
of the re-entrant jet, which indicates that there was obvious
vortex motion and shear motion around the leading-edge
sheet cavitation and trailing-edge cloud cavitation with the
high vapor content of the hydrofoil. Forward actuation
mainly affected the cavitation area at the front edge of the
suction side of the hydrofoil, where the shear motion and
vortex motion were mutually restricted and transformed so
that part of the vortex was transformed into shear flow.
Reverse actuation eliminated most of the vortex and shear
motion, and only the weak vortex motion existed in a small
range at the leading edge of the hydrofoil; thus, reverse
actuation suppressed hydrofoil cavitation and made the
flow around it more stable.

5. CONCLUSION

In this study, the influence of plasma actuation on the
cavitation characteristics of the NACA66(MOD)
hydrofoil was studied via numerical analysis, and the main
conclusions are as follows:

(1) The cavitation volume on the suction side of the
hydrofoil was reduced by about 30% under the condition
of forward actuation and by about 87% under the condition
of reverse actuation, which showed that a reasonable
plasma actuation method could effectively inhibit the
development of cavitation on the surface of the hydrofoil.

(2) Under the condition of forward actuation, the
time-averaged lift and drag ratio of the hydrofoil was
reduced by about 5%, and the characteristic frequency of
the lift coefficient was unchanged, but the vibration
amplitude corresponding to the main frequency was
increased by about 13%. Under the condition of reverse
actuation, the time-averaged lift-drag ratio increased by
about 21%, and the frequency spectrum characteristics of
the lift coefficient changed, while the pulsation amplitude
decreased significantly, indicating that forward actuation
had little influence on the hydrodynamic characteristics of
the hydrofoil, while reverse actuation effectively
improved the hydrodynamic characteristics of the
hydrofoil.

(3) Forward actuation suppressed the duration of the
cloud cavitation and enhanced the shedding strength by

weakening the pressure pulsation intensity in the front half
and enhancing the pressure pulsation intensity in the back
half of the hydrofoil suction surface. Reverse actuation
improved the overall pressure on the suction side of the
hydrofoil and improved the frequency spectrum
characteristics of pressure pulsation, thus worsening the
conditions for cavitation development and inhibiting
cavitation development.

(4) Forward actuation could weaken the intensity of
the re-entrant jet to a certain extent, but the cavitation and
the re-entrant jet were still at the level of strong
interaction; the inhibition effect on the development of
cavitation was limited, while reverse actuation could
obviously reduce the intensity of the re-entrant jet and its
interaction with cavitation, thus achieving significant
inhibition of cavitation in the hydrofoil flow field.

(5) The vortex region was in conformity with the
outer contour region of the cavitation, and the shear region
was in conformity with the outer contour region of the re-
entrant jet region. Forward actuation mainly affected the
cavitation region at the front edge of the suction side of the
hydrofoil, making part of the vortex flow change into
shear flow, while reverse actuation made the hydrofoil
flow more stable while restraining hydrofoil cavitation.
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